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Medicine has evolved into a high level of specialization using the very detailed
imaging of organs. This has impressively solved a multitude of acute health-related
problems linked to single-organ diseases. Many diseases and pathophysiological processes,
however, involve more than one organ. An organ-based approach is challenging when
considering disease prevention and caring for elderly patients, or those with systemic
chronic diseases or multiple co-morbidities. In addition, medical imaging provides more
than a pretty picture. Much of the data are now revealed by quantitate algorithms with or
without artificial intelligence. This Special Issue on “Systems Radiology and Personalized
Medicine” includes reviews and original studies that show the strengths and weaknesses
of structural and functional whole-body imaging for personalized medicine.

Cardiorenal syndrome is an example where physiological processes include more than
one organ. Cardiac and renal functions may interact, in which the dysfunction of one organ
may influence the function of the other. In the review on cardiorenal syndrome by Lin
et al., imaging strategies are discussed in order to evaluate the cardiac and renal structure,
function, and to characterize tissue using ultrasonography, computed tomography (CT),
magnetic resonance imaging (MRI), and nuclear imaging techniques [1].

Nuclear molecular imaging techniques enable whole-body imaging and
(patho)physiological processes, for example, in infectious diseases and oncology. Blood-
stream infections of unknown origin, early spondylodiscitis, and vascular graft infections
can be difficult to detect using standard diagnostics. Infectious diseases may be assessed
by positron emission tomography (PET) CT by visualizing higher glucose metabolism
using the glucose analog 2-Deoxy-2-[fluorine-18] fluoro-D-glucose (FDG) PET/CT. Com-
mon applications of FDG-PET/CT in the evaluation of infectious diseases are described by
Pijl et al. [2]. In oncology, nuclear medicine is essential for staging and following up various
types of cancer. In children, the most common extra-cranial solid malignancy is neuroblas-
toma, which can occur in the sympathetic trunk or in the adrenal medulla; about half of
these children have metastatic disease at the time of diagnosis. Samim et al. reviewed the
standard nuclear imaging technique (meta-[1**IJiodobenzylguanidine (['?*IJmIBG) whole-
body scintigraphy) for the staging and response assessment of neuroblastoma, as well as
new tracers and imaging techniques for neuroblastoma [3].

Vascular pathologies can occur anywhere through the body and include a wide spec-
trum of diseases. Imaging plays an important role in differentiating vascular pathologies
which may have similar characteristics but a different etiology and thus require different
treatment. For differentiation between large-vessel vasculitis and atherosclerosis, Nienhuis
et al. reviewed the evidence of various imaging techniques [4]. Cerebral aneurysms may
rupture, leading to morbidity and mortality. The size of the aneurysm is one of the risk
factors for rupture, although other factors including morphological and hemodynamic risk
factors may contribute to a better prediction of potential ruptures. Lee et al. evaluated a
series of ruptured and unruptured cerebral aneurysms using cerebral angiography, and
identified morphological and hemodynamic factors associated with aneurysm rupture
which may be tested in larger prospective studies [5]. Peripheral artery disease and venous
diseases of the legs have a huge medical and economic impact because they may eventually
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lead to critical limb ischemia and amputation, and deep vein thrombosis, which may cause
subsequent pulmonary embolism. Imaging may be used to differentiate different patterns
or causes of these diseases. Arterial calcification patterns on CT can be evaluated, for
example, because these are different in patients with critical limb ischemia compared to
patients without peripheral artery disease [6], and MRI flow techniques may be used to
differentiate between reflux and non-reflux venous diseases [7].

Musculoskeletal diseases could severely affect patients” mobility and well-being, of
which osteoarthritis is a leading cause of disability. Multiple joints are often affected by
osteoarthritis, and this may hamper interpretation of the contribution of a specific joint
in patients’ quality of life, physical performance, or biochemical markers. Gielis et al.
developed and tested the reproducibility of the OsteoArthritis Computed Tomography-
Score in order to assess osteoarthritis burden throughout the body in large joints and the
spine [8]. Abnormal new bone formation was observed in patients with diffuse idiopathic
skeletal hyperostosis (DISH), especially in the spine near the anterior longitudinal ligament,
resulting in an increased risk of spinal fractures. Although the exact pathophysiology
is unknown, DISH is associated with obesity; Harlianto et al. reported the relationship
between DISH and visceral adipose tissue based on data from over 4000 patients [9].

Artificial intelligence (AI) can have multiple applications in personalized medical
imaging, ranging from personalized and faster scanning to aiding diagnosis and prognosis.
The performance of Al in image reading and diagnosis is widely studied and expected
to change the radiology workflow in the near future. In the past 1.5 years, COVID-19
has had a huge impact on healthcare worldwide, and numerous imaging studies using
X-rays and CT for the evaluation of COVID-19 have been published in 2020-2021. Lee et al.
report their findings on their evaluation of convolutional neural networks for COVID-19
screening on chest X-rays [10]. An important aspect of diagnostic imaging is the acquisition
of the image during the study procedure. Adequate contrast enhancement is essential in
abdominal CT studies, to ensure the accurate detection and characterization of liver lesions,
for example. Patient-related factors such as height, weight, and cardiac output have an
influence on the degree of contrast enhancement. De Jong et al. studied the relationship
between liver enhancement and body composition assessed by an artificial intelligence
algorithm. Their data and observation that lean body weight is more strongly associated
with liver enhancement than total body weight and body mass index suggest that the use
of an artificial intelligence body-composition-based algorithm may result in a reduction in
variability in liver enhancement as well as lowering the amount of contrast media [11].

We now live in an era moving again towards a more holistic form of medicine. This
movement is, in part, driven by population aging in several countries, by a multitude
of novel therapeutic options, and by the impressive ability to combine systems biology,
systems medicine and systems radiology data. In this Special Issue, some insight is
provided to the broad range of possibilities that have already entered clinical medicine or
will gain impact and create value in the near future.
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Abstract: Cardiorenal syndrome (CRS) concerns the interconnection between heart and kidneys in
which the dysfunction of one organ leads to abnormalities of the other. The main clinical challenges
associated with cardiorenal syndrome are the lack of tools for early diagnosis, prognosis, and
evaluation of therapeutic effects. Ultrasound, computed tomography, nuclear medicine, and magnetic
resonance imaging are increasingly used for clinical management of cardiovascular and renal diseases.
In the last decade, rapid development of imaging techniques provides a number of promising
biomarkers for functional evaluation and tissue characterization. This review summarizes the
applicability as well as the future technological potential of each imaging modality in the assessment
of CRS. Furthermore, opportunities for a comprehensive imaging approach for the evaluation of CRS
are defined.

Keywords: cardiorenal syndrome; imaging biomarker; tissue characterization

1. Introduction

Cardiorenal syndrome (CRS) is an umbrella term describing the interactions between
concomitant cardiac and renal dysfunctions, in which acute or chronic dysfunction of one
organ may induce or precipitate dysfunction of the other [1]. CRS has been associated with
increased morbidity and poor clinical outcomes, leading to high economic and societal bur-
den [2]. The estimated incidence of acute kidney injury is 24-45% in acute decompensated
heart failure and 9-19% in acute coronary syndrome [3]. The prevalence of impaired renal
function is high in chronic cardiovascular diseases, and around 40-60% in chronic heart
failure [4]. The combination of renal dysfunction with chronic heart failure is predictive
of adverse clinical outcomes [5]. Nearly 50% of deaths in all age groups of patients with
chronic kidney disease (CKD) can be attributed to cardiovascular causes [6]. CRS is also
frequently observed in acute or chronic systemic conditions, such as sepsis and diabetes
mellitus, and is associated with worse outcomes [7].

Despite the existing literature on the classification and management of CRS, the clinical
diagnosis and treatment evaluation remains difficult due to the lack of clinical practice
guidelines [8]. This has led to increased research interests, including studies focused on the
early diagnosis and clinical management of CRS. The potential value of imaging biomarkers
for the early detection of cardiac abnormalities in CRS has been underlined in the scientific
statement from the American Heart Association [8]. Ultrasonography is currently the
first-line imaging modality for structural and functional assessment of the heart, and
structural assessment of the kidneys. Computed tomography (CT), nuclear imaging,
and magnetic resonance imaging (MRI) have been widely used for various purposes in
clinical management of cardiovascular diseases and kidney diseases. Recent technological
advancements in medical imaging provides a number of promising biomarkers for the
diagnosis and prognosis of CRS, and opportunities for personalized medicine. In this



J. Pers. Med. 2021, 11, 734

review, we will summarize the cardiovascular and renal imaging techniques related to CRS
and the potential utility of these techniques for the diagnosis and follow-up of acute and
chronic CRS (Figure 1). Finally, comprehensive imaging protocols that can be incorporated
into future research studies and clinical trials will be proposed.
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Figure 1. Overview of the contents. The heart and kidneys interact through multiple pathophysiological pathways which
may lead to five subtypes of CRS. The structural, functional and tissue texture changes in the heart and kidneys can be
evaluated using different imaging modalities including ultrasonography, computed tomography, magnetic resonance, and
nuclear medicine.

2. Classification, Pathophysiology, and Clinical Management of CRS
2.1. Classification of CRS

Cardio-renal syndrome can be classified into five subtypes [1], with type 1 and 2 de-
scribing renal dysfunction sequent to initial acute and chronic cardiac insults, type 3 and 4
describing renocardiac syndrome after the initial insult of kidney disease, and type 5 repre-
senting secondary CRS in systemic diseases (Table 1). Although this classification simplifies
the clinical concept of CRS, overlap between different subtypes and progression from one
subtype to another has frequently been observed [9]. For example, it is challenging to
differentiate type 2 CRS from type 4 CRS as chronic heart diseases and chronic kidney
diseases frequently co-exist [10,11]. Moreover, the development of CRS is often compli-
cated by several interconnected conditions, such as diabetes, hypertension, atherosclerosis,
endothelial cell dysfunction, chronic inflammation, and anemia, rendering difficulties in
defining the temporal progression patterns of CRS [8]. An alternative classification of CRS
was proposed by Hatamizadeh et al. based on clinical manifestations rather than the organ
that initiated the process [12], but has not received wide acceptance.
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Table 1. Classification of cardiorenal syndrome.

Classification Timing Descriptions Examples
Type 1 (acute Acute decompensated heart failure resulting in AKI,
c};f diorenal) Acute Heart failure causing AKI acute ischemic heart disease, valvulopathy or
arrhythmia causing cardiogenic shock and AKI
T}égi dzicgilrizglc Chronic Chrc();lcs?rfgaréggease Chronic heart failure causing CKD
Type 3 (acute AKI leading to acute AKI due to glomerulonephritis or urinary tract
. Acute . . obstruction causing acute heart failure, acute coronary
renocardiac) cardiac dysfunction .
syndrome or arrhythmia
Type 4 (chronic . CKD leading to chronic . .
renocardiac) Chronic cardiac abnormalities CKD-associated cardiomyopathy
Acute or Systemic diseases causing acute ~ AKI and acute heart failure induced by sepsis or critical
Type 5 (secondary) Chronic or chronic dysfunction of heat conditions, CKD and cardiac abnormalities in diabetes

and kidneys mellitus, cirrhosis, amyloidosis, vasculitis, etc.

AKI, acute kidney injury; CKD, chronic kidney disease.

2.2. Pathophysiology of CRS

The exact pathophysiological mechanisms of each type of CRS have not been fully
elucidated. Previously, decreased cardiac output and arterial underfilling induced neurohu-
moral activations were believed to be the sole pathogenesis of CRS [13]. However, studies
in the past decades demonstrated that decreased arterial flow does not fully explain the
worsening renal function in CRS (60-63). Elevated central venous pressure has closer asso-
ciation with the reduction of renal perfusion than decreased cardiac output (61). Moreover,
increasing evidence indicates that multiple pathophysiological processes contribute to the
evolution of CRS [14]. Hemodynamic alterations, renin—-angiotensin—aldosterone system
(RAAS), sympathetic nervous system, inflammatory, and oxidative stress are considered
as key connectors between heart and kidneys [15,16]. Other contributing factors such as
biochemical perturbations, immune responses, atherosclerosis and anemia—inflammation—
bone mineral axis, can also accelerate the development of CRS, especially in chronic heart
failure and CKD [8,15,17]. These pathways are interconnected and exhibit varied clinical
importance across different subtypes of CRS [3,18].

Hemodynamic alterations, especially right-sided heart dysfunction, is believed to be
of critical importance in the development of acute CRS (type 1 and type 3) [19]. In type 1
CRS, increased central venous pressure results in renal venous congestion, which may lead
to impaired glomerular filtration, tissue hypoxia and renal fibrogenesis. These pathological
changes induce or aggravate renal dysfunction, which in return exacerbates fluid overload
leading to further deterioration of cardiac function [4,15]. In type 3 CRS, acute heart injury
can be caused by excessive cytokines due to AKI, and by indirect mechanisms including
neurohumoral activation, electrolytes disturbances, uremia, and acidemia [20,21].

Non-hemodynamic pathways play a more critical role in chronic CRS (type 2 and
type 4). Activation of RAAS and stimulation of sympathetic nervous system are features of
both heart failure and CKD. Persistent activation of RAAS leads to peripheral vasoconstric-
tion, exacerbated fluid overload, and sympathetic nervous system overactivation [16,22].
Sympathetic overactivation in return can stimulate RAAS via renin release, resulting in
a vicious circle [16]. Chronically increased release of aldosterone is the major deleterious
component of RAAS and has been associated with both myocardial and renal interstitial
fibrosis [23]. Increased oxidative stress due to chronic RAAS activation has also been
associated with renal injury and fluid retention [24]. Inflammation cascade can be triggered
by and potentiate the other cardiorenal connectors, including the overactivation of RAAS
and sympathetic nervous system, and increased oxidative stress. Systemic inflammation is
associated with myocardial and renal dysfunction and interstitial fibrosis [19,25].
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Fibrosis has been considered as a key driver in the pathophysiology of chronic CRS [18].
Fibrogenic responses have short-term adaptive features in the early phases of cardiac and
renal diseases. However, when it progresses chronically, fibrosis can lead to myocardial
and renal parenchymal scarring, cellular dysfunction and ultimately organ failure [26].
Fibrosis of heart and kidneys has also been found in a number of CRS risk factors, including
aging, hypertension, diabetes mellitus, and obesity [27]. Based on these findings, a new
pragmatic and dynamic cardiorenal integrative concept of CRS has been proposed, in which
patients may be categorized according to the predominant pathophysiological mechanism,
rather than clinical presentation [18]. This strategy has the potential to facilitate clinical
interventions for CRS in the future.

2.3. Current Difficulties in Diagnosis and Management of CRS

In most circumstances, the complex interconnected pathways between heart and
kidneys have already been activated by the time clinical manifestations are detectable.
Both heart and kidneys have substantial functional reserve, which makes it difficult to
prevent or reverse the adverse impacts of CRS at an early phase. While all types of CRSs are
faced with difficulties in early diagnosis and prognosis, the dominant clinical challenges
distinguish between acute CRS and chronic CRS (Table 2).

Table 2. Current difficulties in diagnosis and management of cardiorenal syndrome.

Main Challenges in All Types of CRS

Early diagnosis and prognosis
Preventing or reversing the adverse impacts of CRS
Difficulties in distinguishing CRS from other cardiovascular and renal comorbidities

Specific Difficulties in Acute and Chronic CRS

Acute CRS Chronic CRS

Lack of overt symptoms of cardiovascular diseases in CKD

e  Current diagnostic criteria hinders early detection of AKI @  Lack of sensitive tools to identify and monitor the

Difficult to differentiate between true kidney injury and progression of cardiovascular involvement when
pseudo-worsening of kidney function conventional assessments remain normal

e Lack of sensitive tools to assess treatment effects and to e  Standard treatment is less effective in reducing
track the progression from AKI to CKD cardiovascular mortality in CKD patients than in the

general population.

The main challenges in acute CRS are related to AKI (Table 2). Currently, AKI is
diagnosed based on serum creatinine (SCr) level and oliguria [28]. However, SCr cannot
detect early kidney dysfunction, since it remains within normal range before half the kidney
function is lost, resulting in a lag between kidney insult and the elevation of SCr [29]. On
the other hand, pseudo-worsening of kidney function may occur due to hemodynamic
changes in patients with heart failure, which is difficult to be differentiated from true
kidney injury [30]. Apart from the inability to prevent or early identify AKI, the lack
of sensitive tools to track the progression from AKI to CKD also challenges the clinical
management of AKI. It has been reported that AKI is independently associated with higher
rates of incident CKD [31]. Moreover, kidney dysfunction may decrease the efficiency of
diuretics in patients with heart failure, resulting in diuretic resistance and worsening of
congestion, which in return deteriorates the heart and kidney functions [19]. Strategies to
prevent AKI or early interventions in the course of AKI remain to be investigated to reduce
the risk of future adverse renal and cardiac outcomes. In addition, there is a demanding
need of guidance on cardiac- and reno-protective therapies in acute CRS.

In chronic CRS, however, the main difficulties lie in the cardiac aspect (Table 2). Pa-
tients with CKD suffer from a high risk of cardiovascular diseases that is disproportionate
to the risk expected in general population [32]. In early-stage CKD, the risk of cardiovascu-
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lar death far exceeds the risk of progressing to dialysis [33]. Previous studies suggested that
subtle alterations in cardiac structure and function could occur very early in the progression
of CKD, even when SCr is still within the normal range [34]. In addition, nonatheromatous
processes appear to predominate the progression of cardiovascular disease in CKD, which
could explain the lower effect of standard treatment on decreasing cardiovascular mortality
in CKD patients than in general population [35]. Early detection of cardiovascular abnor-
mality in CKD is challenging due to lack of overt symptoms and preserved left ventricular
systolic function [36].

Despite the amount of effort in research studies of novel serum and urinary biomark-
ers, it remains unclear whether and to what extent these biomarkers can be involved in
clinical management of CRS [37]. Moreover, the global availability of biomarker technology
is another obstacle upon implementing this strategy in clinical practice. Imaging tech-
niques that provide quantitative information on blood flow, perfusion, diffusion, tissue
oxygenation, and interstitial fibrosis without radiation or potential risks of contrast agents
offer possibilities of noninvasive assessment of preclinical pathophysiological changes in
the heart and kidneys at the early phase of CRS.

3. Cardiovascular and Renal Imaging Techniques Related to CRS

Different imaging modalities can be applied in relation to CRS that enabling com-
prehensive assessment of both morphology and function (Table 3). Although further
validations are needed for some of these techniques, a number of promising imaging
biomarkers that might be valuable for the clinical management of CRS are discussed below.

3.1. Cardiovascular Imaging Techniques
3.1.1. Transthoracic Echocardiography

Transthoracic echocardiography (TTE) is the most available non-invasive imaging
technique to measure the dimensions of cardiac chambers and to estimate ventricular func-
tions. TTE-measured left ventricular ejection fraction is the first-line tool to differentiate
between heart failure with reduced ejection fraction and heart failure with reserved ejection
fraction [38]. TTE can rapidly identify wall motion abnormalities, valvular diseases and
pericardial effusion. Various hemodynamic markers can be estimated by Doppler imaging,
such as mitral inflow and mitral annulus motion, left atrial volume and pressure, left ven-
tricular filling pressure, systolic pulmonary artery pressure, pulmonary capillary wedge
pressure, and right ventricular function [39]. Myocardial strain based on speckle tracking
technique can be used to quantify ventricular wall deformation, with global longitudinal
strain being more sensitive to subtle impairment of ventricular systolic function than ejec-
tion fraction [40]. Fast and cost-effective as it is, TTE-derived imaging biomarkers can be
limited by inadequate acoustic window, poor Doppler signals and operator-dependent
variations. The utility of ultrasonic enhancing agent improves structural and functional
evaluations of various cardiovascular diseases [41]. Enhanced TTE also enables the assess-
ment of myocardial perfusion at rest or with vasodilator-induced stress [41].

3.1.2. Cardiovascular Magnetic Resonance

Over the last decade, cardiovascular magnetic resonance (CMR) has gained increasing
acknowledgement in the clinical management of cardiovascular diseases [42,43]. CMR-
measured biventricular volumes, systolic function and myocardial mass are gold-standard
imaging biomarkers [44], particularly right ventricular geometry and function. Myocar-
dial strain parameters can also be generated from CMR using feature/tissue tracking
post-processing algorithms, free from the suboptimal acoustic window and dropouts in
TTE [45] (Figure 2). Velocity encoding using phase contrast technique enables quantitative
evaluation of valvular diseases and shunt evaluation by CMR. Using gadolinium-based
contrast agents, myocardial perfusion and myocardial fibrosis or infiltration can be as-
sessed and quantified. Late gadolinium enhancement is the best non-invasive technique
to visualize focal fibrosis [46]. Extracellular volume fraction (ECV) calculated by pre- and
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post-contrast T1 relaxation time is useful for detecting diffused myocardial fibrosis [47].
However, the application of contrast-enhanced CMR in CRS is limited in patients with
severely decreased renal function (eGFR < 30 mL/min/1.73 m?), considering the potential
increased risk of gadolinium retention and nephrogenic systemic fibrosis in patients with
renal dysfunction [48,49], but these risks are less clear for the more modern macrocyclic
contrast agents [48].

Table 3. Modalities and techniques for cardiovascular and renal imaging related to cardiorenal syndrome.

Ultrasonography

Magnetic Resonance
Imaging

Computed
Tomography

Nuclear Imaging

Assessment of Heart

1. 2-dimentioanl
measurement of
cardiac chamber size,
estimation of
ventricular function

2. Valvular morphology

1. Gold-standard
measurement of chamber
size and volume, ventricular
systolic function, myocardial
mass by cine imaging

2. Moderate to severe
valvular abnormalities

1. Calculation of
calcium score
2. Evaluation of

1. SPECT myocardial
perfusion imaging is the
most commonly used tool
to diagnose coronary artery
disease in CKD

Conventional and function 3. Quantification of coronary artery 2. Absolute quantification
ventricular w,all motion myocardial perfusion with morphology by CT of myocardial blood flow
3. Estimation of contrast agent coronary angiography by PET
h.em dvnami and/or vasodilator using contrast agent 3. Coronary flow reserve
bion?ariers bC 4. Quantification of and stress myocardial
Doppler ima yin myocardial fibrosis and perfusion by PET

PP sNG infiltration by late

gadolinium enhancement

1. Non-contrast

quantification of myocardial

infiltration/deposition by T1

mapping and T2(*) mapping . . .
1. 3-dimentional 2. Myocardial ;Surgcz(c)gfolhg?agmg 1. PET quantitative
measurement of infiltration/deposition by or fusi};n usin a.nal sigl(l) ¢ mvocardial
ventricular volumes extracellular volume fraction Eontrast a entg luCZse utilizition
and myocardial mass with contrast agent 2 CT & g SPECT evaluation of
2. Ventricular strain 3. Ventricular strain o ) .

ified b tified b angiography-based myocardial fatty

Advanced quantified by quantt Y fractional flow reserve  acid oxidation
speckle-tracking feature/tissue tracking of coronary arteries 3.Hybrid imaging such as
3. Improved structural 4. Non-contrast assessment 3 M ocarZ{ial Si’E}(]:T— CT PEgT- (%T
and functional of myocardial perfusion by o v Yoc o ! !
evaluation using dobutamine inotropic stress infiltration/deposition - PET-MRI can generate
ultrasonic CMR. MR-compatible by extracellular volume multiple biomarkers in

. : P fraction with one scan

enhancing agent exercise stress CMR,

myocardial ASL contrast agent

4. Myocardial hypoxia by

BOLD, diffusion by DWI,

diffusion anisotropy by DTI

Assessment of kidneys
1. Differential diagnosis of
. 1. Preferred for

1. Kidney length, 1. Volumetric measurement  evaluation of AKI (prerenal AKI or acute
estimated volume and ' . . tubular necrosis or
echogenicity of cortex 2. Depiction of renal cortex kidney stones postrenal AKI) by

Conventional 8 and medulla by conventional 2. Quantification of

and medulla
2. Identify obstruction
3. Renal resistive index

T1-weighted and
T2-weighted imaging

renal perfusion and
GEFR using contrast
enhanced CT

renal scintigraphy

2. Measurement of GFR
3. Measurement of renal
blood flow
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Table 3. Cont.

Ultrasonography

Magnetic Resonance
Imaging

Computed
Tomography

Nuclear Imaging

1. Intrarenal blood
flow pattern

2.Renal venous blood
flow, renal venous

1. Parenchymal oxygenation
by BOLD

2. Noncontrast renal
perfusion by ASL

3. Microstructural changes

1. Dual energy CT for

1. Renal SPECT-CT for
assessment of GFR
2. Renal PET with novel

Advanced impedance index, renal  evaluated by DWI, DTI and . . .
. . . tissue characterization radiotracers for faster and
venous discontinuity T1/T2 mapping
. . o more accurate
3. Ultrasonic enhancing 4. Quantification of renal I
- quantification of GFR
agent to assess perfusion and GFR
renal perfusion using dynamic
contrast enhancement
Radiation None None Yes Yes
.. Todinated contrast
. Gadolinium-based contrast . .
Mirobubbles to . . agents, increase the risk . .
Contrast agents, associated with . Radionuclide labeled
enhance ultrasound . . of contrast-induced
agent and . nephrogenic systemic . agents,
signals; . . . . nephropathy in
safety safe fibrosis, not applicable in atients with renal safe.
patients with AKI and ESRD P -
dysfunction
1. The most promising
one-stop modality to
. evaluate structure, function
1. Most versatile, .
. and microstructural
accessible and cost . .
. . alterations in both heart
effective modality to .
and kidneys
evaluate the heart and . -
. . 2. Unique ability of
kidneys simultaneously. L
2. Doppler imagin, quantitative assessment of Important modality for
. pp s1ng fibrosis in both organs. Most widely used porta yror
Strengths in may generate . . . . . evaluation of myocardial
. Multiparametric scan to noninvasive technique L
assessment of  hemodynamic . . perfusion in coronary
. . evaluate diffused for anatomical . . :
cardiorenal biomarkers for e . " artery disease in patients
. ) . infiltration/deposition, assessment of coronary . .
syndrome diagnosis, prognosis . . . with CKD, without the use
¢ changes in perfusion, artery disease .
and therapeutic s 2. . of toxic contrast agent.
. . diffusion and oxygenation of
evaluation, especially .
heart and kidneys.
for acute CRS. . .
. . 2. With consistent scan
3. Suitable for serial .
- . parameters and no radiation,
imaging across the ..
. non-contrast MRI is ideal for
natural history of CRS o .
longitudinal tracking of
cardiac and renal
pathophysiological changes
. Not suitable for
. . Not suitable for 1. .
Can be compromised Expensive, prolonged loneitudinal serial longitudinal serial
by inadequate acoustic  acquisition time, requiring B evaluation due to radiation,
e . . . evaluation due to . .
Limitations window, poor Doppler  high compliance of low spatial resolution,

signals and operator-
dependent variations

patient, complicated
post-processing procedures

radiation, limited
utility without
contras agent

prolonged acquisition time,
limited utility
and accessibility

SPECT, Single-photon emission computed tomography; PET, positron emission tomography; CMR, cardiovascular magnetic resonance; CT,
computed tomography; BOLD, blood oxygen level dependent; ASL, arterial spin labeling; DWI, diffusion weighted imaging; DTI, diffusion
tensor imaging; AKI, acute kidney injury; CKD, chronic kidney disease; ESRD, end stage renal disease; GFR, glomerular filtration rate.
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Figure 2. Example of myocardial strain analysis using MRI in a patient with CKD. Quantification of left ventricular strain

(a—c) and right ventricular strain (d,e) parameter is visualized by colored overlay on cine images. (f) is an example of

strain-time curve of the left ventricular global longitudinal strain within one cardiac cycle.

Non-contrast tissue characterization techniques including T1 mapping, T2 mapping
and diffusion weighted imaging (DWI) provide unique opportunities to identify microstruc-
tural changes in myocardium (Figure 3). T1 and T2 mapping are increasingly used in clinical
settings. T1 mapping quantifies the longitudinal and T2 mapping transverse magnetization
relaxation times of the hydrogen nucleus proton per voxel, which can reflect the presence
of fibrosis, fat, edema, and iron deposition [50]. Myocardial T1 and T2 values have been
applied to detect abnormalities in myocardial tissue composition in various diseases that
related to CRS—including heart failure, ischemic heart diseases, hypertensive cardiomy-
opathy, diabetic cardiomyopathy, and uremic cardiomyopathy [50,51]. DWI characterizes
the motion of water molecules in microstructural changes, and quantifies it as apparent
diffusion coefficient (ADC). Previous studies suggested that DWI was able to detect and
quantify the degree of myocardial fibrosis, with the minimum amount of fibrosis larger
than 20% [52-54].

3.1.3. Cardiac Computed Tomography

Computed tomography (CT) coronary angiography is the most widely used noninva-
sive imaging technique for anatomical assessment of coronary artery disease (CAD). CT
angiography with additional perfusion imaging allows for characterization of atheroscle-
rosis in relation to myocardial ischemia, which has great potential clinical value [55].
CT-based fractional flow reserve allows for the quantification of the impaired maximal
coronary flow induced by a stenosis, which is adapted from invasive coronary pressure
measurement [56]. CT can also be used to estimate myocardial ECV, and is an attractive
alternative to CMR to evaluate diffused myocardial fibrosis [57]. However, major chal-
lenges of CT are the limited temporal resolution, presence of beam and scatter artefacts,
radiation dose, and low contrast-to-noise ratios [58—60]. Moreover, these CT techniques
rely on iodinated contrast agents, which is associated with the risk of post-contrast AKI
in patients with impaired renal function [61]. Without contrast agent, CT can be used to
calculate coronary artery calcium score, which is a prognostic biomarker for CAD.
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Figure 3. Myocardial tissue characterization by multiparametric MRI. Mid-cavity short-axis T1 map
(a) and T2 map (b) of a patient with CKD. Myocardial T1 and T2 values can be quantified and
compared with local references. ADC (c) and ECV (d) images demonstrated diffused “pepper like”
hyper intensity texture in a patient with hypertrophic cardiomyopathy. Images (c,d) were adapted
from published article [52] under a Creative Commons license.

3.1.4. Nuclear Cardiac Imaging

Nuclear cardiac imaging has played an important role in evaluating myocardial perfu-
sion in ischemic heart diseases. Single-photon emission computed tomography (SPECT) is
commonly employed for the diagnosis of CAD in patients with CKD [62]. However, SPECT
only provides semi-quantitative assessment of myocardial perfusion, and has a wide range
of sensitivity, specificity, and accuracy [63]. Quantitative positron emission tomography
(PET), on the other hand, measures absolute myocardial blood flow and has shown greater
prognostic value than SPECT in evaluation of patients with known or suspected CAD [64].
Currently four different tracers are used for clinical assessment of myocardial blood flow,
which are 82Rb, I¥N-ammonia, 1°O-water, and 18F-ﬂurpiridaz. 150-water-PET is considered
the clinical reference standard for non-invasive quantification of myocardial perfusion;
however, important challenges include high-cost, limited visual assessment, and the lower
spatial resolution of PET compared with CT or MRI perfusion imaging [65]. Myocardial
metabolism alterations such as increased glucose utility and fatty acid oxidation can also be
evaluated by 8F-fluoro-2-deoxyglucose ['8F-FDG] PET and 3-Methyl-p-[1231]-iodophenyl-
pentadecanoic acid SPECT [63] Hybrid imaging such as SPECT-CT, PET-CT, and PET-MRI
can generate multiple imaging biomarkers by single examination.

3.2. Renal Imaging Techniques
3.2.1. Renal Ultrasonography

Renal ultrasonography is routinely used to assess renal morphology such as renal
length, corticomedullary differentiation, and to identify obstruction. The usefulness of
ultrasonography to identify the underlying cause of renal diseases is limited, furthermore
no distinction between inflammation and fibrosis can be identified by echogenicity [66].
Renal Doppler sonography enables the quantification of renal blood flow and intrarenal
hemodynamic changes, which are suggestive of renal dysfunction and/or microstructural
alterations. Elevated values of renal resistive index are associated with poorer prognosis
in various renal disorders and renal transplant [67]. Renal venous flow is one of the
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biomarkers for right-sided congestion, which is fundamental to the management of CRS.
Contrast-enhanced ultrasonography has showed the ability to quantify regional renal
perfusion and microvascular function in rat models, and is potentially feasible for early
detection and monitoring of AKI [68,69].

3.2.2. Renal Magnetic Resonance Imaging

Initial applications of renal MRI have been focused on the visualization of renal
and urogenital anatomy. Conventional renal MRI sequences can be used to measure
total kidney volume, which is an FDA-approved prognostic biomarker [70], with higher
accuracy compared with sonography. Recent research interest has been focused on the
application of sequences that provide functional (BOLD, ASL) and microstructural (DWI,
DTI, T1 mapping, T2 mapping) information without the need for gadolinium-based contrast
agents [71-75] (Figure 4).

FA map Color FA map

0.5

. l o

T1 map

IVIM

4 mm?/s

0 mm?/s

Figure 4. Multiparametric kidney MRI in healthy volunteers. BOLD R2* map is used to evaluate parenchyma oxygenation.

Renal blood flow can be quantified from ASL perfusion weighted image. ADC and FA maps generated from DWI and DTI

can be used to assess renal fibrosis. [IVIM imaging evaluates true parenchyma diffusion by separate modeling. Renal T1

maps showing clear cortico-medullary differentiation in a healthy volunteer and T2 mapping are promising techniques to

evaluate renal microstructure. The BOLD R2* map, ADC map, FA maps and IVIM images were adapted from the articles of

Bane et al. [71], Adams et al. [76], and de Boer et al. [77] under Creative Commons licenses.

Renal parenchymal oxygenation is of paramount importance in the pathophysiology
of AKI and CKD [78]. Blood oxygen level dependent (BOLD) imaging can demonstrate
tissue oxygen level using multi-echo T2*-weighted sequence based on the paramagnetic
properties of deoxyhemoglobin. The strong correlation between renal T2* (R2*) and the
invasive gold-standard tissue oxygen partial pressure has been validated in rat model [79].
The outer layer of medulla has higher sensitivity to hypoxia than the cortex, which is the
physiological basis of the susceptibility to hypoxia injury.

Arterial spin labeling (ASL) assesses tissue perfusion by labeling the water protons
in the blood before they enter the tissue of interest, and subtracting the labeled image
from a control image without labeling blood water. The signal intensity of the subtracted
perfusion-weighted image is proportionate to perfusion. ASL has been widely used to
calculate cerebral perfusion in various brain diseases [80]. Renal perfusion quantified by
ASL has been validated by comparison with para-aminohippuric-acid clearance, which is
the gold standard measurement of renal plasma flow, and with renal scintigraphy, demon-
strating reproducible perfusion measurements [81,82]. High interstudy and interrater
reproducibility of ASL in the quantification of cortical and medullary renal perfusion has
been shown in healthy volunteers [83].
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Renal DWI, diffusion tensor imaging (DTI), T1 and T2 mapping have been studied
to assess interstitial fibrosis [84]. Renal cortex has higher ADC than medulla in healthy
kidneys. As ADC is largely influenced by tubular flow and capillary perfusion, intravoxel
incoherent motion (IVIM) is used to measure the true diffusion, alongside the pseudo-
diffusion and flow fraction. DTI is a variation to DWI which measures the fractional
anisotropy (FA); that is, the percentage of a tissue that displays oriented diffusion axes.
Increased ADC and decreased FA can be biomarkers of fibrosis in CKD. Recent studies sug-
gest that renal T1 mapping technique can be used to assess tissue changes in AKI and renal
fibrosis in CKD in rat modal [85-87] as well as in human [88], with good reproducibility.

3.2.3. CT and Nuclear Medicine for Renal Imaging

CT and nuclear imaging are the most frequently used modalities after ultrasonography
to assess renal morphology and function in clinical settings. However, the utility of renal
CT in clinical management of CRS is limited due to radiation and the risk of post-contrast
acute kidney injury in patients with impaired renal function (eGFR < 30 mL/min/1.73 m?).
Dual-energy CT might offer opportunities to assess renal parenchyma without contrast
agent. Renal nuclear imaging such as renal scintigraphy, SPECT, and PET have been used
for quantification of GFR and renal perfusion. However, they are not ideal for frequent
assessments due to radiation, thus not suitable for longitudinal surveillance of CRS.

4. Application of Imaging Biomarkers in Acute CRS
4.1. Echocardiographic and CMR Biomarkers for Diagnosis and Prognosis

Echocardiography not only is essential for diagnosing cardiovascular dysfunction in
acute CRS, but also provides prognostic biomarkers. In a retrospective study of 30,681 pa-
tients, at least one type of CRS was detected in 8% patients, in whom decreased left
ventricular ejection fraction, increased pulmonary artery pressure and larger right ven-
tricular diameter derived by TTE were independent risk factors of the development of
CRS [9]. This study also found that acute CRS is associated with the worst prognosis
in comparison with chronic CRS and no CRS [9]. In a study of 1879 critical ill patients,
right ventricular dysfunction assessed by TTE was an important determinant of AKI and
AKl-related mortality [89].

CMR has been increasingly used in acute cardiovascular diseases such as acute coro-
nary syndrome and acute myocarditis, facilitating risk stratification with myocardial tissue
characterization [90,91]. In the context of acute CRS, one study demonstrated an associa-
tion between microvascular myocardial injury assessed by contrast-enhanced CMR and
increased risk of AKI in patients with ST-elevation myocardial infarction [92]. The value of
CMR in the clinical management of acute CRS is yet to be unraveled by further studies.

4.2. Kidney Sonographic Biomarkers for Prognosis

Renal resistive index and intrarenal venous flow pattern evaluated by Doppler imag-
ing have demonstrated potential values in prognosis of acute CRS. Increased resistive index
of the renal artery was found to be helpful in predicting AKI in patients after major cardiac
surgery (type 1 CRS), and in patients with septic shock or in critical conditions (type 5
CRS) [93-95]. Since the key role of renal venous congestion has been recognized, intrarenal
venous flow has attracted increasing interests [96-98]. The patterns of intrarenal venous
flow were applied to identify renal hemodynamic disturbances in heart failure [99,100].
The discontinuous patterns of intrarenal venous flow were found to be associated with
increased right atrial pressure and had independent prognostic values in patients with
non-ischemic heart failure [100]. A case report observed the change of intrarenal venous
flow from a monophasic to a biphasic pattern in parallel with improvement in symptoms
and renal function [101]. Results of a recent clinical trial suggested that both renal arterial
resistive index and intrarenal venous flow might offer guidance on the diagnosis and
treatment of type 1 CRS [102].
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4.3. Preclinical Kidney MRI Biomarkers of AKI

Multiparametric kidney MRI has been studied to characterize microstructural changes
in AKI in recent years. Although the value of MRI biomarkers of AKI in the context of
CRS remains to be investigated, there have been studies detecting the pathophysiological
alterations in AKI. These techniques may facilitate early identification of AKI, which is
one of the most challenging issues in clinical management of acute CRS. It has been well
accepted that renal parenchymal hypoperfusion and hypoxia are closely associated with
development of all forms of AKI [103]. BOLD technique by MRI has been used to evaluate
intrarenal oxygenation in animal models and patients with AKI [104,105]. Renal hypoxia
detected by BOLD MRI has been reported in contrast-induced AKI, renal allografts with
acute tubular necrosis, sepsis-associated AKI, and other nephrotoxin-induced AKI [105].
Significantly lower perfusion of the renal cortex and medulla detected by ASL has been
reported in AKI patents in comparison with healthy volunteers [106]. ASL was studied
as an alternative to dynamic contrast-enhanced MRI for quantitative renal perfusion
measurements in a rat model of AKI [107]. Moreover, the combination of BOLD and ASL
techniques may help to achieve a better characterization of the primary cause of AKI, as the
tissue oxygenation assessed by BOLD is significantly influenced by renal perfusion [108].
A study of 15 healthy volunteers demonstrated that ASL is capable of detecting renal
hemodynamic change after a single-dose pharmacological intervention with captopril,
highlighting the potential of ASL to provide mechanistic insights into the pharmacotherapy
of kidney diseases [83]. DWI and T1 mapping techniques are potentially beneficial for
the evaluation of AKI in acute CRS. Decreased ADC, alterations in IVIM parameters and
diffusion anisotropy demonstrated by DTI have been shown in animal models of AKI [105].
Prolonged renal cortical T1 relaxation time and decreased corticomedullary difference was
found in AKI and the cortical T1 values were positively correlated with stages of renal
function [109].

5. Application of Imaging Biomarkers in Chronic CRS
5.1. Cardiac Imaging Biomarkers of CKD-Associated Cardiomyopathy

Echocardiography is currently recommended by the Kidney Disease Improving Global
Outcomes (KDIGO) guidelines for all patients initiating dialysis, due to the high prevalence
of underlying abnormalities among patients with CKD [110]. Characteristic cardiac changes
in CKD include left ventricular (LV) hypertrophy, ventricular dilatation, cardiac dysfunc-
tion, and myocardial fibrosis [111]. However, TTE has disadvantages in identification and
surveillance of LV myocardial mass and volumes in CKD. TTE tends to overestimate LV
mass in comparison with CMR, and the wider intra- and inter-operator variability of TTE
is disadvantageous for observation of subtle and gradual cardiac changes in CKD [112].
In addition, the impact of kidney transplantation on LV mass has been controversial, sug-
gesting that the interventions to prevent type 4 CRS might need to be moved to earlier
phase of CKD [113]. LV global longitudinal strain (GLS) is more sensitive than LV ejection
fraction as a marker of subtle LV dysfunction [114-116], and is associated with an increased
risk of mortality in predialysis and dialysis patients [117]. Previous studies demonstrated
decreased LV-GLS and diastolic strain rates by TTE in CKD patients [114,118-121]. LV
diastolic dysfunction can be diagnosed and graded by TTE, based on mitral valve annular
e’ velocity, average E/e’ ratio, left atrium volume index, and peak tricuspid regurgitation
velocity [122]. However, our recent study suggests that subclinical changes in myocardial
tissue composition may exist even when no systolic or diastolic dysfunction was detected
by TTE in patients on peritoneal dialysis [123].

CMR has the unique value of detecting myocardial fibrosis, which was found in more
than 90% of patients with CKD in a postmortem study [124]. Increased myocardial native T1
value has been observed in patients with early phase CKD and in end-stage CKD patients
when compared with healthy controls [125-128]. Two previous studies revealed higher
myocardial T2 values in ESRD patients than those in healthy controls [123,129]. Decreased
MR-derived LV global longitudinal strain and circumferential strain were also reported in

16



J. Pers. Med. 2021, 11, 734

patients with early CKD and in end-stage CKD patients [123,125-128,130]. Increased native
T1 value has been found to be associated with LV global strain [123,125,126]. Most recently,
a study of 134 pre-dialysis patients without diabetes or myocardial ischemia showed that
native myocardial T1 values and serum biomarkers of myocardial fibrosis increase with
advancing CKD stages, independent of left ventricular afterload [51]. These findings
suggest that myocardial fibrosis might be a pharmacological target for the treatments in
CKD patients, and might improve prognosis by mitigating the effects of CRS.

CAD and myocardial infarction with non-obstructive coronary artery can be involved
in both type 2 and type 4 CRS. Coexistence of CAD and CKD and with comorbidities
such as diabetes often manifests in these patients as ‘silent” ischemic heart disease without
typical anginal chest pain. Earlier CMR study with late gadolinium enhancement showed
a mixed pattern of subendocardial infarction and diffuse fibrosis in patients with advanced
CKD, reflecting the dual myocardial diseases [131]. Considering the increased risk of
post-contrast acute kidney injury and nephrogenic systemic fibrosis in patients with severe
renal dysfunction, non-contrast imaging techniques are preferred to identify CAD in CRS.
The utility of echocardiography, nuclear cardiac imaging, CMR, CT, and hybrid imaging
for diagnosis of CAD in patients with CKD has been thoroughly discussed in a most recent
literature review [63].

5.2. Preclinical Kidney MRI Biomarkers of CKD with Potential Value in CRS

Kidney imaging has scarcely been studied in the context of chronic CRS, since car-
diovascular abnormalities are more related to mortality. However, imaging biomarkers of
CKD in general may have potential value in clinical management of chronic CRS, especially
in early diagnosis and monitoring disease progression.

Conventional kidney ultrasonography and MRI can hardly identify preclinical renal
injury in chronic CRS. Although previous studies suggest that kidney size is associated with
glomerular filtration and kidney function reserve [132], the relationship between kidney
volume and function is not proportional, since the kidneys have a substantial functional
reserve and homeostatic adaptive mechanisms [133]. Functional and tissue characterization
MRI techniques may open new possibilities for future studies of chronic CRS. Feasibility of
a multiparametric renal MRI protocol—including ASL, T1 mapping, DWI, and BOLD—for
patients with CKD has been demonstrated [134]. There have been studies with histological
evidences demonstrating that cortical ADC values measured by DWI correlated well
with cortical fibrosis and chronic lesions [135-138]. Lower renal perfusion, significant
higher cortical and medullary T1 value with reduced cortico-medullary differentiation
have been observed in CKD patients compared with healthy volunteers [134,139]. The
degree of cortical hypoxia indicated by decreased T2* value in BOLD was correlated with
the extent of fibrosis on renal biopsy in one study [136]. However, another study failed to
identify significant associations between T2* and eGFR or CKD stage in 342 patients with
CKD [140]. A recent prospective study of 112 patients with CKD demonstrates that low
cortical oxygenation indicated by BOLD-MRI is an independent predictor of renal function
decline over the subsequent three years [141].

Type 5 chronic CRS secondary to diabetes are attracting increased attention these years,
in which diabetic nephropathy has been of particular interest. Chronic hypoxia is one of
the major contributors of parenchymal fibrosis and CKD in diabetes [142,143]. Lower renal
ADC value and higher FA have been reported in early stage of type 2 diabetic nephropathy
in comparison with healthy volunteers [144], and ADC value was correlated with urinary
and serum biomarkers [145]. Decreased renal perfusion quantified by ASL was seen in
patients with diabetes mellitus in comparison with healthy controls, despite normal eGFR
and absence of overt albuminuria [146]. A multiparametric MRI study demonstrated
significantly lower renal perfusion assessed by ASL in patients with diabetes and stage 3
CKD, and lower perfusion with lower response to furosemide in patients with progressive
CKD [147].
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6. Opportunities for Comprehensive Imaging Assessment of Heart and Kidneys in
Future Studies

Ultrasonography remains the most versatile, accessible, and cost-effective modality for
the assessment of CRS. MRI, on the other hand, is the most promising one-stop modality for
the structural and functional evaluation of both heart and kidneys. Future studies aiming at
finding novel biomarkers for CRS may incorporate serial ultrasonography or non-contrast
MRI scans for simultaneous evaluation of heart and kidneys in their study design.

In the context of acute CRS, a combination of TTE and renal sonography can be used
to assess the heart and kidneys synchronously. The evaluation of right-sided congestion
and intra-renal blood flow by Doppler imaging might offer incremental diagnostic and
prognostic value together with circulatory and urinary biomarkers. Quantification of global
ventricular strain may have the potential of early identification of cardiac dysfunction in
type 3 CRS.

The unique role of MRI in assessment of interstitial fibrosis in both the organs might
complement the use of molecular biomarkers and provide new insights in the diagnosis
and treatment of CRS in the future. For institutions with well-developed infrastructures for
multiparametric MRI, a combined non-contrast protocol assessing the heart and kidneys
in a single scan session could be considered in future studies for patients at risk of or
with CRS. Myocardial T1 mapping and T2 mapping together with renal T1 mapping and
DWI can provide information on the extent of fibrosis in heart and kidneys [148], which is
postulated to be the key driver of chronic CRS. ASL and BOLD can reflect tissue perfusion
and oxygenation in the kidneys, offering opportunities to detect preclinical hemodynamic
alterations. Myocardial strain derived from CMR cine images can be used to identify early
impairment of cardiac function in type 2 and type 4 CRS. With consistent scan parameters
and the absence of ionizing radiation or contrast agents, non-contrast MRI is the ideal
modality for longitudinal tracking of pathophysiological changes in CRS, as well as for
monitoring of therapeutic response without excessive biopsies.

7. Summary

Despite endeavors to improve clinical outcome over the past decade, hospitalization
rate, symptom burden, and mortality in patients with dual burden of heart and kidney
diseases are still high [8]. Meanwhile the practical need for better prevention and man-
agement of CRS is imminent. CRS is a growing health, economical and societal problem
as the fast increasing number of aging population lead to higher prevalence of heart and
kidney diseases. Due to the multiple interconnected pathophysiological mechanisms of
CRS, it is conceivable that biomarkers or interventions targeting single mechanisms are
inadequate. Multi-modality and multiparametric imaging techniques have been applied
for cardiovascular diseases and kidney diseases and offer opportunities for the evaluation
of CRS. A consecutive and synchronous imaging strategy tracing the natural history of
CRS can be encouraging for future directions. We propose a multidisciplinary approach
involving cardiologists, nephrologists, and radiologists to improve the prospect of research
studies and clinical management of cardiorenal syndrome in the future.
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Abstract: Positron emission tomography combined with computed tomography (PET/CT) is a
nuclear imaging technique which is increasingly being used in infectious diseases. Because infection
foci often consume more glucose than surrounding tissue, most infections can be diagnosed with
PET/CT using 2-deoxy-2-[18F]fluoro-D-glucose (FDG), an analogue of glucose labeled with Fluorine-
18. In this review, we discuss common infectious diseases in which FDG-PET/CT is currently
applied including bloodstream infection of unknown origin, infective endocarditis, vascular graft
infection, spondylodiscitis, and cyst infections. Next, we highlight the latest developments within the
field of PET/CT, including total body PET/CT, use of novel PET radiotracers, and potential future
applications of PET/CT that will likely lead to increased capabilities for patient-tailored treatment of
infectious diseases.

Keywords: FDG-PET/CT; infection; bloodstream infection; endocarditis; vascular graft infection;
spondylodiscitis; cyst infection; white blood cell scintigraphy; total body PET/CT; radiotracers

1. Introduction

Infectious diseases are one of the most common reasons for hospital admission world-
wide [1]. Commonly diagnosed infections include pneumonia, urinary tract infection, and
bloodstream infection [2]. The diagnosis of most infections is often straightforward based
on history taking and physical examination, and complemented with laboratory exami-
nations and conventional (chest) radiography when clinically indicated. Microbiologic
cultures and antibiotic sensitivity tests can be performed to enable more targeted treatment
with narrow-spectrum antibiotic therapy. In some patients with infectious diseases, how-
ever, the infection focus may be difficult to detect with conventional diagnostics. This is
especially true in patients with implanted foreign materials and electronic devices, such
as artificial valves, vascular stents, prosthetic joints, and pacemakers/ICDs [3]. Positron
Emission Tomography (PET) is a functional imaging technique that utilizes properties of
specific molecules labeled with positron-emitting isotopes to visualize tissues or processes
of interest. PET combined with Computed Tomography (PET/CT) allows for the spatial
localization of radiotracer accumulation and simultaneous visualization of anatomy and
structural abnormalities. PET/CT can be used for a wide variety of diseases, including
infections. The most commonly used PET tracer for evaluating infectious diseases is
2-deoxy-2-[18F]fluoro-D-glucose (FDG). FDG-PET/CT can be used to visualize glucose
uptake throughout the whole body in a single noninvasive examination. White blood
cells and other inflammatory cells that are drawn to infection foci have a high glucose
metabolism compared to other cells. Additionally, inflammatory mediators cause a local
upregulation of glucose transporters, resulting in an increased cellular FDG uptake. There-
fore, infection sites are often readily visible on FDG-PET/CT, even before gross structural
changes such as abscess formation have occurred [4].
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PET/CT capacity and patient throughput is relatively lower than that of conventional
diagnostics such as ultrasonography, CT, and even magnetic resonance imaging (MRI)
in most hospitals. Because more time is necessary for patient preparation and scanning,
the use of FDG-PET/CT is usually reserved for specific infections in which conventional
diagnostics are of limited value for identifying the infection focus [5,6]. Nevertheless,
research on the diagnostic role of FDG-PET/CT for various infectious diseases is rapidly
expanding leading to more standard application of this technique in a number of infectious
diseases [7,8]. In this review, we describe the most common diagnostic applications of
FDG-PET/CT in infectious diseases, highlight alternative nuclear imaging techniques used
for diagnosing infectious diseases, and discuss the latest developments in the field of
PET/CT that will likely contribute to increased capabilities for patient-tailored treatment
of infectious diseases.

2. Current Common Applications of FDG-PET/CT
2.1. Bloodstream Infection of Unknown Origin

Bloodstream infection, defined as the presence of viable bacteria or fungi in the blood,
is a common reason for hospitalization [9] (Figure 1). The most important treatment
for bloodstream infection consists of source control and antimicrobial treatment [10]. In
patients with an unknown source of infection or with multiple potential infection foci,
FDG-PET/CT has been shown to be valuable in diagnosing the infection focus and thereby
enabling more targeted treatment [11]. In several large clinical studies, FDG-PET/CT was
able to identify the primary infection focus in 56% to 68% of patients with bloodstream in-
fection of unknown origin, and previously unidentified septic emboli in approximately 60%
of patients with Staphylococcus aureus bacteremia [4,12-15]. Because timely identification of
the infection focus is associated with higher survival rates and is also cost-efficient in, for
example, Staphylococcus aureus bacteremia, the clinical use of FDG-PET/CT in bloodstream
infection of unknown origin is increasing [16-18].

In addition to the identification of the primary infection focus, FDG-PET/CT is increas-
ingly performed as a routine examination in patients with a known source of bacteremia
that has a high risk of septic dissemination. Risk factors for this include bacteremia with
Staphylococcus aureus, persisting positive blood cultures despite appropriate antibiotic treat-
ment, the presence of foreign materials such as artificial cardiac valves or vascular stents,
electronic devices, or persisting fever [4,14]. Because septic dissemination of a primary
infection focus can occur throughout the body and the location of these septic infection foci
may not be clinically apparent, FDG-PET/CT is usually the method of choice to examine
the whole body for septic infection foci in a single procedure [4]. Additionally, the presence
or absence of septic foci also has consequences for the duration of antibiotic treatment. For
example, in case of Staphylococcus aureus bacteremia, patients are generally treated with
antibiotics for two weeks in case of uncomplicated bacteremia. Dissemination of disease is
a feature of complicated bacteremia which requires prolonged antibiotic treatment of four
to six weeks [19]. Therefore, the results of FDG-PET/CT can be helpful in determining the
appropriate duration or adaption of antibiotic treatment.
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Figure 1. A 54-year-old woman was admitted to the hospital with fever. During hospitalization,
she repeatedly had blood cultures positive for Escherichia coli and Klebsiella pneumoniae without
localizing symptoms. Two years earlier, she had received a kidney transplant. Fused coronal2-
deoxy-2-[18F]fluoro-D-glucose Positron Emission Tomography combined with Positron Tomography
(FDG-PET/CT) showed increased FDG uptake at the left side of the sigmoid colon (A, green arrow),
also shown on fused axial FDG-PET/CT (B, green arrow), indicative of either diverticulitis or abscess
formation, as an explanation for the positive blood culture (Escherichia coli). Antibiotic treatment was
started, but 9 days after PET/CT, the patient developed severe abdominal pain, and abdominal CT
was performed. Axial CT also shows the abscess, with adjacent free intraperitoneal air, in keeping
with perforated diverticulitis (C, green arrow). The kidney transplant in the right iliac fossa is also
visible (B and C, red arrow). A laparotomic sigmoidectomy was performed, after which the patient
recovered.

2.2. Fever of Unknown Origin

Fever, defined by an elevated body temperature of 38.3 degrees Celsius or higher, is a
common symptom that can be caused by a large number of diseases [20] (Figure 2). The
causes of fever can usually be categorized into infectious disease, noninfectious inflam-
matory disease, and malignant disease [21,22]. In some patients, diagnosing the cause of
fever can present a diagnostic challenge. Although many different definitions are available,
patients are usually considered to have fever of unknown origin when they have persistent
fever for two to three weeks with no apparent cause after extensive clinical evaluation [21].

Because elevated glucose uptake occurs in many infectious, inflammatory, and malig-
nant diseases, FDG-PET/CT can be an important aid in diagnosing the cause of the fever.
A large number of studies has already been conducted to evaluate the use of FDG-PET/CT
in finding the cause of fever. A recent study from 2017 described 15 retrospective studies
including a total of 823 patients with fever of unknown origin and one prospective study
including 48 patients [22]. In 58% of all patients, the FDG-PET/CT result was considered
helpful, which was most often defined by identifying the cause of fever or guiding further
therapy [22]. This is in line with a study of our own including 110 children with fever of
unknown origin who underwent FDG-PET/CT, in whom the cause of fever was eventually
identified in 62% [23]. In 48% of children, this was based on FDG-PET/CT. The most
common causes of fever included endocarditis, systemic juvenile idiopathic arthritis, and
inflammatory bowel disorder. Diseases such as Kawasaki arteritis, drug-induced fever,
familial Mediterranean fever, and urinary tract infection were based on diagnostics other
than FDG-PET/CT. Because FDG-PET/CT is able to identify the cause of fever in approxi-
mately half of patients with fever of unknown origin, clinicians should consider performing
this technique in patients with persistent fever without apparent cause after extensive
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clinical evaluation. Performing FDG-PET/CT earlier on in patients with persistent fever of
unknown origin may also be cost-effective, as it can lead to a faster diagnosis, reduce the
number of diagnostic tests, and decrease hospitalization days [24,25].

Figure 2. A 13-year-old boy presented to the hospital with a fever of three weeks, weight loss,
and general malaise. He also had nonspecific pain in his legs and back and complained of nausea
and vomiting. On physical examination, hepatomegaly was noticed. Laboratory testing showed
normocytic anemia with a hemoglobin level of 5.2 mmol/L, leukopenia with a leukocyte count of
0.8 x 10°/L, and elevated lactate dehydrogenase of 300 U/L. Abdominal ultrasonography confirmed
the hepatomegaly, but showed no clear cause of the fever. A chest X-ray showed multiple pulmonary
nodules (A, green arrows), suggestive of metastases of an unknown primary tumor. Because the
patient had multiple nonguiding symptoms, FDG-PET/CT was performed. Coronal maximum
intensity projection FDG-PET and fused FDG-PET/CT showed a large FDG-avid mass in the right
lesser pelvis (C and D, yellow arrow), multiple pulmonary metastases (C and D, green arrows),
and focally FDG avid bone marrow (C and D, orange arrows). Biopsy confirmed the diagnosis
of metastasized Ewing sarcoma. MRI was performed before treatment was started, which also
showed the primary site of the Ewing sarcoma in the right side of the pelvis (B, yellow arrow).
After chemotherapy, radiotherapy, and an autologous stem cell transplant, the patient recovered and
remained in complete remission for five years of follow-up.

2.3. Infective Endocarditis

Infective endocarditis is an endocardial infection with high morbidity and mortal-
ity [26] (Figure 3). Although artificial heart valves are an important risk factor for de-
veloping infective endocarditis, infective endocarditis also occurs in patients with native
valves [27]. Currently, infective endocarditis is mostly diagnosed based on the modified
Duke criteria. This diagnostic algorithm consists of major and minor criteria that represent
common features of infective endocarditis. The sensitivity of these criteria for diagnosing
infective endocarditis is approximately 72% [28]. One of the major criteria is the presence
of valvular vegetations on transthoracic or transesophageal ultrasonography. However, the
image quality of ultrasonography can be limited for various reasons such as the presence
of artificial intracardiac material including artificial heart valves or vascular stents [29].
Because a definitive diagnosis of endocarditis has important treatment consequences such
as prolonged intravenous use of antibiotics or even cardiac valve replacement, additional
imaging such as FDG-PET/CT or alternatively white blood cell scintigraphy is often per-
formed. Although FDG-PET/CT has a relatively low sensitivity of approximately 14% in
patients with native valve endocarditis, it has a high sensitivity of 71-100% in patients
with prosthetic valve endocarditis [30,31]. Nevertheless, FDG-PET/CT can still be valu-
able in native valve endocarditis for the detection of septic infection foci [30]. In current

30



J. Pers. Med. 2021, 11, 133

European Society of Cardiology guidelines for the management of infective endocarditis,
FDG-PET/CT is only included as a diagnostic technique in patients with suspected, but
not definite, prosthetic valve endocarditis [32]. However, a recent study also mentions
a role for FDG-PET/CT in patients with definite prosthetic valve endocarditis to detect
silent embolism and metastatic infection [33]. In addition, performing FDG-PET/CT seems
cost-effective in patients with Gram positive bacteremia and risk factors for septic dissemi-
nation, including prosthetic valves. Therefore, a wider implementation of FDG-PET/CT
may be recommended in future endocarditis guidelines [18,34].

Figure 3. A 39-year-old man presented with general malaise for one week, fever of 41 degrees
Celsius, and petechiae. Blood cultures were positive for Streptococcus pneumoniae. One year earlier,
his native aortic valve was replaced with a mechanical valve. Endocarditis was strongly suspected,
but transthoracic and transesophageal ultrasound did not prove valvular vegetations or other signs
of infection. Fused coronal and axial FDG-PET/CT showed FDG avidity of the prosthetic aortic valve
suggestive of infection (A and B, green arrow). No other infection foci were found. The aortic valve
is also shown on full-dose thoracic CT (C, green arrow), without any anatomical signs of infection.
The aortic valve was surgically replaced after which the patient recovered.

To increase the sensitivity of FDG-PET/CT for diagnosing endocarditis, adequate pa-
tient preparation is very important. Because myocardial tissue is highly glucose metabolic,
patients should be kept on a low carbohydrate diet at least 24 h prior to FDG-PET/CT to
suppress physiologic FDG uptake of the heart as this masks pathologic FDG uptake of the
valves in case of endocarditis [35].

In patients with an infected prosthetic heart valve, choosing between conservative
treatment with antibiotics instead of surgical valve replacement can be a difficult decision.
In case conservative antibiotic treatment is chosen, follow-up FDG-PET/CT may be per-
formed to assess persisting or resolved FDG avidity of the infected valve, monitor septic
complications, and the potential need for surgical replacement.

2.4. Vascular Graft Infection

Approximately 1% to 5% of patients with a vascular graft develop a vascular graft
infection [36] (Figure 4). This can occur shortly after vascular graft implantation (within
two months of surgery) which is defined as an early infection, or after more than two
months after surgery, which is defined as a late infection [36].
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Figure 4. A 72-year-old man with a vascular graft in the aortic arch, abdominal aorta, and left
common iliac artery was admitted with a fever of 38.5 degrees Celsius. Blood cultures were positive
for Enterococcus faecalis. A clinical diagnosis of endocarditis was made based on the modified Duke
criteria, although transthoracic and transesophageal ultrasound did not show signs of endocarditis.
Coronal maximume-intensity projection FDG-PET showed increased FDG uptake in the right lower
pulmonary lobe suggestive of infection (A, green arrow), and multiple metabolically active medi-
astinal and paratracheal lymph nodes. Fused axial FDG-PET/CT showed increased FDG uptake of
the aortic arch stent suggestive of infection (B, red arrow), as well as FDG avid lesions suggestive of
pulmonary infection (C, green arrows). The patient died three days after the PET/CT.

Clinical signs of vascular graft infection include fever, pain located at the vascular
graft, erythema around the surgical site, and positive blood cultures. CT angiography
may show periprosthetic infiltration or abscess and the formation of gas bubbles in cases
of vascular graft infection. To diagnose early vascular graft infection, CT angiography is
usually preferred over FDG-PET/CT because postsurgical or foreign body inflammation
may also result in elevated FDG uptake around the vascular graft, resulting in false
positive results [37]. In late vascular graft infections, however, FDG-PET/CT is the imaging
modality of choice due to superior sensitivity (95% for FDG-PET/CT versus 67% for
CT angiography), with a specificity of 85% [38,39]. Additionally, the whole body can
be assessed for septic infection foci, infected lymph nodes, or another primary focus of
infection in case the vascular graft infection is secondary to another infection. Although CT
angiography often remains the first step imaging in suspected vascular graft infection, FDG-
PET/CT is now included in the standard imaging workflow in suspected vascular graft
infection and should especially be considered when CT angiography shows inconclusive
results or no signs of infection, while vascular graft infection is still clinically suspected [40].

Diagnosing a vascular graft infection always has major treatment consequences. Be-
cause of biofilm formation on the vascular graft, antibiotic therapy will rarely lead to
complete eradication of the pathogen. The vascular graft either has to be surgically ex-
planted, or the patient has to be treated with lifelong antibiotics. In patients with another
primary focus of infection and only secondary infection of the vascular graft, antibiotic
therapy may be sufficient to eliminate the pathogen [40]. Therefore, FDG-PET/CT can
present valuable information in patients with suspected vascular graft infection.

2.5. Spondylodiscitis

Spondylodiscitis, including discitis and vertebral osteomyelitis, is a spinal infection
that usually presents with back or neck pain, fever, and elevated serum inflammatory
markers when the onset is acute (Figure 5). Because of these nonspecific signs, additional
imaging is required to diagnose spondylodiscitis. MRI is usually the first modality of choice,
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with a reported sensitivity of between 67% and 96% for diagnosing spondylodiscitis [41].
The sensitivity of MRI largely depends on the stage of disease, as MRI has a lower sensitivity
in patients with an early infection. Early diagnosis and adequate treatment are very
important for treatment outcome, as a delayed diagnosis may lead to complications such
as persisting back pain or even paraplegia [42].

Figure 5. A 63-year-old man presented with fever and back pain. His left upper leg was also painful.
Blood cultures were positive for Staphylococcus aureus. Sagittal fat-suppressed T2-weighted MRI showed
increased signal intensity of thoracic vertebrae seven and eight, and the seventh and eighth intervertebral
discs of the thoracic vertebrae—disc complex confirming the spondylodiscitis found on MRI (B, green
arrow), but also showed increased FDG uptake at the left sacroiliac joint, indicative of sacroiliitis (B, red
arrow). Antibiotic therapy was continued for six weeks after which the patient recovered.

Although MRI is often the modality of choice in patients with suspected spondy-
lodiscitis, it can present important limitations in patients with foreign spinal materials
(after spinal osteosynthesis, for example) causing scatter artefacts on MRI, which signif-
icantly decreases image readability. Some patients may also not be eligible for MRI due
to non-MRI compatible implants or claustrophobia. In these patients, FDG-PET/CT is
often used to examine patients with suspected spondylodiscitis. As FDG-PET/CT detects
elevated glucose uptake associated with infection and does not rely on anatomical changes,
it may also show higher sensitivity in early spondylodiscitis compared to MRI [43].

The reported sensitivity of FDG-PET/CT for diagnosing spondylodiscitis is 96%,
with a specificity of 95% [41]. Because treatment for spondylodiscitis includes antibiotic
treatment for at least six weeks, a definite diagnosis is very important to ensure an adequate
duration of treatment, as antibiotics may be prescribed for a shorter duration and a lower
dose when no infection focus is found on MRI or other diagnostics [42]. Follow-up FDG-
PET/CT after a diagnosis of spondylodiscitis may also be performed to evaluate response
to antibiotic treatment.

2.6. Cyst Infection

In patients with multiple abdominal cysts, including patients with autosomal domi-
nant polycystic kidney disease (ADPKD) and polycystic liver disease (PLD), cyst infection
can present a diagnostic challenge (Figure 6). Patients usually present with nonspecific
signs such as abdominal pain and fever [44]. Conventional diagnostics such as ultra-
sonography or CT often show no signs of infection or nonspecific signs, such as cystic
wall thickening [45]. The gold diagnostic standard is cyst puncture to obtain fluid that
can be microbiologically cultured. However, this poses a risk of complications such as
contamination of adjacent cysts or bleeding [46]. Therefore, percutaneous puncture is
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usually only performed in case of frank abscess formation, antibiotic treatment failure, or
large infected cysts [47].

Figure 6. A 68-year-old woman presented with general malaise and night sweats for two weeks. She did not have a fever.

She had received a kidney transplant 20 years earlier due to kidney failure caused by autosomal dominant polycystic kidney

disease (ADPKD). Blood cultures were positive for Escherichia coli. Abdominal CT showed multiple liver cysts consistent
with ADPKD, but no obvious signs of infection (A, green arrow). Fused axial FDG-PET/CT demonstrated increased FDG
uptake in a large cyst in liver segment VII, suggestive of infection (B, green arrow). Antibiotic therapy was started with

ciprofloxacin, after which the patient recovered.

Achieving a definitive diagnosis is important for treatment, as cyst infections usually
require specific antibiotic treatment with lipophilic antibiotics that can penetrate cyst
walls, such as fluoroquinolones. Empirical antibiotic treatment is usually not suitable for
treating cyst infections [44]. FDG-PET/CT has been shown to be valuable in diagnosing
cyst infection, especially in patients with multiple cysts, with a reported sensitivity of
77-100% and specificity of 75-100% in patients with ADPKD [48-51]. When cyst infection
is suspected, performing FDG-PET/CT early in the diagnostic workup can lead to faster
diagnosis and subsequent faster initiation of adequate antibiotic treatment.

3. Limitations of FDG-PET/CT

Because most cells metabolize glucose for ATP synthesis, physiologic FDG uptake
occurs throughout the body. Therefore, FDG uptake is not specific for infection. Besides
infection, FDG uptake can be locally elevated for other reasons as well [8]. For example,
tumors often show increased FDG uptake, inflammatory diseases such as vasculitis or
rheumatoid arthritis can cause increased FDG uptake, and postsurgical inflammation
can also present challenges in diagnosing infection in patients who recently underwent a
surgical procedure [52]. Additionally, foreign materials such as prosthetic joints, prosthetic
heart valves, or vascular grafts often cause mild sterile inflammation and subsequent FDG
uptake, affecting FDG-PET/CT’s sensitivity and specificity for diagnosing infection [53].
Furthermore, not all infections can be diagnosed with FDG-PET/CT. For example, urinary
tract infections may be difficult to diagnose due to renal FDG excretion.

Although conventional imaging such as CT or ultrasonography can often readily
be performed, FDG-PET/CT requires adequate patient preparation. For example, pa-
tients have to fast for at least 6 h before FDG-PET/CT is performed, and refrain from
carbohydrate-rich foods and (intravenous) fluids for at least 24 h when the possibility of
endocarditis needs to be evaluated [7]. This can dissuade physicians from performing
FDG-PET/CT in acutely ill patients, especially when FDG-PET/CT is only performed
during office hours. Hospital capacity for FDG-PET/CT is usually also much lower than
for stand-alone CT.

Antibiotic treatment may also negatively affect FDG-PET/CT’s ability to diagnose
infection. In a study of our own, longer duration of antibiotic treatment was associated
with a lower chance of detecting an infection focus on FDG-PET/CT in patients with
bloodstream infection [15]. However, another study from 2017 found no significant effect
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between duration of antibiotic treatment and diagnosing infection on FDG-PET/CT [54].
It could be hypothesized that longer antibiotic treatment may clear the infection before
FDG-PET/CT is performed, but future research is needed to confirm this. Nevertheless,
FDG-PET/CT should not be delayed in patients with bloodstream infection of unknown
origin, especially not when there are risk factors for septic dissemination [4].

4. White Blood Cell Cintigraphy

In some patients, radiolabeled white blood cells may be used to overcome these
limitations, as the accumulation of leukocytes is generally more specific for infection
than increased glucose uptake. White blood cell (WBC) scintigraphy is performed on a
gamma camera. A common indication for WBC scintigraphy is suspected prosthetic joint
infection. However, this is also dependent on the location of the infection. For example, in
patients with a prosthetic hip infection, elevated FDG uptake due to sterile inflammation is
expected around the head and neck of the prosthesis, but not at other sites [55]. Extensive,
heterogeneous FDG uptake along the bone prosthesis interface, especially in the middle
portion of the shaft, is indicative of periprosthetic infection. White blood cell scintigraphy
is sometimes also performed in patients with suspected endocarditis or vascular graft
infection, especially when results from FDG-PET/CT are inconclusive but clinical suspicion
of infection remains.

Several tracers can be used to radiolabel leukocytes. One of the most commonly used
tracers is Technetium 99 m. Because this radioisotope does not produce positrons but
gamma radiation photons, Single-Photon Emission Computed Tomography (SPECT) is
used for this procedure instead of PET. PET-tracers can also be used to label leukocytes.
Because labelled leukocytes require 2024 h to be recruited to infection sites, FDG is not
suitable for radiolabeling glucose due to its short half-life [56].

WBC scintigraphy also presents important limitations compared to FDG-PET/CT. The
procedure is much more complex than regular FDG-PET/CT, the resolution of SPECT is
inferior to the resolution of PET, and WBC scintigraphy also presents logistical challenges.
First, blood has to be drawn from patients to obtain autologous leukocytes. Then, the
harvested leukocytes have to be radiolabeled and reinjected into the patient, which also
poses a risk of blood mix-up with other patients. Usually, two scans at two different time
intervals are necessary so they can be compared to be able to accurately diagnose infection.
The whole procedure usually takes two days to complete. These factors often render white
blood cell scintigraphy less favorable than FDG-PET/CT.

5. Future Applications of PET/CT
5.1. Total Body PET/CT

One of the most promising current advances in PET/CT technology is the development
of total body PET/CT [57]. Current PET/CT systems mostly operate with a 20 cm wide
detector ring and thus a maximum of 20 cm field of view per bed position. To image the
whole body, the table is shifted through the detector ring while the patient has to lie still
during the entire procedure. For PET imaging of the whole body, a short field of view
presents important limitations. When positron annihilation occurs, two anticollinear high
energy photons are ejected in a random direction. As FDG is distributed through the whole
body, only 3-5% of the high energy photons emitted hit the detector ring and are recorded,
and the photons emitted outside the 20 cm field of view are not recorded. This means
that less than 1% of the positron annihilation events that occur in the patient during PET
scanning are recorded on current PET/CT systems [58].

The new total body PET/CT systems try to overcome this limitation by significantly
extending the field of view. Total body PET/CT systems have an extended field of view of
up to 200 cm instead of 20 cm. During scanning, the patient will be placed in this 200 cm
tube covered by PET detectors (or slightly shorter tube length, depending on the model),
which will significantly decrease photon scattering outside the field of view. For a 200 cm
total body PET/CT system, this could theoretically increase sensitivity by a factor of 40

35



J. Pers. Med. 2021, 11, 133

compared to whole-body scans on current PET/CT systems with similar scanning time
and FDG dosage. Alternatively, it could also decrease scanning time by a factor of 40
to 15-30 s with similar sensitivity and FDG dosage, or decrease FDG dosage by a factor
of 40 to 0.2 mSv (equivalent to 2 chest X-rays) while maintaining similar sensitivity and
scanning time [58,59]. The ideal settings and properties of these total body PET/CT systems
will be depending on the type of examination and clinical experience, but it will likely
revolutionize the possibilities of PET/CT. For infectious disease, it would likely be possible
to detect much smaller metastatic infection foci, increase the possibilities of follow-up
PET/CT imaging to monitor treatment response, increase the number of infection-specific
radiotracers that can be effectively used in PET imaging, and enable real time imaging of
various organ—organ axes. Severely ill patients can be scanned very rapidly, and this will
benefit intensive care patients.

5.2. Infection-Specific Radiotracers

FDG is the most widely used radiotracer for diagnosing infectious disease with
PET/CT. As already mentioned, elevated FDG uptake due to infection cannot always be
distinguished from elevated FDG uptake due to sterile inflammation or due to postsurgical
inflammation. Therefore, many studies have been performed and are still ongoing to
develop more infection-specific radiotracers [60-62]. These include radiolabeled bacteria-
specific monoclonal antibodies such as antibodies against Staphylococcus aureus surface
molecule lipoteichoic acid labeled with Zirkonium-89 [63], radiolabeled antibiotics such as
ciprofloxacin or fluoropropyl-trimethoprim labeled with Fluorine-18 [64,65] radiolabeled
antimicrobial peptides such as ubiquicidin labeled with Gallium-68 [66], radiolabeled
molecules involved in bacteria-specific synthesis pathways such as p-aminobenzoic acid
labeled with Fluorine-18 [67], and fluorodeoxysorbitol labeled with Fluorine-18 which
specifically targets Enterobacteriaceae [68] (Table 1). Most of these novel tracers have
only been used in vitro, in animal models, or in small human-based research settings.
Nevertheless, the clinical application of bacteria or infection-specific radiotracers could
present important benefits compared to current diagnostic possibilities. In patients with
nonspecific signs of prosthetic joint infection, for example, being able to distinguish aseptic
loosening from infection could prevent invasive procedures such as repeated biopsies
(which also pose a risk of infecting the prosthesis) or unnecessary surgical replacement
of the prosthesis. In cases where biopsy may pose significant risks due to the anatomic
location of the lesion of interest, bacteria-specific tracers may be used to identify the specific
bacterial strain and subsequently enable more specific antimicrobial treatment.

Table 1. Various examples of bacterial (novel)tracers for PET/CT.

Tracer Isotope (Half-Life) Ligand Target/Substrate Comment
. . Staphylococcus aureus . . .
897r-SAC55 Zirkonium-89 Monoclonal antibody surface molecule Promising results from animal studies,

(78.4 h) [69]

lipoteichoic acid

currently no human studies available [63]

Fluorine-18

Bacterial DNA gyrase or

In-human studies did not indicate

18F-ciprofloxacin (110 min) [70] Ciprofloxacin topoisomerase IV bacteria-specific binding [64]

18F-fluoropropyl- Fluorine-18 . . Bacterial dihydrofolate L . .
trimethoprim (110 min) [70] Trimethoprim reductase No in-human studies available [65]

68Ga-NOTA-UBI Gallium-68 Chelated ubiquicidin Bacterial cytoplasmic Promising results in animal models, but

(68 min) [71]

membrane

very limited in-human experience [66]

2-18F-F-p- . . . .
Aminobenzoic Flu0r1.ne—18 p-aminobenzoic acid Dihydropteroate synthase Promising r.esults from animal stuc.hes, also
Acid (110 min) [70] targets different types of bacteria [72]
Promising results from animal studies,
2-18F- Fluorine-18 Sorbitol Sorbitol-6-phosphate limited in-human experience. Sorbitol is
fluorodeoxysorbitol (110 min) [70] dehydrogenase not metabolized by Gram positive

bacteria [73].
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The half-life of the isotope used in radiotracers has various implications. For medical
practices, isotopes with a short half-life, such as FDG with a half-life of 110 min, are often
preferred due to lower radiation exposure [70]. In most examinations such as FDG-PET/CT,
FDG quickly reaches the target cells and PET/CT is often performed one hour after FDG
administration. Some radiotracers, however, require more time to reach their target cells.
In case of larger molecules such as radiolabeled antibodies, it takes several days for the
antibodies to reach their target cells [74]. This requires the use of isotopes with a longer half-
life, but is also associated with higher radiation exposure. However, total body PET/CT
could significantly decrease this radiation exposure.

Limitations of bacteria-specific radiotracers include the fact that the number of bacteria
present in a low-grade infection may be too low for current PET/CT systems to detect and
visualize. However, an increased sensitivity of PET/CT with novel PET/CT systems such
as total body PET/CT may enable more widespread bacteria-specific PET imaging. Of
interest is the fact that alternative techniques to specifically diagnose these infections are
also being explored, such as in vivo imaging using fluorescently labeled vancomycin [75].

5.3. Personalized Duration of Antibiotic Treatment

Most patients with infectious diseases are treated with antibiotics or antifungals for a
standardized time duration, depending on the type and extent of infection, microorganism
species, and clinical response to treatment in terms of symptoms and infection parameters
such as C-reactive protein and leukocyte count. In uncomplicated infections such as urinary
tract infections or mild pneumonia that only require a short duration of antimicrobial
treatment without important side effects, a standardized duration of antibiotic treatment
can be accepted even though some of those patients may not need to be treated for the
standardized duration of time.

Patients with more complicated and difficult to treat infections, such as endocardi-
tis, vascular graft infection, or hernia mesh infection may need to receive antimicrobial
treatment for an extended period ranging from multiple weeks to lifelong suppression
therapy [76]. These standardized treatment durations are often based on large cohorts
of patients with limited attention to patient-specific characteristics. Physicians may be
hesitant to deviate from these standardized long-term treatment plans. Not all patients
need such prolonged antimicrobial treatment, but guidance is needed [77]. In these patients,
it would be very interesting to follow up infection activity either by using PET/CT with
FDG or with more infection-specific novel radiotracers. Future research could be aimed at
the relation between infectious disease activity on PET/CT and clinical response over the
course of treatment, as this may also allow more patient-tailored treatment. Quantitative
FDG-PET/CT follow up is already performed in oncologic diseases such as lymphoma
and melanoma to monitor treatment response, but may also be beneficial in patients with
chronic infection and long-term antimicrobial treatment [78]. Additionally, (follow up)
PET/CT may also aid physicians in deciding to switch from intravenous to oral antibiotic
treatment, or from more expensive antifungals such as anidulafungin to the cheaper but
maybe less effective fluconazole [79].

It is difficult to predict the cost effectiveness of applying such a technique. PET/CT
may be a relatively expensive imaging technique, but prolonged hospitalization for in-
travenous administration of antibiotics or the placement of peripherally inserted central
catheters for intravenous antibiotic treatment at home may be more expensive. Addition-
ally, the prolonged use of antibiotics also increases the risk of severe side effects such as
Clostridium difficile superinfection, bone marrow suppression, or toxic levels of aminogly-
cosides leading to deafness or kidney failure, which are all associated with significant
morbidity costs and reduced quality of life [77].

6. Conclusions

PET/CT is a valuable imaging technique that is increasingly being used in infectious
diseases. Although it can accurately diagnose a number of infectious diseases, its main
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benefits are derived from the ability to examine the whole body for an infection focus or
septic infection foci in a single procedure, the ability to diagnose early infections before
significant anatomical changes have occurred, and the ability to diagnose artificial material
infections such as vascular graft infection, orthopedic prostheses, electronic implantable
devices, or prosthetic valve endocarditis. Technological developments in PET/CT and trac-
ers will likely contribute to more widespread use of PET/CT in diagnosing and monitoring
infectious disease, allowing more patient-tailored treatment of infectious disease in terms
of treatment duration and deciding between conservative antibiotic treatment or invasive
surgical procedures.
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Abstract: Neuroblastoma is the most common extracranial solid malignancy in children. At diagnosis,
approximately 50% of patients present with metastatic disease. These patients are at high risk for
refractory or recurrent disease, which conveys a very poor prognosis. During the past decades,
nuclear medicine has been essential for the staging and response assessment of neuroblastoma.
Currently, the standard nuclear imaging technique is meta-[123TJiodobenzylguanidine (['2*TJmIBG)
whole-body scintigraphy, usually combined with single-photon emission computed tomography
with computed tomography (SPECT-CT). Nevertheless, 10% of neuroblastomas are mIBG non-avid
and ['ZB1JmIBG imaging has relatively low spatial resolution, resulting in limited sensitivity for
smaller lesions. More accurate methods to assess full disease extent are needed in order to optimize
treatment strategies. Advances in nuclear medicine have led to the introduction of radiotracers
compatible for positron emission tomography (PET) imaging in neuroblastoma, such as ['2#ImIBG,
["®FImFBG, ['8F]FDG, [®®Ga]Ga-DOTA peptides, [\®F]F-DOPA, and ['' CJmHED. PET has multiple
advantages over SPECT, including a superior resolution and whole-body tomographic range. This
article reviews the use, characteristics, diagnostic accuracy, advantages, and limitations of current
and new tracers for nuclear medicine imaging in neuroblastoma.

Keywords: neuroblastoma; nuclear medicine; radionuclide imaging; [123I]mIBG; [124I]mIBG; [18F]mFBG 5
['®F]FDG; [8Ga]Ga-DOTA peptides; ['8F]F-DOPA; ['!ClmHED

1. Introduction
1.1. Neuroblastoma

Neuroblastoma is the most common extracranial solid malignancy in children and
more than 95% of patients are younger than 10 years of age. It is responsible for approx-
imately 15% of all cancer deaths in children [1]. As an embryonic tumor derived from
the sympathoadrenal lineage of the neural crest, neuroblastoma is classified as a neuroen-
docrine tumor. It can arise anywhere along the sympathetic trunk or adrenal medulla but
most primary tumors are found in the abdomen (70%) [2]. About 50% of patients present
with distant metastasis, which most commonly involves bone marrow, bone, and lymph
nodes and less frequently involves the liver and skin [2,3].

Tumor stage is defined by the presurgical International Neuroblastoma Risk Group
Staging System (INRGSS) [4] and the postsurgical International Neuroblastoma Staging
System (INSS) [5]. Stage is the most important prognostic factor [6,7]. Other risk factors
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include age > 18 months and unfavorable histopathological and/or biological features of
the tumor [8].

The clinical course of disease is highly variable and ranges from spontaneous tu-
mor regression to aggressive disease with fatal tumor progression. Despite intensive
multimodality treatment, long-term survival of patients with high-risk neuroblastoma,
comprising more than half of patients, is approximately 40% [9,10] and less than 20% in
patients with refractory or relapsed disease [11,12].

1.2. Diagnostic Imaging

Radiological and nuclear medicine imaging are essential for the staging of neuroblas-
toma at diagnosis, along with the monitoring of treatment response and surveillance of
any recurrent disease during follow-up. Radiological imaging of the chest, abdomen, and
pelvis is required for morphological characterization of the primary tumor and to assess
locoregional disease extent, such as soft tissue metastases and image-defined risk factors
(IDRFs) representing the tumor’s relationship to adjacent vital structures [13]. Magnetic
resonance imaging (MRI) is generally preferred over contrast-enhanced computed tomog-
raphy (CT) due to its lack of radiation, higher soft tissue contrast resolution, and superior
visualization of intraspinal extension [14].

For the detection of metastases in neuroblastoma, meta-[12*IJiodobenzylguanidine
(["**IImIBG) planar whole-body scintigraphy is the current standard nuclear imaging
technique. The addition of single-photon emission computed tomography with computed
tomography (SPECT-CT) to planar scintigraphy has become standard in gamma camera
imaging. SPECT-CT increases the certainty of interpretation and anatomical localization of
small focal uptake [15-17].

1.3. Advances in Nuclear Imaging

With metastatic disease being an important prognostic factor, more accurate diagnostic
methods for the assessment of disease extent are needed in order to optimize treatment
strategies. Neuroblastomas express various molecular targets for nuclear medicine imaging.
Several new tracers have been introduced that are compatible with positron emission
tomography (PET) imaging in neuroblastoma, such as [1241]mIBG, ['8FImFBG, [\8F]FDG,
[8Ga]Ga-DOTA peptides, ['®F]F-DOPA, and ['!CJmHED.

PET imaging has multiple advantages over SPECT imaging [18,19]. First, PET has
a higher spatial resolution and tumor-to-background contrast, enabling better detection
of smaller lesions and better delineation of lesions. Second, PET is more suitable for
quantification of tracer uptake, measured either as the standardized uptake value (SUV)
or a percentage of the injected dose per unit volume. Third, PET enables whole-body
tomographic reconstruction as opposed to the limited (£40 cm axial) field-of-view of SPECT.
Fourth, PET acquisition is much faster (15 min) compared to SPECT and scintigraphy
(£90 min) [18,20]. This advantage is especially important for pediatric applications because
a shorter scan time reduces the number and length of sedations and motion artifacts. Lastly,
most PET-radioisotopes allow for same-day tracer administration and image acquisition.

This comprehensive review discusses the use, characteristics, diagnostic accuracy, and
(dis)advantages of current and new tracers in the management of neuroblastoma.

2. ['1ImIBG
2.1. Uptake and Biodistribution

['*TJmIBG is meta-iodobenzylguanidine (mIBG), a norepinephrine analogue, labeled
with gamma-emitting iodine-123 (123I). mIBG is taken up by the sympathicomedullary
tissue via the norepinephrine transporter (NET), referred to as the uptake-1 system, and
stored in neurosecretory granules [21]. As immature neuroblastoma cells contain few stor-
age granules, mIBG is predominantly stored in the cytoplasm [22]. Physiological activity
is seen in the liver, salivary glands, thyroid (if not blocked), nasal mucosa, gallbladder,
myocardium, brown adipose tissue, adrenals, and urinary system (including the blad-
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der). Occasionally, low diffuse activity is present in the colon, lungs, lacrimal glands, and
spleen [20]. mIBG is not metabolized after administration and is almost entirely excreted
by the kidneys via glomerular filtration. About 50% is excreted within the first 24 h after
administration and 90% within 4 days [21].

2.2. Indication

For over 30 years, radiolabeled mIBG with either iodine-131 (131) or 1231 has been
used as a tumor-specific agent for the imaging (and therapy) of neural crest tumors, such
as neuroblastoma (including ganglioneuroblastoma), pheochromocytoma/paraganglioma,
medullary thyroid carcinoma, and carcinoids [23]. The majority (90%) of neuroblastomas
overexpress NET and actively accumulate mIBG [24].

For diagnostic imaging, ['Z31mIBG is preferred over [131T]mIBG because ['2IlmIBG
provides better image quality at a lower radiation dose. ['>*ImIBG has more favorable
dosimetric properties compared to ['3'TJmIBG, including shorter half-life (13 h vs. 8 days),
lower energy gamma emission (159 keV vs. 364 keV), and a lack of beta emission [23].
Therefore, [*PIImIBG scintigraphy is the first-line nuclear imaging used for the initial
staging of neuroblastoma, monitoring of response, surveillance for recurrent disease during
follow-up, and selection of eligible patients for [131]mIBG radionuclide therapy [18,25].

2.3. Preparation

Antihypertensive agents, calcium channel blockers, sympathomimetics, central ner-
vous system stimulants, tricyclic antidepressants, antipsychotics, antihistamines, and
opioid analgesics are known to interfere with mIBG uptake. It is important to avoid these
drugs (at least four times the biologic half-life) prior to ['2*IlmIBG imaging. Furthermore,
thyroid-blocking medication is necessary to prevent the uptake and irradiation of the
thyroid gland due to the presence of small amounts of free radioactive iodine [18].

Slow intravenous administration of ['2IJmIBG over 1-5 min is recommended to
avoid rare adverse reactions such as hypertension, tachycardia, nausea, and pallor. Planar
whole-body scintigraphy, preferably with additional SPECT-CT, is performed 20-24 h after
tracer administration. For all tracers that are renally excreted, voiding prior to imaging is
important to limit radiation exposure to the bladder and enable adequate evaluation of the
pelvis. Due to the long acquisition times (90 min), sedation or general anesthesia is often
necessary in young children [18].

2.4. Image Interpretation

Tracer uptake beyond the normal physiological distribution, for instance, any os-
teomedullary uptake, should be taken into consideration as pathological uptake [20]. One
unequivocal mIBG-positive lesion at a distant site is sufficient to define metastatic disease,
whereas one equivocal lesion requires confirmation by another imaging modality and/or
biopsy [13]. Correlation of ['IJmIBG imaging with radiological imaging is important, as
combined analysis has shown to increase diagnostic accuracy for lesion detection [26].

2.5. Prognostic Scoring Systems

There are two widely used semiquantitative scoring systems that provide a standard-
ized evaluation of the involvement of body segments on mIBG scintigraphy (Figure 1): The
Curie score [27] and the International Society of Pediatric Oncology Europe Neuroblas-
toma (SIOPEN) score [28]. Large international clinical trials have shown that both scoring
systems are equally reliable as prognostic indicators with respect to outcome (overall
and event-free survival) [9,28,29]. Persisting metastatic disease at the end of induction
chemotherapy is of great prognostic significance. Postinduction scores (Curie > 2 and
SIOPEN > 3) can identify patients with a very poor outcome who require alternative
treatment strategies [9,30,31].

45



J. Pers. Med. 2021, 11, 270

Figure 1. Scoring systems for mIBG scintigraphy. The Curie score (a) consists of 9 osteomedullary
segments and a 10th soft tissue segment. Each segment is graded as: 0, no involvement; 1, one distinct
lesion; 2, two or more distinct lesions; or 3, >50% involvement [27]. The International Society of
Pediatric Oncology Europe Neuroblastoma Group (SIOPEN) score (b) consists of 12 osteomedullary
segments. Each segment is graded as: 0, no involvement; 1, one distinct lesion; 2, two distinct lesions;
3, three distinct lesions; 4, four or more distinct lesions or <50% involvement; 5, >50% involvement;
or 6, >95% diffuse involvement [28].

2.6. Diagnostic Accuracy

['2I]mIBG imaging (scintigraphy and SPECT-CT) has high sensitivity and specificity
(both around 90%) for neuroblastoma [24,32]. False-negative results can be a result of
pharmacological interference.

However, without pharmacological interference, approximately 10% of neuroblastomas
fail to accumulate mIBG [24,33,34]. This is the result of either insufficient NET expression
or a modified mIBG uptake mechanism [35] of which the exact determinants are unclear.
One of the possible explanations is tumor cell dedifferentiation, which has been supported
to some extent by available studies [33-37]. However, this has not been confirmed. Patients
with mIBG-negative disease are known to have superior outcomes compared to patients
with mIBG-positive disease [30,36], and low mIBG uptake has been associated with tumors
with low proliferative activity [33] Mixed patterns of both mIBG-positive and mIBG-negative
disease may be present within the same patient or tumor [34]. Moreover, cases have been
described of initially mIBG-positive tumors that were mIBG-negative at relapse [38,39] and
vice versa [40]. Loss of mIBG uptake during treatment is of great concern because of the
subsequent risk of missing any recurrent disease.

It is known that more differentiated neuroblastic tumors may likewise accumulate
mIBG. Neuroblastoma lesions can mature to benign ganglioneuromas in response to
chemotherapy and may remain mIBG-positive [41], although approximately 30% of gan-
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glioneuromas are mIBG-negative [33,42]. In addition, rare benign uptake can occur in
atelectasis, pneumonia, focal nodular hyperplasia, radiation injury of the liver, splenunculi,
focal pyelonephritis, and vascular malformations [20]. Lastly, lesions in or close to areas of
high physiological uptake may be missed. Physiological liver uptake is known to cause
difficulty in identifying liver metastases.

2.7. Advantages and Limitations

Unlike MRI, ['>*IlmIBG imaging is unaffected by posttreatment changes, which
contributes to the high specificity in the assessment of treatment response. Moreover,
['2I]mIBG imaging can select eligible patients with mIBG-avid disease for ['*'IJmIBG
therapy [25]. However, ['2*ImIBG imaging has several limitations, such as limited spatial
resolution, limited sensitivity for small lesions, prolonged acquisition sessions, limited
tomographic field-of-view, need for pharmacological thyroid protection, and inconvenience
of a 2-days schedule [18].

3. *IImIBG
3.1. Uptake and Biodistribution

mlIBG imaging is also possible with PET radioisotope iodine-124 (1247). ['*I)mIBG has
a similar uptake mechanism and biodistribution to [123mIBG.

3.2. Indication

Only few reports have described the use of ["**IlmIBG imaging in neuroblastoma
concerning preclinical studies [43,44] and experimental studies in a total of eleven patients
with neuroblastoma [45-47]. These reports studied the role of ['2*I]mIBG PET-CT for
diagnostic imaging, as well as for dosimetric purposes before ['*'IJmIBG therapy.

3.3. Preparation

['2*1]mIBG PET-CT has a similar preparation to [121]mIBG imaging. PET-CT can be
performed 1 day after tracer administration but also at later timepoints because of the long
physical half-life of 1241 (4.2 days). However, no recommended dose or optimal timing for
acquisition have yet been established.

3.4. Diagnostic Accuracy

Cistaro et al. (2015) was the first to report the use of ['**T)mIBG PET-CT in two patients
with metastatic neuroblastoma. [*24IJmIBG PET-CT detected more osteomedullary lesions
in comparison to mIBG scintigraphy [45]. The most important limitation of diagnostic
[>*I]mIBG imaging, especially in the pediatric population, is the high radiation exposure.
The effective dose (mSv/MBq) of ["**IJmIBG is estimated to be approximately 20-times
higher than that of ['23I]mIBG for a 70 kg adult, and even up to 30-times higher for children
under the age of 5 years [44,48]. Beijst et al. (2017) suggested that the administered
["**I]mIBG activity could be limited to 10-times lower while maintaining an acceptable
quality [44]. This was recently demonstrated by Aboian et al. (2020) in eight patients
with neuroblastoma. With a lower dose, [*2*I]mIBG PET-CT still detected significant more
lesions as compared to [2*IJmIBG scintigraphy and SPECT-CT [47]. However, the effective
doses of ["*IImIBG were still much higher: 15.5 mSv for a 63 kg child and 19.1 mSv
for a 23 kg child, as compared to those calculated for [2’ImIBG: 4.7 mSv and 5.8 mSy,
respectively (EANM dosage card version 01.02.2014 [49]).

3.5. Advantages and Limitations

[">*I]mIBG was first investigated for the purpose of dosimetry before [ IJmIBG
therapy [48,50], for which the additional radiation dose is neglectable [45]. The whole-body
tomographic capability of PET imaging and relatively long half-life of '24], similar to 131,
could provide a more personalized adjustment of administered [*'IJmIBG activity to
normal organs and tumor tissue. The feasibility of using ['**IJmIBG PET for personalized
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dosimetry estimation for ['*'IJmIBG therapy was demonstrated in a neuroblastoma patient
by Huang et al. (2015) [46].

Apart from the high radiation exposure for diagnostic purposes, [\>*IJmIBG has several
other limitations. The complex decay scheme of ], with a positron abundance of only
23%, results in a relatively poorer image quality, compared to fluorine-18 (*8F) or gallium-68
(°8Ga)-labeled radiotracers [51]. Moreover, cyclotron-produced ['241]mIBG is not widely
available for clinical use, which is accompanied by high costs and lack of experience. There
is still need for pharmacological thyroid protection and the inconvenience of a 2-days
imaging schedule.

4. ['®FImFBG
4.1. Uptake and Biodistribution

meta-[18F]Fluorobenzylguanidine (["®F]JmFBG) is the fluorinated analog of mIBG,
labeled with PET radioisotope 18F ['8FImFBG accumulates in cells via the same nore-
pinephrine transporter uptake mechanism as [1231]mIBG, with a biodistribution similar
to that of [12I]mIBG. However, the more hydrophilic ['8FImFBG has the advantage of
much faster tissue uptake and renal clearance. One hour after administration, 45% of the
administered activity is already excreted, and after 3—4 h, up to 95% [52,53]. A preclinical
study by Zhang et al. (2014) reported that tumor uptake of ['*FImFBG was three-times
higher than ['BIImIBG in vivo [52].

4.2. Indication

['8FImFBG is a new experimental tracer developed for diagnostic PET imaging of
NET-expressing tumors. The use of ['®FImFBG has only been reported in eleven human
cases, five of which were patients with neuroblastoma [53,54].

4.3. Preparation

Due to limited experience, no recommended dose or optimal timing for acquisition
have been established. Acquisition 1-2 h after ['8FImFBG administration has been pro-
posed [53]. In contrast to ['23[]mIBG there is no need for pharmacological thyroid protection
due to the absence of radioactive iodine.

4.4. Diagnostic Accuracy

Pandit-Taskar et al. (2018) conducted the first human study on ['8F]mFBG in five pa-
tients with neuroblastoma and five patients with pheochromocytoma/paraganglioma [53].
["®FImFBG PET-CT detected all 63 lesions detected on [2*IlmIBG imaging (scintigraphy
and SPECT-CT) and 59 additional lesions.

4.5. Advantages and Limitations

Besides the general advantages of PET imaging compared to scintigraphy/SPECT
(Figure 2), the radioisotope '8F has an ideal half-life of 110 min, which allows for 1-day
imaging. ['"8FImFBG PET-CT was found to be safe and feasible [53]. Despite the shorter
physical half-life of 8F and biologic half-life of ['8FImFBG, radiation exposure is compara-
ble to that of ['ZIJmIBG, because of the high-energy '8F emissions [52]. Disadvantages of
cyclotron-produced ['8FImFBG are the limited availability and lack of experience.
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(a) (b)

(c) (d)

Figure 2. Example of a neuroblastoma patient with extensive metastasis who underwent [121ImIBG and [*¥FJmFBG
imaging within 1 day. These figures illustrate the superior image quality and tumor delineation of (a) ['8FImFBG PET
maximum intensity projection and (c) axial PET-CT due to higher spatial resolution, higher tumor-to-background contrast,
and improved counting statistics compared to (b) ['?*TJmIBG planar scintigraphy and (d) axial single-photon emission
computed tomography with computed tomography (SPECT-CT).

5. ['*FIFDG
5.1. Uptake and Biodistribution

[18F]Fluorodeoxyglucose (("®F]FDG) is a glucose analogue labeled with the PET radioiso-
tope '8F. As a metabolic compound, ["®F[FDG uptake reflects anatomical locations with high
glucose metabolism. ['8F]FDG is transported into the cell via passive glucose transporters and
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intracellularly phosphorylated by hexokinase into ["®F][FDG-6-phosphate. Unlike glucose-6-
phosphate, ['8F]FDG-6-phosphate cannot be dephosphorylated or further metabolized in the
glycolytic process and steadily accumulates in metabolically active cells [55].

Physiological activity is seen in the brain, salivary glands, Waldeyer’s ring, my-
ocardium, thymus, brown adipose tissue, liver, spleen, and gastrointestinal tract. ['8F]FDG
is excreted by the kidneys. Therefore, the urinary system shows prominent activity. Physi-
ological bone marrow activity in children is variable, but flat and symmetrical uptake is
usually present in epiphyseal growth plates [56].

5.2. Indication

Malignant tissues strongly accumulate ['®F]FDG because of an increased glucose
metabolism rate [56]. ["®F]JFDG PET-CT is increasingly used in pediatric malignancies,
including neuroblastoma. Several studies have confirmed that the majority of neuroblas-
toma lesions concentrate [\®F]FDG [57-62]. [\8F]FDG frequently accumulates in mIBG
non-avid neuroblastoma due to a different uptake mechanism that is not dependent on
NET expression [32,58], ['8F]FDG is the only PET-tracer that has been recommended by
the current guidelines for the following two indications [18]. First, as a replacement of
['2*IImIBG in the evaluation of mIBG-negative or weakly mIBG-positive neuroblastoma,
and second, as complementary modality when radiological imaging or clinical findings
suggest more extensive disease than is revealed by [?*IlmIBG imaging. ['®F]FDG has
taken over the role of technetium-99m (**™Tc) skeletal scintigraphy, which has long been
the second-line imaging to assess bone metastases in mIBG-negative tumors or in the case
of solitary equivocal mIBG bone uptake [63,64].

5.3. Preparation

Regarding interactions with ['8F]FDG, there is only evidence for interaction with glu-
cose. Fasting and discontinuing any intravenous glucose administration is recommended
for at least 4 h prior to ['8F]FDG administration [18]. Right before administration, blood
glucose levels should be below 7 mmol /L. To prevent physiological ['*FJFDG uptake by
brown adipose tissue and peripheral muscles, it is important to let the patient rest in a
warm environment. Some centers use additional premedication such as propranolol prior
to [\8FJFDG administration [65]. Acquisition is generally started 60 min postadministration.

5.4. Diagnostic Accuracy

Overall, most studies have reported that ['8F]FDG PET cannot replace ['2IImIBG
imaging in mIBG avid neuroblastoma due to lower sensitivity and specificity, especially
for osteomedullary lesions, the most frequent site of metastases [57,58,60,61,66]. This is in
contrast with the study of Kushner et al. (2001) in 51 high-risk neuroblastoma patients, who
suggested that, in the absence of skull lesions and after primary tumor resection, ['*8F][FDG
PET and bone marrow sampling would suffice for disease monitoring in high-risk pa-
tients [62]. There is evidence that [\F]FDG may be superior in localized neuroblastoma
due to better depiction of locoregional soft tissue disease [57,66]. All studies conjointly
support the value of the ['8F]FDG PET in mIBG non-avid neuroblastoma and the comple-
mentary role in case of discrepant findings between mIBG imaging and radiological/ clinical
findings. Melzer et al. (2011) demonstrated the complementary role of ['8FJFDG PET to
['2IImIBG imaging (scintigraphy and SPECT) in 19 patients with [!2IJmIBG non-avid
tumors or discrepant findings. ["®FJFDG PET correctly identified 32 out of 34 discrepant
lesions. In this setting, ['®F]FDG PET was more sensitive (78% vs. 50%) and specific (92%
vs. 75%) than [123IJmIBG imaging for the detection of neuroblastoma lesions [59].

It is important to realize that [18F]FDG—positive and [123I]mIBG—negative lesions (and
vice versa) can coexist in the same patient [67-69]. When [123]mIBG uptake is absent
or lost during disease course, ['*FJFDG may still show pathological uptake. Generally,
poorly differentiated tumors tend to show high ['8F]FDG uptake due to high glucose
metabolism [38]. On the other hand, persisting posttherapy [>*TJmIBG activity but normal
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['8F]JFDG distribution is also possible [70,71]. This may indicate that the tumor has matured
to a benign ganglioneuroma, which can be confirmed by biopsy [66].

By reflecting increased metabolism, ['8F]FDG is not a tumor-specific agent. ['8F]FDG can
therefore accumulate in nonmalignant lesions, as often seen in infection/inflammation [56].
Misinterpretation can be minimized by correlation with radiological imaging and a com-
plete clinical history. Nevertheless, false-positive results are relatively common. Increased
bone marrow activity can be seen in physiological bone marrow hyperplasia, which can be
the result of chemotherapy or granulocyte colony-stimulating factor treatment [56]. On
['8F]FDG PET, this is generally seen as diffuse activity, but focal activity is also possible,
which may mimic metastatic bone marrow disease [57,58,60]. Therefore, ['8F]FDG PET
imaging is less optimal for assessment of treatment response of osteomedullary lesions.

Also, not all neuroblastoma lesions show elevated ['®F]FDG activity, causing false-
negative results of lesions with slow metabolic activity or necrosis. Furthermore, ['8F]JFDG
is associated with the impaired detection of small lesions in the bone marrow and skull
because of the presence of (nearby) physiological activity [60,62,66].

5.5. Advantages and Limitations

A major advantage of ['®FJ[FDG PET-CT is that it is widely available. Moreover, several
studies have reported that more prominent [*®FJFDG activity (SUVmax) of primary tumor
and metastases is significantly correlated with decreased survival [60,72-75]. Therefore,
['8F]FDG uptake may assist in the identification of patients with poor prognosis.

6. [®®GalGa-DOTA Peptides
6.1. Uptake and Biodistribution

Gallium-68 (°®Ga)-labeled DOTA-Tyr?-octreotate (DOTATATE), DOTA-Tyr?-octreotide
(DOTATOC), and DOTA-Nal3-octreotide (DOTANOC) are somatostatin analogues that
are compatible with PET imaging. The five subtypes of somatostatin receptors (SSTR1-
SSTR5) are expressed by many cells, mainly of the central and peripheral nervous system,
endocrine glands, and gastrointestinal tract [76].

High physiological activity of [®*Ga]Ga-DOTA peptides is seen in the spleen, adrenal
glands, liver, kidneys, urinary system, and pituitary, and moderate uptake in the salivary
glands, thyroid, pancreas, and gastrointestinal tract. Uptake in the pancreas is often heteroge-
nous and low-grade uptake, but prominent uptake may occur in the uncinate process. Within
4 h, all the administered activity is excreted, almost entirely by renal clearance [18,77-79].

[°8Ga]Ga-DOTA peptides have different affinity profiles for SSTR subtypes, which
may lead to small differences in biodistribution. Whereas the affinity profile of [*¥Ga]Ga-
DOTATATE is limited to SSTR2, [*®*Ga]Ga-DOTATOC and [**Ga]Ga-DOTANOC have
a wider receptor binding profile. [®®Ga]Ga-DOTATOC has high affinity for SSTR2 and
SSTR5 and [8Ga]Ga-DOTANOC for SSTR2, SSTR3, and SSTR5. Clinical choice of a par-
ticular [®®Ga]Ga-DOTA peptide is often driven by local availability because diagnostic
performance appears to be comparable [77,80,81].

6.2. Indication

In particular, SSTR?2 is highly expressed by neuroendocrine tumors such as gastroen-
teropancreatic neuroendocrine tumors, pheochromocytoma/paragangliomas [76], and
most neuroblastomas (60-90%) [37,82—-84]. High SSTR2 expression is mainly seen in more
differentiated neuroblastoma [37]. [*¥Ga]Ga-DOTA peptide imaging (and peptide receptor
radionuclide therapy [PRRT]) is already well established in adult patients with SSTR-
positive neuroendocrine tumors [77]. Despite increasing off-label use in mIBG non-avid
neuroblastoma, there is still no established role for [*¥Ga]Ga-DOTA peptide imaging in
current guidelines.
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6.3. Preparation

Somatostatin analog therapy may interfere with tracer distribution. Although evidence
is lacking, it is recommended to avoid all short- and long-acting somatostatin agents.
Acquisition is typically started 60 (range: 45-90) minutes after tracer administration [18].

6.4. Diagnostic Accuracy

The limited studies in patients with neuroblastoma suggest a higher sensitivity for
lesion detection of [*4Ga]Ga-DOTA peptide imaging compared to ['2*I]mIBG imaging.

Kroiss et al. (2011) compared [®8Ga]Ga-DOTATOC PET with ['2IImIBG imaging
(scintigraphy and SPECT) in four patients with neuroblastoma. [®®Ga]Ga-DOTATOC PET
detected a total of 132 lesions, and [12*I]mIBG imaging detected 100 lesions. It is unknown
whether [8Ga]Ga-DOTATOC PET detected all lesions found on ['*2ImIBG imaging. Of the
107 lesions identified on CT/MRI, [®8Ga]Ga-DOTATOC PET detected 104 lesions (97.2%,
p < 0.0001) and ["2]I]mIBG SPECT detected 97 lesions (90.7%, p < 0.09) [85].

Kong et al. (2016) compared [®®Ga]Ga-DOTATATE PET-CT to mIBG imaging (pretreat-
ment ['231]mIBG scintigraphy and SPECT-CT or posttreatment ['3!]JmIBG scintigraphy and
SPECT) in eight patients with refractory neuroblastoma [86]. [48Ga]Ga-DOTATATE uptake
and immunohistological SSTR2 staining were positive in all patients and tumor samples,
respectively. Even the smallest sub-centimeter lesions showed high tumor-to-background
contrast and high SUV values. In three patients, [68Ga]Ga-DOTATATE PET-CT identified
additional disease compared to mIBG imaging. However, in two of these three patients, the
time between paired scans was about 10 weeks. One patient underwent biopsy of a bone
marrow lesion, which was histologically confirmed to be metastasis. Several tumor samples
only showed mild SSTR2 staining but high uptake on [®®Ga]Ga-DOTATATE imaging. The
authors postulated that the samples may have been collected from a tissue area with a
lower expression and density of SSTR2.

Gains et al. (2020) compared [®®Ga]Ga-DOTATATE PET maximum intensity projection
(MIP) images to [?*TJmIBG planar scintigraphy in 42 high-risk neuroblastoma patients.
[(8Ga]Ga-DOTATATE was positive in all patients, whereas ['23IImIBG was positive in
40 patients. [#8Ga]Ga-DOTATATE identified bone lesions in 97% (35/36) of the patients vs.
81% (29/36) for ['IImIBG and identified soft-tissue lesions in 100% (33/33) vs. 88% (29/33)
of patients, respectively. Seven patients had [*4Ga]Ga-DOTATATE-positive bone lesions
with negative [*23]mIBG scans, whereas only one patient had [123I]mIBG-positive bone
lesions and a negative [**Ga]Ga-DOTATATE PET. SIOPEN scores for [*®Ga]Ga-DOTATATE
were significantly higher compared to ['2IJmIBG. [*3Ga]Ga-DOTATATE detected more
(osteomedullary and soft tissue) lesions than [12I]mIBG in 31-52% of patients, whereas
[1231]mIBG detected more lesions than [*®Ga]Ga-DOTATATE in 5% of patients [87].

With completely negative or weakly positive [2*TJmIBG imaging, extensive metastatic
disease on [®®Ga]Ga-DOTA peptide imaging may be present (Figure 3). This has been de-
scribed by several cases of neuroblastoma patients [79,88,89]. On the other hand, [8Ga]Ga-
DOTA peptide imaging may be negative in tumors with low SSTR expression, more likely
seen in poorly differentiated tumors [90].

Physiological tracer distribution can potentially mask small-volume disease, for in-
stance, when liver metastases show a similar degree of tracer accumulation to the normal
liver. As SSTR uptake is not specific for tumoral pathologies, false-positive results can occur.
Splenunculi or benign meningiomas may mimic focal metastatic disease. Uptake, usually
low-grade, can be seen at sites of inflammation/infection, postradiotherapy changes, and
osteoblastic activity (fractures, vertebral hemangioma, or epiphyseal growth plates) [78].

52



J. Pers. Med. 2021, 11, 270

(a) (b) (c)

Figure 3. Example of a patient with neuroblastoma, showing diffuse pathological but faint os-
teomedullary uptake on planar [?*TJmIBG scintigraphy (a), without increased uptake on [®*F][FDG
positron emission tomography (PET) maximum intensity projections (MIP) (b), but extensive patho-
logical osteomedullary uptake on [®®Ga]Ga-DOTATATE PET MIP (c). Note the different physiological
distribution between tracers.

6.5. Advantages and Limitations

First, [®®Ga]Ga-DOTA peptide imaging has shown to be safe and feasible in pediatric
patients [18,79]. %8Ga is derived from generators and, therefore, more easily available and
practical for centers that do not have cyclotrons. Its short half-life (68 min) allows for 1-day
imaging and results in a lower radiation exposure than ['331]- and ['8F]-labeled tracers [18,91].

Second, [*¥Ga]Ga-DOTA peptide uptake can have prognostic value. Low uptake has been
shown to be an indicator of poor prognosis in adults with neuroendocrine tumors [92-94],
but this has not been studied in neuroblastoma. Nevertheless, higher SSTR2 expression is
correlated with higher [®®Ga]Ga-DOTATATE uptake [94]. Several studies found that higher
SSTR2 expression is strongly associated with non-high-risk and differentiated neuroblas-
toma, and lack of SSTR expression has been found to correlate with advanced disease and
decreased survival [82,90,95-97], while others did not find any prognostic relation [37].

Third, confirmation of [*®®Ga]Ga-DOTA peptide uptake can be used to identify poten-
tial candidates for peptide receptor radionuclide therapy (PRRT) by replacing ®Ga with
lutetium-177 (*7Lu) [94]. The safety and feasibility of PRRT has been demonstrated in
small groups of patients with refractory or relapsed neuroblastoma [86,98,99]. Gains et al.
(2011) demonstrated that six out of eight patients with relapsed or refractory neuroblastoma
showed sufficient [*¥Ga]Ga-DOTATATE uptake (higher than the liver) to be treated with
experimental [77Lu]Lu-DOTATATE [98]. Recently, the same authors conducted a phase I
trial, which was unfortunately terminated prematurely due to a lack of objective response
and dose-limiting toxicity in one of the patients [100].

Last, along with the general advantages of PET imaging, [®*Ga]Ga-DOTA peptides have
practical advantages such as simple patient preparation and few pharmacological interactions.

7. ['"8FIF-DOPA
7.1. Uptake and Biodistribution

['8F]Fluoro-L-DOPA (['8F]F-DOPA) is L-DOPA (L-dihydroxyphenylalanine), the pre-
cursor of dopamine, norepinephrine, and epinephrine, labeled with PET radioisotope '®F.
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['8F]F-DOPA is a metabolic compound that reflects locations of increased catecholamine
metabolism. ['F]F-DOPA is actively transported into cells via the large neutral amino acid
transporter 1 (LAT1) system and subsequently converted by the enzyme L-amino acid de-
carboxylase (AADC) into ['8F]fluorodopamine [101]. In physiological situations, dopamine
is stored intravesicularly and converted into norepinephrine and epinephrine [102]. Uptake
and retention of [*®F]F-DOPA in neuroblastoma cells is dependent on increased intracellular
transport and activity of AADC and less dependent on intravesicular storage [18,103].

Physiological activity is seen in the basal ganglia, pancreas, kidneys, adrenal glands,
and epiphyseal growth plates in children [101,104]. Very intense activity is seen in the
excretory tracts of the urinary system and biliary system [18]. Uptake in the pancreas and
adrenal glands can occasionally be prominent, for instance, in the uncinate process of the
pancreas. Mild diffuse uptake can be seen in the liver, myocardium, peripheral muscles, or
gastrointestinal tract [77].

7.2. Indication

As a tumor-specific tracer, ['8F]F-DOPA can be used for the imaging of neuroen-
docrine tumors with increased catecholamine metabolism, mainly seen in tumors of the
sympathetic nervous system. The main indication is as alternative to [®*Ga]Ga-DOTA
peptide imaging [77].

['8F]E-DOPA may be a promising PET alternative to ['3BIImIBG. Due to limited ex-
perience, ['8F]F-DOPA has no evident role in the current guidelines for the evaluation of
neuroblastoma. In some clinics [\8F]F-DOPA is used as an off-label alternative tracer in
mIBG-negative or weakly mIBG-positive neuroblastomas [18].

7.3. Preparation

Patients must fast for at least 4 h before tracer administration to avoid interaction
with amino acids from food. Despite the lack of evidence, it is recommended to avoid
AADC inhibitors such as carbidopa, catechol-O-methyl transferase inhibitors, and monoamine
oxidase A inhibitors at least 48 h prior to tracer administration [18]. There is some evidence that
carbidopa may actually reduce the physiological uptake of abdominal organs, but this effect
is not fully elucidated [105]. Images are usually acquired 60-90 min postadministration [18].

7.4. Diagnostic Accuracy

The prospective pilot studies of Piccardo et al. (2012) and Lu et al. (2013) found that
['®F]F-DOPA PET-CT detected a significantly higher number of neuroblastoma lesions
compared to ['Z1JmIBG scintigraphy [103,106]. As SPECT-CT was not performed by
all investigations, Piccardo et al. (2020) recently conducted another prospective study
in 18 neuroblastoma patients comparing ["*FJF-DOPA PET-CT with ['2*I]mIBG imaging
(scintigraphy and SPECT-CT) using histological results or anatomical imaging (CT or
MRI) as the reference standard [107]. ['®F]F-DOPA PET-CT was more sensitive than
['Z31]mIBG SPECT-CT in detecting soft tissue lesions and small osteomedullary lesions, both
at diagnosis and after chemotherapy. On a lesion-based analysis, the sensitivity at diagnosis
for detecting soft tissue lesions was 86% for ['8F]F-DOPA vs. 41% for ['%I]mIBG, and
for detecting osteomedullary lesions, 99% vs. 93%, respectively. After chemotherapy, the
sensitivity for detecting soft tissue lesions was 77% ['8F]E-DOPA vs. 28% % for [1231JmIBG,
and for detecting osteomedullary lesions, 86% vs. 69%, respectively (all p < 0.001). It
appears that even with a completely negative ['Z31ImIBG or ['®F]FDG scan, ['8F]F-DOPA
PET-CT can still reveal persistent disease [103,107].

In addition, false-positive findings as a result of atypical physiological uptake have
been reported, for instance, in the case of asymmetrical intense uptake in one of the adrenal
glands or the presence of biliary duct stasis [104].
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7.5. Advantages and Limitations

['8F]F-DOPA uptake seems to be of prognostic value. Piccardo and colleagues devel-
oped the ['®F]F-DOPA whole-body metabolic burden (WBMB) score, calculated as the sum
of bone metabolic burden (SUVean % SIOPEN score) of each bone-segment and the soft tis-
sue metabolic burden (SUVpean X volume) of each soft tissue lesion [108]. A higher disease
burden (WBMB > 7.5) after induction was independently and significantly associated with
disease progression and mortality [107,108]. In contrast, Liu et al. (2017) found that lower
['8F]F-DOPA uptake (SUVmax and metabolic active primary tumor volume) is related to a
poor prognosis, and the authors contemplated this may be due to dedifferentiation on a
molecular level [72]. There is a limited availability of this new tracer and lack of experience
in pediatric applications.

8. Other
8.1. ["1CJmHED

Carbon-11 (*!C)-labeled meta-hydroxyephedrine (['! CImHED) is another norepinephrine
analogue. The very hydrophilic ['!CJmHED shows rapid accumulation (within minutes)
in sympathicomedullary tissue via NET and high retention in neural crest tumors [109].
Because of fast blood clearance by the liver and kidney, an optimal imaging time of 30
min after tracer administration was proposed [110]. The only two studies on [''CJmHED
imaging in neuroblastoma have demonstrated high diagnostic accuracy in the detection
of neuroblastoma lesions. In six patients, Shulkin et al. (1996) showed that ['!CImHED
PET identified all lesions found on ['ZImIBG scintigraphy, and SPECT and detected
additional skull lesions in one patient [110]. After that Franzius et al. (2006) concluded
that [''ClmHED may be slightly less sensitive than ['3BIImIBG [111]. In one of six neu-
roblastoma patients ['!CJmHED PET-CT missed one large abdominal relapse that was
visible on ['ZI]mIBG imaging (scintigraphy and SPECT-CT). ['!CImHED detected all other
lesions detected by ['2*I]mIBG imaging without detecting any additional lesions. Promi-
nent physiological activity of ['!CJmHED is seen in the liver, kidneys, and urinary system,
often exceeding tumor uptake, which may impede detection of small metastases in these
regions [110,111]. The short half-life of 1C (20 min) is a benefit because radiation exposure
is considerably lower compared to ['23IImIBG [110]. However, the short half-life is also
the largest limitation because of the requirement of an onsite cyclotron, a complicated
radiochemical labeling procedure, and a rigid time schedule [111].

8.2. Other Benzylguanidine Analogues

In recent years, many other benzylguanidine analogues have been developed [112].
18F-labeled fluoropropylbenzylguanidine (FPBG) PET-CT detected one extra (histologi-
cally confirmed) metastatic bone lesion compared to ['23I]JmIBG scintigraphy in a case
report of a neuroblastoma patient [113]. Other analogues that have only been studied
in neuroblastoma cell lines are parafluorobenzylguanidine (PFBG) [114], LMI1195 (N-
[3-bromo-4-(3-F-fluoro-propoxy)-benzyl]-guanidine) [115], FPOIBG (4-fluoropropoxy-3-
iodobenzylguanidine) [116], and meta-bromobenzylguanidine (mBBG) [117].

8.3. Potential Theranostics

['2%1]/[**']mIBG and [*8Ga]/['"”Lu]Ga-DOTA peptides are examples of a theranostic
approach, which involves the use of the same molecular target for diagnostic imaging and
radionuclide therapy. These theranostics are still under investigation in clinical trials. New
potential theranostics for neuroblastoma have been studied in preclinical studies, such
as iodine-125 (12°I) labeled GPAID ((R)-(-)-5-[1%°TJiodo-3"-O-[2-(e-guanidinohexanoyl)-2-
phenylacetyl]-2’-deoxyuridine), a norepinephrine analogue that co-targets DNA of pro-
liferating cells [118]; an antagonist of CXC chemokine receptor 4 (CXCR4), frequently
overexpressed in various tumor types in the form of ®*Ga-labeled pentixafor and ”/Lu-
labeled pentixather [119]; and zirconium-89 (89Zr)-labeled dinutuximab, a radiolabeled
anti-GD2 immunotherapy [120].
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9. Discussion

In this review, the use, characteristics, advantages and limitations of several new
PET radiotracers for imaging of neuroblastoma are discussed (Table Al). At the moment,
['2I]mIBG scintigraphy (with SPECT-CT) is the best established and first-line nuclear
imaging technique in neuroblastoma patients. However, there is an increasing use of
PET imaging in neuroblastoma with multiple advantages over SPECT, such as superior
resolution, full body tomographic range, accurate quantification of tracer uptake and the
convenience of shorter acquisition times and often allowing for one-day imaging.

Regarding the diagnostic accuracy of PET imaging for lesion detection in neuroblas-
toma, preliminary reports in small patient cohorts have shown overall promising results.
[1241]mIBG, ['8F]ImFBG, [*8Ga]Ga-DOTA peptides, and ['8F]F-DOPA appear to be sensitive
and specific tracers, possibly even more sensitive than ['Z}I]mIBG imaging, especially
for the detection of smaller lesions that are below the spatial resolution of SPECT. Only
['8F]FDG PET imaging seems less sensitive and specific than [?*IlmIBG imaging. Neverthe-
less, the difficulty of calculating sensitivity and specificity of PET imaging in neuroblastoma
is that there is no real gold standard by which to measure its accuracy [78]. As histological
confirmation of pathological uptake is often not feasible due to ethical and practical reasons,
most studies use different surrogate reference standards, often a combination of imaging
modalities and follow-up of lesions.

PET analogues of [1231ImIBG, [*®F]JmFBG, and [*2*I]mIBG both visualize NET uptake
in neuroblastoma. [>*IJmIBG is less appealing for diagnostic imaging because of its higher
radiation exposure, 2-days imaging, and need for thyroid protection, but may have a
purpose for dosimetry before ['3'I]mIBG therapy. Given the potentially high diagnostic
accuracy of ['8FImFBG PET-CT, it is possible to further reduce radiation exposure [52].
['8F]F-DOPA, [®8Ga]Ga-DOTA peptides, and ['8F]FDG use molecular targets other than
NET and are increasingly used in mIBG non-avid neuroblastoma. Currently, ["*FJFDG
is the only PET-tracer that has been recommended by the guidelines as alternative in the
evaluation of mIBG-negative neuroblastoma or discrepancy between mIBG imaging and
radiological/clinical findings [18]. The major limitation of ['8F]FDG is the physiological
brain and variable bone marrow activity (f.e. reactive bone marrow activity after therapy)
and, as a consequence, the impaired detection of skull and bone marrow lesions. In
this case, [\8F]F-DOPA and [*®Ga]Ga-DOTA peptides may be more useful, especially
when skull lesions are suspected. The advantages of [®*Ga]Ga-DOTA peptide imaging
are high focal tumor-to-background contrast (high SUV values) even for small lesions,
a lower radiation exposure, no requirement of a cyclotron, and the possibility of PRRT.
However, [®®Ga]Ga-DOTA peptide uptake is not tumor-specific and can likewise be present
in benign pathology. The prognostic value of quantified disease burden on PET has been
demonstrated for [!8F]FDG and [!8F]F-DOPA. Measurements of tracer uptake in tumor
lesions could identify patients who are more likely to relapse and are associated with
poor outcome [74,107,108].

Other than the limited availability, the most important limitation that prevents the use
of these new PET tracers is the limited experience and lack of knowledge, for example, on
the normal distribution and radiation burden in young children. This may be overcome
in the future if more centers install cyclotrons and/or generators and more studies are
conducted. Currently, there are multiple ongoing prospective clinical trials comparing
these PET tracers to ['2IJmIBG in patients with neuroblastoma, for instance, trial NL8152
and NCT02348749 on ['8FImFBG and NCT02043899 on ["**IJmIBG. As suggested by Pic-
cardo and colleagues, comparison of ['8F]F-DOPA or [*8Ga]Ga-DOTA peptides should be
conducted with a PET analogue of ['?*I]mIBG to eliminate any bias related to different
imaging techniques [107].

The difficulty of introducing a more sensitive PET tracer is the uncertainty of the
clinical relevance when more lesions are detected because this can have important impli-
cations on the overall management of patients. Improved imaging accuracy will likely
lead to the upstaging of some patients. Nevertheless, a more accurate determination of
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disease extent could provide critical information and may lead to adequate intensification
of treatment in children with inferior outcomes. Around 50-60% of patients deemed to be
in complete remission on ['2*IJmIBG imaging at end of treatment eventually relapse [8]. We
hypothesize that persisting oligometastases only detectable by PET imaging, implying that
these patients were not in complete remission, may be the cause of recurrent disease. In this
case, these patients could benefit from maximum cytoreductive treatments, for instance,
additional targeted radio(nuclide) therapy.

Before the current standard ['2*I]mIBG imaging can be replaced by PET imaging,
re-evaluation of diagnostic and treatment strategies is warranted. The prognostic value of
current semiquantitative scoring systems is only validated for disease burden on mIBG
scintigraphy. New scoring systems, ideally implementing quantification of tracer uptake,
should be validated for these PET tracers.

It is unclear in which setting a patient may benefit most from imaging with a cer-
tain tracer. [\8F]DOPA could be useful in neuroblastoma with insufficient NET or SSTR
expression, but this has not been studied yet. Variable tracer uptake on an interpatient,
intrapatient and intratumoral level once again illustrates the heterogenous character of
neuroblastoma and is a great challenge in the clinical practice. The exact reason for re-
duced NET or SSTR expression or a modified uptake mechanism is not fully understood
but may partially be linked to tumor dedifferentiation. Heterogeneity of neuroblastoma
indicate that that imaging with one molecular target may not fully depict disease extent.
Therefore, expanding to imaging with a combination of radiotracers that use different
molecular targets should be considered. ["®F]JFDG PET-CT has already proven to com-
plement ['2I]mIBG in selected patients with [2*IJmIBG-negative tumors. Despite extra
radiation exposure and costs, routine implementation of ['8F]FDG PET-CT may have a
role in high-risk patients to increase diagnostic accuracy while providing prognostic infor-
mation. Furthermore, routine immunohistochemical identification of (molecular) target
expression in all tumor samples may guide nuclear imaging and therapy. Molecular target
heterogeneity needs to be studied in prospective studies and correlated to activity on PET
imaging and clinical outcomes.

With ongoing developments of PET technologies, further improvement of image
quality and reduction in radiation exposure can be expected. In the future, hybrid PET-
MRI could eliminate the radiation exposure of CT and provide high soft tissue contrast
images. In addition, improved tumor delineation may provide important information for
radiotherapy planning. All in all, PET is expected to play an important role in the future of
neuroblastoma imaging.

10. Conclusions

The advantages of PET imaging and the preliminary results on the diagnostic ac-
curacy of new PET tracers for lesion detection in neuroblastoma, compared to current
standard ['ZI]mIBG imaging, are promising. PET imaging could have an important role
in demonstrating full disease extent and guiding adequate therapy with the ultimate aim
of improving outcome in patients at high risk for refractory and recurrent neuroblastoma.
Heterogenous tracer uptake in tumor lesions can be a challenge in the management of
neuroblastoma, with the risk of missing lesions. Therefore, it is important to investigate
various tracers with different uptake mechanisms and possibly expand to multimodality
nuclear imaging. Larger multicenter investigations are needed in order to establish the role
of these new tracers in the management of neuroblastoma patients.
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Appendix A

Table A1. characteristics of radiotracers for nuclear imaging of neuroblastoma.

Tracer Molecular Target R:g:l)fl_sfitf(; }))e Advantages Limitations
two-day imaging
scintigraphy /SPECT imaging (limited
] ) o validated scoring systems spatial resolution, limited tomographic
[121]mIBG norepinephrine iodine-123 possible to select patients range, long acquisitions, as opposed to
transporter (13 h) for [311]mIBG therapy PET imaging)
need for thyroid protection
negative in 10% neuroblastomas
two-day imaging
PET imaging high radiation exposure
[24]mIBG notrepinep}tlrine io;ilig(;e—}})ﬂ possibility for [*1[JmIBG 583;(1;:2?; quality (only 23% positron
ransporter i
P therapy dosimetry need for thyroid protection
limited experience & availability
['SF]mFBG norepinephrine fluorine-18 PET unagmg limited experience & availability
transporter (110 min) one-day imaging
not tumor-specific
PET imaging impaired detection of bone marrow
one-day imaging and skull lesions
18 glucose fluorine-18 widely available negative in neurf)blastomas with low
[FIFDG metabolism (110 min) often positive in mIBG glucose metabolism
non-avid neuroblastoma fasting
prognostic value not possible to select patients for
[*¥mIBG therapy
. . fasting
PET imaging : :
i i t possible to select patients for
1877 catecholamine fluorine-18 one-day imagin notp! P
[PFIF-DOPA metabolism (110 min) progno};tic V§lu§ ['mIBG therapy
limited experience & availability
PET imaging
one-day imaging
relatively low radiation not specific for tumors of sympathetic
exposure nervous system
[6sGa]Ga}—DOTA somatostatin gallium-68 gzllilelin;vieigflaeﬂt)}i;ﬁften negative in neuroblastomas with low
peptides receptors (68 min) CYCIOtI‘OI’IS) SSTR expression
possible to select patients limited experience
for peptide receptor
radionuclide therapy
PET imaging
1 norepinephrine carbon-11 one-day imaging rigid time schedule
[ ClmHED transporter (20 min) relatively low radiation limited experience & availability

exposure

Abbreviations: mIBG meta-iodobenzylguanidine, mFBG meta-fluorobenzylguanidine, FDG fluorodeoxyglucose, F-DOPA fluoro-L-
dihydroxyphenylalanine, mHED meta-hydroxyephedrine, SPECT single-photon emission computed tomography PET positron emis-

sion tomography.
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Abstract: Imaging is becoming increasingly important for the diagnosis of large vessel vasculitis
(LVV). Atherosclerosis may be difficult to distinguish from LVV on imaging as both are inflammatory
conditions of the arterial wall. Differentiating atherosclerosis from LVV is important to enable
optimal diagnosis, risk assessment, and tailored treatment at a patient level. This paper reviews the
current evidence of ultrasound (US), 2-deoxy-2-[18F]fluoro-D-glucose positron emission tomography
(FDG-PET), computed tomography (CT), and magnetic resonance imaging (MRI) to distinguish LVV
from atherosclerosis. In this review, we identified a total of eight studies comparing LVV patients
to atherosclerosis patients using imaging—four US studies, two FDG-PET studies, and two CT
studies. The included studies mostly applied different methodologies and outcome parameters
to investigate vessel wall inflammation. This review reports the currently available evidence and
provides recommendations on further methodological standardization methods and future directions
for research.

Keywords: large vessel vasculitis; atherosclerosis; imaging; FDG-PET; radiological imaging

1. Introduction

Large vessel vasculitis (LVV) is an inflammatory condition of the blood vessel wall
affecting large- and medium-sized arteries. This may cause obstruction, ischemia, or
aneurysm formation, resulting in vascular events, such as vision loss, cerebrovascular
accidents, or aortic rupture [1].

The two major variants of LVV are giant cell arteritis (GCA) and Takayasu arteritis
(TA). GCA and TA differ mainly in age of onset—older than 50 years and younger than
40 years, respectively—and the affected arteries. The aorta and its major branches are often
affected in both variants. In GCA however, third-order branches of the aorta in the head
and neck region, such as the temporal artery, are also commonly involved [2].

An early and accurate diagnosis is vital to prevent complications in patients with LVV.
However, the diagnosis is difficult as there are no disease-specific signs, symptoms, or
laboratory tests that can definitively prove or reject the presence of GCA or TA [3,4]. The
“gold standard” for diagnosing GCA, a temporal artery biopsy, has a high specificity but
lower sensitivity, depending on the included patients [5,6].

Consequently, to improve diagnosis, the role of imaging in LVV has been emerging
over the past decade. Current recommendations include imaging early upon clinical
suspicion of LVV [7]. Imaging techniques used to investigate LVV include ultrasound
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(US), magnetic resonance imaging (MRI), computed tomography (CT), and 2-deoxy-2-
[18F]fluoro-D-glucose positron emission tomography (FDG-PET).

Similar to LVV, atherosclerosis is an inflammatory condition of the blood vessel
wall characterized by an accumulation of activated immune cells, such as macrophages.
Changes in vessel wall morphology also develop, mostly on the intimal side. Atheroscle-
rotic lesions are patchy and result in plaque formation and calcification. Therefore, when
imaging LVV patients, it may be difficult to distinguish between vasculitis and atheroscle-
rosis. Distinguishing atherosclerosis from vasculitis is vital because both diseases require
different treatment methods, and a personalized medicine approach [8].

The most commonly used imaging modalities in LVV are US and FDG-PET/CT.
Several studies using these modalities reported atherosclerosis as a potential mimic for
LVV. For US, the mainstay of recognizing LVV is based on the presence of a “halo sign”—a
hypoechoic ring around the vessel wall [9]. However, there is evidence that the halo sign is
also present in other vasculopathies, such as atherosclerosis [10]. Differentiating may be
further complicated by the fact that the accuracy of US in LVV highly depends on the skills
of the examiner and the US system used [5]. FDG-PET/CT displays glycolytic activity in
tissues such as inflammatory lesions. Therefore, it is widely used to assess inflammation
of the middle and large systemic arteries. Elevated FDG uptake can also be noticed in
atheromatous plaques, making atherosclerosis a known confounder in the diagnosis of
LVV with FDG-PET [11,12]. Currently, there is no clear consensus on how to distinguish
FDG uptake by a vasculitic lesion from an atheromatous plaque [13].

MRI is mainly used in the smaller arteries of the head and neck for investigation of
inflammation by LVV [9]. Typical vasculitic lesions show concentric wall thickening and
contrast uptake around the inflamed artery [14], according to expert opinion. Atheroscle-
rosis does not show any contrast enhancement and has a visible eccentric appearance.
However, to the best of our knowledge, there is still much unknown about differentiating
these lesions on MRI and recommendations for vasculitis do not mention how to differenti-
ate. CT (angiography) visualizes vessel wall thickening and luminal changes in inflamed
arteries [15]. Calcified plaques can be detected well on CT due to their high attenuating
structures. Quantification of calcifications for risk assessment is done frequently, e.g., with
the Agatston score [16]. Imaging noncalcified or high-risk atheromatous plaques with CT
is, however, more challenging and may thus be difficult to distinguish from vasculitis [17].

Optimal diagnosis, risk assessment, and tailored treatment on patient-level is neces-
sary, and this starts with the ability to discriminate LVV and atherosclerosis.

This review aims to evaluate the current evidence of imaging techniques to distinguish
LVV from atherosclerosis.

2. Materials and Methods
2.1. Research Questions

The main research question of this review is: Can imaging findings of US, FDG-PET,
CT, and MRI differentiate between large vessel vasculitis and atherosclerosis?

2.2. Search Strategy

The inclusion of appropriate studies was based on a literature search performed in the
MEDLINE, EMBASE, and Web of Science electronic databases. The search strings used for
each database is shown in the Appendix A.

Article title, authors, year of publication, and abstract were exported from the elec-
tronic databases and subsequently imported into Mendeley reference manager. Duplicates
were removed based on suggestions in Mendeley and manually verified.

Reviewers independently screened all abstracts in Rayyan based on inclusion criteria.
In case of disagreement about the eligibility of abstracts, consensus was reached through
discussion. The resulting eligible articles were reviewed in full-text. These articles were
cross-checked for important references. When these cited studies met our inclusion criteria,
they were also included.
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2.3. Inclusion Criteria

The resulting criteria for article inclusion were as follows: (1) studies including LVV
patients, defined as GCA or TA; (2) studies including atherosclerosis patients; (3) studies
in which US, MRI, CT, FDG-PET, or a combination of those were performed; (4) studies
using parameters of vascular inflammation; (5) original research articles; (6) studies written
in English.

2.4. Exclusion Criteria

Exclusion criteria were: (1) studies including patients with other types of vasculitis,
such as Kawasaki or Behget disease; (2) case reports, conference papers, animal studies, or
(systematic) reviews.

2.5. Extraction of Study Characteristics

Several data were extracted from the included full-text papers. Study characteristics
regarding the main study, including year of publication, type of study (prospective or retro-
spective), primary aim, methods used, and primary outcome of the study, were collected.

The outcome parameters regarding vascular inflammation (including—but not limited
to—vessel wall thickness, tissue enhancement, FDG uptake, or the presence of a halo sign)
were collected for the LVV patient group and the atherosclerosis patient group.

3. Results

An overview of the results of the literature search is shown in Figure 1. In total, eight
original research articles met the inclusion criteria—a comparison of LVV patients and
atherosclerosis patients imaged with US, CT, MRI, or FDG-PET—and, therefore, were
included in this review.

Records identified through database
searching
(n=1250)

A

Records after duplicates removed
(n=813)

A

Records screened
(h=813)

Yy

Records excluded
(n=779)

Full-text articles assessed
for eligibility
(h=34)

A

Full-text articles excluded,
conference abstracts
(n=11)
inappropriate study
design
(n=15)

Studies included in
qualitative synthesis
(n=8)

Figure 1. Flowchart of the literature review article selection process. Inappropriate study design
refers to studies that did not include a well-defined LVV or atherosclerosis group or did not perform
a comparative analysis between both.
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Table 1 reveals the main characteristics of the included studies. Four studies were
performed with US, two with FDG-PET, and two with CT. No studies with MRI were found.

Table 1. Overview of the included studies and their aims and primary outcomes.

First Author  Year Imaging Modality Primary Aim Primary Outcome
Sharma 1995 CT Assess vessel wall changes in TA TA patients show distinct changes in vessel
wall morphology
Evaluate the diagnostic accuracy ~ US shows a sensitivity 86% and a specificity
Murgatroyd 2003 vs of US in GCA of 68%
. Identify the main cause of Atherosclerosis and TA are the two most
Tsai 2005 us . - . .
carotid artery occlusion common causes of carotid artery occlusion
Karahaliou 2006 Us Evaluate the dla}gnostlc accuracy  US shows high sensitivity when bilateral halo
of US in GCA sign is present
Chowdhary 2013 cT Iden.tlfy. CT zfmglog.ra}phlc Idiopathic aortitis causes larger dilatation
findings in aortitis than noninflammatory aneurysms
. To define optimal scoring Visual scoring of vascular uptake compared
Stellingwerff 2015 FDG-PET methods for GCA to liver demonstrated the highest accuracy
Grayson 2018 FDG-PET Assessmg the role qf FDG-PET Higher FDG-PET scores resulted in a higher
as a biomarker in GCA chance of relapse
Fernandez- 2020 Us Frequency of US halo sign in There are other conditions than GCA that
Fernandez non-GCA patients reveal the halo sign

CT = computed tomography; US = ultrasound; FDG-PET = 2-deoxy-2-[18F]fluoro-D-glucose positron emission tomography; TA = Takayasu
Arteritis; GCA = Giant Cell Arteritis.

In four studies, the primary objective was to assess the diagnostic accuracy of the
imaging modality. Two studies included only TA patients, four studies included only
GCA patients, and two studies included both. The included studies were heterogeneous
in their study methods and did not use the same outcome parameters. Therefore, a
direct comparison of the study results could not be performed, and only descriptive data
are noted.

3.1. Ultrasound

Four studies contained data on US imaging in both LVV and atherosclerosis patients,
see Table 2. Three studies considered a hypoechoic ring, or halo sign, as an outcome
parameter to diagnose LVV. All three studies found that the presence of a halo sign was
highly sensitive for GCA. However, two studies found that the halo sign can also be present
in atherosclerosis. The study by Murgatroyd et al. found histologic evidence of moderate
to severe atherosclerosis in patients with false-positive halo sign [18]. In a recent study,
Fernandez-Fernandez et al. found that in a group of 305 patients with GCA-positive US
examinations, 14 (4.6%) of patients were initially not diagnosed with GCA. Three out of
these fourteen false-positive cases turned out to be atherosclerosis patients [19].

No other parameter of vascular inflammation was measured in the US studies. Kara-
haliou et al. demonstrated that blood flow abnormalities, mainly due to all degrees of
stenosis, were present in both LVV and atherosclerosis and therefore not useful to differen-
tiate between the diseases [20].
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Table 2. Overview Outcome Parameters Ultrasound Studies.

Vasculitis Patients

Atherosclerosis Patients

Presence of Hypoechoic Ring

Blood Flow Abnormality (%)

Homogenous Echogenicity

First Study (Halo Sign) Temporal Artery (%) Carotid Artery (%)
Author Year Design V?s?l?l?tfis Reference Number of Mean Reference Nu:)x}ber Mean Vasculitis Atherosclerosis Vasculitis Atherosclerosis Vasculitis Atherosclerosis
(GCA: TA) Diagnosis Patients Age Diagnosis Patients Age Patients Patients Patients Patients Patients Patients
Positive
Murgatroyd 2003  Prospective GCA Te/;r;f;c;;al 7 - Histology 8 - 6 (86) 6 (75) - - - -
Biopsy
Tsai 2005 Prospective TA Ishikawa 11 36 Clinical 17 70 - - - - 0(0) 11 (100)
Criteria Diagnosis
Clinical
. . Clinical Diagnosis of
Karahaliou 2006  Prospective GCA Diagnosis 22 70 DM Type Il or 15 73 18 (82) 0 (0) 9 (41) 6 (40) - -
Stroke
Fernandez- . Clinical
Fernandez 2020 Retrospective GCA Diagnosis 291 - 3 - 291 * (100) 3*(100) - - - -
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Tsai et al. compared carotid artery occlusion between atherosclerosis and TA patients.
Homogeneous intima media thickening was considered a specific finding in TA patients,
as opposed to heterogeneous thickening in atherosclerosis patients [21]. Moreover, they
concluded that TA lesions were often more concentric (circumferential) compared with the
eccentric (“off-center”) lesions in atherosclerosis. They also indicated the involvement of
different locations of the diseases. Atherosclerosis had a predilection for occlusion of the
carotid bifurcation, with 88% involvement in atherosclerosis patients compared with 27%
in TA patients. Conversely, all included TA patients had some degree of stenosis of the
subclavian artery compared with only 18% of atherosclerosis patients.

3.2. FDG-PET

Both studies on FDG-PET/CT imaging that were included used visual assessment
methods as outcome parameters (Table 3). Grayson et al. included FDG-PET/CT as-
sessment based on expert opinion (“gestalt”). Of all clinically active LVV (GCA and TA)
patients, 85% was considered positive [22]. Using this method, 17% of patients in the
hyperlipidemia group were falsely positive assigned as LVV on FDG-PET/CT.

A more standardized approach was taken in the study by Stellingwerff et al. by
visually scoring FDG uptake in the vessels compared to the liver [23]. In grade 1, the
vessel uptake was lower than the liver, in grade 2 equal to the liver, and in grade 3
higher than the liver. Considering grade 2 and 3 as positive for LVV, resulted in 100%
sensitivity, considering only grade 3 as positive resulted in a 92% sensitivity. Importantly,
sensitivity decreased for patients who were on treatment with glucocorticoids. Using the
first threshold (similar to or higher than liver) resulted in diagnosing 63% of atherosclerosis
patients as GCA. The latter threshold (higher than liver) was more specific for GCA with
21% of atherosclerosis cases being falsely positive for GCA.

Apart from uptake intensity, FDG uptake pattern can also be scored. A diffuse
(homogeneous) FDG uptake pattern was present in all GCA patients, but only in 21% of
atherosclerosis patients. When combining uptake intensity (uptake compared to liver) and
a diffuse uptake pattern, GCA can be well differentiated from atherosclerosis with a 95%
specificity. However, sensitivity for GCA decreased to 83%.

A semiquantitative approach to visual scoring was used in both studies. By counting
the number of arteries and the intensity uptake grade, it is possible to better distinguish
between LVV and (atherosclerotic) controls. Such a composite score, like the PETVAS score
devised by Grayson et al., is likely to be higher in LVV compared to atherosclerosis, because
of more intense FDG uptake in a higher number of arteries [22].

In the study by Stellingwerff et al., the maximal standardized uptake value (SUVmax)
was also measured. This uptake parameter was, on average, higher in GCA patients
compared to atherosclerosis patients but also showed overlap [23].

3.3. CT(A)

Two studies gathered data in vasculitis and atherosclerosis patients using CT Angiog-
raphy, see Table 4. Both studies investigated the aorta. In 1995, Sharma et al. described
vessel wall abnormalities in both abdominal and thoracic aorta, such as stenosis, dilatation,
and wall thickening in patients with TA [24]. None of these vessel wall abnormalities was
noticed in atherosclerosis patients. Calcification was present in all atherosclerosis patients
and in 54% of TA patients.
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Table 3. Overview Outcome Parameters FDG-PET studies.

Mean Number of Arteries with

Number of Scans ** with

Number of Patients with Visual Number of Patients with

Increased Visual FDG

Mean SUVmax in the Aorta

Positive Visual ‘Gestalt’

Vasculitis Patients Atherosclerosis Patients Uptake Similar to Liver (%); Diff Visual Uptak
. Higher than Liver (%) 1Htuse Visual Uptake Uptake (range) LVV Assessment
First .
Year  Study Design
Author Type of Number Number
Vasculitis Reference of Mean Reference of Mean Vasculitis Atherosclerosis Vasculitis Atherosclerosis Vasculitis Atherosclerosis Vasculitis Atherosclerosis Vasculitis Atherosclerosis
(GCA; TA) Diagnosis Patients Age Diagnosis Patients Age Patients Patients Patients Patients Patients Patients Patients Patients Patients Patients
ACR Criteria;
Positive TAB; o .
Stellingwerff 2015 Retrospective GCA Established 12 70 PICT C‘;l“ﬁed ) 19 69 12 “gg” 1 12 (63); 4 (21) 2(100) 101 35 (19-40) 13 (5-27) 3.83 (1.10) 2.82 (0.76) B :
Clinical aque Score > ©2)
Diagnosis
ACR Criteria; 67 Hyperlipidemia 2();19*
Grayson 2018 Prospective GCA; TA* Clinically 25;15* i L (>55 years and 35 64 - - - - 2 - 14 % - - 34 (85) 6(17)
Active Disease statin use)

study. LVV = Large vessel vasculitis; GCA = Giant Cell Arteritis; TA = Takayasu Arteritis.

Table 4. Overview Outcome Parameters CT(A) studies.

* Data for the second patient group in this study. ** The study using this parameter used data for the number of scans, not numbers. *** The parameter in this study included two fewer arteries than the other

V. litis Patient Atherosclerosis Patient: Patients with Aortic Patients with Aortic Patients with Aortic Patients with Aortic Diameter Ascending Diameter Aortic Arch Diameter Descending
Stud asculitis Fatients eroscierosis Fatients Stenosis or occlusion (%) Dilative Lesions (%) Wall Thickening (%) Calcification (%) Aortamm (SD) mm (SD) Aorta mm (SD)
First tudy
Author Year Design Type of Num- Num- Vascu- Atherosc- Vascu- Atherosc- Vascu- Atherosc- Vascu- Atherosc- Vascu- Atherosc- Vascu- Atherosc- Vascu- Atherosc-
L Reference Mean Reference Mean L . L . L . L . L . L . L .
Vasculitis Diag nosis ber of Age Diagnosis ber of Age litis lerosis litis lerosis litis lerosis litis lerosis litis lerosis litis lerosis litis lerosis
(GCA; TA) 8 Pati-ents 8 8 Pati-ents 8 Patients Patients Patients Patients Patients Patients Patients Patients Patients Patients Patients Patients Patients Patients
Sh Pro-spe-
arma 1996 e TA - 24 70 - 12 63 10 (42) 0(0) 9(38) 0(0) 20 (83) 0(0) 13 (54) 12 (100) - - - - - -
C.hmca‘]. . Patients
Chow- Ret-ros- Diagnosis with nonin-
2013 N GCA **** of 16 36 18 70 - - - - 1(6) 4(22) 1(6) 10 (56) 53 (10) 49 (12) 35 (6) 31(4) 36 (7) 33(13)
dhary pec-tive S flammatory
econdary
Aortiti aneurysms
ortitis

**** This patient group included 10 GCA, 2 TA, 2 with bicuspid aortic valve, 1 seronegative arthritis, and 1 lupus patient. GCA = Giant cell arteritis; TA = Takayasu Arteritis.
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Chowdhary et al. investigated patients with thoracic aortic aneurysms [25]. Patients
with noninflammatory aneurysms more frequently had hyperlipidemia. These atheroscle-
rotic patients showed increased aortic calcification compared to TA patients. This study
also found aortic wall thickening of more than 3 mm in four atherosclerosis patients and in
one LVV patient.

Additionally, the same study measured aortic diameters in the thoracic aorta. Aortic
diameters differed in the aortic arch, where LVV patients had a slightly higher mean
diameter than atherosclerosis patients.

4. Discussion

This review aimed to gather the currently available evidence for distinguishing LVV
and atherosclerosis on imaging. Eight imaging studies were included based on their
inclusion of separate groups of LVV and atherosclerosis patients. Several studies indicated
that the most used diagnostic signs of LVV in US and FDG-PET, respectively, the halo sign
and visual FDG uptake, may also be present in atherosclerosis patients. When visually
scoring FDG uptake intensity and pattern, FDG-PET/CT attained 95% specificity for
diagnosing LVV against an atherosclerotic control group. The two included CTA studies
indicated calcification was more often seen in atherosclerosis patients. No MRI studies
comparing LVV and atherosclerosis were found.

Three US studies indicated the presence of the halo sign in atherosclerosis patients.
One study showed histologic evidence of atherosclerosis on temporal artery biopsy in
patients with a positive halo sign [18]. However, these patients were clinically suspected of
having GCA, and the temporal artery biopsy may have been a false negative. Two of these
three articles were published 14 and 17 years ago. In more recent studies, the requirements
for the halo sign were more standardized [26]. The included study from 2020 did show the
presence of a halo sign using these standardized measures [19].

Another recent US study in atherosclerosis patients showed that thickening of the
carotid artery walls correlated with thickening of the temporal artery walls, mimicking the
halo sign [10]. As US is increasingly being used to diagnose LVV, there is a growing need
to identify diseases that may mimic LVV diagnosis on US.

FDG-PET is already a proven method for measuring vascular inflammation in atheroscle-
rotic plaques as well as in LVV [13,27]. However, only two studies identified in this review
directly compared FDG-PET in atherosclerosis and LVV [22,23]. The presence of FDG
uptake in atherosclerosis patients decreased the specificity of FDG-PET when diagnosing
LVV. When used in conjunction with CT, an overlap of calcification and FDG uptake may
be used to identify atherosclerosis [11]. However, FDG uptake is most prominent in the
early stages of atherosclerosis and decreases when the plaque is calcified (stabilized non-
vulnerable) [27,28]. Distinguishing between noncalcified atherosclerotic plaques and LVV
may, thus, be extra challenging.

One way to discriminate between atherosclerosis and LVV is by objectivating the
pattern of FDG uptake. One study included in this review showed that using a diffuse
uptake pattern as a diagnostic criterium decreases the number of false positives, especially
the number of false-positive atherosclerosis patients [23]. Atherosclerosis typically has
more focal or “patchy” FDG uptake. Diffuse uptake as a diagnostic criterion has also
been used in previous research [12], and recommended in the analysis of LVV [13,29]. In
addition to uptake pattern, FDG uptake intensity is thought to be higher in LVV than in
atherosclerosis [30]. This is reflected in the studies included in this review, where using a
threshold for uptake higher than liver resulted in fewer false-positive atherosclerosis pa-
tients. Also, semiquantitative measurements such as SUVmax were higher in LVV patients.
Careful interpretation of LVV patients with moderate FDG uptake is, therefore, important.

The location of the vessels may also differentiate between LVV and atherosclerosis,
with atherosclerosis being more common in the abdominal aorta and iliofemoral arter-
ies [30]. Cumulative FDG uptake scores—using the sum of uptake scores of multiple
arteries—can help differentiate between LVV and atherosclerosis patients. However, such
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a cumulative score does not discriminate on the level of a single artery and, therefore, does
not aid identifying atherosclerotic disease in LVV affected arteries.

A recent recommendation paper on FDG-PET/CT in LVV proposes further standard-
ization of interpretation criteria and acknowledges the possible difficulties distinguishing
atherosclerosis and LVV [13]. These include visually scoring uptake intensity compared to
liver and noting its uptake pattern, with patchy uptake being more suggestive of atheroscle-
rosis. The authors also recommended the use of a cumulative vascular FDG uptake score.
Worldwide adoption of these standardized interpretation criteria will enable better compar-
ison of LVV and atherosclerosis with FDG-PET/CT, expanding the current limited evidence
on this subject.

The use of more semiquantitative measurements when interpreting FDG-PET/CT
is mentioned by recommendation/position papers for both LVV and atherosclerosis [13,
31]. Both papers mention the highest reproducibility when calculating the ratio of the
standardized uptake values (SUV) of the vessel wall compared to SUV in a background
organ. The use target-to-background ratio (TBR) may further increase standardization
of FDG-PET/CT interpretation as well as provide an opportunity for monitoring vessel
wall inflammation.

Two studies included in this review investigated CTA in TA patients. Apart from
increased calcification in atherosclerosis patients, the results from these studies are less
clear. One of the studies was published 25 years ago and only stated an absence of vessel
wall abnormalities in atherosclerosis [24]. Additionally, the reference standard for the
atherosclerosis group was not defined. The other CTA study compared aneurysm patients
and found increased aortic vessel wall thickness in atherosclerosis and LVV patients. Im-
portantly, this study also included 5 patients without LVV in the group of 17. Nonetheless,
the study was included in this review because all patients in this group had aortitis.

Whereas calcified plaques are easily discernable on CT, detecting noncalcified, fatty
plaques is more difficult [32]. Consequently, determining whether the cause of stenosis is
atherosclerotic or vasculitic may also be challenging, especially in arteries that are com-
monly affected in both atherosclerosis and LVV, such as the carotid arteries. Distinguishing
here may be especially important as severe complications such as transient ischemic at-
tack and cerebrovascular accident can result from both atherosclerosis and LVV when the
head/neck arteries are affected. CTA can be used to diagnose LVV based on morphological
vessel wall abnormalities, showing concentric thickening stretching a long segment of an
artery [33]. Atherosclerotic non-calcified plaques and vulnerability can also be assessed
using CTA, showing eccentric and focal thickening of the arterial wall [34]. Although there
is little evidence on the combined use of FDG-PET and CTA in LVYV, its combined use
may reliably diagnose LVV while also showing morphological changes to the vessel wall.
This way, atherosclerosis may be distinguished reliably from LVYV, also at the level of an
individual artery.

No MRI studies met the inclusion criteria of this review. MRI is not commonly used
in atherosclerosis imaging nor is it a first-line imaging technique in LVV [7]. Several
MRI studies on intracranial vasculopathies did include vasculitis patients, although not
identified as GCA or TA [14,35,36]. Schwarz et al. concluded MRI could be used well in
differentiating between vasculitis and atherosclerosis, but the distinction in this study was
mainly based on expert opinion. Vasculitis shows perivascular contrast enhancement and
wall thickening can be characterized as concentric and in a long vessel segment. Conversely,
atherosclerosis does not show any contrast enhancement, and wall thickening is eccentric
and focal. The exact value of MRI in this matter should be further investigated.

The most frequently used imaging techniques in LVV, US and FDG-PET, may cause
false-positive diagnoses in atherosclerosis patients. Discriminating atherosclerosis from
vasculitis in LVV patients is vital to prevent unnecessary GC treatment in atherosclerotic
patients. Moreover, there is evidence of accelerated atherosclerosis in LVV patients, in
particular in TA [37]. GCA affects patients in the same age range where atherosclerosis
is common, meaning they often overlap. Future studies will need to elucidate the extent
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to which atherosclerosis can mimic LVV and study the degree of atherosclerosis in LVV
patients. Including atherosclerotic comparator groups in future LVV imaging studies is
pivotal to addressing this question.

Additionally, studies using modern imaging systems are needed. High-resolution US,
digital PET imaging, combined PET/MR, and previously mentioned combined PET/CTA
may detect (noncalcified) underlying atheromatous plaques in LVV patients by visualizing
the arterial wall in more detail [31]. Importantly, future imaging studies will need to
include more quantified and standardized parameters with which these types of vascular
inflammation can be differentiated. These parameters will subsequently allow us to
recognize atherosclerotic plaques within LVV patients beyond using vascular calcification.
Lastly, new identified parameters may allow the study of the interaction between the
atherosclerotic and vasculitic process.

The reference standards used in the studies were also heterogeneous and 3 out of
8 studies were of retrospective design. Some studies defined those with an increased
cardiovascular risk profile as atherosclerosis patients, based on clinical diagnosis or by
hyperlipidemia. Other studies used histology or a plaque score. As there are no set criteria
for diagnosing patients with atherosclerosis, multiple reference standards are possible.
However, well defined and standardized methods are important to ensure reproducibility.
Standardized cardiovascular risk profile scores and calcification scores may therefore be
best suitable to define an atherosclerosis group. The latter may be achieved by using (low
dose) CT scans to quantify the level of calcification, similar to the Agatston score [16]. Visual
methods to assess the degree of calcification measurements may also be used, provided
that CT is available [38]. Furthermore, artificial intelligence could be a valuable tool in
differentiating between the (mixed) diseases. For example, neural networks have been
proven to be strong in segmentation tasks and as classifiers [39]. One of the outcomes of the
included studies of the current paper was that atherosclerotic uptake was more focal, while
vasculitic uptake was more diffuse. Textural analysis of these neural networks and/or
radiomics has the potential to prove this in more detail, including the location of the disease,
as LVV is mainly in the adventitia and media of the arterial wall, and atherosclerosis at the
intima, including the use of high resolution (digital) scanners to distinguish the vascular
wall layers. In addition, it could vastly reduce analysis time of all vessels and potentially
improve quantification of the diseases.

In general, there is a lack of common study methods and outcome parameters in the
included studies, which prohibited us to perform a meta-analysis. However, this is, to the
best of our knowledge, the first review to assess the studies in which atherosclerosis and
LVV are compared on imaging. Hence, the little available evidence this review presents is
important as a starting point for future research.

5. Conclusions

In conclusion, the evidence available in literature suggests that atherosclerosis can
mimic imaging findings of LVV on US and FDG-PET. Hence, it may be difficult in some
cases to differentiate between LVV and atherosclerosis, which lowers the diagnostic accu-
racy of these frequently used imaging methods. High intensity and diffuse uptake pattern
on FDG-PET/CT showed the highest specificity distinguishing LVV from atherosclerosis.
However, only few imaging studies directly compared atherosclerosis and LVV, and there
is little standardization of study methods. Future, randomized, prospective study set-ups
comparing atherosclerosis and LVV should be performed with standardized inclusion
criteria and assessment methods.
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Appendix A
Search string MEDLINE (search date: 01-12-2020, 424 results)

(“Diagnostic Imaging”[Mesh] OR Diagnostic Ima*[tiab] OR Ultraso*[tiab] OR US[tiab] OR
magnetic resonance [tiab] OR MRI[tiab] OR MRA[tiab] OR angiography[tiab] OR com-
puted tomography[tiab] OR CT[tiab] OR CTA[tiab] OR positron emission tomography|tiab]
OR PET[tiab])

AND

(“Giant Cell Arteritis”[Mesh] OR Vasculi*[tiab] OR LVV[tiab] OR large vessel vasculi-
tis[tiab] OR giant cell arteritis[tiab] OR GCA[tiab] OR “Takayasu Arteritis”[Mesh] OR
takayasu arteritis[tiab] OR TAK][tiab])

AND

(“Atherosclerosis”[Mesh] OR “Arteriosclerosis”[Mesh] OR athero*[tiab] OR vascular calci-
fication[tiab])

NOT “Case Reports” [Publication Type]

Search string EMBASE (search date: 01-12-2020, 519 results)

((‘Diagnostic Ima* OR Ultraso* OR US OR ‘magnetic resonance’ OR MRI OR MRA OR
angiography OR ‘computed tomography’ OR CT OR CTA OR “positron emission tomogra-
phy’ OR PET):ab,ti)

AND

((Vasculi* OR LVV OR ‘large vessel vasculitis” OR “giant cell arteritis” OR GCA OR ‘takayasu
arteritis’ OR TAK):ab,ti)

AND

((athero* OR ‘vascular calcification’):ab,ti)

NOT ‘case report’/exp

Search string Web of Science, Core Collection (search date: 01-12-2020, 104 results)

TS = (“Diagnostic Imaging” OR “Diagnostic Ima*” OR “Ultraso*” OR “US” OR “magnetic
resonance” OR “MRI” OR “MRA” OR “angiography” OR “computed tomography” OR
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“CT” OR “CTA” OR “positron emission tomography” OR “PET”)
AND

TI = (“Giant Cell Arteritis” OR “Vasculi*” OR “LVV” OR “large vessel vasculitis” OR
“giant cell arteritis” OR “GCA” OR “Takayasu Arteritis” OR “TAK")

AND

TS = (“ Atherosclerosis” OR “Arteriosclerosis” OR “athero*” OR “"vascular calcification”)
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Abstract: The purpose of this study was to evaluate morphological and hemodynamic factors, includ-
ing the newly developed total volume ratio (TVR), in evaluating rupture risk of cerebral aneurysms
using >7 mm sized aneurysms. Twenty-three aneurysms (11 unruptured and 12 ruptured) > 7 mm
were analyzed from 3-dimensional rotational cerebral angiography and computational fluid dynam-
ics (CFD). Ten morphological and eleven hemodynamic factors of the aneurysms were qualitatively
and quantitatively compared. Correlation analysis between morphological and hemodynamic factors
was performed, and the relationship among the hemodynamic factors was analyzed. Morphological
factors (ostium diameter, ostium area, aspect ratio, and bottleneck ratio) and hemodynamic factors
(TVR, minimal wall shear stress of aneurysms, time-averaged wall shear stress of aneurysms, oscil-
latory shear index, relative residence time, low wall shear stress area, and ratio of low wall stress
area) were statistically different between ruptured and unruptured aneurysms (p < 0.05). By simple
regression analysis, the morphological factor aspect ratio and the hemodynamic factor TVR were
significantly correlated (r> = 0.602, p = 0.001). Ruptured aneurysms had complex and unstable flow.
In >7 mm ruptured aneurysms, high aspect ratio, bottleneck ratio, complex flow, unstable flow,
low TVR, wall shear stress at aneurysm, high oscillatory shear index, relative resistance time, low
wall shear stress area, and ratio of low wall stress area were significant in determining the risk of
aneurysm rupture.

Keywords: cerebral aneurysm; computational fluid dynamics; hemodynamic; morphological; rupture

1. Introduction

The size of cerebral aneurysms is correlated with the risk of rupture and is the
most widely used determinant of treatment; aneurysms >7 mm are at increased risk
of rupture [1,2]. However, according to the guidelines of the American Heart Associ-
ation and American Stroke Association, morphological and hemodynamic factors, in
addition to size, should be considered when estimating the risk of rupture [3]. Compar-
ison of the features of ruptured aneurysms with those of unruptured aneurysms can
help in identifying the risk factors for rupture and in the clinical management of the
aneurysms [4,5].

Morphological factors, such as aspect ratio (AR) and flow angle of aneurysms are
associated with rupture [6], and hemodynamic factors, identified with computational
fluid dynamics (CFD) simulations, play a role in the pathogenesis, growth, and rupture of
aneurysms. Among the hemodynamic factors are wall shear stress (WSS), oscillatory shear
index (OSI), and relative residence time (RRT) [7,8]. These hemodynamic factors are used
in the risk assessment and decision-making of aneurysm management [2,9], and potential
additional factors should be considered.
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The aim of the present study was to evaluate indicators to be used in determining
the rupture risk of an aneurysm by validating the morphological and hemodynamic
factors already used as well as a newly developed hemodynamic factor, total volume
ratio (TVR), in unruptured and ruptured aneurysms >7 mm [10]. We quantitatively and
qualitatively analyzed the morphological and hemodynamic factors and the correlations
among the factors.

2. Materials and Methods
2.1. Patient Data

Patients with a cerebral aneurysm diagnosed during October 2015 and Decem-
ber 2018 at Jeonbuk National University Hospital were reviewed. The collection of
patient data and the study design were approved by the hospital’s institutional review
board (The Ethics Committee of Jeonbuk National University Hospital; JUH 2019-10-
040). The acquisition time point of brain imaging of patients with ruptured aneurysms
was as soon as the patients visited the emergency room. Inclusion criteria were as
follows: (1) a source image performed with 3-dimensional rotational cerebral angiog-
raphy; (2) saccular aneurysm shape; (3) aneurysm location (posterior communicating
artery, distal internal carotid artery, cavernous, paraclinoid, and ophthalmic); (4) and
aneurysm size >7 mm. Most patient data were excluded because of aneurysm size
(mostly < 7 mm), aneurysm location, insufficient image quality to be used for CFD
modeling, and the presence of fusiform or partially thrombosed aneurysms. Thus,
11 unruptured aneurysms and 12 ruptured aneurysms constituted the study popula-
tion (posterior communicating artery, 17; distal internal carotid artery, 1; cavernous, 1;
paraclinoid, 3; ophthalmic, 1). The age range of patients with unruptured aneurysms
was between 40 and 80 years (62.81 & 13.71 years), and those with ruptured aneurysms
were between 41 and 86 years (62.16 £ 14.94 years).

2.2. Image Data Acquisition and Geometry Reconstruction

All image data were acquired with 3-dimensional rotational cerebral angiography
(Axiom Artis dBA; Siemens Medical Solutions, Erlangen, Germany) with 1.5-degree ro-
tation, 8-second-rotational image acquisition and 29 frames per second. Digital Imaging
and Communications in Medicine(DICOM) format of the source image for each patient
was obtained and imported into Materialise Mimics software (version 20.0; Materialise
NV, Leuven, Belgium) for geometry reconstruction. Based on our previous work [11], we
used threshold segmentation to obtain 3-dimensional geometry and a cropping method to
designate the desired region of vessels. Images of small and unnecessary branches were
removed and truncated for CFD analysis, and a smoothing method was used for rough
and sharp surfaces of the reconstructed 3-dimensional geometry. The regenerated model
was saved in a Standard Triangle Language format file for CFD simulation.

2.3. Measurement and Calculation of Morphological Variables

To quantitatively compare morphological variables between unruptured and ruptured
aneurysms, height, width, size, ostium diameter (neck of aneurysm), ostium area, the
surface area of the aneurysm, and volume of the aneurysm were measured. The largest
distance between the tip of aneurysm domes and necks was defined as height, and the
maximum diameter orthogonal to the height was defined as width. The size of aneurysms
was defined as the longest diameter between height and width [12]. The maximum distance
of the neck plane was defined as the ostium diameter [13]. The known morphological risk
factors of aneurysm rupture, such as AR, bottleneck ratio (BR), and nonsphericity index
(NSI), were calculated based on the measured morphological variables. AR was the ratio
between the height of the aneurysm dome and the neck of the aneurysm dome, and BR was
the ratio between the width of the aneurysm dome and the neck of the aneurysm dome [14].
NSI was calculated from the volume and surface area of the aneurysm dome [15]. The
detailed equations are listed in Table 1 [6,15].
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Table 1. List of equations used for evaluation of morphologic and hemodynamic variables.

Equations

Morphological variables
AR height of aneurysm dome

neck of aneurysm dome
BR width of aneurysm dome

neck of aneurysm dome

2/3

NSI 1_ (187‘[)1/3 volume of aneurysm dome

surface area of aneurysm dome
Hemodynamic variables

Time-averaged WSS 1 f0T|WSSi|dt
OSI - |y wssat]

2 i IWss|dt
RRT !

(1-2xOSI)xTAWSS
LSA

Ratio of LSA x 100

Morphological variables: AR: aspect ratio; BR: bottleneck ratio; NSI: nonsphericity index. Hemodynamic
variables: WSS: wall shear stress; TAWSS: time-averaged wall shear stress; OSI: oscillatory shear index; RRT:
relative residence time; LSA: low wall shear stress area (area of low WSS below 10% of wall shear stress at
parent artery).

surface area of aneurysm dome

2.4. CFD Modeling

COMSOL Multiphysics Modeling software (version 5.2a; COMSOL Inc., Burlington,
MA, USA) was used to generate mesh and solve the incompressible Navier-Stokes equation
for computation of blood flow [16]. The following parameters of mesh element size were
adjusted to find the optimal condition of mesh: maximum element growth rate, minimum
element size, maximum element size, resolution of narrow regions, and curvature factor.
The optimal condition of mesh was observed when no more changes in velocity and
pressure were found. The mesh independence was confirmed. Tetrahedral meshes with
approximately 500,000 elements were formed. Blood vessel walls were assumed to be
rigid and to have a no-slip condition due to a lack of patient-specific information [17].
Assumptions of laminar flow, Newtonian fluid with a viscosity of 0.0035 Pa-s and density
of 1066 kg/m? were applied to the simulation [1,18]. The published flow rate (2.6 mL/s)
and inlet area of each patient were used to calculate the patient-specific velocity profiles.
The utilized flow rate for inlet boundary condition is shown in Figure 1 [8,17,18]. All
simulations were computed during four cardiac cycles, and the second cardiac cycle was
taken for quantitative and qualitative analysis [4].

2.5. Hemodynamic Data Analysis

After CFD simulation, the following hemodynamic variables were calculated for
comparison of unruptured and ruptured aneurysms. (1) Time-averaged WSS (TAWSS)
of the aneurysm was calculated by integration of the magnitude of the WSS during one
cardiac cycle. The minimum and maximum WSS were also evaluated over the entire wall
of the aneurysm dome. The time-averaged WSS of the parent artery was recorded for
comparison with the aneurysm dome to the parent artery [4]. (2) OSI was defined as the
fluctuation of WSS over one cardiac cycle. OSI is a non-dimensional parameter and ranges
from 0 (no change) to 0.5 (oscillating flow) [19]. (3) RRT was calculated from WSS and OSI
and defined as the residence time of blood near the aneurysm wall [6]. (4) Low wall shear
stress area (LSA) was defined as the wall area of the aneurysm dome, indicating less than
10% WSS of the parent artery. The percentage ratio of LSA was calculated by dividing
the LSA by the surface area of the aneurysm [20]. The detailed equations for TAWSS,
OSI, RRT, and the ratio of LSA are listed in Table 1. (5) Flow complexity and stability:
Flow complexity was classified as simple flow and complex flow. Simple flow had one
recirculation zone, and complex flow had two or more recirculation zones. Stable flow and
unstable flow were included in flow stability. Stable flow had no flow change during one
cardiac cycle, whereas unstable flow had flow separation, change, and movement during
one cardiac cycle [21].
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Figure 1. One cardiac cycle of flow rate according to time [18]. Using the flow rate and patient-specific
inlet area, the velocity profiles for each patient were calculated for inlet boundary conditions.

2.6. Total Volume Ratio (TVR)

TVR is a recently developed quantitative hemodynamic factor that might analyze the
rupture risk of an aneurysm. It is the ratio of blood volume through the aneurysm neck
per one cardiac cycle to aneurysm volume.

T,
TVR = fTi Qandt _ blood volume through aneurysm neck per one cardiac cycle

AV aneurysm volume @)

The volume flow rate of the blood through the aneurysm neck during one cardiac
cycle is integrated and then divided by aneurysm volume for each patient. In Equation (1),
T; and T, denote the initial time of the cardiac cycle and end time of the cardiac cycle,
respectively. Q oy denotes blood volume through the aneurysm neck per one cardiac cycle,
and AV denotes aneurysm volume.

Simply expressed, high TVR means that blood flows well into the aneurysm and
flows out well, whereas low TVR means that blood in the aneurysm is not fully cir-
culating. For example, we assumed that aneurysm models A and B have the same
aneurysm volume (250 mm?), and integrated blood volume flow rates of models A and
B are 500 and 2500 mm? per one cardiac cycle, respectively. Under these assumptions,

the TVR of model A is % =2, and the TVR of model B is % =10 (Figure 2).
The low TVR in model A means that the ratio of the amount of circulating blood in
the aneurysm to the aneurysm volume is five times lower than in model B. The cause
of the low TVR is unstable and complex blood flow within the aneurysm, with blood
stagnation. Low TVR is the comprehensive outcome of unstable, complex flow, low
WSS, high OSI, and high RRT in the aneurysm. Thus, low TVR can be the combined

results of morphological and hemodynamic variables.

2.7. Statistical Analyses

The measured and calculated morphological and hemodynamic variables were ex-
pressed as mean =+ standard deviation. To compare values of unruptured and ruptured
aneurysms, we used the Mann-Whitney test for non-normally distributed parameters
and the independent sample t-test for normally distributed parameters. To analyze the
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Blood
stagnation,
oscillation

TVR of model A =

relationships between morphological and hemodynamic factors, we used Pearson cor-
relation analysis and simple linear regression. A p-value less than 0.05 was considered
statistically significant.

Blood
recirculation

2500 mm?

=—7>=10
TVR of model B 250 mn3

500 mm?3
250 mm3

Figure 2. Two examples of a newly developed hemodynamic risk factor, total volume ratio (TVR). (A) TVR of model A

shows lower TVR compared to model B due to blood recirculation, blood stagnation, and oscillation. (B) TVR of model B

shows higher TVR compared to model A.

3. Results
3.1. Morphological Analysis of Unruptured and Ruptured Aneurysms

Comparison of measured and calculated morphological variables of unruptured
and ruptured aneurysms are presented in Table 2. Ostium diameters of ruptured
aneurysms were significantly less than those of unruptured aneurysms (6.08 £ 1.58 mm
vs. 7.49 £+ 1.40 mm; p = 0.035), as was ostium area (20.99 £+ 11.51 vs. 33.92 + 11.17;
p = 0.013). The AR was significantly higher for ruptured aneurysms (1.32 £ 0.27) than
for unruptured aneurysms (0.87 £ 0.26; p = 0.001). Similarly, BR was significantly
more in ruptured aneurysms (1.62 &£ 0.50) than in unruptured aneurysms ((1.18 £ 0.22),
p = 0.009). Height, width, size, surface area, and volume of ruptured aneurysms
and unruptured aneurysms were not significantly different. The NSI of unruptured
aneurysms (0.29 £ 0.08) and ruptured aneurysms (0.30 & 0.03) was very similar, and no
significant difference was observed (p = 0.695).

Table 2. Quantification of morphological variables.

Unruptured Ruptured

Variables (Unit) Aneurysm Aneurysm p Value *
(n=11) (n=12)

Patients
Age (yr) 62.81 +£13.71 62.16 + 14.94 0.915
Measured morphological variables
Height of aneurysm (mm) 6.45 + 1.81 7.98 +2.54 0.115
Width of aneurysm (mm) 8.84 +2.01 9.54 + 3.00 0.608
Size of aneurysm (mm) 9.10 £ 1.73 9.78 +2.93 0.512
Ostium diameter (mm) 749 +1.40 6.08 + 1.58 0.035 *
Calculated morphological variables
AR 0.87 £ 0.26 1.32 £0.27 0.001 *
BR 1.18 +£0.22 1.62 + 0.50 0.009 *
Ostium area (mm?) 33.92 +11.17 20.99 + 11.51 0.013 *
Surface area of aneurysm (mm?) 183.57 +£87.83 243.90 4+ 175.91 0.260
Volume of aneurysm (mm?) 212.23 £ 175.70 361.32 £ 480.94 0.190
NSI 0.29 £ 0.08 0.30 £ 0.03 0.695

Values given are mean =+ standard deviation, and * indicates p < 0.05. AR: aspect ratio, BR: bottleneck ratio, NSI:

nonsphericity index
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3.2. Quantitative Analysis of Hemodynamic Variables

The nine calculated hemodynamic factors of the two aneurysm groups are presented in
Table 3. Values of the new hemodynamic factor, TVR, were significantly lower in ruptured
aneurysms (5.02 + 3.20) than in unruptured aneurysms ((10.62 £ 5.27), p = 0.005), and
TVR had the lowest p-value among the calculated hemodynamic factors, which might
allow for the most significant and representative results. TVR of unruptured aneurysms
was two times larger than that of ruptured aneurysms. With respect to WSS, ruptured
aneurysms had lower minimal WSS at the aneurysm, TAWSS at the aneurysm, and maximal
WSS at the aneurysm than did unruptured aneurysms as shown in Table 3. Minimal
WSS at aneurysms (p = 0.032) and TAWSS at aneurysms (p = 0.037) were significantly
different between the two groups. TAWSS at the parent artery was higher than TAWSS
at the aneurysm, and no statistically significant difference between TAWSS of the parent
artery in unruptured and ruptured groups was found. Moreover, maximal WSS at the
aneurysm was not significantly different between ruptured and unruptured aneurysms.
Ruptured aneurysms had significantly higher OSI and RRT values compared to unruptured
aneurysms (p = 0.031 and p = 0.006 for OSI and RRT, respectively). Similar to OSI and RRT,
LSA and the ratio of LSA were significantly higher in ruptured aneurysms (55.92 & 55.07
and 21.73 4 9.79 for LSA and the ratio of LSA, respectively) compared with unruptured
aneurysm (22.72 &= 21.95 and 12.71 £ 13.97 for LSA and ratio of LSA, respectively).

Table 3. Quantification of hemodynamic variables.

Unruptured Ruptured
Variables (Unit) Aneurysm Aneurysm p Value *
(n=11) (n=12)

TVR 10.62 +5.27 5.02 £3.20 0.005 *
Minimal WSS at aneurysm (Pa) 0.69 +£0.37 0.42 +0.24 0.032 *
Time-averaged WSS at aneurysm (Pa) 1.17 £ 0.62 0.73 £ 0.42 0.037 *
Maximal WSS at aneurysm (Pa) 340+ 217 214 +147 0.051
Time-averaged WSS at parent artery (Pa) 2.76 +1.08 3.30 £2.34 0.695
OsI 0.28 +0.11 0.37 £+ 0.07 0.031*
RRT 3.19 £2.00 11.56 + 10.69 0.006 *
LSA (mm?) 22.72 £21.95 55.92 £ 55.07 0.037 *
Ratio of LSA (%) 12.71 +13.97 21.73 £9.79 0.023 *

Values given are mean =+ standard deviation, and * indicates p < 0.05. TVR: total volume ratio, WSS: wall shear
stress, OSI: oscillatory shear index, RRT: relative residence time, LSA: low wall shear stress area.

3.3. Qualitative Analysis of Hemodynamic Variables

Figure 3 shows the simulated flow streamlines of unruptured aneurysms at end-
diastole. The streamline showed that all ruptured aneurysms had complex flow, whereas
72% of unruptured aneurysms had simple flow. Among the unruptured aneurysms,
UR 6, 10, and 11 had complex flow; the remaining unruptured aneurysms had a single
recirculation zone. In Figure 4, simulated flow streamlines of ruptured aneurysms are
presented. All ruptured aneurysms had complex flow at end-diastole; the recirculation
zones are indicated with black arrows. For example, RU 3 and 4 had two recirculation
zones. RU 2 and 9 had one recirculation zone at the aneurysm tip. RU 1, 6, and 12 had
multiple recirculation zones. The difference in flow complexity between the two aneurysm
groups was statistically significant (p = 0.002) (Table 4).

Representative cases of unruptured aneurysms for flow stability and WSS are shown
in Figure 5. UR 4 and 7 had no flow change during the cardiac cycle, and a small area of
low WSS at the aneurysm domes was present. For comparison with ruptured aneurysmes,
scale bars of blood flow and WSS were the same (0 to 0.6 m/s for blood flow and 0 to
2 Pa for WSS). As presented in Figure 6, changes and movement of flow during the cardiac
cycle were present in RU 1 and 3. Compared with RU 1 at peak-systole, blood flow at
end-diastole became more complex. Similar to RU 1, RU 3 had unstable flow during the
cardiac cycle. The changes in flow are marked with black arrows. Ruptured aneurysms
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had larger areas of low WSS at aneurysm domes compared to unruptured aneurysms.
Unlike the WSS in unruptured aneurysms, because the region of low WSS area was large
in ruptured aneurysms, a definite difference in WSS between the parent artery and the
aneurysm dome was observed.

UR10 UR11

Figure 3. Simulated flow streamlines of unruptured aneurysms showing flow complexity at end-
diastole. UR: unruptured aneurysm.

Figure 4. Cont.

85



J. Pers. Med. 2021, 11, 744

RUZ

RU10 RU11 RU12

Figure 4. Simulated flow streamlines of ruptured aneurysms showing flow complexity at end-diastole.
The black arrow indicates the recirculation region of the aneurysm. RU: ruptured aneurysm.

Table 4. Quantification of hemodynamic variables.

. Unruptured Aneurysm Ruptured Aneurysm "
Complexity n=11) n=12) p Value
Simple 8 0
Complex 3 12 0.002*
* indicates p < 0.05.
Blood flow WSS

UR4 at PS

UR4 at ED

UR7 at PS

UR7 at ED

Figure 5. Two representative cases (UR4 and UR?) for unruptured aneurysms at peak-systole and
end-diastole. The streamlines showing flow stability of the unruptured aneurysms (blood flow
column). The distribution of wall shear stress on the aneurysm, showing low wall shear stress area
(WSS column). PS: peak-systole; ED: end-diastole; UR: unruptured aneurysm; WSS: wall shear stress.
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Blood flow WSS

RU1 at PS

RU1 at ED

RU3 at PS

RU3 at ED

Figure 6. Two representative cases (RU1 and RU3) of ruptured aneurysms at peak-systole and
end-diastole. The streamlines showing the flow stability of the ruptured aneurysm (blood flow
column). The black arrow indicates the recirculation region of the aneurysm. The distribution of wall
shear stress on the aneurysms showing low wall-shear stress area (WSS column). PS: peak-systole;
ED: end-diastole; RU: ruptured aneurysm; WSS: wall shear stress.

4. Discussion

Many studies have focused on finding risk factors of rupture of cerebral aneurysms
by comparing morphological and hemodynamic factors between unruptured and rup-
tured aneurysms [2,4,8]. In this study, we analyzed 10 widely used morphological
factors and 11 hemodynamic factors, including the new factor, TVR, for correlation
with the rupture of aneurysms.

4.1. Morphological Variables

Ruptured aneurysms tended to have larger values of all factors except for neck diame-
ter and area. The difference between unruptured and ruptured aneurysms was statistically
significant only in neck diameter, neck area, AR, and BR (Table 2). Because the neck diame-
ter of ruptured aneurysms was smaller than unruptured aneurysms, the values of AR and
BR were increased. Moreover, ruptured aneurysms are known to have higher AR and BR,
according to other studies [13,22].

AR is the most useful morphological factor in determining aneurysm rupture risk,
so many researchers have conducted studies to set thresholds of AR [23]. For example,
Ujiie et al. [24] studied 78 unruptured and 129 ruptured aneurysms and found that 90%
of unruptured aneurysms had lower AR (less than 1.6), and 80% of ruptured aneurysms
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had greater AR (more than 1.6). However, Jing et al. [4] reviewed 86 unruptured and
69 ruptured aneurysms and found that AR of more than 1.064 was related to aneurysm
rupture. Backes et al. [2] reported that, regardless of aneurysm size and location, AR more
than 1.3 was associated with the risk of aneurysm rupture. In this study, we compared the
average AR of unruptured and ruptured aneurysms and found that the AR of ruptured
aneurysms was consistent with that reported by Backes et al. [2]. The average value of
AR in ruptured aneurysms was 1.32, and the difference between the two aneurysms was
statistically significant (Table 2). Although AR is a well-known morphological risk factor,
reported threshold values vary among studies. In this study, the tendency of aspect ratio
showed similar or different results compared to other literature. The results might be
affected due to differences in the number of the study population, aneurysm location, and
aneurysm size. Thus, validation of AR in large populations is needed.

4.2. Hemodynamic Variables

In previous studies, there has been a consensus between in vivo measurement and
CFD analysis, and hemodynamic factors can discriminate between unruptured and rup-
tured aneurysms. Thus, we calculated quantitative and qualitative hemodynamic factors
using CFD simulation [8,25]. Complex flow, which increases infiltration of inflammatory
cells from aneurysm walls, is associated with aneurysm rupture [4]. Cebral et al. [7] studied
210 patients with intracranial aneurysms and found that simple and stable flow were often
present in unruptured aneurysms, whereas complex and unstable flow were correlated
with aneurysm rupture. Similarly, in this study, most unruptured aneurysms had simple
and stable flow, whereas ruptured aneurysms had complex and unstable flow significantly
more often.

Xiang et al. [8]. performed a quantitative hemodynamic analysis with 81 unruptured
and 38 ruptured aneurysms. Xiang et al. found the difference between unruptured
aneurysms and ruptured aneurysms. Ruptured aneurysms had lower WSS (0.68 Pa,
unruptured vs. 0.33 Pa, ruptured), higher OSI (0.0035, unruptured vs. 0.016, ruptured),
and higher RRT (2.70, unruptured vs. 7.52, ruptured) compared to unruptured aneurysms.
In this study, we found that the ruptured group had lower WSS (1.17 Pa, unruptured vs.
0.73 Pa, ruptured), higher OSI (0.28, unruptured vs. 0.37, ruptured), and higher RRT (3.19,
unruptured vs. 11.56, ruptured) compared to the unruptured group. The tendency of
Xiang et al.’s study and this study was similar, but the values of hemodynamic factors were
different due to the size variations. According to Xiang et al., the sizes of unruptured and
ruptured aneurysms were 4.01 mm and 5.15 mm, respectively. However, we included only
aneurysms larger than 7 mm in this study.

Chung et al. [1] compared unruptured and ruptured aneurysms with various hemody-
namic factors. Lower minimal WSS (0.8 Pa, unruptured vs. 0.4 Pa, ruptured), higher LSA
(45.8 mm?, unruptured vs. 51.6 mm?, ruptured), and higher OSI (0.25, unruptured vs. 0.31,
ruptured) were found in ruptured aneurysms compared to unruptured aneurysms. We
observed similar tendencies and values of hemodynamic factors compared to the Chung
et al. study due to the similar aspect ratio of the aneurysm (0.879, unruptured vs. 1.304,
ruptured in Chung et al.; 0.87, unruptured vs. 1.32, ruptured in this study). Jou et al. [26]
conducted a comparison study between unruptured and ruptured aneurysms. The sizes of
the unruptured aneurysms and ruptured aneurysms were 6.9 mm and 11 mm, respectively.
The ratio of LSA was 11 for unruptured aneurysms and 27 for ruptured aneurysms. In
this study, the ratio of LSA was 12.71 in the unruptured group and 21.73 in the ruptured
group. Since this study included aneurysms larger than 7 mm, the tendencies and values
of the ratio of LSA were similar to Jou et al.’s study. Minimal and time-averaged WSS
at aneurysms were statistically significantly different between ruptured and unruptured
aneurysms. However, maximal WSS at aneurysms and time-averaged WSS of parent
arteries were not different. We only compared unruptured with ruptured aneurysms, but
WSS was higher in parent arteries than in aneurysm domes because of the tortuosity of
the vessels. A sudden change in morphology of blood vessels induces oscillating blood
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and high OSI in the aneurysm dome [27]. High OSI and low WSS promote damage to
endothelial cells and degradation of the aneurysm wall, leading to aneurysm rupture [19].
Other studies have found that high OSI and low WSS are related to aneurysm rupture [28],
and our results are consistent with those observations. Prolonged RRT and high OSI are
associated with atherosclerotic changes in cerebral aneurysms [29].

Based on our observations on hemodynamic factors, the characteristics of ruptured
aneurysms can help analyze the risk of rupture. Complex and unstable flow have multiple
recirculation and oscillating zones. This feature causes decreased WSS and increased OSI.
Due to the stagnation of blood flow, the region of low WSS is widened, and the residence
time of blood flow near the aneurysm wall is longer. Thus, the LSA and RRT are increased.

4.3. TVR

The newly introduced hemodynamic factor, TVR, is defined as the ratio of the inte-
grated blood volume through the aneurysm neck per one cardiac cycle to aneurysm volume.
We examined the correlation of TVR with morphological factor AR and hemodynamic
factor TAWSS of aneurysms in Figures 2a and 2b, respectively. In this study, ruptured
aneurysms had complex, unstable flow, multiple recirculation zones, and stagnation of
blood flow, which resulted in lower TVR of ruptured aneurysms compared to unruptured
aneurysms. Low TVR denotes that circulating blood flow to aneurysm volume is rela-
tively low, which means that recirculation zone and stagnation of blood are present in the
aneurysm. Prolonged stay of blood flow promotes thrombus formation, and as thrombi get
closer to the wall of the aneurysm, it promotes inflammation in the wall. The inflammatory
reaction can lead to aneurysm rupture as various destructive enzymes are released [7].

As to the correlation between TVR and AR, due to the low TVR of ruptured aneurysms,
low blood flow and stagnant flow in aneurysm domes are correlated with atherosclerosis
and inflammatory reaction, resulting in the growth of aneurysms, and the growth might
lead to an increase of AR [4]. In this study, TVR and AR were highly correlated (coefficient
of determination: r = 0.602, p = 0.001). Thus, TVR might be a useful hemodynamic factor
related to aneurysm rupture. For clinical use of TVR, calculation of TVR in more patient
groups and various locations of aneurysms, such as the middle cerebral artery and anterior
communicating artery, will be needed.

4.4. Limitations of the Present Study

First of all, due to the small number of patients, there were several limitations as
follows: (1) Small sample size limits the feasibility of statistical analysis (i.e., regression
analysis); (2) This study focused on comparing unruptured and ruptured aneurysm groups
rather than predicting rupture risk of the aneurysm due to the small number of patients;
(3) The average values of the morphological factor (i.e., AR) and hemodynamic factor
(i.e., TAWSS) could not be considered as a cutoff point due to the low number of cases.
Studies in larger populations and multiple centers are needed to assess the validity of
our results. Second, we conducted analysis on aneurysms larger than 7 mm. The results
might limit the application of TVR in aneurysms smaller than 7 mm. Third, there might
be errors in regenerating the geometry for each patient using the threshold segmentation
method. However, since the images were acquired with 3-dimensional rotational cerebral
angiography with high resolution, this might not be a significant limitation. Fourth, we
assumed the vessels to have rigid walls and did not consider the real conditions of elasticity
and thickness. Lastly, for CFD simulation, blood was assumed to be a Newtonian fluid
since we did not have viscosity data to allow comparison of patients’” blood viscosity. The
real physical property of blood is non-Newtonian, and blood flow becomes slower in
aneurysm domes [30]. Ideally, we would have considered the non-Newtonian properties
of blood, but the serious condition of patients with ruptured aneurysms was prohibitive.
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5. Conclusions

A detailed comparison of morphological and hemodynamic factors of modeled un-
ruptured and ruptured aneurysms was conducted. In morphological analysis, large AR
and BR were independently associated with rupture of aneurysms. In hemodynamic
analysis, unstable flow, complex flow, low WSS, high OSI, RRT, LSA, and ratio of LSA
were good indicators of rupture risk. A new hemodynamic factor, TVR, was significantly
different between unruptured and ruptured aneurysms. These findings should be tested in
multi-center, large population studies.
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Abstract: Objectives: The most severe type of peripheral arterial disease (PAD) is critical limb-
threatening ischemia (CLI). In CLI, calcification of the vessel wall plays an important role in symp-
toms, amputation rate, and mortality. However, calcified arteries are also found in asymptomatic
persons (non-PAD patients). We investigated whether the calcification pattern in CLI patients and
non- PAD patients are different and could possibly explain the symptoms in CLI patients. Materials
and Methods: 130 CLI and 204 non-PAD patients underwent a CT of the lower extremities. This
resulted in 118 CLI patients (mean age 72 & 12, 70.3% male) that were age-matched with 118 non-PAD
patients (mean age 71 £ 11, 51.7% male). The characteristics severity, annularity, thickness, and
continuity were assessed in the femoral and crural arteries and analyzed by binary multiple logistic
regression. Results: Nearly all CLI patients have calcifications and these are equally frequent in the
femoropopliteal (98.3%) and crural arteries (97.5%), while the non-PAD patients had in just 67% any
calcifications with more calcifications in the femoropopliteal (70.3%) than in the crural arteries (55.9%,
p < 0.005). The crural arteries of CLI patients had significantly more complete annular calcifications
(OR 2.92, p = 0.001), while in non-PAD patients dot-like calcifications dominated. In CLI patients,
the femoropopliteal arteries had more severe, irregular/patchy, and thick calcifications (OR 2.40,
3.27,1.81, p < 0.05, respectively) while in non-PAD patients, thin continuous calcifications prevailed.
Conclusions: Compared with non-PAD patients, arteries of the lower extremities of CLI patients are
more frequently and extensively calcified. Annular calcifications were found in the crural arteries of
CLI patients while dot-like calcifications were mostly present in non-PAD patients. These different
patterns of calcifications in CLI point at different etiology and can have prognostic and eventually
therapeutic consequences.

Keywords: chronic limb-threatening ischemia; peripheral arterial disease; calcification pattern

1. Introduction

Recent studies have shown that calcification across the vascular wall of patients with
peripheral arterial disease (PAD) and chronic limb-threatening ischemia (CLI) play an
important role [1-3]. These calcifications are of clinical importance since they are associated
with symptoms, treatment outcome, and mortality [4-6]. These studies have also shown
that in PAD and CLI, two different types of calcifications can be found: (1) calcifications
based on calcified atherosclerotic plaques located in the intimal layer of the vessel wall
and (2) calcification of the tunica media and internal elastic lamina of the vessel wall as a
separate metabolic disease, causing stiffness and limit remodeling [7].

93



J. Pers. Med. 2021, 11, 493

Medial calcifications are not only present in the arteries of the lower extremities but
also for example in the carotid siphon and in the arteries of the breast [6-10]. However,
medial calcifications are almost absent in the coronary arteries. Although the differentiation
between intimal and medial calcification on a CT scan is not completely reliable, annular
calcifications most likely represent medial calcifications.

Medial wall calcification is an active metabolic process with bone progression pro-
teins, instead of solely deposition of bisphosphonates in the arterial walls [7,11]. Medial
calcifications can be reversible over time as showed in the arteries of the breast, for exam-
ple, after kidney transplantation, but not all patients have a clear cause for regression of
these calcifications [8,12]. Thus, regression of calcifications can presumably occur partially.
Indeed, a histological study of the arteries of the lower limbs found osteoclasts, however
scarce [13]. Extensive regression of calcifications therefore does not seem plausible.

It has been shown that medial calcifications can be halted by bisphosphonate etidronate
in patients with pseudoxanthoma elasticum [14,15], a rare monogenetic disease resulting in
medial calcifications of the arteries. Since we know that CLI patients with complete annular
calcifications, most likely medial arterial calcifications, have worse survival than patients
without these calcifications, treatment of these patients with etidronate could therefore be
a therapeutic option.

Since it is known that vascular calcifications also occur in asymptomatic people [16],
we wanted to compare CLI patients with these asymptomatic patients and investigate
whether the calcification pattern perhaps could be associated with the symptomatology in
CLI patients.

Therefore, the primary aim of this present study was to examine differences in pres-
ence, severity, and characteristics of arterial calcifications in the lower extremities between
CLI patients and patients without known PAD using CT.

2. Materials and Methods
2.1. CLI Patients

This study consisted of data from two trials with CLI patients. The PADI trial (Per-
cutaneous transluminal Angioplasty and Drug-eluting stents for infrapopliteal lesions in
critical limb ischemia), and the PADI Imaging Trial.

From the PADI trial extensive study details and mid- to long-term results have been
published elsewhere [17-20]. Briefly, the PADI Trial was an investigator-initiated prospec-
tive, multicenter RCT in CLI patients due to infrapopliteal pathology to assess the value
of drug eluting stents (DES) compared to the current reference treatment with bare-metal
stents (BMS). Included in the PADI trial were 137 patients. DES provided better 6-month pa-
tency rates and less amputations after 6 and 12 months. From these 137 patients 87 patients
underwent a CT angiography of the lower extremity and were included in the present
study. Patients were scanned on a 256-slice CT scanner (Siemens Definition Flash Scanner,
Siemens Healthineers, Forchheim, Germany). Slice thickness was set between 0.625 and
1 mm.

The subsequent PADI Imaging Trial was an investigator-initiated prospective study
developed to investigate atherosclerosis and arteriosclerosis in the whole body in patients
with CLI. Patients with CLI were recruited in the outpatient clinic of the department of
vascular surgery in a large teaching hospital in The Hague, the Netherlands. Patients
were excluded from the study if they were unable to give consent, if they were younger
than 18 years, if patients were allergic for intravenous contrast. All included patients gave
written consent. Extensive clinical assessment, routine cardiovascular laboratory tests, and
a whole-body spectral CT were done including a CT angiography of the lower extremities,
which was used for this current study. Patients were scanned on a 256-slice CT scanner
(Siemens Definition Flash Scanner, Siemens Healthineers, Forchheim, Germany). Slice
thickness was set between 0.625 and 1 mm. All 43 participants in the PADI Imaging Trial
enrolled to date were included in the current study.
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A total of 130 CLI patients from the PADI Trial and PADI Imaging Trial were analyzed
in this study.

2.2. Non-PAD Patients

As control group we used patients from a different study without known vascu-
lar disease as stated in their electronic patient file. Patient details have been published
elsewhere [21]. In short, patients with an indication for a full-body PET-CT because of
melanoma, infection, unknown fever, or lymphadenopathy were selected. These scans
were matched to medical record data for cardiovascular risk factors and symptomatic PAD
status. A total of 204 patients without known PAD were included in this study.

2.3. Study Approval

The medical ethical board of the participating centers approved the prospective PADI
Imaging Trial (Unique identifier number: NL64059.098.17) and to re-use data from the
PADI trial (ClinicalTrials.gov trial register Unique identifier number: NCT00471289) as a
post hoc analysis.

Regarding the patients without PAD, the medical ethical board of the University
Medical Center Utrecht (UMCU) waived review because of its non-invasive, retrospective
character (study number: 17-897/C). This study was also approved by the ethical board of
the Haga Teaching Hospital (study number: T18-003).

2.4. Baseline Measurements and Definitions

The following variables were included for analysis: age, gender, diabetes mellitus
(DM), weight, current smoking status, systolic blood pressure, diastolic blood pressure,
and renal function (eGFR). Obesity was defined as a body mass index (BMI) > 30 kg/m?.
Hypertension was defined as a systolic blood pressure at admission >140 mmHg or di-
astolic blood pressure of >90 mmHg. Chronic kidney disease (CKD) was defined as an
eGFR < 60 mL/min/1.73 m?, mildly decreased kidney function to renal failure (G3a-
G5) [22]. We also showed severely decreased kidney function (G4-G5) with a cut-off value
of <30 mL/min/1.73 m?, since this is the best prognostic factor in patients with CLI [23].

2.5. Calcification Assessment

All patients underwent a CT scan of the lower extremities and were evaluated on
3 mm slice thickness reconstructions. For evaluation of arterial calcifications, bone settings
were used for all CT exams (Window Settings: Window = 300 Hounsfield Units; Width =
1600 Hounsfield Units). This made it possible to distinguish between calcium and other den-
sities on both CT angiographies and non-contrast CT. Both the femoropopliteal and crural
arteries were scored. Vascular calcification patterns were examined in a semi-quantitative
way; severity (absent, mild, moderate, severe), annularity (absent, dot(s), <90°, 90-270°,
270-360°), thickness (absent, >1.5 mm, <1.5 mm), and continuity (indistinguishable, ir-
regular/patchy, or continuous). In case more patterns were present, the most dominant
characteristic was chosen to score. Figures 1 and 2 provide different types of calcifications
and illustrative examples of the CT scoring system. Extensive details on the calcification
measurements are described elsewhere [21] and is based on the recently developed and
CT-histologically validated score for the carotid siphon by Kockelkoren et al. with a proven
reproducible scoring system (inter-observer kappa 0.54-0.99) [24,25]. All measurements
were performed by a radiology resident with more than 4 years of experience with the
scoring system (LCDK) who was blinded to the patients’ clinical data. In one of our other
studies with a similar set of CLI patients with Fontaine 3 and 4, test-retest reliability was
calculated based on second reader measurements scored by a senior radiologist (WPThM)
with over 40 years of radiological experience. Cohen’s weighted Kappa tests (Kw) showed
good agreement of interreader test-retest reproducibility. Kw values were for severity 0.72
(95% C10.55-0.90, p < 0.001), annularity 0.77 (95% CI 00.58-0.95, p < 0.001), thickness 0.65
(95% C10.29-1.01, p < 0.001), and continuity 0.62 (95% CI 0.31-0.94, p < 0.001).
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Adventitia

C. S~

Figure 1. (A) Wall layers in a normal artery from inside to outside: endothelium, tunica intima (internal elastic membrane

and fibrocollagenous tissue), tunica media (smooth muscle), tunica adventitia (external elastic lamina and fibrocollagenous

tissue). (B) Calcifications in the intimal wall: thick and non-annular. (C) calcifications in the medial wall and in the internal

elastic lamina: thin and annular.

2.6. Statistical Considerations
2.6.1. Case Matching

Due to an age difference of approximately 9 years in the CLI (cases) and non-PAD
patients (controls), age matching was performed. The intention was to construct patient
groups with a comparable age, as the occurrence of arterial calcification is age-dependent.
The match tolerance (fuzz) factor was set on 5 years. There were 118 matches, 98 pa-
tients were excluded of further analysis. This resulted in a final sample of 236 patients,
whereof 118 patients with CLI and 118 patients without clinical known PAD. Matching
was performed blinded to outcomes.

2.6.2. Statistical Analysis

Descriptive data are presented as mean + standard deviation (SD) for normally
distributed continuous variables, for non-normally distributed continuous variables as
median (interquartile range (IQR)). Regarding categorical variables, characteristics were
presented as number (percentages). Groups were compared using the Chi-squared test for
categorical variables and the Student’s t test for continuous variables.

The prevalence of different calcifications characteristics (severity, annularity, thickness,
and continuity) in the femoropopliteal and crural arteries was plotted graphically for both
absolute numbers and percentages.

Regarding evaluation of similarities and differences between these CT calcification
characteristics for both the femoropopliteal and crural arteries, patients without calcifica-
tions were excluded from this analysis (4 CLI patients and 57 non-PAD patients). Of the
remaining 114 CLI patients and 61 non-PAD patients with any calcifications, type, and
pattern analysis were performed.

Binary multiple logistic regression was performed to evaluate these different CT calci-
fication characteristics. To adjust for confounding, correction for gender was performed. A
p-value of less than 0.05 was considered to be significant. Data analysis was carried out
using SPSS version 27.0 (IBM Corporation, New York, NY, USA).
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Figure 2. Examples of different calcification patterns in patients with CLI. Shown are coronal MIP and axial 3 mm CT
angiography images of the lower extremities. A. Top two figures: the red arrows in femoropopliteal arteries showing
irregular/patchy, thick, and non-annular calcifications corresponding to a dominant intimal calcification pattern. B. Bottom
two figures: the blue arrows in the crural arteries showing continuous, thin, and annular calcifications corresponding to a
dominant medial calcification pattern.
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3. Results
3.1. Baseline Characteristics

Mean age was 74 years (range 40-95; SD 11). There were 61% (n = 236) male patients.
Patients with CLI were significantly more likely to be male, had a higher prevalence of

diabetes mellitus, smokers, hypertension and lower eGFR. Baseline characteristics and
comorbidities of both CLI and non-PAD are shown in Table 1.

Table 1. Baseline variables of the age-matched CLI patients and the control non-PAD patients.

Non-PAD (n = 118) CLI (n = 118) p-Value
Age (years) 7111 72 £12 0.461
Sex (male) 61 (51.7%) 83 (70.3%) 0.003 *
BMI 27.9 (6.0%) 25.2 (3.9%) 0.053
Diabetes mellitus 11 (9.6%) 68 (57.6%) <0.001 *
History of PAD 0 (0%) 71 (60.7%)
Stroke 0 (0%) 12 (10.3%)
CAD 0 (0%) 45 (38.1%)
Smoking 32 (30.2%) 63 (54.3%) <0.001 *
eGFR 67 (93) 61 (142) 0.069
Chrorgé;i“j%gisease 30 (37.5%) 50 (62.5%) <0.006 *
Severely dec(reeé‘liﬁdf;g?ey function 10 (43.5%) 13 (56.5%) <0.510
Systolic blood pressure 137 £ 20 153 + 26 <0.001 *
Diastolic blood pressure 78 £13 83+ 12 <0.001 *
Hypertension 54 (45.8%) 64 (69.6%) <0.001 *
Any Calcification
Crural 66/118 (55.9%) 115/118 (97.5%) <0.001 *
Femoropopliteal 83/118 (70.3%) 116/118 (98.3%) <0.001 *

Values are mean £ SD, median (IQR) or n (%) as appropriate. Abbreviations: BMI = body mass index;
PAD = peripheral arterial disease; CAD = coronary artery disease; eGFR = estimated glomerular filtration rate
(mL/min/1.73 mz). * = statistically significant p-value.

3.2. Prevalence of Lower Extremity Arterial Calcifications

The prevalence of any calcification in the crural arteries was 97.5% (115/118) in CLI
patients and 55.9% (66/118) in non-PAD patients, p < 0.005. In the femoropopliteal arteries,
the prevalence of calcifications was 98.3% (116/118) in CLI patients and in non-PAD
patients 70.3% (83/118), p < 0.005.

3.3. Differences in Lower Extremity Arterial Calcification Patterns between CLI and Non-PAD
Patients

Patients without calcifications were excluded for further analysis. This resulted in the
CLI patient group in the loss of only three (2.5%) patients without crural arterial calcifica-
tions and only two patients (1.7%) without femoropopliteal arterial calcifications. In the
non-PAD group, 52 (44.1%) patients without crural arterial calcifications were excluded
from analysis and 35 (29.7%) non-PAD patients without femoropopliteal arterial calcifica-
tions. Baseline characteristics of these subpopulations were not markedly different on any
of the variables compared to the primary case-match cohort of 236 patients. These baseline
characteristics are shown in Table S1. A further subdivision in baseline characteristics be-
tween patients with calcifications and without calcifications in non-PAD patients, showed
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that patients with calcifications in this group were older, more likely to be male, smoker,
and had more often hypertension. See Tables 52 and S3.

Comparing all patients with lower extremity arterial calcifications in the crural arteries,
most calcifications were severe (CLI vs. non-PAD: 71.3% (82/115) vs. 60.0% (39/65) without
a significant difference between these two patient groups. The majority of femoropopliteal
arteries were also severely calcified with 78.4% (91/116) in CLI patients compared to 60.2%
(50/83) in non-PAD patients, here, a significant OR was found (OR 2.40, 95% CI 1.29-4.48,
p = 0.006). See Figure 3A,B for stacked graphs and Tables 2 and 3 for corresponding logistic
regression analysis. See Tables 54 and S5 for the severity of calcifications by decade.
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Figure 3. Cont.
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Figure 3. (A) CT calcification characteristics in the crural arteries as percentage of total number of age-matched patients.
Red: non-PAD patients (n = 65). Blue: CLI patients (n = 115). (B) Severity, annularity, thickness, and continuity in the
femoropopliteal arteries as percentage of total number of patients. Red: non-PAD patients (n = 83), blue: CLI patients
(n =116).

Table 2. Multivariate logistic regression analysis (sex-adjusted) was performed to determine the
different calcification characteristics in the crural arteries associated to age-matched non-PAD (n = 65)
and CLI patients (n = 115). The patients without calcifications were excluded from this analysis.

Standard Error

Variables in the Equation OR 95% CI of the Mean p-Value
Severity
Mild 0.55 0.24-1.22 0.391 0.140
Intermediate 0.82 0.37-1.83 0.398 0.627
Severe 1.60 0.87-3.14 0.280 0.122
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Table 2. Cont.

Standard Error

Variables in the Equation OR 95% CI of the Mean p-Value
Annularity
Dot(s) 0.20 0.10-0.41 0.351 <0.005 *
<90° 1.20 0.84-4.69 0.430 0.121
90-270° 0.53 0.15-1.50 0.504 0.231
Complete annularity 292 1.55-5.54 0.304 0.001 *
Thickness
Thick (>1.5 mm) 1.08 0.58-1.98 0.273 0.820
Thin (<1.5 mm) 0.90 0.49-1.66 0.280 0.729
Continuity
Irregular/patchy 1.50 0.79-2.84 0.305 0.212
Continuous 0.86 0.46-1.61 0.293 0.644

* = statistically significant p-value.

Table 3. Multivariate logistic regression analysis was performed to determine the different calcifica-
tion characteristics in the femoropopliteal arteries correlated to age-matched non-PAD (n = 83) and
CLI patients (n = 116). The patients without calcifications were excluded from this analysis.

Standard Error

Variables in the Equation OR 95% CI of the Mean p-Value
Severity
Mild 0.44 0.21-0.91 0.366 0.028 *
Intermediate 0.56 0.23-1.36 0.398 0.200
Severe 240 1.29-4.48 0.280 0.006 *
Annularity
Dot(s) 0.39 0.18-0.85 0.391 0.019 *
<90° 0.62 0.29-1.32 0.376 0.213
90-270° 1.46 0.79-2.71 0.306 0.232
Complete annularity 1.64 0.90-2.98 0.293 0.105
Thickness
Thick (>1.5 mm) 1.81 1.09-3.30 0.277 0.053
Thin (<1.5 mm) 0.55 0.30-1.01 0.293 0.053
Continuity
Irregular /patchy 3.27 1.82-5.89 0.283 <0.005 *
Continuous 0.44 0.24-0.81 0.302 0.009 *

* = statistically significant p-value.

Next, the different calcification characteristics of annularity, thickness and continuity
were compared between CLI and non-PAD patients and its results are schematically shown
in Figure 4.
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Figure 4. Schematic representation of the different calcification patterns between CLI and non-PAD patients.

In the crural arteries, CLI patients had significantly more complete annular calcifica-
tions (58.3% (67/115)) than in non-PAD patients (32.3%, 21/65, OR 2.92, 95% CI 1.55-5.44,
p = 0.001). Dotted (non-annular) calcifications are more frequently found in non-PAD
patients, with an OR of 0.20. No significant OR were found for all other calcification
characteristics with respect to the crural arteries.

In the femoropopliteal arteries, CLI patients had irregular/patchy calcifications in
67.8% (78/116), significantly more than non-PAD patients with 38.6% (32/83), OR 3.27, 95%
CI 1.82-5.89, p < 0.005). Moreover, CLI patients had significantly more thick calcifications
in the femoropopliteal artery with 73.3% (85/116), compared to non-PAD patients with
60.2% (50/83, OR 1.81, 95% CI 1.09-3.30, p = 0.05). All other calcification characteristics the
femoropopliteal arteries did not yield significant differences.

3.4. Sub Analyses CKD and DM

Since DM and CKD are present in a high percentage of CLI patients and have a
substantially worse prognosis than patients without these characteristics, sub-analyses
were performed to test the specific subcategories DM and CKD. However, the patient
numbers of these sub-analyses were low (see baseline Table 1 for an overview of these
numbers), so, p-values could not be calculated.

There were no substantial differences between patients with and without DM in
non-PAD patients and those with CLI. In the CLI group with CKD, annularity was more
frequent (65.4% vs. 54.3%) but the difference with non-CKD CLI patients was small.

4. Discussion

In this matched case-control study, the features of arterial calcifications in the arteries
of the lower extremities between patients with CLI and non-PAD patients without known
vascular disease were investigated using CT imaging.
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The principal finding of this study is that in the crural arteries CLI patients have pre-
dominantly annular calcifications, while in non-PAD patients these calcifications are mainly
dot-like. Second, almost all patients with CLI have calcifications in the femoropopliteal and
crural arteries, while the controls without known vascular disease had any calcifications in
less than two-thirds of the cases with a considerable difference between the femoropopliteal
and crural arteries.

Annular calcifications are mainly found in the crural arteries of CLI patients have been
more frequently related to medial arterial calcifications, while dot-like calcifications are
mainly found in the crural arteries of non-PAD patients and seem related to atherosclerotic
intimal calcifications. There are however no histologic-CT imaging correlation studies
available for the crural arteries. However, a histologic-CT imaging study done in the
intracranial internal carotid artery (carotid syphon) confirmed that annular calcifications
are indeed more likely located in the medial layer of the arterial wall, while the dot-like
ones were related to calcifications in atherosclerotic plaques [10].

Our findings are consistent with several histopathological studies showing that in the
crural arteries, medial arterial calcifications play a prominent role in CLI patients. Soor et al.
showed that the crural arteries in the majority of CLI patients contain medial calcifications
(51-100% annularity) and do not have severe atherosclerosis [3]. O’Neill et al. found medial
calcifications in 72% of the arteries of the amputation specimen, while atheromas were
present in only 23% [26]. More recently, a histopathological post-mortem study analyzing
especially CLI patients showed that medial calcifications occur significantly more frequently
in the crural than in femoropopliteal arteries (OR 2.89, p = 0.08) [2]. These findings are quite
different from the findings in the coronary arteries where medial calcifications are rarely
found. In our cohort, only three patients had no crural vessel calcifications (2.5%) and only
2 patients (1.7%) had no femoropopliteal arterial calcifications. An occlusive thrombus
and/or partially atheromatous wall changes may have played a role in these few patients
with CLIL

Previous studies have shown that patients with medial calcifications have a poor
prognosis [27-29]. Recently, we also showed that CLI patients with complete annular
calcifications in the lower extremity had a significantly worse all-cause mortality compared
to the group without complete annular calcifications [30]. Another study has shown that
patients with a higher degree of annular calcification in the abdominal aorta is associated
with a higher all-cause mortality (29).

It was recently suggested that medial calcification and atherosclerotic intimal disease
can both be present in the arteries of the lower extremities in PAD patients, and that
medial calcification prevents the arteries of the lower extremities from remodeling causing
obstructive disease in PAD [31]. In our study, we were unable to demonstrate the presence
of the two types due to the fact that when describing the characteristics, we always noted
only the most common type. As a result, there was no room for less common calcifications.
It may be that atherosclerotic disease could lead to much less severe obstructive disease
only in the crural arteries, and the presence of both atherosclerotic and medial disease
could lead to much more severe PAD.

In the femoropopliteal arteries of CLI patients we found remarkably severe, irregu-
lar/patchy, and thick calcifications, while in non-PAD patients, mild, thin, dot-like, and
continuous calcifications are found. So, these findings are different from those in the
crural arteries where in CLI patients annular medial type of calcifications were found and
in non-PAD patients a dot-like atherosclerotic type. Calcification pattern differs in the
different vascular territories.

We did not find a difference in calcification pattern between diabetic and non-diabetic
patients in CLI and non-PAD patient groups. Such a difference was found in CKD patients
but the difference was small and could not explain the high percentage of annular lesions.
However, we should be careful with the interpretation since the numbers in this sub
analysis were small.
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Intimal calcifications are mainly related to atherosclerotic disease and medial calcifica-
tions are a metabolic disease due to an imbalance between pro- and anti-calcification agents.
These two diseases therefore justify different therapeutic approaches. Intimal calcifications
warrant more classical anti-atherosclerotic medication while medial calcification could be
halted by calcification inhibitors such as etidronate. The recent TEMP trial was conducted
in a group of PXE patients with severe medial calcified arteries [14,15]. After one year of
treatment with etidronate, progressive calcification in the femoral arteries was stopped
compared to controls, without significant side effects such as osteonecrosis being found.
Therefore, we think that a similar study could be considered to perform in this severely
affected patient group of CLI patients.

5. Strengths and Limitations

One of the major strengths is that this study compared arterial calcifications in patients
with and without symptomatic peripheral vascular disease using CT. The use of CT makes
prediction and longitudinal studies of PAD severity through calcification characteristics
easier in the long term. A second important strength is that age has been corrected by
means of case-matching. Age is a known important confounder of CLI research, and
case-matching reduced the possibility of confounding.

However, the study also has its limitations. First, it remains difficult to measure an
entire artery with an arbitrary three-, four-, or five-point score. This is certainly the case
for CLI patients with a fair number of calcifications in the specific lower extremity arterial
territory and therefore both (medial and intimal) patterns are often present. In this case,
the most dominant characteristic was chosen to score.

Second, it is remarkable that of the patients without known PAD, there are relatively
many patients with severe calcifications. This means that we may have chosen a too low cut-
off point for severity of calcifications. Third, the CLI group underwent contrast enhanced
CT and the non-PAD group unenhanced CT and therefore we might have underestimated
the calcification burden in the CLI group and missed some thin annular calcifications
because these may be less recognizable on CT with contrast than CT without contrast. If so,
the reported association and findings could be stronger.

Finally, we cannot be completely sure that the non-PAD patients did not have any
atherosclerotic disease since no angiograms were made and therefore the lumen was not
examined. However, no clinical symptoms were present in these patients and therefore
these patients were considered non-PAD patients.

6. Conclusions

This study shows that in the arteries of the lower extremities in CLI patients, any
arterial calcification is almost always present. In non-PAD patients however, only two third
of patients have any calcifications. Most calcifications are severe. In the crural arteries
CLI patients have an annular type of calcifications as seen in medial calcifications, while
non-PAD patients have a dot-like type of calcifications as seen in atherosclerotic disease.
As medial calcifications are increasingly considered treatable, our findings may contribute
to the development of a treatment strategy for these difficult-to-treat CLI patients.
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of non-PAD patients, subdivided in patients with and without calcifications in the femoropopliteal
arteries, Table S4: Severity of calcifications in the crural arteries, stratified by age (decades). Table S5:
Severity of calcifications in the femoropopliteal arteries, stratified by age (decades).
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Abstract: Objectives: To find an objective diagnostic tool for the superficial veins in legs. Methods:
This study included 137 patients who underwent TRANCE-MRI from 2017 to 2020 (IRB: 202001570B0).
Among them, 53 with unilateral leg venous diseases underwent a QFlow scan and were classified
into the reflux and non-reflux groups according to the status of the great saphenous veins. Results:
The QFlow, namely stroke volume (SV), forward flow volume (FFV), mean flux (MF), stroke distance
(SD), and mean velocity (MV) measured in the external iliac, femoral, popliteal, and great saphenous
vein (GSV). The SV, FFV, SD, MF, SD, and MV in the GSV (morbid /non-morbid limbs) demonstrated
a favorable ability to discriminate reflux from non-reflux in the ROC curve. The SD in the GSV and
GSV/PV ratio (p = 0.049 and 0.047/cutoff = 86 and 117.1) and the MV in the EIV/FV ratio, GSV,
and GSV /PV ratio (p = 0.035, 0.034, and 0.025/ cutoff = 100.9, 86.1, and 122.9) exhibited the ability
to discriminate between reflux and non-reflux group. The SD, MV, and FFV have better ability to
discriminate a reflux from non-reflux group than the SV and MF. Conclusions: QFlow may be used
to verify the reflux of superficial veins in the legs. An increasing GSV/PV ratio is a hallmark of reflux
of superficial veins in the legs.

Keywords: MRI; non-contrast; venography; TRANCE; QFlow

1. Background

Patients were suspected as having a disease of venous origin when they came with
tortuous varicose veins on calves, asymmetric swollen legs, and watery ulcers around the
gaiter area of their feet. Venous diseases in those legs may be caused by superficial venous
reflux from valvular dysfunction, occlusion of the deep venous system by thrombi, and
compression of the pelvic mass. The resulting signs include spider veins, foot pigmenta-
tion, claudication, stasis ulcers, swollen limbs with deep vein thrombosis, and the fatal
consequence of the pulmonary emboli [1-6]. Ultrasound examination (US) is the standard
procedure for venous disease of the legs and could provide most information by experi-
enced operators [7,8]. Few tools are available for objective venous evaluation in lower limbs.
The venous system is not exactly enhanced by computed tomography (CT) venography,
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and high-quality enhancement requires specific access from the morbid limb. Compared
with conventional angiography, most magnetic resonance venography (MRV) techniques
that involve contrast media have been proven to be more sensitive towards the detection of
lesions in vessels [9]. Triggered angiography non-contrast-enhanced (TRANCE) magnetic
resonance imaging (MRI) can record differences in vascular signal intensity during the
cardiac cycle for subsequent image subtraction and obtain vascular images without the
use of contrast media (Figure 1). All images of the arterial systems are reconstructed by
three-dimensional turbo spin-echo (TSE) at systolic and diastolic periods. During systole,
arterial blood flows rapidly, and the arteries are black. In the diastole phase, blood flow in
the arteries is slow, and the arteries are bright. Subtraction of the two-phased scans made
up a 3D data set with only arteries (MRA). Another image of the venous systems (MRV)
was evaluated by 3D TSE short tau inversion recovery (STIR) during the systolic period.
STIR provides additional background suppression because the fat and bones are also sup-
pressed. This technique was initially evaluated for pelvic vessels. Our clinical applications
of this technique have innovated the anatomy of the whole venous system in legs since
2017 and further proven its efficiency in different venous scenarios thereafter [6,10,11].
TRANCE-MRI helps to not only exclude venous compression but also reveal the major
tributaries, thus providing better guidance for venous ablation. In this study, we evaluated
the possible correlation between reflux with ultrasound and morphologic changes from
the TRANCE-MRI and studied the hemodynamic patterns obtained from QFlow analysis
through TRANCE-MRI to help differentiate reflux in superficial veins further.

% [ acquisition ] [ acquisition ]
Diastole Phase Systole Phase  (Time) ~
venous signal T venous signal T TRANCE MR
arterial signal T arterial signal \ arteriography

(substraction)

+ background s TRANCE MR

venography

Figure 1. The principle of TRANCE-MRI: We use a peripheral pulse unit to identify the systolic and diastolic phases (upper
row). The diastolic phase subtracting the systolic phase simulated arteriography (middle row). The systolic 3D TSE was
further modified by background suppression (bone, soft tissue, and fat) to gain TRANCE-MR venography.
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2. Methods
2.1. Patients

The study protocol was approved by the Institutional Review Board (IRB) of Chang
Gung Memorial Hospital (IRB number: 202001570B0). The study recruited consecutive
patients who underwent TRANCE-MRI for venous pathology in their legs at a tertiary
hospital between April 2017 and September 2020. We analyzed their data to determine
their clinical significance. All patients were suspected of having venous pathology in
their legs. Patients were excluded if they exhibited poor compliance or had multiple
comorbidities that made them unable to lie down for the 1 h TRANCE-MRI protocol.
At first, 137 patients were enrolled for leg venous evaluation through TRANCE-MRI.
Twelve patients were excluded for reasons including pregnancy, presence of non-MRI-
compatible ferromagnetic implants, significant arrhythmia, and restless legs. The remaining
125 patients underwent anatomical evaluation through TRANCE-MRI. QFlow analysis and
hemodynamic evaluation were performed in 53 patients with unilateral symptoms. These
53 patients were further categorized into the reflux and non-reflux groups according to the
screening duplex and referral indication for TRANCE-MRI (Figure 2).

137 patients received TRANCE MRI for
venous diseases in lower extremity between 2017-2020 Sep

Exclusion 12

2 Pregnancy
~| 2 Non-MRI compatible device
4 Restless legs

4 Significant arrhythmia

125 patients completed morphology study by TRANCE MR

72 patients are not single leg disease

—— or

without complete QFlow analysis

53 patients with QFlow analysis

18 35

Reflux in superficial vein No Reflux in superficial vein

Figure 2. Flowchart of cohort selection.

All 53 patients received noninvasive color Doppler ultrasonography (US) for the
venous status in their lower legs before the scheduled TRANCE-MRI. The duplex exami-
nation was performed in the supine position, and the femoral vein, great saphenous vein
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(GSV), popliteal vein, and perforating vein in the calves were examined. Intra-abdominal
and pelvic veins were not evaluated in all of the duplex examinations.

2.2. MRI Acquisition

MRI was performed using a 1.5 T MRI scanner (Philips Ingenia, Philips Healthcare,
Best, The Netherlands) and a peripheral pulse unit trigger, with the patients in the supine
position. All arterial system images were evaluated through a three-dimensional (3D) turbo
spin-echo (TSE) technique during systole and diastole periods. TSE TRANCE imaging
was executed using the following parameters: repetition time (TR), 1 beat; echo time (TE),
shortest; flip angle, 90°; voxel size, 1.7 x 1.7 x 3 mm?; and field of view (FOV), 350 x 420.
During systole, the arterial blood flow was relatively fast, which caused signal dephasing
and lead to flow voids. Accordingly, when a systolic trigger was applied, the arteries would
appear black. During diastole, the arterial blood flow was slow, and therefore, the signal
was not dephased, and the arteries appeared bright on diastolic scans. Subtraction of the
two-phased scans yielded a 3D data set of the arteries only. Other images of the venous
systems were evaluated through 3D TSE short tau inversion recovery (STIR) during the
systole period. TSE STIR TRANCE imaging was executed using the following parameters:
TR, 1 beat; TE, 85; inversion recovery delay time, 160; voxel size, 1.7 x 1.7 x 4 mm?; and
FOV, 360 x 320. STIR provides additional background suppression because the fat and
bones are also suppressed. When a systolic trigger was applied, the arteries appear black.
This imaging process yielded a 3D data set of the venous system, with no subtraction
required. A quantitative flow scan was routinely performed to determine the appropriate
trigger delay times for systolic and diastolic triggering. All images were acquired without
the use of a gadolinium-based contrast medium. QFlow scans yielded multiple acquisitions
within one cardiac cycle, resulting in multiple phases (Figure 3).

Figure 3. QFlow scanning through TRANCE-MRI including stroke volume (SV), forward flow volume (FFV), mean flux
(ME), stroke distance (SD), and mean velocity (MV). (A) Two great saphenous veins and two popliteal veins with the flow
sequence by time. (B) QFlow parameters with different trigger delays. (C) Areas of interest in both great saphenous and
popliteal veins (blue: right side, normal GSV; green: left side, diseased GSV). (D) Image obtained during data acquisition.
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QFlow analysis included the following parameters: stroke volume (SV), forward and
backward flow volumes, flux, stroke distance (SD), mean velocity (MV), and vessel area.
In this study, a postprocessing package was used to calculate quantitative information
such as flow velocity and allow the visualization as 2D flow maps overlaid on anatomic
references. The external iliac veins, femoral veins, popliteal veins, and greater saphenous
veins were analyzed.

2.3. Statistical Analysis

The continuous variables (age and QFlow) were analyzed using an unpaired two-
tailed Student’s t test or one-way analysis of variance, and the discrete variables (seX,
substance usage, comorbidities, and intervention history) were compared using a two-
tailed Fisher’s exact test. The QFlow parameters (including SV, forward flow volume (FFV),
mean flux (MF), SD, and MV in each venous segment) and the obstructive venous diseases
were evaluated using receiver operating characteristic (ROC) curve analysis. All statistical
analyses were conducted using the STATA statistics/Data Analysis (version 8.0; Stata
Corporation, College Station, TX, USA). The results are presented as means and standard
deviations. Statistical significance was defined as p < 0.05.

3. Results

The demographic and medical data of the 53 patients, including regarding sex, age,
substance use, and comorbidities, are summarized in Table 1.

Table 1. Clinical characteristics of the patients who underwent QFlow analysis by TRANCE-MRI by the presence of reflux

in superficial veins.

Variable Total (n = 53) Reflux (n =18) No Reflux (n = 35) p Value
Male sex 15 (28.3) 7 (38.9) 8(22.9) 0.334
Age, year 59.7 + 14.1 56.9 +12.9 61.1 £14.7 0.317
Substance use
Smoking 10 (18.9) 5 (27.8) 5(14.3) 0.279
Alcohol 3(5.7) 1(5.6) 2 (5.7) 1.000
Betel nuts 3(5.7) 2 (11.1) 1(2.9) 0.263
Comorbidities
Hypertension 15 (28.3) 3(16.7) 12 (34.3) 0.215
Diabetes 8 (15.1) 2 (11.1) 6 (17.1) 0.701
Coronary artery disease 1(1.9) 0(0.0) 1(2.9) 1.000
Deep vein thrombosis 6(11.3) 0(0.0) 6(17.1) 0.085
Cancer 8 (15.1) 1(5.6) 7 (20.0) 0.240
Left leg involved 32 (60.4) 8 (44.4) 24 (68.6) 0.138
Chronic leg ulcer 8 (15.1) 5(27.8) 3(8.6) 0.104

Data are presented as a percentage or mean =+ standard deviation.

The mean age in the cohort was 59.7 £ 14.1 years, and the majority were women
(38/53, 71.7%). The patients were further divided into the patients with reflux in the great
saphenous vein (reflux group) and patients without reflux in the great saphenous vein
(non-reflux group) according to their presenting symptoms and duplex findings (Figure 4).

The two groups were similar in terms of age, sex, substance use, comorbidities, and
co-existence of leg ulcers. QFlow analysis through TRANCE-MRI involved the evaluation
of SV (mL), FFV (mL), MF (mL), SD (cm), and MV (cm) in the external iliac veins, femoral
veins, popliteal veins, and GSVs in the 53 patients. The superficial veins in the non-reflux
group were mostly in normal size, with competent valve function. To minimize individual
bias in the QFlow analysis, we compared the morbid and non-morbid limbs of the same
patients. The performance of the QFlow parameters (SV, FFV, MV, SD, and MV) in the
discrimination of the reflux from non-reflux patients was assessed using the ratio of the
morbid limb to normal limb in each venous segment (Table 2).
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Figure 4. Typical patients with reflux in the great saphenous vein by TRANCE-MR. (A) A 56-year-old
man with reflux of the left great saphenous vein. The white arrow indicates the testis. GSV: normal
right great saphenous vein. The double arrow indicates the diseased great saphenous vein with its
tributaries. (B) A 67-year-old woman also with reflux in the left great saphenous vein. The black
arrow indicates the uterine. GSV: normal right side great saphenous vein. The double arrow indicates
the diseased great saphenous vein with its tributaries.

The SV exhibited favorable discriminating ability for reflux in the GSV segment
(AUC = 68.8%, 95% CI = 52.7-85%). The FFV had favorable discriminating ability for reflux
in the GSV ratio (AUC = 74.9%, 95% CI = 58.2-86.5%) and GSV /PV ratio (AUC = 74%,
95% CI = 58.5-89.6%). The MF also effectively discriminated reflux from non-reflux in the
GSV segment (AUC = 68.6%, 95% CI = 52.4-84.8%) and GSV /PV ratio (AUC = 66.7%, 95%
CI = 50.4-83%). The SD demonstrated favorable discrimination performance for venous re-
flux in the EIV/FV ratio (AUC = 66.5%, 95% CI = 51.3-81.7%), GSV segment (AUC = 68.6%,
95% CI = 53.0-84.2%), and GSV /PV ratio (AUC = 66.8%, 95% CI = 53.0-84.7%). The MV
demonstrated favorable discrimination performance for venous reflux in the EIV/FV ratio,
(AUC = 67.8%, 95% CI = 52.5-83.1%), GSV segment, (AUC = 70%, 95% CI = 54.6-85.4%),
and GSV/PV ratio (AUC = 71.2%, 95% CI = 55.7-86.7%). The SV exhibited a significant
ability to discriminate between reflux and non-reflux venous diseases in the GSV segment
(p = 0.047). The FFV in the GSV segment and GSV/PV ratio exhibited a significant abil-
ity to discriminate between reflux and non-reflux venous diseases (p = 0.008 and 0.011,
respectively).

The MF in the GSV segment exhibited a significant ability to discriminate between
reflux and non-reflux venous diseases (p = 0.049). The SD in the GSV and GSV /PV ratio
exhibited a significant ability to discriminate between reflux and non-reflux venous diseases
(p = 0.049 and 0.047, respectively, and cutoff = 86 and 117.1, respectively). Furthermore, the
MYV in the EIV/FV ratio, GSV segment, and GSV/PV ratio exhibited a significant ability to
discriminate between reflux and non-reflux venous diseases (p = 0.035, 0.034, and 0.025,
respectively, and cutoff = 100.9, 86.1, and 122.9, respectively). The SD, MV, and FFV have
better ability to discriminate reflux from non-reflux venous diseases than the SV and MF
by the QFlow analysis. The ROC curve of SD and MF is shown in Figure 5.
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Table 2. The performance of QFlow parameters (the ratio of the morbid limb to normal limb) in discriminating reflux in superficial veins of legs.

Variable (;‘:?3) (I;e:ﬂ;‘; N(‘:l 5‘33%‘)"‘ p AUC, % (95% CI) * Cutoff # Sensitivity, % (95% CI) Specificity, % (95% CI)
%
EIV 100 (60, 124) 102 (78, 119) 82 (49, 132) 0.367 55.0 (37.3-72.7) NA NA NA
FV 91 (60, 136) 101 (64, 165) 80 (52, 128) 0237 57.1 (38.6-75.7) NA NA NA
(EIV/EV) * 100 86 (58, 147) 99 (66, 147) 73 (53, 157) 0.419 60.7 (42.9-78.5) NA NA NA
GSV 130 (72, 766) 276 (126, 875) 105 (59, 600) 0.047 % 68.8 (52.7-85.0) * >108.6 85.7 (57.2-98.2) 53.3 (34.3-71.7)
PV 89 (53, 120) 78 (51, 207) 92 (53, 120) 0.851 52.9 (32.5-73.2) NA NA NA
(GSV/PV) * 100 154 (79, 518) 257 (152, 563) 126 (61, 472) 0.087 66.2 (49.7-82.7) NA NA NA
FEV
EIV 92 (56, 121) 101 (70, 116) 84 (47, 132) 0.430 53.8 (36.2-71.4) NA NA NA
FV 95 (64, 136) 101 (64, 165) 92 (58, 128) 0320 56.7 (38.1-75.3) NA NA NA
(EIV/EV) * 100 81 (49, 145) 99 (61, 147) 72 (45, 124) 0.348 58.6 (41.0-76.1) NA NA NA
GSV 125 (81, 332) 276 (126, 821) 108 (64, 183) 0.008 % 749 (59.3-90.4) * >114.3 85.7 (57.2-98.2) 60 (40.6-77.3)
PV 92 (63, 120) 78 (52, 207) 97 (71, 120) 0.693 5.0 (34.5-75.5) NA NA NA
(GSV/PV) * 100 147 (73, 312) 260 (156, 563) 109 (63, 222) 0.011 % 740 (58.5-89.6) * 5222.0 714 (41.9-91.6) 76.7 (57.7-90.1)
MF
EIV 100 (59, 124) 102 (70, 119) 82 (49, 133) 0.419 55.2 (37.6-72.8) NA NA NA
FV 95 (64, 136) 102 (64, 164) 89 (59, 127) 0302 57.6 (39.1-76.1) NA NA NA
(EIV/EV) * 100 83 (55, 146) 96 (65, 147) 71 (53, 124) 0338 61.2 (43.4-79.0) NA NA NA
GSV 129 (67, 778) 276 (125, 847) 106 (60, 600) 0.049 % 68.6 (52.4-84.8) * >109.3 85.7 (57.2-98.2) 53.3 (34.3-71.7)
PV 88 (61, 120) 77 (51, 209) 92 (65, 120) 0.778 53.8 (33.4-74.2) NA NA NA
(GSV/PV) * 100 160 (80, 538) 257 (157, 569) 119 (61, 507) 0.078 66.7 (50.4-83.0) * >136.5 78.6 (49.2-95.3) 60.0 (40.6-77.3)
SD
EIV 98 (71,123) 101 (74, 123) 88 (57, 128) 0.237 61.0 (43.0-78.9) NA NA NA
FV 94 (76, 128) 94 (76, 128) 94 (70, 129) 0910 53.8 (35.6-72.0) NA NA NA
(EIV/EV) * 100 94 (64, 122) 106 (77, 163) 82 (51, 119) 0.051 66.5 (51.3-81.7) * >101.0 61.1 (35.7-82.7) 68.6 (50.7-83.1)
GSV 126 (73, 423) 224 (118, 765) 93 (50, 365) 0.049 % 68.6 (53.0-84.2) * >86 92.9 (66.1-99.8) 50.0 (31.3-68.7)
PV 91 (57, 119) 74 (53, 111) 98 (64, 120) 0.276 59.8 (38.8-80.7) NA NA NA
(GSV/PV) * 100 135 (66, 333) 204 (133, 582) 112 (39, 318) 0.047 % 68.8 (53.0-84.7) * >117.1 85.7 (57.2-98.2) 56.7 (37.4-74.5)
MV
EIV 99 (71, 128) 101 (73, 151) 88 (57, 128) 0.176 61.0 (43.0-78.9) NA NA NA
FV 94 (76, 128) 94 (76, 128) 94 (70, 129) 0.910 53.8 (35.6-72.0) NA NA NA
(EIV/EV) * 100 94 (63, 129) 109 (77, 165) 82 (51, 119) 0.035 % 67.8 (52.5-83.1) * >100.9 61.1 (35.7-82.7) 68.6 (50.7-83.1)
GSV 126 (73, 382) 300 (118, 768) 93 (56, 338) 0.034 % 70.0 (54.6-85.4) * >86.1 92.3 (66.1-99.8) 50.0 (31.3-68.7)
PV 91 (57, 119) 74 (54, 111) 98 (64, 120) 0.276 59.8 (38.8-80.7) NA NA NA
(GSV/PV) * 100 135 (66, 332) 206 (133, 585) 112 (40, 318) 0.025* 712 (55.7-86.7) * >122.9 85.7 (57.2-98.2) 60.0 (40.6-77.3)

Data are presented as median [25th percentile, 75th percentiles]; AUC, area under curve; CI, confidence interval; FFV, forward flow volume; ME, mean flux; MV, mean velocity; SD, stroke distance; SV, stroke

volume; NA, not applicable; # Determined by the Youden index; * p value < 0.05.
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Figure 5. ROC examination of the QFlow parameters of (A) stroke distance and (B) mean velocity.

4. Discussion

Most patients with suspected venous diseases of the legs undergo air plethysmography
(APG) and ultrasound examination (US) at the beginning of therapy. Air plethysmography
is a non-invasive tool for quantifying venous reflux and obstruction by measuring volume
changes in the leg. US, a rapid tool, could also provide additional information on active
reflux and gravitational reflux through standing position by experienced operators. US
is operator-dependent and lacking information of pelvic and abdominal areas. However,
in many institutions, including ours, the duplex is performed exclusively in ultrasound
centers and not done by the same physician in the clinic, which requires additional com-
munication between staff to gain sufficient information.

Intravenous ultrasonography (IVUS) is a new imaging modality for diagnosing deep
vein disease and is mostly guiding effective endovascular treatment in iliac and caval
venous obstructive lesions [12,13]. However, IVUS is invasive and only provides details
of the venous lumen without information of the superficial venous system. Venography
was considered as standard for the detection of deep venous thrombosis and other ve-
nous occlusive diseases, but venography cannot display the superficial veins outside the
drainage course of the contrast-media injection site. CT venography may be useful for
the exclusion of pulmonary embolism in patients with signs of deep venous thrombosis
in the legs; however, CT venography also requires the injection of contrast media in the
morbid limb to achieve optimal venous imaging of the extremities, which can be dangerous
for the diseased limb [14]. Magnetic resonance angiography (MRA) techniques for recon-
structing vascular structures include time-of-flight (TOF), phase-contrast, and ECG-gated
TSE MRA. The major disadvantage of TOF-MRYV is that the FOV is small for each image
obtained and that it requires considerable time to image the whole lower extremity. MRI
with gadolinium-based contrast media is a relatively rapid method for imaging of the
lower extremities [15,16]. Although MRI does not involve radiation exposure, the nonio-
dinated contrast agents involved in the process have undesirable effects on the patients.
For instance, nephrogenic systemic fibrosis is a dangerous condition caused by exposure
to gadolinium-based contrast agents in patients with pre-existing impairment of kidney
function and even in patients with normal renal function [17,18]. Phase-contrast MRI
(PC-MRI) depends on phase shifts caused by blood flow. Thus, this technique permits the
use of coronal or sagittal slice orientations with an FOV along the direction of the vessel of
interest and can quantitatively measure the flow dynamics of the region of interest. Most
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studies have applied PC-MRA for evaluating central nervous system pathology including
the hydrocephalus [19,20].

Imaging vascular structures of the whole lower extremity using traditional MRA
techniques, such as TOF-MRA and PC-MRA, is time-consuming. The ECG-gated, multistep
TSE technique (i.e., TRANCE-MRI) offers the possibility of imaging vascular structures of
the whole lower extremity in a relatively short time in clinical settings. For ECG-gating,
different imaging times are required for different flow characteristics, and therefore, the
image quality can be optimized faster. Most related studies on non-contrast-enhanced MR
have used this technique to evaluate arterial diseases [21-25]. Our team has innovated
the use of TRANCE-MRI for obtaining more valuable information for the management
of complicated lower venous diseases [4-6,11]. Moreover, experienced radiological teams
may require an examination time of less than 30 min. Thus, 3D imaging of the morphology
of the venous anatomy of the lower extremities, particularly low-flow superficial venous
systems, is possible without the use of contrast media or radiation. TRANCE-MRI is not
very expensive in our healthcare system (less than 250 USD/each examination) and has
become one of the regular survey methods for venous diseases in our institution today
(Video S1).

In contrast to a CT angiogram, TRANCE-MRI could be used to perform hemodynamic
estimation. In this study, we further analyzed the QFlow data of the segmental leg veins.
QFlow analysis through TRANCE-MRI involved the evaluation of SV (mL), FFV (mL), MF
(mL), SD (cm), and MV (cm) in the external iliac veins, femoral veins, popliteal veins, and
GSVs in the 53 patients with unilateral leg symptoms. Those results revealed that the MV
and SD were more sensitive than SV and MF to the differentiation of reflux from non-reflux
venous diseases in superficial veins.

QFlow hemodynamic patterns differ between reflux and non-reflux venous diseases
mainly in terms of the GSV segment and GSV/PV ratio. In other words, a higher GSV/PV
ratio (i.e., GSV/PV > 1 in TRANCE-MRI) is highly correlated to reflux in GSV. The dif-
ferences were noted in all QFlow parameters, including SV, FFV, MFE, SD, and MV. The
MF in the GSV segment exhibited a significant ability to discriminate between reflux and
non-reflux venous diseases (p = 0.049). The SD in the GSV segment and GSV/PV ratio
exhibited a significant ability to discriminate between reflux and non-reflux venous dis-
eases (p = 0.049 and 0.047, respectively, and cutoff = 86 and 117.1, respectively). The MV in
the EIV/FV ratio, GSV segment, and GSV/PV ratio demonstrated a significant ability to
discriminate between reflux and non-reflux venous diseases (p = 0.035, 0.034, and 0.025,
respectively, and cutoff = 100.9, 86.1, and 122.9, respectively). Notably, the non-reflux
venous group exhibited a higher EIV/FV ratio for MV. Obstructive venous diseases such
as May-Thurner syndrome, external compression, and venous thrombosis account for at
least part of the non-reflux venous leg diseases.

Study Limitations

The major limitations of this study are its non-randomized design and small sample
size. Second, only patients with typical, unilateral leg disease were included. Third,
the TRANCE-MR and US were performed in the supine position, without details of
gravitational and muscular interactions. Retrograde flow is possibly not provoked during
the TRANCE-MR examination and could be better reproduced by US in a standing position.
However, this is the largest series to discuss the use of TRANCE-MRI as an imaging tool
for venous diseases of the lower extremities. In addition to proving the morphological
advantage and safety of TRANCE-MRI, this study is the first attempt to analyze QFlow in
the clinical scenarios of the superficial venous reflux of the lower extremities.

5. Conclusions

TRANCE-MRI is a potential tool for verifying the characteristic ultrasound features
of reflux venous diseases in the lower extremities. A higher GSV/PV ratio could be a
hallmark in the QFlow study of reflux venous diseases in the legs through TRANCE-MRL
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6. Patents
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Abbreviations

3D three-dimensional

CT computed tomography

CTA computed tomography angiography
DVT deep venous thrombosis

EIV external iliac vein

FFV forward flow volume

FOV field of view

FV femoral vein

GSV great saphenous vein

IR inversion recovery

IRB institutional review board

MF mean flux

MRI magnetic resonance imaging
MRV magnetic resonance venography
MV mean velocity

NSF nephrogenic systemic fibrosis
1Y% popliteal vein

ROC receiver operating characteristic
SD stroke distance

STIR short tau inversion recovery

SV stroke volume

TE echo time

TOF time-of-flight

TR repetition time

TRANCE-MRI triggered angiography non-contrast-enhanced MRI
TSE turbo spin-echo

UsS ultrasonography
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Abstract: A standardized method to assess structural osteoarthritis (OA) burden thorough the
body lacks from literature. Such a method can be valuable in developing personalized treatments
for OA. We developed a reliable scoring system to evaluate OA in large joints and the spine—the
OsteoArthritis Computed Tomography (OACT) score, using a convenience sample of 197 whole-body
low-dose non-contrast CTs. An atlas, containing example images as reference points for training and
scoring, are presented. Each joint was graded between 0-3. The total OA burden was calculated by
summing scores of individual joints. Intra- and inter-observer reliability was tested 25 randomly
selected scans (N = 600 joints). Intra-observer reliability and inter-observer reliability between three
observers was assessed using intraclass correlation coefficient (ICC) and square-weighted kappa
statistics. The square-weighted kappa for intra-observer reliability for OACT-score at joint-level
ranged from 0.79 to 0.95; the ICC for the total OA grade was 0.97 (95%-CI, 0.94 to 0.99). Square-
weighted kappa for interobserver reliability ranged from 0.48 to 0.95; the ICC for the total OA grade
was 0.95 (95%-CI, 0.90 to 0.98). The OACT score, a new reproducible CT-based grading system
reflecting OA burden in large joints and the spine, has a satisfactory reproducibility. The atlas can be
used for research purposes, training, educational purposes and systemic grading of OA on CT-scans.

Keywords: computed tomography; image analysis; osteoarthritis; reliability

1. Introduction

Osteoarthritis (OA) is a leading cause of disability worldwide, with the estimated
socioeconomic burden being 1%-2.5% of the gross national product in Western countries [1].
Until now, the search for a disease modifying drug for OA has failed. A key factor for this
failure is the use of a one-size-fits-all principle in the development and testing of potential
treatments. End-stage osteoarthritis is a fairly uniform disease, but etiological pathways in
early disease vary strongly. There is a desire to group OA patients into phenotypes, with
the ultimate aim of finding the right treatment for the right patient [2]. The APPROACH
study aims to describe these different phenotypes for knee OA and validate models to
predict disease progression within these phenotypes [3]. This allows for more patient
specific treatments and more efficient clinical trials. The APPROACH study includes
knee specific parameters, including patient reported outcome measures (e.g., knee specific
questionnaires), physical examination (e.g., knee range of motion), and imaging features
(e.g., knee MRI). Additionally, more generic parameters are measured, such as general
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quality of life, physical performance (e.g., 40 m fast paced walk test) and biochemical
marker levels in serum and urine. OA is often a polyarticular disease and the relationship
between the latter parameters and knee OA will be heavily influenced by the overall OA
burden in the body. However, there is no efficient and standardized method to assess this
burden [4,5].

Radiography is widely used for visualizing and grading structural OA. However,
it has limited sensitivity for detecting structural damage because of its projectile nature;
repeatability is an also issue as positioning errors are common (e.g., wide variations in joint
space measurements due to inconsistent flexion of the knee) [6]. Magnetic resonance imag-
ing (MRI) is excellent for visualizing the different tissues within a joint, but it is expensive
and time consuming; for example, to obtain good-quality MRI images of multiple joints,
the patient would need to lie still for hours. However, CT has several advantages. It uses
ionizing radiation to produce a three-dimensional (3D) tomographic images, without the
projection limitations of radiography, and is known for its excellent visualization of bone.
Advances, such as iterative reconstruction have substantially reduced exposure to ionizing
radiation and scanning time [7,8]. Low-dose CT scans provide valuable information on
the bony aspects of the joints, with a relatively high signal-to-noise ratio. Whole-body
Low-dose CT (WBLDCT) scans, with a scan time of less than one minute and an effec-
tive radiation dose <3 mSv for a 70 kg adult male, are increasingly used for evaluation
various conditions.

In this study, we aim to develop and describe a WBLDCT-based scoring system to
quantify OA burden throughout the body. We believe that the score—the OsteoArthritis
Computed Tomography (OACT) score—will be especially useful for research towards
personalized OA treatments. We assess the inter- and intra-reader agreement of the new
score and present an atlas, with extensive image examples, that can be used for training
and educational purposes, for uniform grading of OA on CT-scans.

2. Materials and Methods
2.1. Study Sample and Image Acquisition

The scoring system was developed using a convenience sample of 197 WBLDCTs ac-
quired for diagnosis or for attenuation correction in PET/CTs in the UMC Utrecht, Utrecht,
The Netherlands, between June 2011 and November 2015; the scanning was performed as
part of workup for suspected cancer and vascular or infectious disease. Scans were acquired
in the supine position without any contrast enhancement, with 64 x 0.625-mm collimation,
120 kV, and dose modulation with a reference of 40 mAs; the estimated effective dose was
<3.0 mSv for a 70-kg adult male. Reconstructions in the axial plane were made with 1-mm
slices and 0.7-mm increments. Joints with metallic implants were excluded. This study was
approved by the local institutional review board (protocol number 15/446-C), with waiver
of the need for informed consent.

2.2. Image Assessment

The Picture Archiving and Communication System (PACS IDS7 19.3.12; SECTRA)
was used to produce multiplanar view reconstructions. Using the 197 scans we created
a feasible and reproducible system for grading the severity of OA in each of the major
joints. Then, a reference atlas was composed that could be used to teach new readers the
scoring definitions. Finally, we tested intra- and inter-observer reproducibility on a subset
of 25 randomly selected scans (which included a total of 600 joints).

We aimed to grade all large synovial diarthrodial joints, intervertebral discs (IVD),
and facet joints. The elbow was frequently positioned outside the field of view and was
therefore excluded. Degenerative disc disease (DDD) of the IVD differs from OA, as IVDs
are fibrocartilaginous and not synovial joints. However, the biochemical and radiological
features of DDD closely resemble those of OA [4]. Many previous OA studies have assessed
the lumbar spine but, as other researchers have suggested, DDD in the cervical and thoracic
spine also needs to be considered [9,10]. We first performed a thorough literature search to
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locate CT-based scoring systems for OA of different joints. If no viable CT-based scoring
system was found, we modified the standard radiography-based scores for use on CT im-
ages. If no viable scoring system was available for a joint, we developed a new system using
the classic radiographic OA characteristics (joint space narrowing, osteophytosis, sclerosis,
and subchondral cysts). Each joint was graded on a scale of 0 to 3; thus, four grades were
possible. The goal was to develop a scoring system that could be used to score all joints
in a single patient within 15 min. The process of development of the scoring system for
each joint is described below. The scoring of each joint was discussed in multiple sessions
between a group consisting of a MD researcher with 5 years of experiences in medical
imaging of OA (WPG), a radiologist in training with a subspecialization in musculoskeletal
radiology (WF), and a fellowship-trained musculoskeletal radiologist with 6 years of ex-
perience (FJN) and an associate professor, section chief of Musculo-Skeletal Research and
attending Radiologist with extensive experience in developing radiologic scores (FWR)
The supplementary atlas (Supplementary Materials), which contains extensive examples,
can be used for training and also serves as a reference for scoring. Figure 1 presents an
overview of the tibiofemoral joint, and Figure 2 shows different grades of tibiofemoral OA.

2.2.1. Upper Extremity
Acromioclavicular Joint

Our literature search located a single grading system for acromioclavicular joint de-
generation [11]. Using 108 cadaveric joints, Stenlund et al. created a radiographic score that
demonstrated satisfactory correlation with macroscopic morphological grade. However,
this system was not tested for reproducibility. We used the radiographic characteristics
identified by Sterlund et al. to create four grades (Table 1).

Glenohumeral Joint

We did not find a validated CT-based grading system for glenohumeral OA. Therefore,
we based our score on the widely used and reliable system proposed by Samilson and
Prieto that scores OA according to the size of inferior humeral osteophytes on radiographs
(Table 1) [12,13]. As CT images offer 3D visualization of the joint, we considered osteo-
phytes everywhere in the glenohumeral joint, i.e., inferior, anterior, and posterior humeral
and glenoidal.

2.2.2. Spine
Degenerative Disc Disease

The system proposed by Lane et al. for grading degenerative disease of the thoracic
and lumbar spine is convenient and reliable [14,15]. We modified it for use on CT images
of the cervical, thoracic, and lumbar spine (Table 1). In addition to sclerosis, we considered
endplate irregularity, which can be evaluated on CT, as a sign of disease involvement
of cartilaginous and bony endplates. Extensive grading 21 spinal levels would be too
time consuming, thus, a concise screening of the spine is performed to identify the two
most affected levels within the cervical, thoracic, and lumbar regions. For these levels
the extensive grading is performed. If these scores are low, this means that degenerative
changes in the whole spinal region and therefore we expect limited impact on on systemic
biomarker levels and quality of life measurements.
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Tibiofemoral joint (Knee)

Predominant  Coronal, axial and sagittal

! view Oblique if needed
N / Settings Multiplanarview, minimal slice thickness,
T bone window
\ ‘ ¥ p] Sections Leftand Right
I, \ i ’ Grading 3 grades persection
W ad

Joint Space Narrowing (JSN)
Osteophytes (OST)
Cysts (CYST)

No joint space narrowing
Possiblejoint space narrowing
Definite joint space narrowing
Obliterated joint space

Rotate the MPR so that the sagittal plain runs trough the
middle of the patellaand the coronal plainis parallel to the
posterior aspect of the condyles

No osteophyte

Possible / small osteophyte
Moderate osteophyte (<5 mm)
Large osteophyte (> 5 mm)
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1 Presence of subchondral cyst

lllustration from Gettylmages

Figure 1. An example from the atlas showing the overview for scoring tibiofemoral osteoarthritis.

Tibiofemoral examples per grade

Grade 0 Grade 1

Figure 2. Example images from the atlas showing different grades of tibiofemoral osteoarthritis.
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Table 1. Definition of OACT scores for individual joints.

Acromioclavicular joint

0 No osteophytes or joint space narrowing (JSN)

1 Lipping and/or possible J[SN

2 Definite osteophytes and/or JSN

3 Definite osteophytes and/or JSN and sclerosis and/or cysts and/or bony
deformities

Glenohumeral joint

0 No osteophytes or definite JSN

1 Osteophyte measured less than 3 mm

2 Osteophyte measured between 3 and 7 mm, slight joint irregularity

3 Osteophyte measured more than 7 mm, definite JSN and/or irregularity.

Degenerative disc disease

0 Score 0-2 (Based on disc space narrowing, osteophytes, end plate regularity and
sclerosis)

1 Score 3-5

2 Score 6-8

3 Score 9-10

Facet joint

0 Normal facet joint space width (JSW) (24 mm)

1 Narrowing of facet JSW (<2 mm) and small osteophytes and /or mild
hypertrophy of the articular process

5 Narrowing of facet JSW (<2 mm) and moderate osteophytes and/or moderate
hypertrophy of the articular process and/or mild subarticulare bone erosions
Narrowing of facet JSW (<2 mm) and large osteophytes and/or severe

3 hypertrophy of the articular process and/or severe subarticulare bone erosions
and/or subchondral cysts

Hip joint

0 Score 0-1(Based on joint space narrowing, osteophytes, and cysts)

1 Score 2-3

2 Score 4-5

3 Score 6-7

Tibiofemoral joint

0 Score 0-1(Based on joint space narrowing, osteophytes, and cysts)

1 Score 2-3

2 Score 4-5

3 Score 67

Patellofemoral joint

0 No osteophytes, joint space narrowing (JSN)/sclerosis

1 Small osteophyte/lipping and mild JSN, but no defined sclerosis

2 Moderate osteophytes, moderate JSN and possible sclerosis

3 Large osteophytes, (near) boney contact and defined sclerosis

Ankle joint

0 No clinical evidence of OA; joint space integrity fully intact

1 Mild; osteophyte formation/lipping, possible joint space narrowing

’ Moderate; joint space narrowing evident, obvious osteophyte formation and
some sclerosis/ cystic changes

3 Severe; near absence of joint space, severe osteophyte/cyst formation, deformity

of bone

All subscores are presented in the atlas.
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Facet Joint OA

We incorporated the grading system created by Weishaupt et al. for the lumbar facet
joint OA (an adaption of the original scoring system proposed by Pathria et al.) in our
score, extending its application to the cervical and thoracic spine also [16,17].

We recommend the sagittal view for an easier, faster and more reproducible evaluation.
Only the two most affected levels within each region are extensively graded (Table 1).

2.2.3. Lower Extremity
Hip

Turmezei et al. published a CT grading system for hip OA [18]. This system is highly
detailed and time-consuming. In our experience, it takes about 5-10 min for an experienced
reader to score 2 hips. The learning curve was long for new readers. We did not find any
other grading systems for hip OA on CT and modified the score of Turmezei et al. it to
obtain a more straightforward four-grade score based on their principles (Table 1).

Knee—Tibiofemoral

We found no validated CT-based grading system for knee OA. A combination of
characteristics of radiographic OA as described by Kellgren and Lawrence and, more
recently, by Altman et al. (joint space narrowing, osteophytosis, and subchondral cysts)
was used to create the four-grade score (Table 1) [19,20].

Knee—Patellofemoral

Scoring of patellofemoral joint OA was based on the grades described by Jones et al. [21].
CT is acquired with extended knees, causing the patella to be located proximal to the
femoral notch; in this position, it is difficult to accurately measure joint space narrowing.
Therefore, we opted for a combined score that considered osteophytosis, sclerosis, and
diminishment of the joint space (Table 1).

Ankle

The CT scoring system and atlas as published by Cohen et al. was used for grading
ankle OA (Table 1) [22].

2.2.4. Total OA Grade

To test the eliability of a total score for OA in the large joints and the spine, a total OA
score was calculated by summing the scores of the individual joints. Therefore, with each
joint scored on a scale of 0-3, the total score could range from 0 to 72. (Table 1).

2.3. Testing Reproducibility

To test intra-observer reproducibility, a medical doctor and researcher with 4 years of
experience (WPG) scored the same subset of 25 randomly selected WBLDCTs twice, with
an interval of at least 1 week in between. To test inter-observer reproducibility, a radiologist
in training, with a subspecialization in musculoskeletal radiology (WF) and a fellowship-
trained musculoskeletal radiologist with 6 years of experience (FJN), scored the same
random sample of 25 scans independently. The atlas was used as reference for the grading
system. In accordance with the Guidelines for Reporting Reliability and Agreement Studies,
reliability was tested using Cohen’s kappa for binominal grade, squared weighted kappa
for ordinal grade, and two-way intraclass correlation coefficient (ICC) for consistency
for the total OA score [23,24]. Kappa values were interpreted according to Landis and
Koch: i.e., 0-0.20 slight agreement; 0.21-0.40 fair agreement; 0.41-0.60 moderate agreement;
0.61-0.80 substantial agreement; 0.81-1 almost perfect agreement [25]. Agreement was
tested using absolute agreement percentages for binominal and ordinal grades and Bland-
Altman and Jones plots for continuous values [26,27]. All analyses were carried out in R
version 3.4.4 (https:/ /cran.r-project.org/) using the irr package, version 0.84.
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3. Results

The 197 scans used for the development of the atlas were acquired from a sample
comprising 43% males (85/197). The mean age (SD) of the patients was 54 (£15) years.
Indications for scanning included vasculitis (n = 106), suspected infection (n = 57), and
suspected malignancy (n = 34). The 25 scans included in the reliability analyses were from
a patient subset that comprised 44% males (11/25). The mean age (SD) of the patients was
54 (£17) years. Indications for scanning were vasculitis (n = 15), suspected infection (n = 8),
and suspected malignancy (n = 2). Within the test set, OA grades 0 to 3 were found in all
joints, except for the hip and ankle, where only grades 0 to 2 were found (Table 2). Most
joints were graded as having no OA or only mild OA, which is to be expected in a random
sample of hospital. One ankle could not be scored due to beam-hardening artifacts caused
by screws.

Table 2. Frequency of grades per joint (n = 25 patients).

Joint 0 (No) 1 (Mild) 2 (Moderate) 3 (Severe)
Acromioclavicular, N(%) 24 (48) 10 (20) 5 (10) 11 (22)
Glenohumeral, N(%) 37 (74) 7 (14) 3 (6) 3  (6)
Intervertebral Disc, N(%) 48 (32) 47 (31) 33 (22) 22 (15)
Facet, N(%) 91 (61) 37 (25) 7 (5) 15 (10)
Hip, N(%) 33 (66) 13 (26) 4 (8) 0 (0
Knee, N(%) 25 (50) 13 (26) 8 (16) 4 (8)
Patellofemoral, N(%) 25  (50) 15 (30) 5 (10) 5 (10)
Ankle!, N(%) 26 (54) 19 (38) 4 (8) 0 (0

! One ankle was not scored due to artefacts caused by screws; Scores presented are produced in the first scoring
round by WPG.

3.1. Intra- and Interobserver Reliability for Total OA Grade

Intra-observer reliability for total OA grade was excellent, with an ICC of 0.97 (95% ClI,
0.93 to 0.99). The Bland-Altman plot showed an even spread of errors between the first
and second observation, with a mean error of —3.5 (SD, 3.4). Inter-observer reliability for
total OA grade was also excellent, with an ICC of 0.94 (95% ClI, 0.86 to 0.98). ICCs for
inter-observer reliability were comparable between observer pairs of different proficiency
levels, 0.95 between WPG and WE, 0.93 between WPG and FJN, and 0.97 between WF and
FJN. The Jones plot showed an even spread of errors between all observers, with WF giving
grades around the mean, FJN giving lower grades on average, and WPG giving higher
grades on average (Figure 3).
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Figure 3. Jones plot depicting the difference between each observation of the different readers and the mean observed score

for the total OA grade. The interrupted lines show the 95% limits of agreement.

3.2. Intra- and Interobserver Reliability for OACT Scores for Individual Joints

Intra-observer reliability of the OA grades for individual joints was substantial to
almost perfect, with the kappa values ranging from 0.79 to 0.95 and absolute percentage
agreement, ranging from 67% to 92% (Table 3). Inter-observer reliability of the OA grades
for individual joints was moderate to almost perfect, with the kappa values ranging from
0.48 to 0.95 and absolute percentage agreement ranging from 36% to 90% (Table 3). Table A1
shows the intra- and inter-observer reliability for grading of individual OA characteristics
(joint space narrowing, osteophytosis, and so on).

Table 3. Intra- and interobserver reliability as weighted kappa (percentage of absolute agreement)
for OACT scores for individual joints.

Reader 1 Reader 1 vs. Reader 1 vs. Reader 2 vs.

Joints (intra) Reader 2 Reader 3 Reader 3

Acromioclavicular 0.84 (80) 0.87 (74) 0.75 (62) 0.82 (68)
Glenohumeral 0.95 (92) 0.69 (72) 0.58 (38) 0.50 (48)
Intervertebral Disc 0.85 (67) 0.80 (61) 0.80 (68) 0.77 (53)
Facet 0.90 (85) 0.68 (64) 0.66 (57) 0.66 (57)
Hip 0.85 (88) 0.53 (68) 0.65 (64) 0.48 (64)
Knee 0.84 (72) 0.85 (68) 0.73 (50) 0.64 (36)
Patellofemoral 0.94 (88) 0.95 (90) 0.79 (60) 0.78 (64)
Ankle 0.79 (84) 0.74 (80) 0.56 (65) 0.49 (63)

Reader 1: Medical doctor and researcher; Reader 2: Radiologist in training with a subspecialization in muscu-
loskeletal radiology; Reader 3: Fellowship-trained musculoskeletal radiologist with five years of experience.

4. Discussion

The OACT score described here—a new reproducible WBLDCT-based grading system
for OA in large joints and the spine—was developed for research purposes. In this first
step, we introduce the scoring methods and present a reference atlas with multiple example
images. The atlas can be used as a reference for training new readers, educational purposes
and systemic grading of OA on CT-scans. We demonstrated a satisfactory intra-observer
reliability and decent inter-observer reliability. The use of WBLDCT for this goal is associ-
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ated with short scanning time with comparatively low-level exposure to ionizing radiation
(effective radiation dose <3 mSv for a 70-kg adult male). Furthermore, with this newly
developed grading system, it is possible to reliably assess overall structural burden of OA
in a patient within 15 min.

There is still no disease modifying drug for OA, mainly because drug development
focused on finding a one-size-fits-all drug. Drug development and evaluation will have a
higher chance of success if it is focused on specific structural phenotypes of OA. The selec-
tion criteria for these OA phenotypes has to be determined. The APPROACH study uses a
combination of established and novel biomarkers to develop stratification models that can
help select the appropriate therapy for each knee OA patient [3]. Many parameters, such
as quality of life, physical performance and biochemical markers levels in serum or urine
are affected by the disease burden of other joints [4,28-31]. These parameters potentially
impact the efficacy of drug development and evaluation in OA. In the APPROACH study,
the OACT score helps to phenotype OA patients and correct for confounding at the patient
level when assessing the relation between systemic biomarkers, and e.g., knee OA. Besides
structural progression, disease burden is an important marker for treatment success. Even-
tually the OACT-score will help improve patient selection for OA observational studies
and clinical trials that include clinical outcome parameters. The clinical relevance needs
to be established before clinical application may be considered. This has been the case for
many other scoring-based assessment instrument in the field of OA that were primarily
developed in the context of MRI evaluation [32,33]. Future studies should test the validity
of the OACT-score against clinical outcome parameters and other biomarkers.

In our sample the total OACT score showed excellent intra- and inter-observer relia-
bility (ICC, 0.97, and 0.94, respectively). To our knowledge, this is the first study test to
reliability for an OA grade at patient level. However, we would like to stress that summing
separate ordinal grades has limitations; for example, this would result in multiple low-
grade joints being equivalent to a single high-grade joint. For future studies, the weighting
factors for composing a total score, reflecting OA throughout the body, should be altered
to the goal of the specific study. Systemic cartilage degradation markers or global quality
of life measurements could be used to assess the influences of the different joints on the
total OA burden in future studies. Adding the OA scores of the joints of the hands and feet
would undoubtedly improve the value of the scoring system; however, we did not do so
because of the variable positioning of the hands and feet in the CT images in our study.
Validated radiographic scores for OA of the hands and feet could be used in combination
with the OACT score for a more complete assessment of total OA burden in the body [34].

The reliability results are in the expected range for a semi-quantitative radiological
score for OA. For the acromioclavicular joint, we found substantial to almost perfect
reliability. No other CT-based study is available for comparison. For the glenohumeral joint,
inter-observer reliability was moderate to substantial, while the intra-observer reliability
was almost perfect. We expect the moderate intra-observer reliability to be caused by
the high prevalence of no and mild glenohumeral OA, as this emphasizes the decision
between the presence of no, or a small (<3 mm) osteophyte. Again, no CT-based studies are
available for comparison. We found almost perfect intra-observer reliability and substantial
to almost perfect inter-observer reliability for DDD. No CT-based studies are available for
comparison. While, OA and DDD are different entities, the response to mechanical loading,
symptoms and matrix degradation pattern are highly correlated [35]. Therefore, we chose
to include DDD in our score. Based on the aim of their study, researcher may decide to in-
or exclude DDD.

Pathria et al. tested the inter-observer reliability of their CT-based scoring system
for facet joint OA and reported a kappa value of 0.46, while Weishaupt et al. reported
a weighted kappa of 0.60 [16,17]; the overall percentage agreement was 63%, and 51%,
respectively. These results were comparable to our results, where the weighted kappa
values ranged from 0.66 to 0.68 and absolute percentage agreement ranged from 57% to
64%.
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Turmezei et al. tested the reliability of their CT grading system for hip OA and reported
a weighted kappa of 0.74 and 0.75 for intra- and inter-observer reliability, respectively.
We simplified their scoring system to enhance grading speed and reliability for new readers
and found a weighted kappa of 0.85 for intra-observer reliability and between 0.48 and 0.65
for inter-observer reliability. The lower inter-observer reliability in our study may be due
to the very low prevalence of hip OA in our study population (8% with moderate OA or
higher) compared to the study population of Turmezei et al., which was selected to include
the full spectrum of hip OA.

For both patella and knee OA, we found almost perfect intra-observer reliability
and substantial to almost perfect inter-observer reliability. For the ankle joint, we found
moderate to substantial inter-observer agreement. Cohen et al. introduced an atlas for
grading ankle osteoarthritis on CT and reported an ICC of 0.851 and unweighted kappa of
0.582 in a population of specifically selected scans. As such, a valid comparison with our
results is not possible.

Our scoring system has several limitations. First, it does not consider OA in the
elbows, hands, and feet. The elbow was not included in our score as it was positioned
outside the field of view in a large number of scans. However, it should be noted that elbow
OA is rare, with a prevalence of only ~2% [36]. Second, we used semi-quantitative grades.
However, it must be noted that semi-quantitative grading enabled scoring a full WBLDCT
in 15 min. Third, WBLDCT is obtained with the patient lying supine; assessment of joint
space is influenced by the lack of weight bearing. The development of weight-bearing CT-
scan will hopefully counter this problem in the near future. Fourth, WBLDCT can clearly
visualize bony changes, but soft tissue degeneration (e.g., meniscal and capsule tears) will
be missed. Fifth, concurrent pathology such as diffuse idiopathic skeletal hyperostosis
may aggravate OA scores. Grading systems for such concurrent diseases could be used
along with the OA scores to further characterize individuals [37-39]. Sixth, CT involves
exposure to possibly harmful ionizing radiation. Due to technical advances, including
iterative reconstruction, the effective radiation dose of the WBLDCT was around <3 mSy,
which approximates one year of background radiation [40]. The exact risk for excess death
by cancer to a given effective radiation dose is difficult to determine. Using the rule of
5% excess mortality per 1 Sv, each WBLDCT may be accompanied by a 0.00015% excess
risk for cancer mortality [41]. Determining the sample size for a reproducibility study
using weighted kappa statistics is not straightforward [24]. We deemed a sample of 25
as appropriate since this results in a minimum of 50 joints per analysis and a total time
invested for training and scoring of ~10 h per reader. For the analysis of the total OA grade,
only 25 cases were available, which partly explains the high standard deviations in the
Bland—-Altman and Jones plots.

5. Conclusions

To summarize, we introduce the OACT score, a WBLDCT-based reproducible grading
system for large-joint OA burden in the body. The OACT score can be used as an outcome
measure in OA research or to correct for the influence of total OA burden on patient
reported outcomes and biochemical marker levels.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2075-442
6/11/1/5/s1, The reference atlas is found in Appendix A.
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Appendix A

Table A1l. Intra- and interobserver reliability for grading of individual characteristics.

Intervertebral Disc Reader1 Reader1vs. Reader1vs. Reader?2vs.

Weighted Kappa (% (intra) Reader 2 Reader 3 Reader 3
agreement)

Disc space narrowing (0-3) 0.83 (65) 0.76 (57) 0.80 (63) 0.72 (50)
Osteophytes (0-3) 0.85 (73) 0.76 (65) 0.76 (1) 0.81 (65)

Sclerosis and/or end plate

rregularity (0-1) 0.68 (84) 056 (79) 058 (79) 045 (72)

Hip

Weighted kappa (%

agreement)

Joint space narrowing (0-3) 0.86 (82) 0.65 (64) 0.37 (64) 0.51 (54)
Osteophytes (0-3) 0.75 (80) 057 (72) 069 (74) 059 (70)
Cyst (0-1) 1.00 (100) 1.00  (100) 049  (96) 049  (96)
Tibiofemoral joint

Weighted kappa (%

agreement)

Joint space narrowing (0-3) 0.77 (64) 0.63 (52) 0.74 (58) 0.45 (38)
Osteophytes (0-3) 090 (78) 090 (78 085 (60) 0.86  (68)
Cyst (0-1) 0.81 (94) 038 (80) 0.31 (72) 044  (76)

Reader 1: Medical doctor and researcher; Reader 2: Radiologist in training with a subspecialization in
musculoskeletal radiology; Reader 3: Fellowship-trained musculoskeletal radiologist with five years
of experience.
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Abstract: Background: Diffuse idiopathic skeletal hyperostosis (DISH) is associated with both obesity
and type 2 diabetes. Our objective was to investigate the relation between DISH and visceral adipose
tissue (VAT) in particular, as this would support a causal role of insulin resistance and low grade
inflammation in the development of DISH. Methods: In 4334 patients with manifest vascular disease,
the relation between different adiposity measures and the presence of DISH was compared using
z-scores via standard deviation logistic regression analyses. Analyses were stratified by sex and
adjusted for age, systolic blood pressure, diabetes, non-HDL cholesterol, smoking status, and renal
function. Results: DISH was present in 391 (9%) subjects. The presence of DISH was associated with
markers of adiposity and had a strong relation with VAT in males (OR: 1.35; 95%CI: 1.20-1.54) and
females (OR: 1.43; 95%CI: 1.06-1.93). In males with the most severe DISH (extensive ossification
of seven or more vertebral bodies) the association between DISH and VAT was stronger (OR: 1.61;
95%Cl: 1.31-1.98), while increased subcutaneous fat was negatively associated with DISH (OR: 0.65;
95%Cl: 0.49-0.95). In females, increased subcutaneous fat was associated with the presence of DISH
(OR: 1.43; 95%ClI: 1.14-1.80). Conclusion: Markers of adiposity, including VAT, are strongly associated
with the presence of DISH. Subcutaneous adipose tissue thickness was negatively associated with
more severe cases of DISH in males, while in females, increased subcutaneous adipose tissue was
associated with the presence of DISH.

Keywords: diffuse idiopathic skeletal hyperostosis; risk factors; adiposity; intra-abdominal fat

1. Introduction

Diffuse idiopathic skeletal hyperostosis (DISH) is a common condition characterized
by abnormal hyperostosis with the formation of new bony bridges around ligaments,
tendons, and joint capsules. DISH is most frequently present near the anterior longitudinal
ligament of the spine but can also manifest in the peripheral skeleton [1]. The exact patho-
physiology of DISH remains unclear, but various genetic, metabolic, and inflammatory
pathways are likely involved [1]. DISH is more prevalent in older individuals, mostly
affects males, and has been associated with several metabolic factors including obesity,
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hypertension, type 2 diabetes mellitus, and the metabolic syndrome [1-4]. Furthermore,
individuals with DISH are more prone to spinal fractures and cardiovascular events such
as stroke [1]. While usually asymptomatic, reported symptoms related to DISH include
dysphagia, airway obstruction, and a reduced range of motion [1].

Abdominal obesity, also referred to as central or visceral obesity, is characterized by
an increased volume of visceral adipose tissue (VAT) surrounding the intra-abdominal
organs [5]. Abdominal obesity is an independent risk factor for cardiovascular disease,
and has been related to different pathologies, including dyslipidemia, insulin resistance,
cardiovascular disease, diabetes, and cancer [6,7]. VAT is known to produce various inflam-
matory cytokines and adipokines, the latter contributing to the development of insulin
resistance in patients with increased depositions of VAT [8].

Different methods exist to quantify abdominal obesity. General obesity is most com-
monly quantified using body mass index (BMI), but BMI is limited in differentiating
between lean and fat body mass. More accurate approximations of VAT include indirect
anthropometric measurements with the waist circumference and waist-to-hip ratio, or
direct measurements with ultrasonography or computed tomography (CT) imaging [9].

Previous studies have shown that obesity is associated with both DISH and cardio-
vascular disease [1,3], however, it is unknown how obesity leads to a higher prevalence of
DISH. Moreover, the adiposity measurement showing the strongest relation with DISH is
also not known. A strong relation between markers of adiposity with the closest approxi-
mation of visceral adiposity may suggest a causal role of insulin resistance and low grade
inflammation in the pathogenesis of DISH. Therefore, in the present study we aimed to
investigate the relation between DISH and different measurements of adiposity, including
VAT. The secondary aim was to compare the relation between adiposity measurements
and different severities of DISH, to analyze how the extent of ossification relates to each
measure of adiposity.

2. Materials and Methods
2.1. Study Population

Patients enrolled in the Second Manifestations of ARTerial disease (UCC-SMART)
study, an ongoing prospective cohort study of the University Medical Center Utrecht, with
a patient population between 18 and 79 years with either manifest or risk factors for vas-
cular disease were included. All patients provided written informed consent at inclusion.
The UCC-SMART study is in accordance with the declaration of Helsinki and has been ap-
proved by our institutional review board (NL45885.041.13). Patients underwent extensive
vascular screening: patients were asked to complete a health questionnaire covering medi-
cal history, risk factors, smoking and drinking habits, and prescribed drugs. A standardized
diagnostic protocol was followed consisting of a physical examination and laboratory test-
ing in a fasting state. A more detailed description of the UCC-SMART study protocol has
been published previously [10]. We identified all patients from the UCC-SMART cohort
who received a digital chest radiograph within three months of inclusion, resulting in
4791 available patients. Of this population, 88 patients were subsequently excluded due to
technical image deficiencies (n = 44), only the frontal radiograph being available (1 = 34),
and poor image quality (n = 10). For the current study, we also excluded patients enrolled
before May 2000 as visceral fat measurements were not regularly performed before that
date. In the end, 4334 patients were available for inclusion (Figure 1).

136



J. Pers. Med. 2021, 11, 663

Patients with a chest
radiograph within 3 months

(n=4791)
Excluded (n = 88):
> - Technical image deficiencies (n =44)
- Only frontal radiograph available (n = 34)
- Poorimage quality (n =10)
A 4
Patients scored for DISH
(n=4703)
> Patients enrolled before May 2000
(n=369)
A\ 4

Patients included for analysis
(n=4334)

Figure 1. Flow chart of patient selection.

2.2. Assessment of DISH

Using the Resnick criteria [11], chest radiographs were assessed for the presence
of DISH. These classification criteria include the presence of ossification of at least four
contiguous vertebrae, (relative) preservation of the intervertebral disc height, and the
absence of apophyseal joint bony ankylosis or sacroiliac joint erosion. The chest radiographs
were scored by a group of six readers from the department of Radiology of our institution,
all of whom were certified to read chest radiographs independently (entrusted professional
activity level 4 or 5). To analyze the extent of anterolateral ossification in relation to the
markers of adiposity, the severity of DISH was also scored depending on the number
of involved vertebral bodies with adjacent bony bridges. Although no standardized
criteria have been validated for scoring different severities of DISH, we classified the
severity of DISH as the following: grade 1 DISH indicated flowing bridging osteophytes of
4 adjacent vertebral bodies; grade 2 DISH indicated flowing bridging osteophytes of 5 or
6 vertebral bodies; and grade 3 DISH indicated flowing bridging osteophytes of 7 or more
vertebral bodies.

2.3. Measurements of Adiposity Markers

Body mass index (BMI) was calculated by dividing the weight by the squared height
(kg/m?). Waist circumference was measured halfway between the lower rib and the il-
iac crest in the standing position. Hip circumference was measured at the level of the
greater trochanter in the standing position. The waist-to-hip ratio was calculated using
the waist circumference divided by the hip circumference. To measure subcutaneous and
intra-abdominal fat, B-mode ultrasound of the abdomen was obtained and performed
by well-trained registered vascular technologists in a certified vascular laboratory. Mea-
surements were made with the patient in supine position using an ATL HDI 3000 (Philips
Medical Systems, Eindhoven, The Netherlands) with a C4-2 transducer without prior
bowel preparation. Good reproducible results (interobserver coefficient of variation of
5.4%) and a strong association (Pearson’s correlation coefficient of 0.81, p < 0.001) were
found when comparing ultrasonographic measurements with a subset of CT scans for
intra-abdominal fat in our cohort [12]. Adhering to a strict protocol, measurements were
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performed using electronic calipers at the end of a quiet inspiration, applying minimal
pressure without displacement or compression of the abdominal cavity. The transducer
was placed in a straight line drawn between the left and right midpoints of the lower
rib and the iliac crest. Three different measurements at three different positions were
performed. Subcutaneous fat was measured as the distance between the linea alba and the
skin. Intra-abdominal fat was measured as the distance between the peritoneum and the
lumbar spine or psoas muscles. The contribution of VAT to total abdominal fat (VAT%)
was calculated as [100 x VAT + (VAT + SAT)] to evaluate the impact of an increased VAT,
independent of other adipose tissue locations or height.

2.4. Statistics

Categorical variables were expressed using frequencies and percentages, and normally
distributed continuous variables using the mean and standard deviation. Positively skewed
data were transformed using logarithmic transformation. Univariate and multivariate
logistic regression analyses were performed for each of the population characteristics
with the presence or absence of DISH as outcome, adjusted for age and sex. Risk was
calculated using odds ratios (OR) with 95% confidence intervals (95% CI). Specifically
for the adiposity measurements, data were transformed using z-scores for a per standard
deviation (SD) analysis using a stepwise adjusted approach including confounder selection
based upon literature and etiologic considerations with sex-stratification. In addition to
the crude analysis, two models were used: model two was adjusted for age, and model
three additionally adjusted for cardiovascular risk factors such as renal function calculated
with the Chronic Kidney Disease Epidemiology Collaboration equation (CKD-EPI) [13],
systolic blood pressure, diabetes, smoking status, and non-high density lipoprotein (HDL)
cholesterol. Missing data (1%) were imputed using multiple imputation based on the
Markov Chain Monte Carlo method (n = 10 and 40 iterations) and estimates for statistical
inference were pooled according to Rubin’s Rules [14]. Significance was set at p < 0.05. Data
analysis was performed using R, version 3.6.3 (R Foundation for Statistical Computing,
Vienna, Austria) using the mice package [15].

3. Results
3.1. Baseline Characteristics

A total of 4334 patients were included, of whom 391 (9.0%) satisfied the criteria for
DISH. A total of 146 patients were classified as grade 1 DISH, 131 as grade 2 DISH, and
114 as grade 3 DISH. Population characteristics are summarized in Table 1. Compared to
patients without DISH, subjects with DISH were older (67 vs. 59 years) and more often
male (85.7% vs. 68.4%). Furthermore, DISH subjects had significantly more metabolic
syndrome (66% vs. 52%) and diabetes (30% vs. 20%). All adiposity measurements except
subcutaneous fat were increased in patients with DISH when compared with patients
without DISH.

Table 1. Baseline patient characteristics.

Variable Total Group No DISH Total DISH Grade 1 DISH Grade 2 DISH Grade 3 DISH
(n =4334) (n = 3943) (n=391) (n =146) (n=131) (n=114)
Age (years), mean (SD) 58.5 (+£11.3) 57.8 (£11.3) 66.1 (£7.7) 65.2 (£8) 65.6 (£7.6) 68 (£7)
Sex (male), % 70.0% 68.4% 85.7% 80.1% 87.8% 83%
Diabetes, % 19.3% 18.3% 29.4% 25.3% 32.1% 31.6%
Glucose (mmol/L), mean (SD) 6.3 (£1.7) 6.3 (£1.7) 6.6 (£1.5) 6.5 (£1.4) 6.8 (£1.6) 6.6 (£1.3)
HbAlc (%), mean (SD) 5.9 (+£0.9) 5.9 (£1) 6 (£0.8) 5.9 (+£0.7) 6.1 (£0.9) 5.8 (£1)
: 2
CKD EPII(nn;;“r{ r(’;g)/ 1.73 m), 78.5 (£19) 79.1 (£19.1) 73 (£17.5) 73.4 (£17.9) 74.1 (£17.3) 71.3 (£17.2)
Systolic blor‘r’l‘i aprfe(;?;)re (mmHg), 1400 (4217) 1405 (4216)  145.8 (£222) 144.8 (+£22.8) 143.4 (£21.1) 149.9 (£22)
Diastolic bl?;’gaﬁr(essg‘;re (mmHg), 35 (+12.7) 83.3 (£12.8) 82.4 (£12.1) 83.1 (£12.7) 80.7 (11.4) 83.5 (+11.9)
Hypertension, % * 24.6% 24.1% 30.2% 29% 23.1% 40.3%
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Table 1. Cont.

Variable Total Group No DISH Total DISH Grade 1 DISH Grade 2 DISH Grade 3 DISH
(n = 4334) (n = 3943) (n = 391) (n = 146) (n =131) (n =114)
Pulse P;f:;r‘:r(gl(;;‘mHg)' 57.8 (+15.3) 57.2 (£15.2) 63.4 (£16) 61.8 (£15.3) 62.6 (£16.6) 66.4 (£15.7)
HDL-cholesterol (mmol/L),
ean (D) 1.3 (£0.4) 1.3 (£0.4) 1.2 (£0.3) 1.2 (£0.3) 1.2 (£0.4) 1.2 (£0.3)
LDL-cholesterol (mmol/L),
mean (SD) 2.8 (+1.1) 2.8 (£1) 2.7 (£1.1) 2.8 (+1.2) 2.7 (£0.9) 2.6 (£1)
Tngly;f;;ie(ssg;rgov Ly 094 (£037)  092(+036) 093 (£0.34) 096 (+£0.46) 0.93 (+0.31) 0.98 (+0.32)
Non-HDL ﬁg;istgg (mmol/L), 56119 3.6 (+1.2) 3.5 (+13) 3.6 (+15) 3.4(+1.2) 3.4 (+1.1)
hsCRP (mg/L), mean (SD) & 1.24 (+0.78) 1.23 (+0.78) 1.29 (+£0.77) 1.25 (+£0.72) 1.26 (+0.79) 1.36 (+0.80)
Metabolic syndrome, % * 53.3% 52.2% 65.9% 63.7% 63.3% 68.4%
Smoking (current vs. former), % * 72.7% 72.3% 77.0% 75.1% 78.5% 79.6%
Packyears, mean (SD) 17.3 (£19.5) 17.2 (£19.4) 18.6 (+20.2) 18 (420.5) 19 (£19.5) 19 (£20.6)
Drinking (current vs. former), % # 80.9% 80.4% 86.2% 83.4% 89.2% 87.7%
History of cerebral vascular 15.7% 15.2% 14.1% 15.1% 10.7% 16.7%
disease, %
History of coronary artery 50.5% 49.5% 59.8% 56.2% 64.1% 59.6%
disease (%)
History of peripheral artery 9.1% 9.2% 7.9% 8.9% 7.6% 7%
disease, %
History of abdominal aortic 5.3% 4.9% 8.7% 8.2% 8.4% 9.6%
aneurysm, %

Weight (kg), mean (SD) 82.7 (+15.8) 82.1 (+15.8) 88.2 (+15.4) 87.5 (+15.6) 87.8 (+14.7) 89.4 (+15.9)
BMI (kg/m?), mean (SD) 27.1 (£4.5) 26.9 (+4.4) 27.8 (+4.5) 28.8 (+4.5) 28.5 (+4.7) 29 (+4.4)
Waist Cl;fsamnffsrg;ce (cm), 955 (+£13.1) 94.9 (£8.7) 102 (£12.2) 101.1 (£12.7) 101.5 (£11.2) 103.6 (£12.7)

Waist- to-hip ratio, mean (SD) 0.92 (+0.09) 0.91 (+0.09) 0.96 (+0.07) 0.94 (+0.08) 0.95 (40.06) 0.97 (+0.08)
Subcutaneous fat (cm), mean (SD) 2.4 (£1.2) 24 (£1.2) 2.1 (£1.3) 2.3 (£1.5) 2.2 (£1.1) 1.8 (£0.9)
Visceral fat (cm), mean (SD) 9 (+£2.7) 8.9 (+2.6) 10.1 (£2.8) 9.8 (+2.8) 9.9 (+2.7) 10.7 (£2.9)

# Percentages were calculated after excluding missing cases from the denominator; & Log-transformed; Data are displayed using number
(percentage) for categorical variables and mean (fstandard deviation) for normally continuous data. BMI: body mass index; hsCRP: high
sensitivity c-reactive protein; CKD-EPI: Chronic Kidney Disease Epidemiology Collaboration; HDL: high density lipoprotein; LDL: low

density lipoprotein.
3.2. Risk Factors for DISH
Results of logistic regression analyses are listed in Table 2. After adjusting for age
and sex, DISH was significantly associated with presence of metabolic syndrome (OR 1.78
(95%Cl: 1.43-2.24)), the presence of diabetes (OR 1.50 (95%CI: 1.18-1.91)), and glucose
(per 1 mmol/L) (OR 1.10 (95%CI: 1.04-1.17)). Systolic blood pressure (per 1 mmHg), the
presence of hypertension, and pulse pressure (per 1 mmHg) were also associated with
DISH, whereas diastolic blood pressure was not. Regarding blood lipid profile, DISH was
associated with HDL-cholesterol.
Table 2. Risk factor analysis for the DISH group.
Univariate Model Age + Sex Adjusted
Variable Units
OR (95%CI) p-Value OR (95%CI) p-Value
Age* +1 year 1.09 (1.08-1.10) <0.001 1.09 (1.08-1.11) <0.001
Sex * Male vs. female 2.78 (2.08-3.7) <0.001  2.86(2.13-3.85)  <0.001
Diabetes Present vs. absent 1.72 (1.36-2.16) <0.001 1.50 (1.18-1.91) <0.001
Glucose +1 mmol/L 1.1 (1.05-1.16) <0.001 1.1 (1.04-1.17) <0.001
HbAlc +1% 1.14 (1.03-1.27) 0.01 1.13 (0.99-1.27) 0.06
CKD-EPI +1 mL/min/1.73 m? 0.98(0.98-099)  <0.001  1.0(0.99-1.01) 0.20
Systolic blood pressure +1 mmHg 1.01 (1.00-1.02) <0.001 1.01 (1.00-1.01) 0.008
Diastolic blood pressure +1 mmHg 0.99 (0.99-1.00) 0.21 1.00 (0.99-1.01) 0.55
Hypertension Present vs. absent 1.36 (1.09-1.72) 0.007 1.43 (1.13-1.82) 0.003
Pulse pressure +1 mmHg 1.02 (1.02-1.03) <0.001 1.01 (1.00-1.02) 0.001
HDL-cholesterol +1 mmol/L 0.66 (0.49-0.88) 0.005 0.68 (0.49-0.94) 0.02
LDL-cholesterol +1 mmol/L 0.92 (0.83-1.01) 0.08 1.05 (0.93-1.18) 0.43
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Table 2. Cont.

Univariate Model Age + Sex Adjusted

Variable Units
OR (95%CI) p-Value OR (95%CI) p-Value

Triglycerides & +1 log(1 mmol/L) 1.05 (0.88-1.27) 0.58 1.33 (1.08-1.63) 0.006
Non HDL-cholesterol +1 mmol/L 0.94 (0.86-1.02) 0.14 1.11 (1.01-1.22) 0.03
hsCRP & +11log(1 (mg/L) 1.07 (0.97-1.19) 0.18 1.05 (0.95-1.17) 0.30

Metabolic syndrome Present vs. absent 1.69 (1.36-2.11) <0.001 1.78 (1.43-2.24) <0.001
Smoking Current vs. former 1.31 (1.02-1.68) 0.03 1.03 (0.79-1.34) 0.82
Packyears +1 packyear 1.00 (0.99-1.01) 0.15 1.00 (0.99-1.00) 0.38
Drinking Current vs. former drinker ~ 1.54 (1.14-2.09) 0.004 1.12 (0.81-1.54) 0.51
History of cerebral vascular disease Yes vs. no 0.92 (0.67-1.22) 0.56 0.79 (0.57-1.06) 0.13
History of coronary artery disease Yes vs. no 1.52 (1.23-1.88) <0.001 0.91 (0.72-1.14) 0.39
History of peripheral artery disease Yes vs. no 0.85 (0.57-1.22) 04 0.74 (0.49-1.08) 0.13
History of abdominal aortic Yes vs. no 1.84 (1.24-2.66) 0002  1.02(0.67-1.49) 094

aneurysm

* Sex adjusted; # Age adjusted; & Log-transformed. OR: odds ratio; CI: confidence interval; BMI: body mass index; hsCRP: high
sensitivity c-reactive protein; CKD-EPI: Chronic Kidney Disease Epidemiology Collaboration; HDL: high density lipoprotein; LDL: low
density lipoprotein.

3.3. Intra-Abdominal Fat Measurements and Adiposity Markers in Relation to DISH in Males

Results of adiposity measurements with an increase of 1 SD in relation to the presence
of DISH in males are listed in Table 3. In the crude analysis, the presence of DISH was
associated with the adiposity measures weight, BMI, waist circumference, subcutaneous
fat, VAT, and VAT%. After full adjustments, the significant adiposity markers were weight
(OR 1.56; 95%CI: 1.36-1.79), BMI (OR 1.58; 95%CI: 1.28-1.94), waist circumference (OR
1.45; 95%CI: 1.15-1.82), and VAT (OR 1.35; 95%CI: 1.20-1.54). An increase of 1 SD of
subcutaneous fat, the waist-to-hip ratio, or VAT% was not significantly associated with the
presence of DISH. In general, the adiposity measures weight, BMI, waist circumference,
and VAT were significant for all grades of DISH in crude and full adjusted analyses. In
the most severe DISH group, the relation between VAT and the presence of DISH became
stronger (OR 1.61; 95%CI: 1.31-1.98). Moreover, in this group with most severe DISH, 1 SD
increase in subcutaneous fat was negatively associated with the presence of DISH (OR 0.65;
95%CI: 0.49-0.95), whereas VAT% was positively associated with the presence of DISH (OR
1.80; 95%Cl: 1.25-2.68). These relations for subcutaneous fat and VAT % were not observed
in the groups with grade 1 or grade 2 DISH.

Table 3. Adiposity measurements per SD with different severities of DISH as outcome in males.

Total DISH Grade 1 DISH Grade 2 DISH Grade 3 DISH
Model

ode OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI)
1 124 (1.10-1.39)@  1.26(1.05-1.51)@  1.16 (0.96-1.41)®  1.30 (1.07-1.58) 2
Weight (kg), per SD increase 2 159 (1.39-1.81)@ 153 (1.26-1.87)2  1.44(1.17-1.77)2  1.81(1.45-2.25)2
3 156 (1.36-1.79)®  1.54(1.26-1.89)2  1.40(1.14-1.74)2  1.73(1.39-2.17)2
1 1.39 (1.20-1.60)*  1.38(1.12-1.70)@ 127 (1.05-1.54)2  1.44(1.14-1.83)2
BMI (kg/m?), per SD increase 2 1.60 (1.31-1.94)2  1.51(1.14-2.00)®  1.41(1.10-1.79)2  1.71 (1.17-2.51) 2
3 158 (1.28-1.94)2  1.53(1.13-2.09)*  1.38(1.08-1.77)  1.66 (1.16-2.39) 2
Waist ci ; 1 144 (120-1.71)@ 141 (1.16-1.73)@ 133 (1.07-1.66)®  1.53 (1.15-2.04) 2
S“,St circumference (cm), per 2 147 (1.18-1.83)2 143 (1.14-1.79)  1.35(1.05-1.75)2  1.59 (1.10-2.29) 2
SD increase 3 145 (1.15-1.82)2  1.44(1.13-1.83)2  1.32(1.01-1.72)@  1.53 (1.07-2.18) 2
1 1.40 (0.97-2.01) 1.37 (1.02-1.84) @ 1.27 (0.90-1.79) 1.54 (0.89-2.66)
Waist-to-hip ratio, per SD increase 2 1.32 (0.94-1.87) 1.30 (0.98-1.74) 1.20 (0.86-1.69) 1.48 (0.86-2.53)
3 1.29 (0.92-1.82) 1.30 (0.97-1.76) 1.16 (0.83-1.63) 1.42 (0.85-2.36)
Sub ; 1 0.81 (0.68-0.95) 0.90 (0.71-1.14) 0.96 (0.76-1.21)  0.53 (0.37-0.76) @
S% cutaneous fat (cm), per 2 0.95 (0.81-1.10) 1.02 (0.81-1.29) 1.10 (0.87-1.38) 0.64 (0.44-0.94) 2
nerease 3 0.95 (0.82-1.11) 1.02 (0.81-1.28) 1.10 (0.88-1.37) 0.65 (0.49-0.95) 2
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Table 3. Cont.

Total DISH Grade 1 DISH Grade 2 DISH Grade 3 DISH
Model

ode OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI)

1 137 (1.22-154)2 130 (1.08-1.56)3  1.24 (1.03-151)@  1.64 (1.35-1.97) 2
VAT (cm), per SD increase 2 138(1.22-156)2 129 (1.07-1.57)3 024 (1.02-151)  1.68 (1.38-2.05) 2

3 135(1.20-1.54)2 130 (1.06-1.59)2 121 (0.98-149)  1.61 (1.31-1.98) 2

1 1.39 (1.18-1.65) 1.25 (0.99-1.59) 110 (0.87-1.40)  2.19 (1.55-3.10) 2
VAT%, per SD increase 2 121 (1.02-143)2  1.11(0.87-142) 097 (0.76-1.23)  1.87 (1.30-2.66) 2

3 1.18 (0.99-1.39) 110 (0.86-1.41) 094 (0.74-120)  1.80 (1.25-2.68) 2

Model 1: DISH crude; Model 2: adjusted for age; Model 3: adjusted for age, systolic blood pressure, diabetes, non-HDL cholesterol, smoking
status, and renal function. ® p < 0.05, SD: standard deviation; OR: odds ratio; CI: confidence interval; BMI: body mass index; VAT: visceral
adipose tissue; VAT%: visceral adipose tissue in relation to total abdominal fat.

3.4. Intra-Abdominal Fat Measurements and Adiposity Markers in Relation to DISH in Females

Table 4 lists the results of adiposity measures in females in relation to the presence of
DISH. The presence of DISH was related to the markers weight (OR 1.52; 95%Cl: 1.20-1.94),
BMI (OR 1.55; 95%CI: 1.28-1.89), waist circumference (OR 1.54; 95%CI: 1.06-2.24), and VAT
(OR 1.71; 95%CI: 1.33-2.19). After adjusting for cardiovascular risk factors, the relation
between the presence of DISH and waist circumference became attenuated (OR 1.39;
95%ClI: 0.89-2.16), while an increase by 1 SD of subcutaneous fat was associated with the
presence of DISH (OR 1.43; 95%CI: 1.14-1.80). The adiposity markers weight (OR 1.75;
95%CI: 1.29-2.38), BMI (OR 1.66; 95%CI: 1.30-2.13), and VAT (OR 1.43; 95%CI: 1.06-1.93)
remained significantly associated after full adjustment. For the different Grades of DISH,
the adiposity measures weight and BMI were significant for all grades of DISH in crude
and full adjusted analyses.

Table 4. Adiposity measurements per SD with different severities DISH as outcome in females.

Total DISH Grade 1 DISH Grade 2 DISH Grade 3 DISH
Model
ode OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI)
1 1.52 (1.20-1.94) @ 1.36 (0.97-1.91) 1.71 (1.15-2.54) @ 1.57 (0.96-2.58)
Weight (kg), per SD increase 2 1.94 (1.46-257)2  1.68(1.14-247)2  220(1.39-349)2  2.21 (1.20-4.04) 2
3 1.75(1.29-2.38)@ 159 (1.04-2.43)2  1.84(1.11-3.04)®  2.08 (1.08-4.03) 2
1 1.55(1.28-1.89)2  1.42(1.09-1.84)2  1.66(1.20-2.29)2  1.57 (1.08-2.30) 2
BMI (kg/m2), per SD increase 2 1.13 (1.08-120)2  1.60(1.18-2.16)@  1.93(1.34-2.80)@ 197 (1.24-3.17)2
3 1.66 (1.30-2.13)@  1.55(1.11-2.16)®  1.72(1.16-2.55)2  1.89 (1.12-3.17) 2
Waist cireumt 1 1.54 (1.06-2.24) @ 1.37 (0.89-2.10) 1.69 (1.10-2.59) @ 1.68 (0.91-3.11)
SS{St circumference (cm), per 2 1.54 (0.99-2.38) 1.33 (0.82-2.18) 1.69 (1.05-2.72) 2 1.69 (0.80-3.61)
mncrease 3 1.39 (0.89-2.16) 1.24 (0.71-2.18) 1.44 (0.89-2.31) 1.62 (0.74-3.53)
1 1.31 (0.83-2.06) 1.05 (0.64-1.73) 1.44 (0.87-2.40) 1.57 (0.72-3.49)
Waist-to-hip ratio, per SD increase 2 1.15 (0.76-1.75) 0.86 (0.47-1.57) 1.33 (0.81-2.18) 1.47 (0.64-3.39)
3 1.03 (0.65-1.64) 0.77 (0.38-1.60) 1.15 (0.67-1.99) 1.48 (0.60-3.60)
b . 1 1.21 (0.97-1.52) 1.34 (1.04-1.74) 2 1.21 (0.72-2.04) 0.81 (0.44-1.48)
gg cutaneous fat (cm), per 2 1.44 (1.15-1.81)2  1.58 (1.20-2.10) 2 1.39 (0.85-2.29) 0.94 (0.49-1.81)
mncrease 3 143 (1.14-1.80)2  1.55(1.16-2.08) 2 1.48 (0.90-2.44) 0.93 (0.47-1.82)
1 1.71 (1.33-2.19) @ 147 (1.04-2.05)  2.08(1.35-3.19)2  1.72(1.02-2.88) 2
VAT (cm), per SD increase 2 1.63 (1.24-2.13) @ 1.36 (0.94-198)  2.05(1.31-3.22) 2 1.66 (0.93-2.97)
3 1.43 (1.06-1.93) @ 1.26 (0.84-1.92) 1.61 (0.97-2.65) 1.46 (0.78-2.75)
1 1.21 (0.91-1.61) 0.98 (0.69-1.40)  2.07 (1.35-3.19) 2 1.75 (0.94-3.26)
VAT%, per SD increase 2 1.10 (1.06-1.13) @ 0.80 (0.55-1.17) 1.19 (0.61-2.35) 1..46 (0.75-2.83)
3 0.90 (0.67-1.22) 0.76 (0.51-1.14) 0.97 (0.50-1.89) 1.36 (0.69-2.72)

Model 1: DISH crude; Model 2: adjusted for age; Model 3: adjusted for age, systolic blood pressure, diabetes, non-HDL cholesterol, smoking
status, and renal function. # p < 0.05, SD: standard deviation; OR: odds ratio; CI: confidence interval; BMI: body mass index; VAT: visceral
adipose tissue; VAT%: visceral adipose tissue in relation to total abdominal fat.
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4. Discussion

In the current study, we aimed to assess the relation between different severities
of DISH and various measurements of adiposity in both males and females with a high
risk for cardiovascular disease. We found that, in males, all adiposity markers except for
subcutaneous fat and the waist-to-hip ratio were associated with the presence of DISH.
When analyzing the group with the most severe DISH, the relation between VAT and the
presence of DISH became stronger. Moreover, increased subcutaneous fat was negatively
associated with cases of DISH with extensive ossification, reinforcing the importance of
adipose tissue distribution in the pathogenesis of DISH.

In females, the adiposity markers we identified with the presence of DISH were
weight, BMI, subcutaneous fat, and VAT. Waist circumference was not associated with the
presence of DISH, which was the case for males, whereas in female DISH patients increased
subcutaneous fat was positively associated with the presence of DISH.

The risk factors we identified for DISH in our cohort also strongly relate to the pres-
ence of VAT and obesity [16] showing the probable causal relation between VAT and insulin
resistance. The formation of bone in DISH is potentially linked with metabolic derange-
ments via the insulin-like growth factor-I pathway, which is able to induce proliferation in
chondrocytes and osteoblasts [17].

The prevalence of DISH in our cohort was 9.0% and our data confirm previously
observed associations between DISH and BMI [3,18-21], diabetes [3,19-21], waist circum-
ference [5,18,22], metabolic syndrome [5,18], systolic blood pressure [18,23], and hyper-
tension [5,18]. A higher level of HDL-cholesterol was significantly associated with the
presence of DISH in our study, whereas other cohorts did not find this relation [5,18]. These
risk factors are described to strongly relate to excess levels of VAT and the presence of
insulin resistance [16]. In line with previous work, no association was found between
DISH and hsCRP [18]. As our patient population had increased risk for cardiovascular
disease, a large portion of our cohort was treated with statin therapy for cardiovascular
risk management. The use of statins is associated with a reduction in levels of hsCRP [24],
which may explain why no significant difference was observed for hsCRP between the
groups with and without DISH in our cohort.

Our results show that the presence of DISH is associated with VAT, which is in
accordance with Lantsman et al. [25] and Okada et al. [26], who measured VAT in DISH
patients using CT imaging. In the study by Okada and colleagues, the area of VAT was
significantly increased in DISH patients (130.7 + SD 58.2 cm? vs. 89.0 + SD 48.1 cm?).

Interestingly, females with DISH had both increased subcutaneous fat and VAT in
our cohort. Contrarily in males, an increased VAT was linked with DISH while increased
subcutaneous fat was not. When estimating the percentage of VAT in relation to total
abdominal fat, no association was found between VAT% and DISH for both sexes. This
might be explained by the poor reliability of using adiposity measurements with ultrasound
as proxies for VAT accumulation in relation to total abdominal fat. Ideally, CT-based
segmentations in the coronal plane are preferred as this can more accurately measure the
total area of visceral fat in relation to the total area of abdominal fat. To minimize this
discrepancy, our measurements adhered to a strict protocol, and the estimations were
averaged over multiple measurements of the same patient.

Although other adiposity markers had stronger observed associations with DISH
compared to VAT in our study, our results still indicate that one SD increase of VAT is
associated with a 35% and 43% increase in risk for DISH in males and females, respectively.
VAT is known to increase with older age, and a higher percentage of VAT is found in
men [27,28]. Furthermore, it is now well established that VAT produces different adipokines
and inflammatory molecules including leptin, adiponectin, tumor necrosis factor-o, and
interleukin-6. In the literature, few studies have reported these adipokines in relation to
DISH. Visceral obesity results in lower levels of adiponectin [29], which was reported for
DISH in two studies [30,31]. Moreover, increased levels of leptin [31,32] and visfatin [30]
were also observed in DISH patients. Both leptin and adiponectin are known to influence
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bone metabolism and bone homeostasis [31,33]. An adequate explanation for the role
of these adipokines in the pathogenesis of DISH remains to be determined. Recently,
Mader et al. [34] reviewed the involvement of a possible inflammatory component in
DISH, and concluded that local inflammation, prior to or as a consequence of metabolic
derangements, could play a crucial role in the development of DISH. Our results support
the notion that research on VAT and inflammation should be further (re)explored in patients
with DISH.

Strengths and Limitations

The strengths of our study are the relatively large sample size of our prospective
cohort, with extensive and accurate information on a broad array of cardiovascular risk
factors. Moreover, we studied the relative importance of adiposity measurements and
corrected for confounders, which has not been reported previously in DISH.

Our study, however, also has limitations. Visceral and subcutaneous fat measured
with ultrasonography have been reported to be prone to measurement variability. However,
an interobserver coefficient of variation of 5.4% was found for our cohort, indicating good
measurement reliability [12]. Secondly, the Resnick criteria for DISH are arbitrary and
some milder forms or earlier stages of DISH will be misclassified. This can result in some
underestimation of the associations. Finally, the cross-sectional design of our study should
warrant a cautious approach when drawing causal etiological conclusions.

5. Conclusions

To summarize, measurements of adiposity, including visceral adipose tissue thickness,
were associated with the presence of DISH in both males and females. Subcutaneous
adipose tissue thickness was negatively associated in males with most severe DISH. In
females, subcutaneous adipose tissue was positively associated with the presence of DISH.
Our research supports further investigation into the role of visceral adipose tissue and
insulin resistance in the pathogenesis of DISH.
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Abstract: According to recent studies, patients with COVID-19 have different feature characteristics
on chest X-ray (CXR) than those with other lung diseases. This study aimed at evaluating the layer
depths and degree of fine-tuning on transfer learning with a deep convolutional neural network
(CNN)-based COVID-19 screening in CXR to identify efficient transfer learning strategies. The CXR
images used in this study were collected from publicly available repositories, and the collected
images were classified into three classes: COVID-19, pneumonia, and normal. To evaluate the effect
of layer depths of the same CNN architecture, CNNs called VGG-16 and VGG-19 were used as
backbone networks. Then, each backbone network was trained with different degrees of fine-tuning
and comparatively evaluated. The experimental results showed the highest AUC value to be 0.950
concerning COVID-19 classification in the experimental group of a fine-tuned with only 2/5 blocks of
the VGG16 backbone network. In conclusion, in the classification of medical images with a limited
number of data, a deeper layer depth may not guarantee better results. In addition, even if the same
pre-trained CNN architecture is used, an appropriate degree of fine-tuning can help to build an
efficient deep learning model.

Keywords: COVID-19; chest X-ray; deep learning; convolutional neural network; Grad-CAM

1. Introduction

CORONAVIRUS disease (COVID-19) has quickly become a global pandemic since it was first
reported in December 2019, reaching approximately 21.3 million confirmed cases and 761,799 deaths as
of 16 August 2020 [1]. Due to the highly infectious nature and unavailability of appropriate treatments
and vaccines for the virus, early screening of COVID-19 is crucial to prevent the spread of the disease
by the timely isolation of susceptive individuals and the proper allocation of limited medical resources.

Currently, reverse transcription polymerase chain reaction (RT-PCR) was introduced as the gold
standard screening method for COVID-19 [2]. However, since the overall positive rate of RT-PCR,
using nasal and throat swabs, is reported to be 60-70% [3], there is a risk that a false-negative patient may
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again act as another source of infection in a healthy community. Conversely, there have been reports of
high sensitivity to COVID-19 screening in radiological tests such as chest computed tomography or
chest X-ray (CXR) [3-5]. According to the reports on CXR characteristics of patients confirmed as the
COVID-19 case, it demonstrated multi-lobar involvement and peripheral airspace opacities, which
was most frequently demonstrated as ground-glass [6]. However, in the early stages of COVID-19,
this ground-glass pattern may appear at the edges of the lung vessels, or as asymmetric diffused
airspace opacities [7], it can be difficult to visually detect the characteristic patterns of COVID-19 from
X-rays. Therefore, considering the fact that the number of suspected patients increases exponentially
in contrast to the limited number of highly trained radiologists, the diagnostic supporting procedures,
using an automated screening algorithm with a producing objective, reproducible, and scalable results,
can speed up earlier precise diagnosis.

In recent years, deep learning (DL) technology, a specific field of artificial intelligence (AI)
technology, has made remarkable advances in medical image analysis and diagnosis, and is considered
to be a potentially powerful tool to solve such problems [8,9]. Despite the lack of available published
data to date, DL approaches for the diagnosis of COVID-19 from CXR have been actively studied [10-17].
Because the available data are limited, previous research has focused on creating a new DL architecture
based on deep convolutional neural networks (CNNs) for providing effective diagnosis algorithms.
However, previous studies have focused only on the efficacy of the newly created network through
comparison between different CNNS, so the effect of the layer depth, called scalability, and degree of
fine-tuning of transfer learning with CNN has not been comparatively studied. Therefore, the main
objective of this study was to further investigate the effect of layer depth on the same CNN architecture,
and the degree of fine-tuning of transfer learning with the same CNN at the same hyper-parameters.
Furthermore, by employing the gradient-weighted class activation map (Grad-CAM) [18,19], this study
provided a visual interpretation explaining the feature characteristic region that the DL model has the
most influence on classification prediction.

2. Materials and Methods

2.1. Experimental Design

The overall experimental steps and experimental groups used in this study are shown in Figure 1.
The experiment consisted of 12 experimental subgroups. To evaluate the scalability of the same CNN
architecture, the experiment consisted of two main groups according to the layer depths of each CNN.
Each CNN main group is divided into 6 subgroups according to the degree of fine-tuning.

Step1: Data Collection Step2: Image Pre-processing Step3: Training Step4: Comparing Predictions

—> VGG16 —* Fine-Tuning (None) l'l.. —, Normal/Pneumonia/COVID-19
I+ Fine-Tuning (1 Block) D..'. ———  Normal/Pneumonia/COVID-19
[ Fine-Tuning (2 Block) DD". ——— Normal/Pneumonia/COVID-19
> Fine-Tuning (3 Block) DDG.. —— Normal/Pneumonia/COVID-19
I+ Fine-Tuning (4 Block) DD[]D' ——» Normal/Pneumonia/COVID-19

Original Images Histogram correction — Fine-Tuning (5 Block) DD DGD ——  Normal/Pneumonia/COVID-19

'— VGG19 —*> Fine-Tuning (None) ..." —, Normal/Pneumonia/COVID-19
- Fine-Tuning (1 Block) D'... —— Normal/Pneumonia/COVID-19
[ Fine-Tuning (2 Block) []D... —— Normal/Pneumonia/COVID-19
|- Fine-Tuning (3 Block) GDD'. ——— Normal/Pneumonia/COVID-19
[ Fine-Tuning (4 Block) []D[]D. —— Normal/Pneumonia/COVID-19
> Fine-Tuning (5 Block) DDDDD —— Normal/Pneumonia/COVID-19

Figure 1. The experiment consists of a total of 12 experimental subgroups. It is largely divided into two
main groups according to the layer depths, and each convolutional neural network (CNN) subgroup is
divided into 6 subgroups according to the degree of fine-tuning.
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2.2. Datasets

The datasets used for classification are described in Table 1. Several publicly available image data
repositories have been used to collect COVID-19 chest-ray images. Normal and pneumonia samples
were extracted from the open source NIH chest X-ray dataset used for the Radiological Society of North
America (RSNA) pneumonia detection challenge [20]. The total dataset was curated into three classes:
normal, pneumonia, and COVID-19. Since the balance of data for each class is a very important factor
in classification analysis, this study randomly extracted the images of other classes according to the
number of COVID-19 images that can be obtained as much as possible.

Table 1. Description of datasets for COVID-19 classification.

Class Reference Samples
Normal RSNA pneumonia detection challenge [20] 607
Pneumonia RSNA pneumonia detection challenge [20] 607
COVID-19 image data collection [21] 468
Figure 1 COVID-19 Chest X-ray [22] 35
COVID-19 Actualmed COVID-19 Chest X-rays [23] 58
COVID-19 Radiography Database [24] 46
Total 1821

The entire dataset was combined with 607 COVID-19 image data publicly shared at the time of
the study, as well as 607 normal and 607 pneumonia chest radiographs randomly extracted from the
RSNA Pneumonia Detection Challenge dataset, resulting in 1821 data being combined. In the case of
the COVID-19 dataset, four public datasets were used, and only one image was used when the source
of the image was duplicated. In the public datasets used in the experiment, patient information was
de-identified or not provided.

The entire collected dataset was randomly divided into a training and testing ratio of 80:20 for
each class, and training data were also randomly divided by a training and validation ratio of 80:20 for
use in the 5-fold cross validation.

2.3. Image Preprocessing

Because the image data used in this experiment were collected from multiple centers, most of
the images have different contrast and dimensions. Therefore, all images used in this study required
contrast correction through the histogram equalization technique and resizing to a uniform size
before the experiment. In this study, preprocessing was performed using the contrast limited adaptive
histogram equalization (CLAHE) technique [25], which has been adopted in previous studies related
to lung segmentation and pneumonia classification [26-28]. Figure 2 shows sample images with CXR
contrast corrected using the CLAHE technique. For the consistency of image analysis, each image was
resized to a uniform size of 800 x 800.

2.4. Convolutional Neural Networks

This study employed two different deep CNNs as backbone networks: VGG-16 and VGG-19.
VGG [29] is a pre-trained CNN, from the Visual Geometry Group, Department of Engineering Science,
University of Oxford. The numbers 16 and 19 represent the number of layers with trainable weights of
VGG networks. VGG architecture had been widely adopted and recognized as a state of the art in both
general and medical image classification tasks [30]. Since VGG-16 and VGG-19 have the same neural
network architecture but different layer depths, a comparative evaluation of performance according to
the degree of layer depths can be performed under the same architectural condition.
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Normal Pneumonia COVID-19

Original

CLAHE

Figure 2. Sample images after applying contrast correction by contrast limited adaptive histogram
equalization (CLAHE) and the semantic segmentation of lung on original chest X-ray (CXR) images.

2.5. Fine-Tuning

When the training dataset is relatively small, transferring a network pre-trained on a large
annotated dataset and fine-tuning it for a specific task can be an efficient way to achieve acceptable
accuracy and less training time [31]. Although the classification of diseases from CXR images differs
from object classification and natural images, they can share similar learned features [32]. During the
fine-tuning of transfer learning with deep CNNs, model weights were initialized based on pre-training
on a general image dataset, except that some of the last blocks were unfrozen so that their weights were
updated in each training step. In this study, the VGG-16 and VGG-19, used in this study as a backbone
neural network, consist of 5 blocks regardless of the network layer depth. Therefore, fine-tuning was
performed in a total of 6 steps in a manner that was unfrozen sequentially from 0 to 5 blocks starting
from the last block, depending on how many blocks were unfrozen. As a result, VGG-16 and VGG-19
were used as backbone networks, and each deep CNN was divided into 6 subgroups according to the
degree of fine-tuning. Figure 3 shows the schematic diagrams of the layer composition and the degree
of fine-tuning of VGG-16 and VGG-19.

2.6. Training

The 1458 images selected as the training dataset were randomly divided into five folds. This was
done to perform 5-fold cross validation to evaluate the model training, while avoiding overfitting or
bias [33-35]. Within each fold, the dataset was partitioned into independent training and validation
sets using an 80 to 20% split. The selected validation set was a completely independent fold from the
other training folds and was used to evaluate the training status during the training. After one model
training step was completed, the other independent fold was used as a validation set and the previous
validation set was reused as part of the training set to evaluate the model training. An overview of the
5-fold cross validation performed in this study is presented in Figure 4. As an additional method to
prevent overfitting, drop out was applied to the last fully connected layers, and early stopping was
also applied by monitoring the validation loss at each epoch.
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Figure 3. Schematic diagram of 12 experimental groups according to the degree of fine-tuning in the
VGG-16 (top) and VGG-19 (bottom) backbone neural networks.

The above training process was repeated for all 24 experimental groups (Figure 1). All deep CNN
models were trained and evaluated on an NVIDIA DGX StationTM (NVIDIA Corp., Santa Clara,
CA, USA) with an Ubuntu 18 operating system, 256 GB system memory, and four NVIDIA Telsa
V100 GPU. The building, training, validation, and prediction of DL models were performed using
the Keras [36] library and TensorFlow [37] backend engine. The initial training rate of each model
was 0.00001. A ReduceLROn-Plateau method was employed because it reduces the learning rate
when it stops improving the training performance. The RMSprop algorithm was used as the solver.

151



J. Pers. Med. 2020, 10, 213

After training all the 5-fold deep CNN models, the best model was identified by testing with the
test dataset.

| All Data (1,821 images) |

| Training data t1,458 images) || Test data (363 images) |
| Follr.l 1| Fotl 2 | Fold 3 I Folt 4 | Folt 5 | |

[ validation | Training | [ Model 1> | Prediction 1 |
[ Training [ validation | Training | [ Model 2> i| Prediction 2 |
| Training [ validation | Training | [ Models > | Prediction 3 |
| Training | vaiidation [ Training | | Model 4 > | Prediction 4 |
| Training [ validation | [ Models > !| Predictions |

Comparison of
prediction
performance

Figure 4. The overview of the 5-fold cross validation applied in this study.
2.7. Performance Evaluation

To comprehensively evaluate the screening performance on the test dataset, the accuracy, sensitivity,
specificity, receiver operating characteristic (ROC) curve, and precision recall (PR) curve were calculated.
The accuracy, sensitivity, and specificity score can be calculated as follows:

Accuracy = TP+ TN
Y= TPy TN+ FN + FP
Sensitivity — ——-—
NSV = TP N
o s TN
Spec1f1c1ty = m

TP and FP are the number of correctly and incorrectly predicted images, respectively. Similarly,
TN and FN represent the number of correctly and incorrectly predicted images, respectively. The area
under the ROC curve (AUC) was also calculated in this study.

2.8. Interpretation of Model Prediction

Because it is difficult to know the process of how deep CNNs make predictions, DL models have
often been referred to as non-interpretable black boxes. To determine the decision-making process of
the model, and which features are most important for the model to screen COVID-19 in CXR images,
this study employed the gradient-weighted class activation mapping technique (Grad-CAM) [18,19] so
that the most significant regions for screening COVID-19 in CXR images were highlighted.

3. Results

3.1. Classification Performance

Table 2 summarizes the classification performance of the three classes, normal (N), pneumonia
(P), and COVID-19 (C), for each experimental group.
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Table 2. Performance metrics of experimental groups where N, P and C are normal, pneumonia and
COVID-19, respectively.

CNN Number of

Models Fine-Tuning Blocks Accuracy  Specificity = Sensitivity AUC

N 0.871 0.909 0.793 0.851
0 P 0.832 0.814 0.868 0.841
C 0.906 0.883 0.752 0.868

N 0.873 0.884 0.851 0.868

1 P 0.884 0.913 0.826 0.870
C 0.945 0.979 0.876 0.928

N 0.901 0.930 0.842 0.886

2 P 0.909 0.921 0.884 0.903
C 0.959 0.975 0.925 0.950

VGG-16 N 0.884 0.888 0.876 0.882
3 P 0.884 0.909 0.835 0.872
C 0.939 0.983 0.851 0.917

N 0.901 0.934 0.835 0.884

4 P 0.862 0.847 0.893 0.870
C 0.928 0.988 0.810 0.899

N 0.873 0.905 0.810 0.857

5 P 0.796 0.748 0.893 0.820
C 0.857 0.992 0.587 0.789

N 0.873 0.971 0.678 0.824

0 P 0.804 0.777 0.860 0.818
C 0.904 0.938 0.835 0.886

N 0.893 0.913 0.851 0.882

1 P 0.857 0.893 0.785 0.836
C 0.926 0.950 0.876 0.913

N 0.882 0.909 0.826 0.868

2 P 0.868 0.905 0.793 0.849
C 0.937 0.950 0.909 0.930

VGG-19 N 0.879 0.897 0.843 0.870
3 P 0.847 0.876 0.777 0.826
C 0.920 0.959 0.843 0.901

N 0.860 0.872 0.835 0.853

4 P 0.840 0.876 0.769 0.822
C 0.915 0.963 0.818 0.890

N 0.862 0.864 0.860 0.862

5 P 0.835 0.888 0.727 0.808
C 0.912 0.955 0.826 0.890

Compared with all the tested deep CNN models, the fine-tuned with two blocks of the VGG-16
(VGG16-FT2) model achieved the highest performance in terms of the COVID-19 classification of
accuracy (95.9%), specificity (97.5%), sensitivity (92.5%), and AUC (0.950). For all the tested deep CNNs,
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fine-tuning the last two convolutional blocks presented a higher classification performance compared
to the fine-tuning of the other number of convolutional blocks. In addition, the case of all untrainable
convolutional blocks without fine-tuning, regardless of the scalability of the backbone network, showed
the lowest classification. Generally, the fine-tuned models using VGG16 as a backbone architecture
were better than those using VGG19.

Figure 5 shows how the number of fine-tuned deep CNN blocks influences the classification
performance in terms of the accuracy of COVID-19 screening. In this figure, the classification
performance was not proportionately dependent on the degree of fine-tuning with the base model.
There was a decrease in classification accuracy when more than three convolutional blocks of all deep
CNNs were used. In addition, regardless of the number of fine-tuned blocks, the VGG19 models with
more convolutional layers had lower classification accuracy than the VGG16 models. The confusion
matrix and ROC of VGG16-FT2 achieving the highest performance in multi-class classification are
presented in Figures 6 and 7.

0.95 ///.\\.\\
> 09 AN
O
©
| -
> \
s
0.85
<
—— VGG-16
0.8
VGG-19
0.75
0 1 2 3 4 5

Number of Fine-Tuned Convolutional Blocks

Figure 5. COVID-19 classification performance versus the number of fine-tuned convolutional blocks.
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Figure 6. Confusion matrix of the best performed classification model (VGG16-FT2) in this study.
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Figure 7. Receiver operating characteristics (ROC) curve of the best performing classification model

(VGG16-FT2) in this study.

3.2. Interpretation of Model Decision Using Grad-CAM
Figures 8-10 show examples of a visualized interpretation of predictions using deep CNN models

in this study. In each example, the color heat map presented which areas were most affected by the

classification of the deep CNN model.

Original Image (True: COVID-19)

Original Image (True: Pneumonia)

Original Image (True: Normal)

Class Activation Mapping (Predict: Pneumonia) Class Activation Mapping (Predict: COVID-19

Class Activation Mapping (Predict: Normal)
#
/

Figure 8. Samples of original and gradient-weighted class activation mapping technique (Grad-CAM)
images were correctly predicted by the best performing classification model (VGG16-FT2) in this study.
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Class Activation Mapping (Predict: Pneumonia) Class Activation Mapping (Predict: Pneumonia)

Figure 9. Original and Grad-CAM sample images presumed to be misclassified according to the wrong
reason by the best performing classification model in this study (VGG16-FT2).

Original Image (True: Pneumonia) Original Image (True: Pneumonia)

Class Activation Mapping (Predict: Pneumonia) Class Activation Mapping (Predict: Pneumonia)

Figure 10. Original and Grad-CAM sample images presumed to be correctly classified according to the
wrong reason by the best performing classification model in this study (VGG16-FT2).

156



J. Pers. Med. 2020, 10, 213

Figure 8 shows representative examples of correctly classified cases for each of the three classes
(normal, pneumonia, and COVID-19) in the VGG16-TF2 experimental group that showed the highest
classification performance. Through the Grad-CAM result in Figure 8§, it is possible to identify the
significant region where the difference in CXR image features of each of the three classes is made.
Figures 9 and 10 show representative examples of wrong and right classifications based on the wrong
reasons. In most cases where classification has occurred based on the wrong reason, there is a foreign
body in the chest cavity of the CXR image.

4. Discussion

In addition to the long-term sustainability of the COVID-19 pandemic and symptom similarity with
other pneumonia diseases, the limited medical resources and lack of expert radiologists have greatly
increased the importance of screening for COVID-19 from CXR images for the right concentration
of medical resources and isolation of potential patients. To overcome these limitations, various
cutting-edge artificial intelligence (AI) technologies have been applied to screen COVID-19 from
various medical data. Accordingly, until recently, numerous new DL models, such as COVID-Net [10],
Deep-COVID [16], CVDNet [38], and Covid-resnet [13], to classify COVID-19 through publicly shared
CXR images have been proposed, or mutual comparison studies through the transfer learning of
various pre-trained DL models have been presented [39,40]. These previous papers showed high
accuracy of more than 95%. However, most of them performed transfer learning but did not mention
the specific degree of fine-tuning. It is also rare to have a qualitative evaluation. As a result, it is often
difficult to reproduce a similar degree of accuracy with the same pre-trained DL model. Therefore,
in the present study, the effects of the degree of fine-tuning and layer depths on deep CNN's for the
screening performance of COVID-19 from CXR images were evaluated. Furthermore, these influences
were visually interpreted using the Grad-CAM technique.

4.1. Scalability of Deep CNN

It is known that the VGG architecture used as the deep CNN backbone network in this experiment
does not leverage residual principles, has a lightweight design, and low architectural diversity, so it is
convenient to fine-tune [10]. In particular, the VGG-16 and VGG-19 used in this study have the same
architecture with five convolutional blocks; however, the depth of the layers of VGG-19 is deeper than
that of VGG-16 (Figure 3).

According to Table 2 and Figure 5, the overall classification performance of VGG-16 was higher
than that of VGG-19, regardless of the fine-tuning degree. These results are similar to the fact that the
latest deep neural networks do not guarantee higher accuracy in the classification of medical images
such as CXR images, as in other previous research papers [39]. It can be considered that in the case of
medical images requiring less than 10 classifications, deep CNNs with low scalability can show better
performance, unlike the classification of general objects that require more than 1000 classifications.

4.2. Degree of Fine-Tuning of Deep CNN

In general, the deep CNN model learned from pre-trained deep neural networks on a large natural
image dataset which could be used to classify common images but cannot be well utilized for specific
classifying tasks of medical images. However, according to a previous study that described the effects
and mechanisms of fine-tuning on deep CNNs, when certain convolutional blocks of a deep CNN
model were fine-tuned, the deep CNN model could be further specialized for specific classifying
tasks [32,41]. More specifically, the earlier layers of a deep CNN contain generic features that should
be useful for many classification tasks; however, later layers progressively contain more specialized
features to the details of the classes contained in the original dataset. Using this property, when the
parameters of the early layers are preserved and that in later layers are updated during the training of
new datasets, the deep CNN model can be effectively used in new classification tasks. In conclusion,
fine-tuning uses the parameters learned from a previous training of the network on a large dataset,
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and then adjusts the parameters in later layers from the new dataset, improving the performance and
accuracy in the new classification task.

As far as the authors know, there has been no previous research paper evaluating the accuracy of
COVID-19 screening according to the degree of fine-tuning. According to Figure 5, regardless of the
scalability of VGG, classification accuracy increases as the degree of fine-tuning increases; however,
the fine-tuning of more than a certain convolutional block (more than 3 blocks in this experiment)
decrease the classification accuracy. Therefore, it seems necessary to find the appropriate degree of
fine-tuning by judging the degree of fine-tuning in the transfer learning by a hyper-parametric variable
such as batch-size or learning rate in DL.

4.3. Visual Interpretation Using Grad-CAM

Grad-CAM uses the gradient information flowing into the last convolutional layer of the deep
CNN to understand the significance of each neuron for making decisions [18]. In this experiment,
a qualitative evaluation of classification adequacy was performed using the Grad-CAM technique.
In the case of the deep CNN model, which showed the best classification as shown in Figure 8, image
feature points for each class were specified within the lung cavity in CXR images. However, as shown
in Figure 9, if there is a foreign substance in the lung cavity in a CXR image, it can be classified
incorrectly. Moreover, even if a CXR image is correctly classified, it can be classified for an incorrect
reason as shown in Figure 10. In the CXR image analysis using the DL algorithm, the implanted
port catheter and pacemaker or defibrillator generator have shown similar results to the previous
studies that interfere with the performance of the DL algorithm by causing false positives or false
negatives [42]. This shows the pure function of the Grad-CAM technique and suggests candidate areas
to be excluded through image preprocessing for areas or foreign body subjects that affect classification
accuracy improvement on the image.

5. Conclusions

This experiment showed the appropriate transfer learning strategy of a deep CNN to screen for
COVID-19 in CXR images as follows. In using the deep CNNs for COVID-19 screening in CXR images,
it is not always guaranteed to achieve cutting-edge results, increasing their complexity and layer depth.
In addition, when applying transfer learning to a deep CNN for classification, an appropriate degree
of fine-tuning is required, and this must also be treated as an important hyper-parametric variable that
affects the accuracy of DL. In particular, in the case of image classification using DL, it is also necessary
to qualitatively evaluate a classification as to whether an appropriate classification has occurred based
on the correct reason, using visual interpretation methods such as the Grad-CAM technique.
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Abstract: In contrast-enhanced computed tomography, total body weight adapted contrast injection
protocols have proven successful in achieving a homogeneous enhancement of vascular structures
and liver parenchyma. However, because solid organs have greater perfusion than adipose tissue,
the lean body weight (fat-free mass) rather than the total body weight is theorised to cause even more
homogeneous enhancement. We included 102 consecutive patients who underwent a multiphase
abdominal computed tomography between March 2016 and October 2019. Patients received contrast
media (300 mgl/mL) according to bodyweight categories. Using regions of interest, we measured the
Hounsfield unit (HU) increase in liver attenuation from unenhanced to contrast-enhanced computed
tomography. Furthermore, subjective image quality was graded using a four-point Likert scale. An
artificial intelligence algorithm automatically segmented and determined the body compositions
and calculated the percentages of lean body weight. The hepatic enhancements were adjusted for
iodine dose and iodine dose per total body weight, as well as percentage lean body weight. The
associations between enhancement and total body weight, body mass index, and lean body weight
were analysed using linear regression. Patients had a median age of 68 years (IQR: 58-74), a total
body weight of 81 kg (IQR: 73-90), a body mass index of 26 kg/m? (SD: +4.2), and a lean body
weight percentage of 50% (IQR: 36-55). Mean liver enhancements in the portal venous phase were
61 + 12 HU (<70 kg), 53 &+ 10 HU (70-90 kg), and 53 £+ 7 HU (=90 kg). The majority (93%) of
scans were rated as good or excellent. Regression analysis showed significant correlations between
liver enhancement corrected for injected total iodine and total body weight (r = 0.53; p < 0.001) and
between liver enhancement corrected for lean body weight and the percentage of lean body weight
(r = 0.73; p < 0.001). Most benefits from personalising iodine injection using %LBW additive to
total body weight would be achieved in patients under 90 kg. Liver enhancement is more strongly
associated with the percentage of lean body weight than with the total body weight or body mass
index. The observed variation in liver enhancement might be reduced by a personalised injection
based on the artificial-intelligence-determined percentage of lean body weight.

Keywords: computed tomography; artificial intelligence; contrast media; body composition

1. Introduction

Even if ultrasound represents the first-line technique for the assessment of liver struc-
ture and potential lesions [1], contrast-enhanced computed tomography (CT) is commonly
used to detect and characterise liver lesions [2,3]. The majority of these lesions are hypovas-
cular and are, therefore, better identifiable with portal venous contrast enhancement [4,5].
A minimum enhancement of liver tissue of 50 HU is considered essential to ensure ap-
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propriate detectability [6-8]. The degree of contrast enhancement in CT is dependent on
different factors: CT scan parameters (e.g., tube voltage, scan delay), injection param-
eters (e.g., amount of injected iodine), and patient-related factors (e.g., height, weight,
cardiac output) [9]. The most widespread practise is to administer iodine contrast in fixed-
contrast media injection protocols. Fixed protocols result in varying enhancement levels
because of differences in body size and composition [9]. Lowering the dose of contrast
media decreases the sensitivity and specificity in the detection and characterisation of
liver lesions [10]. Higher doses of contrast media are costly and might increase the risk
of renal toxicity [11,12]. A personalised protocol for iodine dosing should be preferred to
the standard fixed-contrast protocol [13]. In this respect, body-weight-adapted contrast
injection protocols have proven successful in achieving a more homogeneous enhance-
ment of vascular structures and liver parenchyma in patients [8,14-17]. However, total
body weight (TBW) is not the only relevant body-size-related factor; lean body weight
(LBW) and body mass index (BMI) might also be important. Solid organs have greater
perfusion than adipose tissue [18]; consequently, using LBW (or the fat-free mass) as the
basis for determining the amount of iodine is hypothesised to result in more uniform liver
enhancement than using TBW or BMI [18,19].

Some previous studies concluded that injection protocols based on LBW rather than
on TBW alone performed better in terms of liver enhancement [13,18-20]. However, we
find these results not to be generalisable to our clinic because many of the aforementioned
studies were performed in populations with smaller ranges in weight.

Furthermore, these studies did not use body composition on a per patient basis, but
performed analysis on averaged body composition values [13,19] or estimated the body
composition using empirically derived formulas [18,20].

We want to take personalised medicine a step further, using artificial intelligence as
a way to determine body composition. We will use a tool that automatically segments
clearly visible structures such as fat, muscle, and bone on scanned images and determines
the body composition of a patient. The automated nature of this technique makes it
possible to dose contrast material in real-time and in a personalised fashion, and may have
wide implications.

In this study, we retrospectively evaluated the influence of TBW, BMI, and artificial-
intelligence-derived LBW on liver enhancement in multiphase abdominal CT, showing
that subjective image quality was related to liver enhancement.

2. Materials and Methods
2.1. Patients

We retrospectively included patients from the period of March 2016 to October 2019.
We included the first CT scan of all patients who underwent a multiphase abdominal CT,
including an unenhanced CT for suspicion of a kidney tumour, on a spectral CT scanner in
the University Medical Center Utrecht. Inclusion criteria were an age of 18 years or older
and known patient weight and height. Based on these criteria, we identified 122 patients.
Exclusion criteria were patients with liver cirrhosis (1 = 2), a fatty liver (<40 HU) (n = 12),
numerous liver metastases (1 = 1), a partial hepatectomy (1 = 2), and technical problems
during CT examination (n = 1), leaving a study population of 102 patients. The Dutch Law
on Medical Research (WMO) did not apply to this retrospective cohort study according
to the local medical ethical committee (METC, ref. 20-025/C). No informed consent was
obtained given the anonymous research data handling.

2.2. Imaging Protocols

All included multiphase CTs were performed on a spectral CT scanner (IQon Spectral
CT, Philips Healthcare, Best, The Netherlands). The scan range for the unenhanced and
arterial phase was the upper abdomen. The scan range for the portal venous phase was set
from approximately 1 cm cranial of the diaphragm to the lower pelvis. The scan range for
the (possible) equilibrium phase was set from the kidneys to just caudal of the bladder.
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Scans were performed with the following parameters: tube voltage 120 kV, 64 x 0.625 mm
collimation, gantry rotation time of 0.27 s, and tube current was switched on with a quality
reference tube current of 116 mAs. Image reconstruction was performed in the axial plane
for the unenhanced and arterial phase, with 3 and 5 mm slice thicknesses and 2 and 4 mm
increments. Image reconstruction was performed in the axial, coronal, and sagittal plane
for the portal venous phase, with 5 mm slice thicknesses and 4mm increments. All images
were reconstructed using a B (abdominal) kernel at iDose level 3.

All scans were performed with bolus tracking. A circular region of interest (ROI) was
placed in the abdominal aorta with a threshold of 150 HU. The post-threshold delay before
scanning was 20 s for the arterial phase and 90 s for the portal venous phase.

2.3. Contrast Material Injection and CT Protocols

All patients received an 18-20 G cannula in an antecubital vein before injection.
Preheated iodinated contrast (Ultravist, [opromide 300 mgl/mL; Bayer Healthcare, Berlin,
Germany) was injected using a standard dual-head CT power injector (Stellant, Bayer
Healthcare, Berlin, Germany). The contrast media was preheated to 37 °C to decrease
viscosity [21].

In current clinical practice, body-weight-adapted protocols are used for the multiphase
abdominal CT. Injection parameters were divided into three different weight groups:
<70 kg, 70-90 kg, and >90 kg. The total injected volume, iodine, and flow rate were:
120 mL, 36.0 glI, 4 mL/s for group <70 kg; 150 mL, 45.0 g, 4.5 mL/s for group 70-90 kg,
and 185 mL, 55.5 gI, 5 mL/s for group >90 kg, respectively. A saline flush of 50 mL
followed the contrast bolus at the same flow rate. In some cases, technicians adapted
the amount of contrast media according to their experience, which was recorded in the
scan protocol. In further analysis, we did not analyse weight groups, but instead used the
weight of the patient; therefore, changes in scan protocol had no effect on analyses.

2.4. Quantitative Image Analysis

The body composition was calculated with the Quantib-U bod composition algo-
rithm [22] on unenhanced images (Figure 1) [23]. Firstly, using a convolutional neural
network, the method automatically detected the slice at the third lumbar vertebra from the
CT data set (resampled to 5mm slices). Secondly, this slice was automatically segmented
into visceral fat, subcutaneous fat, psoas muscle, abdominal muscle, and long spine muscle
using a second convolutional neural network. Using the areas of these segmentations in
proportion to those of the entire slice, percentages of body composition were calculated.
To minimise the influence of the exact slice that was selected, the areas were computed
by segmenting a total of five slices around the detected L3 level—two above and two
below—and averaging the results. The %LBW (percentage of lean body weight) was
defined as 100%—% total body fat (=subcutaneous fat % + visceral fat %). Total fat and
LBW in kilograms were then calculated using TBW. Moreover, %LBW is an areal measure
and LBW is in kilograms.

CT liver enhancement values (HU) were measured (M.K., who has seven years of
experience in CT imaging) on the unenhanced and portal venous phase images using
circular regions of interest (ROI) of 1-2 cm in diameter. ROIs were placed in three different
liver segments (52, S8, and S7) according to the Couinaud segmental classification and
mean values were calculated (Figure 2). The degree of contrast enhancement in the liver
was defined as the change in enhancement values (AHU) and was calculated by subtraction
of the unenhanced values from post-contrast enhancement values.
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L3 vertebra level

Fat

[ Viscoral

268.1 cm? (27.0%) 361.8 cm? (36.4%)

Muscle

[ Psoas [N Abdominal ,

28.7 cm? (2.9%) 92.5 cm? (9.3%) 77.3 cm? (7.8%)
Total
993.7 cm? 122.0 cm
Ratio
1.35 3.18

Figure 1. Fully automatic measurement of body composition at the lumbar 3 level [22]. Lean body
weight (LBW) was defined as the difference between body weight and body fat weight, expressed
in kilograms. In this example, LBW is 36.6% of the total body weight (100%—27.0% (subcutaneous
fat)—36.4% (visceral fat) = 36.6% (LBW)).

Figure 2. Region of interest (ROI) placement according to the Couinaud segmental classification to measure liver enhance-
ment. ROIs were drawn in S2, S8, and S7 of the liver (when available) in unenhanced and enhanced images (portal venous
phase). The degree of enhancement (AHU) was calculated by subtracting the unenhanced enhancement values (A) from
enhanced enhancement values (B).
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2.5. Qualitative Image Analysis

The quality of all scans was independently graded by two radiologists (FW. and
M.K., with eleven and four years of experience in abdominal radiology, respectively)
who were blinded to the injection protocols. The timing of the scans and the subjective
liver enhancement were scored. For scan timing, a five-point scale was used to evaluate
enhancement of the common portal vein (1 = too early (non-diagnostic); 2 = early (moderate,
but still diagnostic); 3 = portal venous phase (good); 4 = late (moderate, but still diagnostic);
5 = too late (non-diagnostic)). Liver enhancement was assessed using a four-point Likert
scale (1 = excellent; 2 = good; 3 = moderate but still diagnostic; 4 = non-diagnostic). We
arbitrarily defined enhancements of >70 HU and <40 HU as non-diagnostic.

2.6. Statistical Analysis

Statistical analyses were performed in SPSS version 26 (SPSS Inc., Chicago, IL, USA).
Normality was checked using histograms and the Shapiro-Wilk test. Continuous variables
were reported as the mean with standard deviation (£ SD) for normally distributed data
and as the median with an interquartile range (IQR) for non-normal distributed data.
Categorical variables were reported as proportions. Continuous variables with normal
distributions were compared using the repeated measures ANOVA for dependent measures
or a one-way ANOVA for independent measures. A Kruskal-Wallis test was used for non-
parametric continuous variables. All tests were performed with post hoc comparison. The
inter-rater variability was determined using Cohen’s kappa. All p-values were 2-sided and
a p-value of less than 0.05 was considered to be statistically significant.

Enhancement parameters of the liver obtained for further analyses were changed into
enhancement values per gram of iodine (AHU/gl). These enhancement values were subse-
quently adjusted for TBW or LBW in kilograms (AHU/(gl/TBW) and AHU/(gl/LBW)),
according to a method proposed by Heiken et al. [8] and Kondo et al. [19]. We used %LBW
on a per-patient basis. Both single- and multivariable linear regressions between TBW,
BMI, and %LBW and changes in enhancement values per gram of iodine (AHU/gl) or
the adjusted enhancement values AHU/(gl/ TBW) and AHU/(gl/LBW) were evaluated
(Table S1).

2.7. Simulation of Future Potential Clinical Applicability

Based on the formed regression formulas, we analysed the potential impacts for
future patients by assessing the amount of contrast media needed to reach sufficient liver
enhancement using our regression formulas for both %LBW and TBW. Our calculations
for sufficient enhancement were based on an increase of 50 HU in the portal venous
phase [6-8].

3. Results
3.1. Baseline Characteristics

The 102 patients (70.6% male) had a median age of 68 years (IQR: 57-74). Their median
TBW was 81.0 kg (IQR: 72.8-90.0)—19.6% were below 70 kg and 19.6% were above 90 kg.
The median %LBW was 49.8% (IQR: 35.8-55.3) and the mean BMI was 26.3 kg/m?2 (SD:
£4.18). Patients in the group < 70 kg received a median of 36.0 g (IQR: 36.0-43.5) of iodine,
the group 70-90 kg received 45.0 g (IQR: 39.0-45.0), and the group > 90 kg 45.0 g (IQR:
45.0-45.7). Overall, the patients received 42.6 g (SD: £4.42) of iodine per scan (Table 1).
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Table 1. Baseline characteristics. Normally distributed data are given as means with £5Ds and non-parametric data are

given as medians with interquartile ranges (IQRs). TBW = total body weight; LBW = lean body weight in kilograms or

percentage of lean body weight; BMI = body mass index.

Characteristic Group < 70 kg Group 70-90 kg Group > 90 kg Total
No participants 20 62 20 102
Sex male 45.0% 75.8% 80.0% 70.6%
Age (year) 70 (59-76) 69 (56-74) 64 (59-73) 68 (57-74)
TBW (kg) 62.5 (56.3-64.8) 81.0 (75.8-85.0) 101 (94.7-110) 81.0 (72.8-90.0)
LBW (kg) 40.8 (32.2-46.2) 40.8 (34.9-44.0) 41.4 (38.9-45.9) 41.1 (35.8-44.1)
%LBW 69.6 (55.3-73.8) 51.0 (43.8-53.7) 40.5 (37.5-44.5) 49.8 (42.1-55.3)
Height (cm) 168 (+13.1) 176 (+8.02) 180 (+10.9) 176 (£9.11)
BMI 21.3 (£2.01) 26.3 (£2.47) 31.5(£4.10) 26.3 (£4.18)
Grams of iodine (mean) 38.7 (£3.88) 42.6 (£3.62) 46.3 (£3.96) 42.6 (£4.42)
Grams of iodine (median) 36.0 (36.0-43.5) 45.0 (39.0-45.0) 45.0 (45.0-45.7) 45.0 (39.0-45.0)
Grams of iodine/ TBW 0.632 (£0.693) 0.530 (£0.534) 0.453 (£0.060) 0.532 (+0.081)
Grams of iodine/LBW 1.00 (£0.281) 1.07 (£0.176) 1.12 (£0.139) 1.07 (£0.196)
Mean (& SD) or Median
(IQR)

3.2. Quantitative Image Quality

Mean enhancement values in different liver segments were as follows: S2 54.3 HU
(SD: £5.83), S8 54.8 HU (SD: £6.61), and S7 54.3 HU (SD: £9.30). There was no significant
difference in enhancement between the liver segments for all groups. The overall mean
enhancement was 54.6 HU (SD: £10.2; range: 25.0-93.3) and 28.4% did not reach the
proposed enhancement of 50 HU or more. The mean enhancement value was for <70 kg
60.7 HU (SD: £12.4), for 70-90 kg was 53.3 HU (SD: +9.25), and for >90 kg was 52.4 HU
(SD: £7.45). The between-group difference reached significance (p = 0.007) and in post
hoc analysis the <70 kg group was enhanced significantly more than the 70-90 kg group
(p = 0.019) and >90 kg group (p = 0.034) (Table 2). The percentages of patients enhanced by
<50 HU were 20%, 30%, 35% in the <70 kg, 80-90 kg, and >90 kg groups, respectively. The
percentages of patients enhanced by >70 HU were 30%, 4.8%, 0.0% in the <70 kg, 80-90 kg,
and >90 kg groups, respectively (Table 52).

3.3. Qualitative Image Quality

The inter-rater variability was good for scan timing (k = 0.882 (95% CI: 0.825-0.920))
and liver enhancement (k = 0.921 (95% CI: 0.833-0.946)). For timing, no scans were found to
be non-diagnostic (Table S3). For liver enhancement, nearly all scans were of good (25.5%)
or moderate (5.90%) quality, while one scan was non-diagnostic scored by only one of the
observers (objective liver enhancement 25 HU) (Table S4). Most scans of moderate quality
scored lower than 40 HU.

3.4. Regression Analysis

For the association between liver enhancement values per gram of iodine (AHU/gI)
and body parameters, a correlation was observed with TBW (r = 0.531; R2 = 0.282;
p < 0.001), while no significant values were observed for BMI (p = 0.253) or %LBW
(p = 0.493) (Table S1). The formula for this relationship is: gl = AHU/(2.075-0.01 TBW),
which can also be written as gl = AHU/(2.075-0.01 TBW) (Figure 3A). For the liver en-
hancement values additionally adjusted per gram of iodine per TBW (AHU/(gl/TBW)),
no significant correlations were found (BMI; p = 0.139. TBW; p = 0.302. %LBW; p = 0.628)
(Table S1). For the liver enhancement values additionally adjusted per gram of iodine
per LBW (AHU/(gl/LBW)) the strongest association was observed with %LBW (r = 0.733;
R2 =0.538; p < 0.001), no significant correlations were observed for BMI (p = 0.099) or TBW
(p = 0.371) (Figure 3B) (Table S1). The formula for this relationship is: AHU/(gl/LBW) =
10.3 + 0.823 %LBW or gl = AHU/(10.3/LBW + 82.3/TBW).
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Table 2. Enhancement in liver segments for the weight groups.

AHU /gl
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Enhancement Group <70 kg Group 70-90 kg Group > 90 kg Total p-Value
52 blanco 60.5 (£5.77) 56.7 (£5.02) 53.6 (£6.30) 56.8 (£5.83) 0.000
S2 PV 120.6 (£11.6) 109.8 (+11.7) 105.7 (+9.86) 111.1 (£12.3) 0.000
52 SD 9.57 (+£1.43) 11.1 (£1.89) 12.1 (£1.91) 11.0 (+£1.92) 0.000
AS2 60.0 (£10.6) 53.1 (£10.7) 52.1 (£6.73) 54.3 (£10.3) 0.014
S8 blanco 60.7 (+5.24) 55.7 (£5.84) 51.0 (£6.61) 55.7 (£6.61) 0.000
S8 PV 120.9 (£14.2) 109.2 (£10.9) 104.4 (£9.52) 110.5 (£12.5) 0.000
S8 SD 9.19 (£0.981) 10.2 (£1.47) 11.2 (£2.18) 10.3 (£1.75) 0.000
A S8 60.1 (+12.6) 53.5 (£10.8) 53.4 (£8.18) 54.8 (£10.9) 0.043
S7 blanco 59.5 (£5.56) 54.5 (£5.35) 50.8 (£6.82) 54.7 (£6.32) 0.000
S7 PV 118.7 (£10.8) 107.8 (£10.1) 103.1 (£8.34) 109.0 (£11.1) 0.000
S7 SD 9.29 (£1.10) 10.6 (£1.70) 12.2 (£2.35) 10.7 (£2.09) 0.000
A S7 60.1 (+12.6) 53.3 (£9.25) 52.4 (£7.45) 54.3 (£9.30) 0.022
AS2AS8AS7 0.667 0.939 0.520 0.114
Mean A 60.7 (+£12.4) 53.3 (£9.75) 52.6 (£6.63) 54.6 (£10.2) 0.007 *
Mean (£ SD)

Enhancement values for the liver segments S2, S8, and S7 for the different weight groups. Values are given
as means with & SDs; p-values are calculated using a one-way ANOVA or repeated measures ANOVA. The
blanco scans are non-enhanced scans, PV scans are scans made in the portal venous phase, the SD is given for the
mean region of interest (ROI) SD, and lastly the mean enhancement is given; AS2 AS8 AS7 is the significance of
enhancement between the three liver segments. The mean enhancement (mean AHU) is the average of AS2 AS8
AS7. Note: * Post hoc analysis showed a significant difference between <70 kg and 70-90 kg weight categories
and between <70 kg and >90 kg weight categories.
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Figure 3. Regression analysis between enhancement and body size measures: (A) relationship between AHU /gl and TBW
(r=0.531; R2 =0.282; p < 0.001); (B) relationship between AHU/(gl/LBW) and %LBW (r = 0.733; R? = 0.538; p <0.001). Note:
TBW: total body weight; LBW: lean body weight.

3.5. Simulation of Future Potential Clinical Applicability

For the 102 included patients, we used an average of 42.6 g of iodine (SD: £4.42;
range: 36-55.5) per scan in the standard protocol, totaling approximately 4345 g of iodine
and 14.5 litres of contrast for 102 patients. This is on average 0.532 g (SD: £0.0811; range:
0.33-0.75) of iodine per kilogram TBW. For our regression formula based on %LBW, an
estimated average of 39.4 g (SD: £6.05; range: 27.6-57.5) of iodine per scan would be
sufficient to achieve 50 HU for each patient in the study population. This would be on
average 0.486 g (SD: £0.0210; range: 0.44-0.53) of iodine per kilogram of TBW, which is
4019 g iodine and 13.4 litres of contrast for 102 patients (Figure 4). As an example, we
would like to illustrate the added value of LBW for two patients weighing 80 kg with
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different %LBW values. The first patient had a %LWB of 35.5% and the expected amount
of contrast to reach 50 HU was 35.9 g. The second patient had a %LWB of 78.5% and the
expected amount of contrast to reach 50 HU was 41.9 g. Hence, there would be a difference
of six grams of iodine for these patients who received 45 g of contrast and were enhanced
by 63 HU and 57 HU, respectively.
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Figure 4. Analysis of future contrast applications: grams of iodine (gI) per kilogram (kg) TBW in the LBW formula; grams of
iodine per kilogram of TBW (total body weight) in the LBW (lean body weight) formula for the population of our study. The
grams of iodine per kilogram of TBW all lay between the patient with the maximum LBW (iodine (gr) maximum LBW /kg)
and the patient with the lowest LBW (iodine (gr) minimum LBW /kg). Herein, the highest spreads were found in the <70 kg
and 70-90 kg weight groups.

4. Discussion

Our results showed that the highest influence on liver enhancement was of %LBW,
followed by TBW. Although the mean enhancement was >50 HU in all weight groups,
the spread within groups was substantial; over one-quarter of patients did not reach
the 50 HU liver enhancement threshold. Those who were enhanced by <40 HU were
nearly all heavyweight patients of 90 kg or heavier, while patients enhanced by >70 HU
were mostly patients weighing less than 70 kg. This indicates that our current protocol
based on three weight categories overadministers contrast in lightweight patients and
underadministers contrast in heavier patients. A more personalised protocol based on
artificial-intelligence-determined body composition might both reduce overall contrast
usage in our population and make liver enhancement more consistent between patients,
but this requires prospective confirmation.

Several previous studies have investigated TBW- and LBW-adjusted contrast dosing
protocols [8,18-20,24]. Heiken et al. [8] suggested the use of 0.521 g of iodine per kilogram
of TBW for a 50 HU liver enhancement, while Kondo et al. [19] indicated that the use of LBW
rather than TBW served better to achieve a consistent enhancement with reduced patient-
to-patient variability. They suggested using an amount of 0.642 g of iodine per kilogram of
LBW, based on a hepatic enhancement of 50 HU and a fixed average body fat percentage.
Our finding supports the findings of Kondo et al. [19] and other studies [18,20,24]. However,
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both the studies of Kondo et al. [19] and Matsumoto et al. [24] concluded that LBW-based
protocols best perform in the normal and high weight/BMI groups. In contrast, we found
that LBW played the most important role in the weight groups < 70 kg and 70-90 kg,
wherein the spread of gI/TBW was the highest. For the group > 90 kg, there was only a
minor spread, and thus LBW played a less important role in this group in our study.

The differences between our results and the above-mentioned studies could be ex-
plained by the fact that the population in the study by Kondo et al. [19] was only partially
comparable to our population. Our population represented a broader weight spectrum,
with a range of 54-126 kg and with a median just above 80 kg, whereas in the study by
Kondo et al. [19] the study population had a TBW range of 30-80 kg, with a mean just
above 50 kg. Our study might, thus, have implications for a population with a wider range
in weight. Reassuringly, we found the same results in the overlapping parts of the studies
by Kondo et al. [19] and Matsumoto et al. [20]; LBW might be a better variable to determine
the amount of iodine contrast used for light and average weight patients.

Contrast administration based on LBW might be economically effective. There was a
difference of 3.2 g between the mean iodine dose per scan in the formula based on LBW and
the mean iodine dose used in our current protocol. Based on the 600,000 yearly abdominal
CT scans performed in the Netherlands, the new personalised method could save 1.8 tonnes
of iodine a year [25], which is approximately €580,000 of yearly savings. Moreover, despite
the conclusion that LBW performs better in personalising contrast application and the fact
that the implementation of this finding might be beneficial if replicated prospectively, we
conclude that the influence of LBW is minor. Similar to Kondo et al. [19], our equation is
based on both TBW and LBW (the opposite of body fat percentage), and when dissecting
the formula based on LBW (gl = AHU/(10.3/LBW + 82.3/TBW)) we find that TBW is still
the most important factor and that LBW only has less influence.

In the study by Kondo et al. [19], an average body fat percentage of 23% was used for
every patient to perform analysis, whilst some patients in their population had body fat
percentages of up to 50%. We used per-patient calculated body composition for analysis.
For the calculation of %LBW, we were able to use an artificial intelligence algorithm that
automatically calculates body composition based on CT slices [22]. The tool proved useful
for determining the body composition values for the large quantity of patients in our study,
especially because this process was fully automated.

In the literature, several methods have been used to estimate the LBW (e.g., methods
proposed by James [26], Boer [27], and Janmahasatian [28]), yet no consensus has been
reached on a golden standard. Therefore, our artificial intelligence tool [22] may have
wide implications in measuring LBW rather than in estimating LBW. In a clinical scenario,
the tool can be used in protocols containing unenhanced or arterial phase scans. If the
protocol does not contain unenhanced or arterial phase scans, the body composition can be
determined in several ways: from earlier recorded scans or by performing one single slice
through the abdomen before scanning (as done for bolus timing acquisitions). Furthermore,
bolus tracking slices may be (re)used in the future when the algorithm is tested on such
arterial slices. However, the latter still has to be evaluated in future research. Moreover,
while this study addresses abdominal scans, the Al algorithm can segment neck, chest,
pelvis, or lower extremity scans as well when acquired, to calculate the body composition
without the use of the abdomen. Once validated, the benefit could extend to those regions
as well.

The limitations of this study are that this is a retrospective study design using a limited
number of patients. As we needed to calculate enhancement, regular abdominal CT could
not be included. Secondly, there were two outliers with enhancement levels <40 HU. The
low enhancement could be due to small contrast extravasation, although this was not
recorded. Another explanation could be a poor cardiac output, which results in poor
enhancement and image quality [17]. However, we used premonitoring for contrast timing
in our scan protocol and no scans were found to be non-diagnostic based on the timing of
the scan.
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Future prospective studies could investigate the impact of personalised dosing on
liver enhancement and diagnostic properties, which should also take tube voltage into
account [14]. Many studies already investigated the potential of low kVp settings (e.g.,
70, 80, and 100 kVp) [2,14,29-32] or virtual monochromatic imaging with low kV recon-
struction [33-37] in combination with a reduced amount of injected iodine in a more
lightweight population using CT angiography protocols, wherein only the signal during
the first pass of contrast media is crucial [29]. However, this has not properly been investi-
gated for abdominal protocols yet, which rely on longer contrast media boluses to provide
homogeneous enhancement of parenchymal organs, such as the liver. With the newest
CT technologies (e.g., automated kVp selection, monochromatic data reconstruction, and
iterative reconstruction), it is expected that more CT scans will be performed using lower
kVp settings in the future [38]. As lower kVp/kV settings result in higher attenuation
values, there is an opportunity to save even more contrast media than the above-mentioned
€580,000. We anticipate that personalised contrast dosing is at least partly additional to the
above-mentioned technological innovations.

5. Conclusions

In summary, in this study, we investigated the relationship between body parameters,
such as TBW, LBW, and BMI, on liver enhancement in CT. We found that contrast-enhanced
CT values of 40 HU and higher were of diagnostic value when assessed visually. Our
data suggest the use of an artificial intelligence body composition-based algorithm to
determine LBW can reduce interpatient variability in liver enhancement whilst saving
contrast media. The automated nature of the algorithm makes real-time personalisation
of contrast dosing technically feasible. Further research should focus on how to integrate
body-composition-based personalised contrast dosing with lower tube voltage settings or
monochromatic imaging.
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426/11/3/159/s1, Table S1: Correlations in regression. Table S2: Enhancement values per group.
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the four-point Likert scale per rater.
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