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Abstract
Introduction

Carotid stenosis is a common cause for ischemic stroke and can be diagnosed through computed
tomography angiography. Certain plaque characteristics are suggested to increase risk of ipsilateral
ischemic stroke. This study aims to evaluate the accuracy of semi-automated software in identification
of plaque tissue types by comparison with histology.

Methods

Patients, who had a preoperative computed tomography angiography and underwent carotid
endarterectomy were included. Computed tomography angiographies were analyzed with semi-
automated software to identify the composition of carotid plaques (dense calcium, fibrous tissue,
fibrofatty tissue, and necrotic core). During pathological examination, plaque tissue types were scored
(calcifications, collagen, fat, macrophages and intraplaque hemorrhage) and dichotomized. The
software-derived and histological values were compared to evaluate the discriminative performance of
the software.

Results

After exclusion of 59 patients, 44 were eligible for inclusion. Calcifications and macrophages could be
significantly (p<0.05) discriminated on computed tomography angiography with an area under curve of
0.88 (95% CI 0.77-0.98) and 0.76 (95% CI 0.61-0.90) respectively. However, the area under curve of
the discriminative ability of collagen and fat was 0.69 (95% CI 0.46-0.92) and 0.67 (95% CI 0.51-0.84)
respectively, which did not achieve significance (p>0.05). The diagnostic accuracy for detecting the
presence of intraplaque hemorrhage was low (area under curve = 0.40, 95% CI 0.19-0.60; p>0.05).

Conclusion

Semi-automated software has some, but limited accuracy in identification of plaque tissue types
compared to histological evaluation. Further research should be conducted to more accurately determine
the correspondence of semi-automated software with histology.

Higher quality tables and figures are available in the appendix.



Introduction

Ischemic stroke is one of the leading causes of
death in Europe, accounting for approximately
1.4 million new cases every year and
contributing to 1.1 million deaths.® The rising
incidence of ischemic stroke emphasizes the
need for comprehensive understanding and
effective  management? A  stroke s
characterized by neurological disability, such as
numbness, aphasia, ataxia and paralysis, which
poses a significant health challenge.> The
European Society for Vascular Surgery?* defines
a stroke as a sudden onset neurological
disability of vascular origin, lasting at least 24
hours. A transient ischemic attack (TIA) shares
similar symptoms, but these symptoms remit
within 24 hours.! The manifestation and
localization of clinical symptoms depend on the
function of the occluded artery?.

The Trial of Org 10172 in acute stroke treatment
defines five categories of etiology for
stroke/TIA, including large-artery
atherosclerosis (LAA), cardioembolism, small-
artery occlusion (lacune), stroke of other
determined etiology and stroke of undetermined
etiology.* LAA contributes to approximately
15.3% to 27% of all ischemic strokes.>®” The
diagnostic approach to identify LAA with
imaging involves computed tomography
angiography (CTA) and Magnetic Resonance
Angiography, with CTA being the preferred
imaging modality in most hospitals.® For severe
(70-99%) symptomatic stenosis and to lesser
extent for moderate symptomatic stenosis (50-
69%) carotid endarterectomy (CEA) has been
found to reduce the risk of future ischemic
cerebral events.®1%!! For asymptomatic patients
CEA is considered when the carotid stenosis is
more than 60% and when stroke risk is
increased by at least one clinical or imaging
feature (e.g. silent ipsilateral infarction, stenosis
progression >20%, intraplague hemorrhage on
MRI, plaque lucency  on duplex
ultrasonography, etc.).! Asymptomatic patients
with stenosis exceeding 50% could be offered
annual carotid artery follow-up with duplex

ultrasonography to monitor plaque
progression.t

Recently, a shift in knowledge about carotid
stenosis has occurred, emphasizing not only the
stenosis grade, but also characteristics of the
carotid plaque in influencing the risk of future
cerebral ischemic events.!? In the development
of an atherosclerotic plaque, low-density lipids
infiltrate the endothelium of a vessel, leading to
the formation of a fatty streak. As the plaque
grows and macrophages infiltrate, a necrotic
core is created. The plaque is strengthened by a
cover of fibrous tissue, mainly consisting of
smooth muscle cells and collagen.®** A
systematic review by Baradaran et al.®
underscores the significance of plaque features
on CTA and their association with ipsilateral
ischemic strokes. The findings suggest an
increased risk in patients with soft plaque,
plaque ulceration and increased wall thickness
and a reduced risk in patients with calcified
plaques. Predictors of high ipsilateral ischemic
stroke risk have also been identified for
magnetic resonance imaging (MRI), such as
intraplaque hemorrhage (IPH),**1"1819 Jipid rich
necrotic core (LRNC) 820, thin fibrous cap'®?
and total plaque volume!®2?t, On CTA some of
these components manifest as a “soft” or
“fibrofatty” plaque, which includes IPH, LRNC
and fibrous elements.?

Plaque characteristics are becoming more
important in the decision making for CEA.
Studies evaluating the accuracy of CTA
characterization of plaques compared with
histology have been conducted, but often suffer
from small sample sizes or low accuracy with
the used software. Standardized protocols are
necessary for incorporating these high-risk
features into treatment decisions, because they
could facilitate to the differentiation between
patients requiring a CEA and those who do
not.’® To address this, new semi-automated
software (QANngioCT, Medis Medical Imaging,
The Netherlands) has been developed to
identify plague composition on CTA. This
study will evaluate the diagnostic accuracy of
QAnNgioCT by comparing the software’s



analysis with the histopathological findings of
the carotid plaque following CEA.

Methods
Patient selection

Current retrospective study consists of patients
included in the Athero-Express database. This
involves adults undergoing a CEA in the
University medical center Utrecht (UMCU) or
St Antonius Hospital Nieuwegein between 2005
and 2018. The Medical Ethics Review
Committee approved the study protocol and all
of the patients gave informed consent for use of
their medical information for research purposes.
Information about the database has been
previously described in more detail.?* The
database provided patient characteristics and
information about the plaque composition.
Preoperative CTAs were extracted from
electronic health records. Concerning the CTAs,
patients without an available preoperative CTA,
poor imaging quality (e.g. few images,
scattering interfering with the stenosis, ill-timed
contrast bolus, motion artifact, etc.) and severe
stenosis extending to the cranium were
excluded. Regarding the histology, patients
without relevant histological data about the
plaque characteristics were also excluded.

Data extraction

Information about the patients was already
collected in the database. Partly, data were
extracted from electronic health records,
including gender, symptoms due to the carotid
stenosis  (asymptomatic, ocular symptoms
including amaurosis fugax and retinal artery
occlusion, TIA or stroke), side of the operation
(left or right), pulse pressure (difference
between systolic pressure and diastolic
pressure) and body mass index (BMI; calculated
with height and weight and based on the world
health organization classification). Additional
characteristics were gathered by filling in a
questionnaire by the patient, including presence
of diabetes mellitus, history of heart disease
(cardiovascular artery disease, myocardial
infarction and/or coronary intervention), history
of peripheral artery occlusive disease (femoral
intervention, claudication or ankle-brachial
index <0.70), use of antihypertensive drugs, use

of statins or lipid lowering drugs and current or
past smoking habits.

Histology protocol

Details about the histological protocol of the
carotid plaques are described previously.?>** In
short, during CEA the atherosclerotic plaque is
dissected from the carotid artery by a surgeon
and directly transported to the laboratory. The
plaque is divided in parts of 0.5 cm and the
culprit lesion is fixated in formaldehyde 4% and
paraffin embedded. A pathologist cuts 15 slices
of 5 um thickness to determine the histological
parameters. For identification of the tissue types
the following stainings were used: Picro Sirius
red staining with the use of polarized light to
identify fat and collagen, CD68 staining to
identify macrophages, hematoxylin and eosin
staining to identify calcifications and
hematoxylin and eosin with fibrin staining to
identify IPH. Two independent observers
microscopically scored the sections semi-
quantitatively. The presence of collagen,
calcifications and macrophages was marked as
“no”, “minor”, “moderate” or “heavy” staining.
Collagen was marked as “no” or “minor” when
no or part of the luminal border was stained; it
was marked as “moderate” or “high” in case of
staining across the whole Iuminal border.
Calcifications were “no” or “minor” stained
when no or only scattered spots were identified;
it was scored as “moderate” or “high” when
evident areas of calcification were visible. The
presence of macrophages was marked as ‘“no”
or “minor” staining when they were absent or
when only few scattered cells were visible; it
was marked as “moderate” or “heavy” staining
when clusters of at least 10 cells were present.
Macrophages were rated as percentage of the
plaque using computerized analyses. The
presence of fat was scored as less than 10%,
between 10% and 40% more than 40% of the
plaque. Intraplaque hemorrhage was defined as
a bleeding within the tissue of the plaque and
determined as present or absent. In case of
disagreement of the interpretation of a section,
a third independent observer analyzed the
plaque.

CTA imaging protocol



Different preoperative CTAs were used,
involving 16-sections scanners, 64-sections
scanners and 256-sections scanners (Philips)
with slice thickness differing between 0.67 mm
and 1.0 mm. All scans were performed using
intraluminal  contrast to enhance the
discriminability of the lumen of the carotid
arteries. All CTAs extended from the aortic arch
to the cranial vertex.

Imaging analysis

The CTAs were analyzed with semi-automated
software (QAngioCT, Medis medical imaging
systems). CTAs were extracted from patient
records and uploaded into the software system.
After a training video from the software
developers and sufficient explanation by a
former user, a reviewer evaluated the CTAs
using the semi-automated software.

Primarily, the common carotid artery
and internal carotid artery were identified by the
reviewer. The software presented the area of the
arteries longitudinally and transversely. Lumen
and vessel wall contours were defined by the
software and manually adjusted by the reviewer.
The proximal boundary, distal boundary and the
biggest obstruction site of the stenosis were
marked based on visual inspection. In case of
multiple lesions, only the lesion near the
bifurcation was used for analysis. After
applying the contours and lesions, the software
analyzed the plaque components. Hounsfield
unit differences discriminated between necrotic
core, fibrofatty, fibrous and dense calcium
tissues with ranges from -30 to 75, 76 to 130,
131 to 350 and higher than 351 respectively.
The individual tissue types could be visualized
within the CTA images with a color overlay
(Figure 1).

Except for the side of the operation, the
reviewer was blinded for the patient and plaque
characteristics during analysis of the CTAs. In
case of doubt about the interpretation of the
imaging, the reviewer discussed the CTA with
an experienced neurologist or, in specific cases,
with an experienced neuroradiologist until
agreement was achieved. The first 24 scans
were re-evaluated by the reviewer after
discussing the interpretation of the scans with
the neurologist.

Figure 1. Example of the QAngioCT sofiware

Transversal and longitudinal slice visualizing the left carotid artery, containing a narrowed
lumen and an atherosclerotic plaque. (A) Transversal slice without formatting. (B) Transversal
slice with additional lumen (yellow) and vessel wall (orange) contours. (C) Transversal slice
with contours and color overlay defining the tissue types (red = necrotic core, light green =
fibrofatty, dark green = fibrous, white = dense calcium). D, Longitudinal slice with lumen
(yellow) and vessel wall (orange) contours, with a light blue line indicating the location of the
transversal slice (as can be seen in A, B and C).

Statistical analysis

For continuous data, means and standard
deviations (SDs) were calculated. Categorical
variables were presented as absolute numbers
with percentages.

Histological data was dichotomized into two
categories to strengthen the effect of the results
in a relatively small cohort. The presence of
collagen, calcifications and macrophages were
classified as “low” in case of no or minimal
staining and as “high” in case of moderate or
heavy staining. Fat was categorized as “low” or
“high” with the cut-off value of 40% of the
plaque. IPH was categorized as “present” or
“absent”. The proportions of the different
software characteristics were calculated by
dividing tissue volume by the total plaque
volume. Continuous  proportions  were
compared with the dichotomous histological
data (dense calcium with calcifications, fibrous
tissue with collagen, fibrofatty tissue with fat
and necrotic core with macrophages and IPH
respectively). Normality of the software-based
data was determined using the Shapiro-Wilk
test. In case of a normal distribution, the
significance of the difference between the
software-derived data from two histological
subcategories ("low" and "high" or "present”
and "absent") was calculated with the
Independent Samples t-Test and mean values
with SDs were determined. In case of non-
normally distributed data, the significance of
the difference of the software-derived data




between two histological subgroups was
calculated with the Mann-Whitney U test and
the median values with interquartile ranges
(IQRs) of the software data were determined.
Scatterplots with mean value or median value
and p-values were generated using Excel
(Microsoft 365) to visualize the correspondence
between software values and histological
values. Receiver operator characteristic curves
were created and area under curve (AUC) was
calculated to evaluate the accuracy of the
continuous software data with the binary
histological data as reference standard.
Statistical analyses were computed using IBM
SPSS Statistics 29 and statistical significance of
the difference of the software data between the
two subgroups of the histological parameter
was achieved when p < 0.05.

Results

The Athero-Express database consists of 2758
patients who underwent CEA, with 1707
surgeries performed at the UMCU. Among
these, 461 CTAs from the UMCU were
available for software analysis. Due to time
constraints, only 103 patients were initially
considered for inclusion in the study, of which
44 patients were found eligible (Figure 2).

Patients included in the Athero-Express
database, which had a CEA
n=2758

Patients from Patients from St.
UMC Utrecht Antonius Nieuwegein
n=1707 n=1051

—

Patients with an available CTA
n=461
Patients included in this study
n=103
Patients excluded based on CTA n=40
« Scattering interfering with the plaque n=31
« Tll-timed contrast bolus n=2
I~ | * Poor imaging quality n=5
« Severe stenosis n=1
* Motion artefact n=1

Patients with CTAs suitable
for software analysis
n=63

Patients excluded based on
— lack of histological data
n=19

Patients included in the analysis
n=44

Figure 2. Inclusion of patients based on the selection criteria
CEA = coronary endarterectomy; UMC = University medical
center; CTA = coronary tomography angiography

Based on CTA, 40 patients were excluded: 31
patients due to scattering interfering with the
plaque, mainly because of dental prostheses; 2
patients due ill-timed contrast bolus; 5 patients
due to poor quality of the CTA; 1 patient due to
severe stenosis extending to the cranium; and 1
patient due to motion artifacts. After CTA
analysis another 19 patients were excluded due
to lack of histological data.

As is outlined in 7able I, the mean age of the
included patients was 69.4 (SD: 9.5) years, 34
(77.3%) were male, 33 (76.7%) had a
symptomatic stenosis and 29 (65.9%) had the
operation  left-sided. = Concerning  the
cardiovascular risk factors, 16 (36.4%) patients
had diabetes mellitus, 18 (40.9%) and 12
(27.3%) patients had a history of heart or
peripheral artery occlusive disease respectively.
Antihypertensive drugs were used by 31
(70.5%) patients with a mean pulse pressure of
66.5 mmHg (SD = 17.6) and 37 (84.1%)
patients used statins or other lipid lowering
drugs. For 25 (59.5%) patients the BMI was
higher than normal (>25 kg/m?) and 34 (77.3%)
patients smoked or had smoked.

A summary of the histological and software-
based data is available in 7able 2. According to

Table 1.
Characteristics of all included patients.
No. of patients (%) (average = SD

Missing

Yariable for age and pulse pressure) (n =44)* values
Age (year) 69.4+95
Male sex 34(77.3)
Symptomatic 33 (76.7) 1
Oculart 5(11.6)
TIA 15 (34.9)
Stroke 13 (30.2)
Operation on left side 29 (65.9)

Cardiovascular risk factors

Diabetes mellitus 16 (36.4)
History of heart disease** 18 (40.9)
History of peripheral artery 12 (27.3)
occlusive disease***

Pulse pressure (mmHg) 66.5+ 17.6
Use of antihypertensive drug 31(70.5)

Use of statin or lipid lowering drug 37 (84.1)

BMI+ 2
Underweight 1(24)
Normal 16 (38.1)
Overweight 17 (40.5)
Obese 8(19.0)
Smokerttt 34 (77.3)

No. = number; SD = standard deviation; TIA = transient ischemic attack; BMI = body mass index.

Data about the paticnt characteristics was not available for all paticnts.

* n =44, unless there arc missing valucs.

** History of heart discase includes cardiovascular artery discase, myocardial infarction and/or coronary intervention
*** History of peripheral artery occlusive disease includes femoral intervention, claudication or ankle-brachial index <0.70.
+ Ocular symptoms include amaurosis fugax and retinal artery occlusion

11 BMI categorized based on world health organization classification, defining underweight as <18.5 kg/m?;
normal weight as 18.5 kg/m? to 25 Kg/m?; overweight as 25 kg/m? to 30 kg/m?; and obese as >30 kg/m’.

+1+ Smoker is defined as current or former smoker




the software-based data, the average proportion
of different tissue types for all patients was quite
similar, ranging from 22.7% to 29.5% of the
whole plaque. The proportion of dense calcium
and necrotic core differed over a broader range
(0.0% to 80.6% and 0.7% to 75.4%
respectively) compared to fibrous and fibrofatty
tissue (12.6% to 49.3% and 1.4% to 51.4%
respectively). Histology-based data of the tissue
types were not fully available for all patients.
The presence of collagen, macrophages and [PH
was only available for 31, 41 and 42 patients
respectively. According to histology, a high
presence of collagen, macrophages and IPH was
present in most plaques (71.0%, 51.2% and
69.0% respectively) and this number was lower
for calcifications and macrophages (29.5% and
27.3% respectively).

The comparison between the software-based
data and the histological data with mean or
median values is visualized in scatterplots
(Figure 3). The distribution of the software-
based proportions of dense calcium appear to
differ significantly between the “low” (median
=6.25%, IQR 2.5%-24.1%) and “high” (median
= 49.69%, IQR 27.8%-55.1%) category of the
histological calcifications (p<0.001). In
addition, the software-based necrotic core also
significantly (p=0.005) differs between the
histological categories of macrophages with
medians of 9.7% (IQR 2.9%-29.1%) and

Table 2.
Prevalence of individual tissue types as noted by the software and histology

Software-based datat

Variable No. of plaques Mean proportion, in % =+ SD (range)

23.0 £ 21.6 (0.0 - 80.6)

Dense calcium 44

Fibrous 31 29.5+84(12.6-49.3)
Fibro-fatty 44 227 +10.4 (14 - 51.4)
Necrotic core 42 24.6 +20.4 (0.7 - 75.4)
Histology-based datat
No. of plaques with low/high presence in n (%)
Low/absent* High/present*
Calcifications 44 31(70.5) 13 (29.5)
Collagen 31 9(29.0) 22(71.0)
Fat 44 32(72.7) 12 (27.3)
Macrophages 41 20 (48.8) 21(51.2)
IPH 2 13 (31.0) 29 (69.0)

No. = number; SD = standard deviation; IPH = intraplaque hemorrhage

Data about the histology of the plaque was not available for al.l pancms For the softwarc-bascd data only
the number of plaques are included of the available cor histological tissue type.

* The histology-based data was categorized in "low" and " hrgh presence except for IPH, which was
catcgorized in "absent” and "present”.

+ The soﬁware—based dala represents the percentage of a specific tissue type compared to the whole
plaque di M , which was used o analy/e the CTA.

1+ The histology-] bascd data was by ion and scored in subgroups of
presence (low or high and in case of IPH absent or present).

28.05% (IQR 15.3%-51.3%) respectively.
However, the other comparisons of the
software-based data between the two
histological subgroups do not show a significant
difference with mean values of 26.4% (SD=7.4;
for low presence) and 30.8% (SD=8.7; for high
presence) for software-based fibrous tissue
compared to  histology-based collagen
(p=0.193); mean values of 21.3% (SD=11.0; for
low presence) and 26.5% (SD=7.5; for high
presence) for software-based fibrofatty tissue
compared to histology-based fat (p=0.141) and
median values of 24.98% (IQR 6.9%-56.7%;
for absence) and 22.07% (IQR 6.3%-32.3%; for
presence) for software-based necrotic core
compared to histology-based IPH (p=0.305).

Regarding the diagnostic accuracy, the high
presence of calcium was identifiable by dense
calcium from the software with an AUC of 0.88
(95% C10.77-0.98). Although to a lesser extent,
the high presence of macrophages identified in
histology could be discriminated by the
software-based necrotic core with an AUC of
0.76 (95% CI 0.61-0.90). The discriminative
performance of the histologically found
collagen and fat, identified by the software-
based fibrous and fibrofatty tissue, respectively,
was acceptable (AUC values of 0.69, 95% CI
0.46-0.92 and 0.67, 95% CI 0.51-0.84
respectively). Furthermore, the presence of IPH
cannot be identified with the software parameter
necrotic core to any extent (AUC = 0.40, 95%
CI 0.19-0.60). These results are also presented
in Table 3.

Table 3.
The discriminative performance of the software by comparing the software-
based proportions with the histology-based high presence of the tissue types.

Software Histology AUC (C195%)
parametert parametertt

Dense calcium Calcifications 0.88 (0.77 - 0.98)
Fibrous Collagen 0.69 (0.46 - 0.92)
Fibro-fatty Fat 0.67 (0.51 - 0.84)
Necrotic core Macrophages 0.76 (0.61 - 0.90)
Necrotic core IPH 0.40 (0.19 - 0.60)

AUC = arca under curve value; Cl = confidence interval; IPH = intraplaque hemorrhage

t The software parameter defines an individual tissue type based on software used 1o analyze
the CTA (dependent on HU values of the tissue type on CTA), measured in percentages of the
whole plaque.

$1 The histology paramcter defines an individual tissuc type based on histological
examination of the culprit slice of the plague, scored as low or high presence and in case of
IPH present or absent
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Figure 3.
Scatterplots of the distribution of the software-derived data, divided by the histological subcategories
(low/absent or high/present). The p-values indicate the significance of the difference of the software-derived
data between the subcategories of the histological data. For normal distribution of the continuous data (in case
of B and C), the mean values are presented with black lines and the corresponding value; and the p-value was
calculated with Independent Samples t-Test. For non-normal distributions of the continuous data (in case of A,
D and E), the median values are presented with grey lines and the corresponding value; and the p-value was
calculated with the Mann-Whitney U test. (A) Software-based dense calcium (in %) compared to the histology-
based presence of calcifications (low or high). (B) Software-based fibrous tissue (in %) compared to the
histology-based presence of collagen (low or high). (C) Software-based fibrofatty tissue (in %) compared to
the histology-based presence of calcifications (low or high). (D) Software-based necrotic core (in %) compared
to the presence of histology-based macrophages (low or high). (E) Software-based necrotic core (in %)
compared to the histology-based presence of IPH (absent or present).
IPH = intraplaque hemorrhage
* P < 0.05 1s significant




Discussion

The aim of this study was to evaluate the
accuracy of  semi-automated  software
(QAngioCT, Medis medical imaging systems)
in characterizing tissue types in an
atherosclerotic plaque at the site of the carotid
artery with histology as reference standard. The
results indicated that the semi-automated
software is able to identify a high proportion of
calcifications and macrophages reliably.
Although a high proportion of collagen and fat
seemed to be discriminable, this study did not
show significance. In addition, IPH could not be
discriminated by the software to any extent.

Existing literature

The characterization of plaque tissues has been
studied before, using different methods and
attenuation thresholds (7able 4). Some articles
determined attenuation thresholds based on
regions of interest, which were used to compare
tissue areas from CTA with histology in the
same study sample.”>?*® Varrassi et al.”’ used
predefined cut-off values and software, similar
to this study. The cut-off values of the individual
articles differed from 39.5 to 60 HU between
lipid and fibrous/connective tissue, whereas the
threshold for calcification ranged from >130 to
>177.1 HU and higher. Wintermark et al.?® also
differentiated hemorrhage with a range of 72 to
177.1 HU. Saba et al.”® studied the average
attenuation for IPH, LRNC and fibrous tissue
and found 17.5 HU (SD 4.9), 39.5 HU (SD 19.5)
and 91.7 HU (SD 17.7) respectively. These
thresholds differ from those used in this study,
in which the cut-off values of necrotic core
(compared with macrophages and IPH), fibro-
fatty tissue (compared with fat), fibrous tissue
(compared with collagen) and dense calcium
(compared with calcifications) were determined
at-30to 75, 76 to 130, 131 to 350 and >350 HU
respectively. These values are based on
intravascular ultrasound virtual histology at the
site of a coronary plaque®’ and were optimized
in training sets.*° For future research the cut-off
values of the tissue types on the CTA need to be
assessed more thoroughly.

Calcifications are known to create a so-called
“blooming effect”, causing an overestimation of
the calcium volume and consequently the

10

Table 4.
Attenuation thresholds/values for each tissue type according to
current and previous studies.

Attenuation thresholds for each tissue

Article type (in HU) (and mean attenuation per
tissue type for Saba et al.)
De Weertetal. *  Lipid core: -20 to 60

Fibrous: 60 to 140
Calcifications: >130
LRNC: <395
Connective tissue: 39.5 to 72
Hemorrhage: 72 to 177.1
Calcification: >177.1
Adipose: -100 to 49
Fibrotic: 50 to 150
Calcifications: >150
IPH: 184+ 4.8

LRNC: 48.048 +19.4
Fibrous: 93.128 + 16.4
Necrotic core: -30 to 75
Fibrofatty: 76 to 130
Fibrous: 131 to 350
Dense calcium: >350

Wintermark et al *

Varrassi et al. **

Saba et al. ¥**

Current studyf

HU = Hounsficld unit; SD = standard deviation; LRNC = lipid rich necrotic core;
IPH = intraplaque hemorrhage

* Attenuation thresholds/values based on histological tissue regions compared with
HU values on CTA.

*%* Reasoning for attcnuation thresholds unclear.

*** Mcan attenuation values were described instead of attenuation thresholds. These
values were based on histological tissue regions compared with HU values on CTA.
* Attenuation thresholds based on intravascular ultrasound virtual histology of
coronary artery and optimized training scts.

overestimation of the stenosis severity. It,
thereby, hinders the accurate identification of
adjacent tissue.’' Sheahan et al.>* and Benson et
al.** used the software VascuCAP (Elucid
Bioimaging Inc., Wenham), which not only
relies on HU thresholds, but also on attenuation
distributions within the imaging to minimize
interference of the blooming effect.3* The semi-
automatic software in this study does not take
this interference into account. Consequently,
this could have affected the observed outcomes
by  overestimating  calcifications  and
underestimating of other tissue types.

Li et al.*® identified plaque composition using a
dual-layer spectral detector CTA, which
enhances the visualization and characterization
of arteries compared with conventional CTA.
They determined the average attenuation values
of the individual tissue types for conventional
as well as monoenergetic CTAs. By comparing
imaging with histological regions of interest,
discrimination between the tissue types could
be examined. Regions with more than one
histological component were excluded from the
analysis.

In context of the literature




Regarding calcifications, our results are similar
to other articles.>*6*"323 Benson et al.**
measured the AUC of different tissue types in
the atherosclerotic plaque from the carotids and
found for calcifications an AUC of 0.73, which
is lower than our study result with an AUC of
0.88 (95% CI 0.77-0.98). Despite the use of
another software system, this difference may
also be explained by the fact Benson et al.
subcategorized the absence of calcification,
while this study combined both the absence of
calcification and minor calcifications into the
category “low”.

As to our knowledge, this study is the first to
look into the discriminative ability of
macrophages on CTA. A lipid rich region can
turn into a necrotic core by the invasion of
macrophages, which create a combination of
lipids and cell debris.'* Surrounding cells go
into apoptosis and are removed inadequately,
which enhances oxidative stress and deprivation
of nutrients. This contributes to more cell death
and leads to an accumulation of necrotic
tissue.'® According to our study results, the high
presence of macrophages can reliably be
identified with necrotic core findings on CTA
(AUC = 0.76 with 95% CI 0.61-0.90; p=0.005).

Although there seems to be a discriminative
ability for the characterization of a high
presence of collagen on CTA (AUC =0.69, 95%
CI 0.46-0.92), this is not found to be significant
(p = 0.193). Other articles did find a significant
discriminative performance for fibrous tissue
(extracellular matrix of connective tissue,
smooth muscle cells, fibroblasts and
inflammatory cells)*>*’, fibrous cap thickness
(distance to the surface of non-connective tissue
(lipid, blood or calcium))*® and matrix
(collagen, elastin,  glycoproteins  and
proteoglycans)®?. Apart from the variance in
histological reference tissues, another factor
that might influence the results could be the
relatively small sample size in this study. The
significance may increase in case of more
included plaques.

Even so, a high presence of fat could not be
identified reliably within this study (AUC =
0.67, 95% CI 0.51-0.84; p = 0.141). Varrassi et
al.?” found a significant, but low correlation
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with adipose tissue. Other studies compared a
lipid rich necrotic core and found insignificant®®
or low®3%¥ associations. However,
Wintermark et al.?¢ did find a significant
discriminative performance with only large
lipid cores (massive extracellular lipid pools).
The average attenuation value of LRNC also
seemed to differentiate significantly compared
to other tissues according to research.?-3

In this study, IPH could not be identified with
the software, which is similar to Wintermark et
al.?® Other studies suggest a significant, but
diagnostically low performance.*** The
identification of IPH with CTA is difficult,
because of overlapping HU values with other
tissue types.?®*®3* In addition, Wintermark et
al.?® determined a HU value higher than fibrous
tissue and lipid core, while Saba et al.?®
suggested the opposite and Li et al.>> found the
HU value of IPH only higher than LRNC, but
lower than fibrous tissue. A reason for this
variation could be the different stages of IPH,
including recent, organized, amorphous and
amorphous with calcifications.*® Differentiating
between these phases could increase the
correlation with imaging.

Clinical implications

A literature review of Saba et al.?! suggests a
higher stroke risk in patients with plaques
containing [IPH, LRNC, macrophages and a thin
fibrous cap. A heavily calcified plaque is
associated with a lower stroke risk.
Characterization of plaque composition plays a
vital role in identifying patients with high stroke
risk. This characterization could be used in the
decision making concerning surgery, especially
for asymptomatic patients.

Strengths of this study

One of the strengths of this study involves the
use of the large and ongoing Athero-Express
database, which creates the possibility to
include a large group of patients to contribute to
the accuracy of the results. The database already
consists of almost three thousand patients, who
underwent CEA.

Another strength is that the current study
involves higher slice CTAs compared to



previous articles, %833 Jeading to better image
quality. Increased precision of the imaging is
presumably beneficial for the characterization
of plaque components.

The third strength involves the examination of
the discriminative performance of macrophages
on CTA. There has not been another article
pointing out this ability, whilst it seems to be an
important histological marker for vulnerable
plaques.

Limitations

This study also has some limitations.
Concerning the available histological data, only
the culprit 0.5cm was evaluated during
histological evaluation, whereas the software
analysis included the whole plaque. As a result,
the assumption had to be made that the
characteristics of the culprit slice reflect the
composition of the whole plaque. Other articles
matched a specific histological region with the
corresponding region on CTA, enhancing the
comparability between the outcomes.?>2¢3
Besides, due to the retrospective design of the
study, most of the gathered pathological data
could not directly be related to a specific
software parameter. Therefore, discrepancies
between the data and software parameters exist,
thus limiting the comparability. In addition, the
histological parameters were only examined
categorically and dichotomized due to a limited
amount of included patients. Instead, describing
the amount of pathological tissue types
continuously using percentages, rather than
categorically, could lead to more precise results.

Furthermore, regarding the CTA analysis, the
reviewer was not familiar with evaluating CTAs
beforehand. In previous studies the CTAs were
analyzed by an experienced
(neuro)radiologist.?*”-?%3233 This may have
influenced the accuracy of the CTA evaluation,
reducing the true value of the software. In
addition, in other articles the evaluation of
CTAs between two independent reviewers
seemed to show some variability.?>3?* This
underlines the importance to adhere to
unambiguous evaluation methods to optimize
the reproducibility of the results.
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Future research

This study demonstrates some discriminative
ability of CTA compared to the true histological
components of an atherosclerotic plaque in the
carotid arteries by wusing semi-automated
software. The next step in the process would be
to observe the effects of using CTA
characterization in the decision making for
CEA. However further research is needed to
validate the discriminative performance found
in this study, especially regarding cut-off values
and the discrepancies in the comparison
between the software parameters and
histological data. Future studies should also
focus on more developed imaging techniques
like spectral CTAs, which seem to differentiate
more clearly between non-calcified tissue
types.® It would also be interesting to evaluate
the different stages of IPH, because of their
potentially unique appearances on CTA. More
elaborate research on this topic may improve
the discriminative performance of CTA
compared to histology.

Conclusion

The identification of plaque tissue types in a
carotid artery on CTA with the use of semi-
automated software (QAngioCT, Medis
medical imaging systems) partially correspond
with  histopathological examination. The
software  shows significant ability in
characterizing high presence of calcifications,
and macrophages compared to histology.
However, while the values of the software seem
to be discriminable for histologically identified
fat, as well as collagen, these do not appear to
be reliable. Furthermore, the software-based
values cannot be correlated with IPH found in
histology. These outcomes highlight the need
for further research to determine more
accurately the extent of the correspondence
between software and histological tissue types.
Improved understanding could assist in the
utility of CTA-based plaque characterization in
managing carotid artery disease.
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Appendix: higher quality tables and figures

Table 1.
Characteristics of all included patients.

No. of patients (%) (average + SD Missing

Vamshle for age and pulse pressure) (n =44)* values
Age (year) 69.4+9.5
Male sex 34 (77.3)
Symptomatic 33 (76.7) 1
Oculart 5(11.6)
TIA 15 (34.9)
Stroke 13 (30.2)
Operation on left side 29 (65.9)
Cardiovascular risk factors
Diabetes mellitus 16 (36.4)
History of heart disease** 18 (40.9)
History of peripheral artery 12 (27.3)
occlusive disease***
Pulse pressure (mmHg) 66.5+17.6
Use of antihypertensive drug 31 (70.5)
Use of statin or lipid lowering drug 37 (84.1)
BMI+t 2
Underweight 1(2.4)
Normal 16 (38.1)
Overweight 17 (40.5)
Obese 8(19.0)
Smokerttt 34 (77.3)

No. = number; SD = standard deviation; TIA = transient ischemic attack; BMI = body mass index.

Data about the patient characteristics was not available for all paticents.

* n = 44, unless there are missing values.

** History of heart discase includes cardiovascular artery disease, myocardial infarction and/or coronary intervention
*** History of peripheral artery occlusive disease includes femoral intervention, claudication or ankle-brachial index <0.70.
T Ocular symptoms include amaurosis fugax and retinal artery occlusion

T+ BMI categorized based on world health organization classification, defining underweight as <18.5 kg/m?;
normal weight as 18.5 kg/m? to 25 Kg/m?; overweight as 25 kg/m? to 30 kg/m?; and obese as >30 kg/m?.

11+ Smoker is defined as current or former smoker
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Table 2.
Prevalence of individual tissue types as noted by the software and histology

Software-based datat

Variable No. of plaques Mean proportion, in % = SD (range)
Dense calcium 44 23.0 +21.6 (0.0 - 80.6)
Fibrous 31 29.5+8.4(12.6 - 49.3)
Fibro-fatty 44 227+10.4(1.4-51.4)
Necrotic core 42 24.6 +£20.4 (0.7 - 75.4)

Histology-based datat+

No. of plaques with low/high presence in n (%)

Low/absent* High/present*
Calcifications 44 31(70.5) 13 (29.5)
Collagen 31 9(29.0) 22 (71.0)
Fat 44 32(72.7) 12 (27.3)
Macrophages 41 20 (48.8) 21(51.2)
IPH 42 13 (31.0) 29 (69.0)

No. = number; SD = standard deviation; IPH = intraplaque hemorrhage

Data about the histology of the plaquc was not available for all paticnts. For the softwarc-bascd data only
the number of plaques are included of the available corresponding histological tissue type.

* The histology-based data was categorized in "low" and "high" presence, except for IPH, which was
catcgorized in "absent” and "present”.

1 The sofiware-based data represents the percentage of a specific tissue type compared to the whole
plaque according to semi-automated sollware, which was used to analyze the CTA.

+1 The histology-based data was measured by pathological cxamination and scored in subgroups of
presence (low or high and in case of IPH absent or present).

Table 3.
The discriminative performance of the software by comparing the software-
based proportions with the histology-based high presence of the tissue types.

Software Histology AUC (C195%)
parametert parametertt

Dense calcium Calcifications 0.88 (0.77 - 0.98)
Fibrous Collagen 0.69 (0.46 - 0.92)
Fibro-fatty Fat 0.67 (0.51 - 0.84)
Necrotic core Macrophages 0.76 (0.61 - 0.90)
Necrotic core IPH 0.40 (0.19 - 0.60)

AUC = arca under curve value; Cl = confidence interval; IPH = intraplaque hemorrhage

t The software parameter defines an individual tissue type based on sofiware used to analyze
the CTA (dependent on HU values of the tissue type on CTA), measured in percentages of the
whole plaque.

t1 The histology parameter defines an individual tissuc type based on histological
examination of the culprit slice of the plaque, scored as low or high presence and in case of
IPH present or absent.
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Table 4.
Attenuation thresholds/values for each tissue type according to
current and previous studies.

Attenuation thresholds for each tissue
Article type (in HU) (and mean attenuation per
tissue type for Saba et al.)
De Weertetal.*  Lipid core: -20 to 60
Fibrous: 60 to 140
Calcifications: >130
Wintermark et al.* LRNC: <39.5
Connective tissue: 39.5 to 72
Hemorrhage: 72 to 177.1
Calcification: >177.1
Varrassi et al.**  Adipose: -100 to 49
Fibrotic: 50 to 150
Calcifications: >150
Saba et al . *** IPH: 184+48
LRNC: 48.048 +19.4
Fibrous: 93.128 + 16.4
Current studyf Necrotic core: -30 to 75
Fibrofatty: 76 to 130
Fibrous: 131 to 350
Dense calcium: >350

HU = Hounsfield unit; SD = standard deviation; LRNC = lipid rich necrotic core;
IPH = intraplaque hemorrhage

* Attenuation thresholds/values based on histological tissue regions compared with
HU valucs on CTA.

** Reasoning for attenuation thresholds unclear.

*** Mcan aticnuation values were described instead of attenuation thresholds. These
values were based on histological tissue regions compared with HU values on CTA.
+ Attenuation thresholds based on intravascular ultrasound virtual histology of
coronary artery and optimized training scts.

A

Figure 1. Example of the QAngioCT software

Transversal and longitudinal slice visualizing the left carotid artery, containing a narrowed
lumen and an atherosclerotic plaque. (A) Transversal slice without formatting. (B) Transversal
slice with additional lumen (yellow) and vessel wall (orange) contours. (C) Transversal slice
with contours and color overlay defining the tissue types (red = necrotic core, light green =
fibrofatty, dark green = fibrous, white = dense calcium). D, Longitudinal slice with lumen
(yellow) and vessel wall (orange) contours, with a light blue line indicating the location of the
transversal slice (as can be seen in A, B and C).
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Patients included in the Athero-Express
database, which had a CEA

n=2758
Patients from Patients from St.
UMC Utrecht Antonius Nieuwegein
n= 1707 n=1051

3

Patients with an available CTA
n=461

1

Patients included in this study

n=103
Patients excluded based on CTA n=40
« Scattering interfering with the plaque n=31
« Tll-timed contrast bolus n=2
| * Poor imaging quality n=>5
« Severe stenosis n=1
* Motion artefact n=1

Y

Patients with CTAs suitable
for software analysis
n=063

Patients excluded based on
— lack of histological data
n=19

Y
Patients included in the analysis
n=44

Figure 2. Inclusion of patients based on the selection criteria
CEA = coronary endarterectomy; UMC = University medical
center; CTA = coronary tomography angiography
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Figure 2.
Scatterplots of the distribution of the software-derived data. divided by the histological subcategories
(low/absent or high/present). The p-values indicate the significance of the difference of the software-derived
data between the subcategories of the histological data. For normal distribution of the continuous data (in case
of B and C), the mean values are presented with black lines and the corresponding value; and the p-value was
calculated with Independent Samples t-Test. For non-normal distributions of the continuous data (in case of A,
D and E), the median values are presented with grey lines and the corresponding value; and the p-value was
calculated with the Mann-Whitney U test. (A) Software-based dense caleium (in %) compared to the histology-
based presence of calcifications (low or high). (B) Software-based fibrous tissue (in %) compared to the
histology-based presence of collagen (low or high). (C) Software-based fibrofatty tissue (in %) compared to
the histology-based presence of calcifications (low or high). (D) Software-based necrotic core (in %) compared
to the presence of histology-based macrophages (low or high). (E) Software-based necrotic core (in %)
compared to the histology-based presence of IPH (absent or present).
IPH = intraplaque hemorrhage
* P < 0.05 is significant
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