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Abstract

Purpose: Up to 30% of ischemic strokes are caused by Carotid Artery Disease. Currently the
indication for surgery is based on degree of stenosis which does not take into account the morphology
of the atherosclerotic plaque. Certain histological features are associated with risk of stroke, the so
called “vulnerable” plaque. Studies have shown that ultrasound may be able to identify vulnerable
plaques. Most assessments use 2D ultrasound (US). Some of the latest involve 3D US. There have been
few studies that compare 2D with 3D ultrasound.

Methods: Twelve carotid plaques (From 5 asymptomatic and 7 symptomatic patients), removed at the
time of carotid endarterectomy, were assessed with both a 3D linear array and a 2D US probe. US
images were analysed and compared with histological slides of the same sections in order to assess
plague volume and the percentage occupied by lipid. 3D and 2D US results were compared.

Results: 3D US accurately predicted the histological lipid volume and percentage. 3D US was able to
differentiate between symptomatic and asymptomatic plaques (P= 0.047) with 100% sensitivity, 60%
specificity. Neither 2D nor 3D ultrasound were able to predict risk of stroke.

Conclusion: Ex-vivo 3D US using grey-scale median, can differentiate between symptomatic and
asymptomatic plaques. With further research, is may be possible to use 3D US to help refine the
indication for recommending carotid endarterectomy.
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Introduction

Carotid artery atherosclerosis is responsible for up to 30% of ischemic strokes (A. Baroncini
et al, 2006). The mechanism is either platelet embolism because of turbulent flow or more
commonly disruption or rupture of a carotid plaque causing thrombotic embolism or carotid
artery occlusion (Spagnoli et al, 2004) [, Symptomatic patients may present with a
transient ischaemic attack (TIA), amaurosis fugax (AF) or stroke. Currently surgery, in the
United Kingdom, is indicated when a symptomatic carotid stenosis measured, with 2D
duplex ultrasound (US), is greater than 50% NASCET or 70% ECST (NICE, 2008) [*4,

The American Heart Association (AHA) recommends prophylactic Carotid endarterectomy
(CEA) in asymptomatic patients with severe stenosis (>70% NASCET) There is up to a 2%
risk of stroke as a result of carotid endarterectomy (Yoshida et al., 2013) [8],

Not all stenotic plaques cause symptoms. Some patients with asymptomatic stenosis, and
possibly some with symptoms, may be exposed to the risks of unnecessary surgery when
their carotid plaque is stable and unlikely to cause harm.

Carotid plaques that have been removed by carotid endarterectomy show histological
features that can be associated with the patient’s symptoms. A histological classification
system has been proposed but cannot be used preoperatively, Herbert C. Stary et al. (1995)
118 (table 1).

A non-invasive method which can identify carotid plaques that are likely to rupture and
cause symptoms could provide better screening of patients with asymptomatic disease who
might be considered for prophylactic surgery (Bogiatzi, et al, 2012) [,

Currently 2D US is normally used for carotid plaque assessment. Ultrasound greyscale
median (GSM) can indicate plaque vulnerability (Nicolaides et al. 2010; Ruiz-Ares et al.
2011; Ibrahimi et al. 2014; Ruiz-Ares et al. 2014; Mitchel, et al, 2017). Geroulakos et al.
(1993) [12 13,8, 14,10, 8] djvided plaques into five groups based on US echogenicity and their
associated risk of symptoms (table 2).
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2D US has a number of disadvantages. Imaging requires
users to mentally integrate many 2D images to form an
impression of the anatomy and pathology in 3D. This leads
to longer investigation time and may result in variability in
diagnosis  and guidance during Interventional
procedures. The use of 2D US imaging for measurements of
volume is variable and at times inaccurate. 3D US aims to
overcome these flaws. (Fenster et al 2011) [,

The 3D US systems are based on mechanical scanning
mechanisms which make use of motorized mechanisms to
translate, tilt or rotate a conventional 2D US transducer (i.e.
a linear transducer array), while a computer rapidly acquires

http://www.radiologypaper.com/

a sequential series of 2D US images which are reconstructed
to form 3D US images in real time. Linear scanning uses a
motorized drive mechanism to translate the transducer
taking cross sectional images of the vessel and is the most
commonly used in vascular studies. (Fenster et al. 2011) B,
There do not appear to be any studies that compare the
ability of 3D and 2D ultrasound to predict symptoms
utilizing GSM.

The aim of this study was to develop a model to establish
whether 3D US was better than 2D at differentiating
between stable (asymptomatic) and unstable (symptomatic)
carotid plaques.

Table 1: AHA classification with associated risk (adapted from Stary et al 1995) [16]

AHA Histological
Classification

1 Initial lesion with foam cells

11| Fatty streak with multiple
foam cell layers

1l
Pre-atheroma with
extracellutar lipid pools

IV | Atheroma with confluent
| extracellular lipid core,
| infiltrated with foam cells and

l smooth musde cells
i

Va | Fibro-atheroma; Type IV with
‘ a fibrous cap
|

Vb | Calcified plaque
Lesion with Epid core or
| fibrotic tissue with large
i calcifications

V¢ | Fibrotic plaque
| Fibrous connective tissue
No lipid core

VI | Complicated plaque with
possible surface defect,

haemaorrhage or thrombosis

KEY I High-risk plague

Intermediate -risk plaque

Low-risk plaque

Table 2: Plaque types and

their correlating risk.

} Uniformly echolucent plaques

] Predominantly echolucent plaques with <50% echogenic areas

] Predominantly echogenic plaques with <50% echolucent areas

v Uniformly echogenic plagques

KEY [ High-risk plague
I | Intermediate-risk plaque

Low-risk plaque

Adapted from Geouroulakos et al, 1993

v Plaques that cannot be classified due to heavy calcification and acoustic shadows

Methods

Twelve carotid endarterectomy specimens from seven
symptomatic (4 men) and five asymptomatic (3 men)
patients were obtained. All patients had a carotid stenosis

between 50-% and 99%, as defined by NASCET. Samples
were obtained with consent from patients enrolled in the
second European Carotid Surgery Trial
(http:/lwww.ecst2.com), for which ethical approval had
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been obtained to assess samples.

“Symptomatic patients” were defined as those who had
presented with ipsilateral hemispheric ischemic episode
(TIA, AF or stroke) within six months of surgery.
“Asymptomatic patients” were defined as those who had no
event attributable to carotid stenosis or had an ipsilateral
ischemic event more than six months before surgery.

The intact carotid plaques, once removed from the patient
were placed in 10% formalin and transferred to the
laboratory. Specimens were marked with a thin line of
Indian ink on the posterior surface in order to provide an
orientation reference.

A bench model was created to simulate the carotid artery
and the plaque was placed within it (figs1& 2). The model
consisted of a plastic container, containing two layers of
Ultrasonic gel (Pharmaceutical Innovations, Inc.) in-
between which was placed a 20mm x 80mm x3mm piece of
Playdoh (Hasbro inc, USA) wrapped in clingfilm (Waitrose
own brand). Playdoh has a similar GSM to adventitia and
was used to provide a reference point for grey scale. The
plaque was placed in a groove created on the upper surface
of the gel with the ink line adjacent to the Playdoh. The top
gel layer was covered with saline to prevent air artefact
(figuresl & 2).

Plagues were imaged using an 1U-22 Philips scanner. A
VL13-5 MHz 3D probe or 19-3 MHz 2D probe, were used.
For all 3D scans the equipment was set for resolution over
speed. Plaques were scanned using a longitudinal
acquisition plane (2D) and a transverse acquisition plane
(3D). For 3D transverse images the steering angle was set at
30 degrees, to ensure as much of the plaque could be
imaged as possible. The 3D probe was placed at 90 degrees
to the vessel axis. A 3D image was construction by a series
of transverse images. Reproducibility scans were performed
on two samples. The images were transferred in Di Com
format to a PC for analysis. After imaging the plaques were
returned to formalin.

Specimen preparation and US scanning took less than an
hour in order to reduce possible degeneration of specimens.
Specimens were returned to the formalin immediately after
scanning.

Fig 1: A view of the Custom Imaging Platform from above

Fig 2: A side view of the Custom Imaging Platform
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Histology: Staining and Imaging

Plagques were photographed, cut into at 3mm sections (from
common carotid to internal carotid) and photographed again
(see fig 4). Sections were placed in 10% Formalin for at
least 12 hours then sealed in paraffin wax and sliced at 3
pm. Slices were stained with Haematoxylin-Eosin (H&E),
Trichrome, Oil Red 0 and Elastic Van Gieson.

Digital microscopy images of the slices were taken and
analyzed using the Nano Zoomer-XR C12000 system
(scanner and viewer) and NanoZoomer Digital Pathology
manufactured by Hamamatsu (accessed
http://virtualcellpath.histop.ucl.ac.uk/). This software can
calculate areas and linear measurements. All measurements
were taken from samples stained with H&E.

Specimens were classified using AHA classification by a
consultant histopathology’s who was blinded to the patients’
clinical details and unaware of imaging results (table 3)
Measurements were obtained using Nano Zoomer software:
area of lipid was outlined using a cursor and area calculation
tool. Linear measurements (minimum 4) of the distance
between the lumen and the edge of the lipid area on each
slice were taken, and an average calculated. All
measurements were repeated on all slices by a second
researcher.

The percentage of lipid was calculated by dividing the lipid
area by the plaque area minus luminal area. Average
percentage lipid for each plagque was calculated using data
from all the slices obtained from each plaque. Lipid and
plaque volumes were calculated by adding the areas from
each slice and then multiplying by 3 (as each slice was 3mm
thick).

A.

Fig 3: Show the all details

A- Macroscopic plaque with representative cuts correlating with
cross-sectional slices. Arrow indicates direction from CCA to ICA.
Bifurcation visible in 3 and 4™ slices

B, C, D - macroscopic appearance of plagues removed from ICA
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with CCA orientated to the left

E — Appearance of 3mm cross-sectional slices correlating to plaque
seen in D. Orientated to that CCA is to the left. Bifurcation can be
seen in 4% slice.

CCA — Common Carotid Artery

http://www.radiologypaper.com/

ICA — Internal Carotid Artery
ECA — External Carotid Artery
P — Plaque

L - Lumen

Table 3: Histological classification of plaques by using AHA system. Those patients highlighted with red text are in a high-risk group.

Patient | Type Large lipid core > 25% of the total cross-sectional area Large Calcification
1 Va Yes -
2 Vb Yes +
3 Vb No +
4 Vb Yes +
5 Vi Yes +
6 \4 Yes +
7 Vb Yes +
8 Vb Yes +
9 Vb Yes +
10 Vi Yes +
11 VI Yes +
12 Vb Yes +

Table 4: Symptomatic and asymptomatic plaques identified by
proposed 3D GSM cut off

Symptomatic | Asymptomatic | Total
GSM <109 7 2 9
GSM >109 0 3 3
Total 7 5 12

Analysis of Ultrasound images

The 3D Ultrasound images of plaques were digitally sliced
at Imm intervals, using Phillips Q-lab’s I-slice mode
(dedicated software). The ultrasound image was matched
with the corresponding histological slice (figure 5). US
images that did not match were discarded. The matched US
images were then analyzed using adapted US Proc 4
methodology (original available at
http://www.lifeqmedical.com/products.html).

The GSM of ex-vivo plaques was found to be higher than in-
vivo so images were normalized to enable comparison
between ex-vivo and in-vivo images. Normalization involved
adaptation of the US_Proc_4.0 methodology. Photoshop
was used to reduce grey scale values of ex-vivo US images
by 50.

Average GSM was calculated for all matched US images for
each plaque. Plague volume and black area volume (lipid)
were calculated for matched 3D images. Volumes were
calculated by multiplying the area measured on each
transverse slice by 3 (the distance to the next slice).

Plague lipid volume and the percentage of lipid within the
plaque, calculated from histology specimens, were
compared with those obtained on ultrasound.

Geroulakos echogenicity staging was compared with
ultrasound GSM results.

Symptomatic and asymptomatic plaques were identified,
and their respective GSM values were analysed to test the
ability of 2D and 3D ultrasound to distinguish between the
groups.

Statistical analysis

Statistical analysis was performed on SPSS for Windows
(Version 21, IBM). Average GSM between symptomatic
and asymptomatic plaques was assessed using independent
t-tests, as were plaque typing assessments. Intra-observer
error was assessed using an intra-class correlation test.
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Results

3D-US was comparable to histology in the measurement of
lipid volume and percentage of plague volume that was lipid
The mean lipid volume calculated from histology specimens
was 187.07mma3 (range 24.45 to 506.57) which was similar
to that measured by ultrasound (160.44mm3 (range O to
383.73). The mean difference was -26.63 (P= 0.547).

The mean percentage of plaque volume, that contained lipid
calculated on histological analysis, was 29.12% (range 4.72
to 55.70) this was similar to the corresponding black area
seen with ultrasound (21.15% (range O to 29.60). The mean
difference was -7.97% (P = 0.143).

3D GSM could not predict histologically defined risk of
plaque rupture. The mean GSM of intermediate risk plaques
was 90.51 (range 30.06 to 176.07) which was not
significantly different to that of high risk (67.12 (range
53.20 to 81.00).

2D GSM was unable to predict risk (P= 0.317). The mean
2D GSM of intermediate risk plaques was 108.52 (range
43.97 to 214.25) compared with 79.55 of high risk (range
67.67 t0 99.87)

Of the 12 plaques 3D-US identified 5 as type 4 and 7 as type
3 (Geroulakos staging). 3D GSM showed significantly
(P=0.002) lower values in type 3 plaques 54.22 (range 30.06
to 81.92) than type 4 (122.64 (range 81.00 to 176.07) (fig
4).

2D-US typing of the plaques resulted in 3 being assigned to
type 3 and 9 to type 4. The average GSM of type 3 plaques
was 71.26 (range 43.98 to 99.88) and type 4, 108.07 (range
67.67 to 214.25) There was no real difference (P= 0.238) in
average 2D GSM between the two groups (fig 5).

3D US was able to differentiate between symptomatic and
asymptomatic plaques. The mean GSM for symptomatic
plaques was 62.11 (range 53.2 to 176.07) and asymptomatic
plaques was 111.60 (range 30.06 to 109.34) (fig 6) (P=
0.047).

2D US was not able to distinguish between asymptomatic
and symptomatic plaques. The mean GSM for symptomatic
plaques was 91.234 (range 43.98 to 214.25) compared with
asymptomatic 109.55 (range 79.91 to 145.35)) (fig 7).

A GSM of 109 was identified as a cut-off point, with a mean
GSM of less than 109 able to identify symptomatic plaques.
(100% sensitivity and 60% specificity (table 4)) (P=
0.0455).
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Fig 4: box graph showing; a significant difference (P=0.002) in GSM for the 3D-US defined plaque types
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Fig 5: Box chart showing GSM for 2D-US defined plaque risk type
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Fig 6: Box plot showing significant difference in Tave GSM (average GSM as calculated from 3D images) between the two groups: A
(asymptomatic) and S (symptomatic plaques).
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Fig 7: Box graph showing 2D GSM vs. A (asymptomatic) and S (symptomatic). There is no significant difference (P= 0.515) in GSM
between the two groups

Discussion

The major limitation with this study was the small sample
size. To improve the study, a larger number of plaques need
to be imaged in-vivo with 2D and 3D ultrasound before
CEA. This would be difficult because of the push to treat
symptomatic patients within 48 hours of presentation.

One plaque (referred to as “outlier”) was heavily calcified
giving a very high 2D GSM despite the presence of a large
lipid core. It represents an outlier at 2 S.D., but not 3 S.D.
When removed from analysis then the 2D differentiation
became significant (P= 0.012). This would suggest that 2D
GSM is more susceptible to calcification artefacts than 3D
GSM. Calcification was noted on other specimens to a
lesser degree. Previous studies have reported difficulties in
analysing highly calcified plaques (Geroulakos et al., 1993)
¢l (Aquilina et al., 2012). This was also true in this study,
but due to the small numbers available the decision was
made to include all specimens in initial analysis. The
significance of the differentiation provided by 3D US may
mean that even calcified plaques can be characterized.
However, this will need verifying in a larger study.

A steering angle of 30 degrees meant one of the longer
plaques could not be completely analysed, because when
using the I-slice function the program created repeats at the
ends of the plaque. This meant two of the histological slices
could not be matched with US.

3D-US was able to show significant difference (P=0.002)
between risk groups when Geroulakos staging was applied,
while 2D was not (P= 0.238). This indicated that 3D GSM
is able to grade plaques on their echogenicity, however it
was not able to predict risk as defined by the AHA
histological classification.

In this model 3D was better than 2D in predicting
symptoms. To our knowledge this is one of only a few
studies of a model of the carotid artery where 3D ultrasound
has been used to compare with 2D.

Conclusion

This study has shown that 3D-US may have a role in
predicting plaque rupture in patients with asymptomatic
carotid plaques. 3D ultrasound provided 100% sensitivity
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such that no symptomatic plaques were
identified when the GSM was greater than 109.
A 3D-US GSM of less than 109 could therefore be used to
help decide on the need for surgery, whilst a GSM of greater
than 109 may indicate a stable plaque. This cut-off did,
however, mean 40% of asymptomatic plaques could be
identified as symptomatic and would be indicated for
potentially unnecessary surgery.

incorrectly
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