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Abstract
Introduction: Vascular remodeling is a compensatory enlargement of the vessel wall in response to atherosclerotic
plaque growth. We aimed to investigate the association between intraplaque hemorrhage (IPH), vascular remodeling,
and luminal dimensions in recently symptomatic patients
with mild to moderate carotid artery stenosis in which the
differences in plaque size were taken into account. Materials and Methods: We assessed vessel dimensions on MRI of
the symptomatic carotid artery in 164 patients from the
Plaque At RISK study. This study included patients with recent ischemic neurological event and ipsilateral carotid artery stenosis <70%. The cross section with the largest wall
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area (WA) in the internal carotid artery (ICA) was selected for
analysis. On this cross section, the following parameters
were determined: WA, total vessel area (TVA), and lumen
area (LA). Vascular remodeling was quantified as the remodeling ratio (RR) and was calculated as TVA at this position
divided by the TVA in an unaffected distal portion of the ipsilateral ICA. Adjustment for WA was performed to correct
for plaque size. Results: Plaques with IPH had a larger WA
(0.56 vs. 0.46 cm2; p < 0.001), a smaller LA (0.17 vs. 0.22 cm2;
p = 0.03), and a higher RR (2.0 vs. 1.9; p = 0.03) than plaques
without IPH. After adjustment for WA, plaques containing
IPH had a smaller LA (B = −0.052, p = 0.01) than plaques without IPH, but the RR was not different. Conclusion: After correcting for plaque size, plaques containing IPH had a smaller
LA than plaques without IPH. However, RR was not different.
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Published by S. Karger AG, Basel
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Introduction

Atherosclerotic disease of the extracranial carotid arteries is an important cause of ischemic stroke [1]. The risk of
recurrent stroke increases with degree of stenosis in the carotid artery [2].
Rupture-prone plaques are characterized by a large lipidrich necrotic core (LRNC) covered by a thin fibrous cap [3],
the presence of intraplaque hemorrhage (IPH) [4–6] and
positive vascular remodeling [7], which can be noninvasively assessed and measured with MR imaging [8]. IPH is caused
by a bleeding within the atherosclerotic plaque which may
originate from small leaky and fragile neovessels present in
the plaque or alternatively from fissuring or rupturing of the
fibrous cap [9–11]. Positive vascular remodeling is a gradual
compensatory enlargement of the vessel wall that initially
prevents lumen narrowing in response to atherosclerotic
plaque growth [12]. As a result, lumen size does not reflect
the extent of atherosclerotic plaques [13]. At later stages of
the disease, remodeling is still present but not fully effective
to prevent lumen narrowing [12]. In particular, carotid
plaques that contain IPH showed lumen narrowing [14–16].
It is unclear why carotid plaques with IPH lead to lumen narrowing and which role vascular remodeling plays in this process. To date there are only a few studies that investigated the
association between IPH and vascular remodeling in carotid
arteries [7, 17, 18]. However, previous studies did not take
into account that IPH occurs more frequently in larger
plaques. Thereby the comparison of vascular remodeling between plaques with and without IPH might be biased because that may only reflect a comparison between smaller
and larger plaques. The aim of this cross-sectional study was
to investigate the association between IPH, vascular remodeling, and luminal dimensions in recently symptomatic patients with mild to moderate carotid artery stenosis with MRI
in which we take the differences in plaque size into account.
Materials and Methods
Study Population
This study is embedded within the Plaque At RISK (PARISK)
study. From September 2010 till December 2014, a total of 240 patients were included with recent (<3 month) transient ischemic
attack, amaurosis fugax, or minor stroke due to ischemia in the
territory of the carotid artery and a 30–69% ipsilateral carotid artery stenosis. Details of the study design and cardiovascular risk
factors have been previously described [19].
The study protocol was approved by the institutional medical
Ethics Committees and conforms to the ethical guidelines of the
1975 Declaration of Helsinki. Written informed consent was obtained from each participant before enrollment.
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MR Imaging Data Acquisition and Analysis
All examinations were performed on 3.0 T whole body MRI
scanners. Imaging protocols included 5 sequences that were comparable between centers (Philips: 3D time-of-flight fast field echo,
3D T1-weighted inversion recovery turbo field echo, 2D T2weighted turbo spin echo, 2D T1-weighted quadruple inversion
recovery turbo spin echo pre- and post-contrast; GE: 3D fast
spoiled gradient echo, 3D T1-weighted spoiled gradient echo, 2D
T2-weighted double inversion recovery fast spin echo, 2D T1weighted double inversion recover fast spin echo pre- and postcontrast). A more detailed description of the sequences is provided
in the study design article [19].
Six observers, who were trained in the same institution to delineate plaque components, evaluated the MR images of the symptomatic carotid artery with the VesselMass software (Department
Radiology, Leiden University Medical center, The Netherlands).
Furthermore, observers were blinded to clinical data and other imaging tests. There were in average 15 transverse adjacent cross sections of 2 mm each covering the entire plaque. MR images of different sequences were registered after delineating the lumen and
outer vessel wall. Regions with a wall thickness >2 mm was defined
as plaque [20]. Plaque components (LRNC, calcifications, and
IPH) were manually segmented using a standardized protocol as
described in the study design article [19]. In short, IPH was defined
as hyperintense signal in the bulk of the plaque compared with the
adjacent sternocleidomastoid muscle in the 3D T1-weighted inversion recovery turbo field echo or 3D T1-weighted spoiled gradient echo images [21]. Good sensitivity, specificity, and interobserver agreement were reported for the detection of IPH in the
studies that used sequences like ours [22, 23]. The LRNC is delineated as an isointense to hyperintense region within the bulk of the
plaque on pre-contrast T1w MRI that does not enhance on the
post-contrast T1w MRI. In addition, IPH volume was always considered as part of the LRNC [22]. Fibrous cap (FC) status was divided in 2 categories: thick versus thin-or-ruptured (TRFC) based
on previously published criteria [24]. Three cross sections were
selected for quantitative analysis: the cross section with the maximal wall area (WA) in the symptomatic internal carotid artery
(ICA) and 2 cross sections adjacent to each other without plaque
and located distally to the previous mentioned cross section. The
lumen area (LA) and the WA were calculated based on the lumen
and wall contours using the VesselMass software and the following
parameters were derived. Total vessel area (TVA) was calculated
as LA + WA (Fig. 1). Reference TVA (TVAREF) was the average
TVA in the 2 distal cross sections without plaque. Plaque burden
was WA/TVA × 100%. The maximal vessel wall thickness was determined as the greatest wall thickness within the cross section.
Remodeling ratio (RR) was calculated as TVA/TVAREF. In addition, the number of cross sections between the bifurcation and the
(a) cross section with maximal WA and (b) reference cross sections
were recorded.
Statistical Analysis
Categorical variables are presented as absolute numbers and
relative frequencies. Continuous variables are presented as mean
± SD or as median (interquartile range). T test was used to compare
continues variables. Ln-transformation was performed to achieve
a normal distribution. Mann-Whitney U Test was used to compare
non-normal distributed continuous variables. Categorical data
were evaluated using χ2 test.
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Fig. 1. Three-dimensional representation of a carotid artery with

contrast (a); 2D T1w-QIR-TSE post-contrast (b); 3D TOF-FFE
(c); 2D T2w TSE (d); 3D T1w-IR-TFE (e). IPH, intraplaque hemorrhage; WA, wall area; LA, lumen area; ICA, internal carotid artery; ECA, external carotid artery; CCA, common carotid artery.

The association between IPH and geometrical parameters was
evaluated using linear regression analysis with geometrical parameters (WA, maximal wall thickness, TVA, RR, LA, and plaque burden) as outcome, and IPH (present, absent) as input variable (univariable analysis) and adjusted for WA (multivariable analysis),
and additionally adjusted for age and sex. We adjusted the analysis
for WA because both vascular remodeling and IPH are more prevalent in vessels with advanced atherosclerosis. This adjustment allows the comparison of IPH and non-IPH plaques with the same
WA.
Because IPH was not always present in the selected cross section with maximal WA despite that IPH was present in the plaque,
analysis was repeated by comparing those patients with IPH present in the selected cross section versus no IPH present.
To investigate whether other plaque components influenced
the geometrical parameters as well, we repeated the above described analysis for LRNC (present, absent) and TRFC (present,
absent). Furthermore, since in the plaque LRNC can be present
simultaneously with IPH, we analyzed LRNC (present, absent) in
plaques without IPH, to study the influence of this plaque component on geometrical parameters independent from IPH.
A value of p < 0.05 was considered significant (2 sided). All calculations were performed using SPSS version 21 (IBM Corp, 2012).

Table 1. Baseline clinical characteristics of the patients

IPH. On the top row: axial MRI of the reference cross section localized in non-atherosclerotic distal portion of the ICA. On the lower
row: axial MRI of the cross section selected for analysis localized
at the point of the maximal WA in ICA. 2D T1w-QIR-TSE pre-

Results

Patients Characteristics
From 240 included patients, 76 patients were not included in the current analyses because MRI was not performed (n = 11), had poor image quality (n = 10), absence
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IPH absent IPH present p value
n = 107
n = 57
Sex (male)
Age
Classification event, n (%)
TIA
Amaurosis fugax
Stroke
BMI, kg/m2
Hypertension, n (%)
Hypercholesterolemia, n (%)
Diabetes mellitus, n (%)
Smoking status, n (%)
Never
Former
Current

60 (55%)
67±4

49 (86%)
71±7

56 (52)
12 (11)
39 (36)
27±4
70 (66)
52 (53)
26 (25)

20 (35)
6 (11)
31 (54)
26±4
39 (70)
34 (63)
13 (23)

24 (23)
50 (47)
32 (30)

9 (17)
35 (65)
10 (18)

<0.001
0.02
0.07
0.11
0.64
0.38
0.85
0.10

IPH, intraplaque hemorrhage; TIA, transient ischemic attack.

of reference segment (n = 43) or presence of plaque in the
bulb instead of the ICA (n = 12). Finally, 164 patients were
included in the current analyses. In 57 of the patients
(35%), IPH was present in the plaque. Patients with IPH
were more frequently male (86% vs.55%; p < 0.001) and
were older (71 vs.67; p = 0.02) compared to patients without IPH (Table 1).
Dilba et al.

Table 2. Comparison of geometric parameters between plaques with IPH and without IPH

WA, cm2
Maximal wall thickness, mm
Total vessel area, cm2
Plaque burden, %
LA, cm2
RR

IPH absent
n = 107

IPH present
n = 57

Univariable analysis1
(B; 95% CI)

p value

Multivariable analysis2
(B; 95% CI)

p value

0.46 (0.39–0.55)
3.3 (2.7–4.2)
0.7 (0.59–0.81)
66 (60–74)
0.22 (0.16–0.31)
1.9 (1.6–2.1)

0.56 (0.45–0.71)
4.1 (3.0–5.4)
0.76 (0.62–0.94)
74 (67–84)
0.17 (0.13–0.24)
2.0 (1.8–2.5)

0.132 (0.079; 0.186)
0.954 (0.544; 1.364)
0.090 (0.021; 0.159)
7.873 (4.469–11.277)
−0.042 (−0.081; −0.004)
0.196 (0.022; 0.371)

<0.001
<0.001
0.01
<0.001
0.03
0.03

na3
0.262 (−0.061; 0.586)
−0.052 (−0.093;−0.011)
4.298 (0.984; 7.612)
−0.052 (−0.093; −0.01)
−0.044 (−0.2; 0.112)

na
0.11
0.01
0.01
0.01
0.58

WA, wall area; LA, lumen area; RR, remodelling ratio; IPH: intraplaque hemorrhage. 1 Univeriable analysis: IPH presence. 2 Multivariable analysis: IPH
presence and wall area. 3 Not applicable.

Comparison between Plaques with and without IPH
Atherosclerotic plaques with IPH had larger WA than
plaques without IPH (WA 0.56 vs. 0.46 cm2; p < 0.001)
and a larger maximal wall thickness (4.1 vs. 3.3 mm; p <
0.001). In plaques with IPH the TVA was larger (0.76
vs.0.70 cm2; p = 0.01) as well as the RR (2.0 vs. 1.9; p =
0.03). This resulted in a smaller LA (0.17 vs. 0.22 cm2; p =
0.03) and a higher plaque burden (74 vs. 66%; p < 0.001)
in plaques with IPH compared to plaques that did not
contain IPH (Table 2). The reference TVA had the same
size (0.37 [0.33–0.43] cm2 vs. 0.36 [0.32–0.42] cm2; p =
0.5) and reference cross sections were equally far located
from the bifurcation (7.5 [6.5–8.7] vs. 7.5 [6.5–7.5]; p =
0.19). Moreover, the location of the cross section with
maximal WA was not different for plaques with and without IPH (1 [1–2] vs.1 [1–2]; p = 0.31).
After adjustment for WA, plaques with IPH showed a
smaller TVA (B = −0.052; p = 0.01) and LA (B = −0.052;
p = 0.01). However, after adjustment for WA, there was
no significant difference in RR (Table 2). Additional adjustment for sex and age did not change the results for all
parameters.
IPH was localized within the selected slice of maximal
WA in 40 (70%) of the cases. When we repeated the analysis for only the plaques that contained IPH within the
slice with maximal WA (n = 40) versus plaques without
IPH at all, similar results were found for the univariable
and multivariable analysis.

suppl. Table 1; for all online suppl. material, see www.
karger.com/doi/10.1159/000511935). For plaques with
TRFC versus non-TRFC, similar results were obtained
(online suppl. Table 2).
To investigate the relationship between LRNC and
geometrical parameters independent from IPH, subgroup analysis on all plaques without IPH (n = 107) was
repeated and demonstrated that plaques that contain
LRNC (n = 43) do not differ in LA, TVA, and RR from
plaques without LRNC (n = 64) (online suppl. Table 3).
Discussion

Comparison between Plaques with and without Other
Plaque Components
When geometrical parameters were compared for
plaques with LRNC versus non-LRNC, similar to IPH,
after adjustment for WA, TVA (B = −0.044, p = 0.026)
and LA (B = −0.044. p = 0.026) were significantly smaller
but RR was not different (−0.081, p = 0.274), (see online

This study demonstrates that plaques with IPH had a
larger plaque area and burden, were thicker, and had a
smaller LA with a higher RR compared to plaques without
IPH. Furthermore, after adjustment for WA, plaques with
IPH had a smaller TVA, resulting also in a smaller LA but
did not differ in RR compared to the non-IPH plaques.
IPH seems to be a natural process of plaque development
that occurs in more advanced stages of atherosclerosis. Increase in atherosclerotic disease results in an increase in
plaque area and thereby vascular remodeling also increases.
Therefore, comparing vascular remodeling in plaques with
and without IPH without adjustment for plaque size would
not be an appropriate approach. After adjustment of the
remodeling measures (TVA and RR) for plaque size, represented by the WA, we demonstrated that plaques with IPH
had a smaller TVA and LA. However, adjustment for WA
did not result in a smaller RR. We have 2 explanations for
this inconsistency. First, it cannot be excluded that the size
of the carotid bulb before plaque formation was different
among the IPH and the non-IPH group. Second, in crosssectional studies, vascular remodeling is typically measured
as the ratio between TVA at the studied plaque site and
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TVA at a non-diseased ipsilateral part of the vessel (reference) [7, 17, 18]. In general, it is assumed that the reference
site gives information about the dimension of the vessel before plaque growth. However, in the non-atherosclerotic
carotid arteries, only a moderate correlation was observed
between the carotid bulb size and the distal ipsilateral unaffected ICA [25]. Thus, the TVA of the reference site probably does not give accurate information on the initial size of
carotid artery before plaque growth. Therefore, the use of
the distal reference cross section and thus the RR as a measure for vascular remodeling in carotid arteries can be questioned. However, alternatives are scarce in a cross-sectional
study design. Future longitudinal studies can answer the
question why plaques with IPH lead to lumen narrowing
and which role vascular remodeling plays in this process. It
might be hypothesized that due to accelerated plaque
growth because of IPH, vascular remodeling is not fast
enough to keep the vessel lumen its original dimensions.
Thereby, lumen narrowing occurs.
The analysis was performed in the ICA cross section
with the maximal WA in contrast to others who use the
cross section of maximal stenosis [7, 17, 18, 26] and an
average TVA to calculate RR [18]. First, we expected to
find IPH in the cross section with the largest WA. Indeed
our data show that in 70% of the cases IPH was located in
the cross section with the largest WA. Second, our patients had a gradual lumen decrease; therefore, the cross
section with the smallest LA was often located in the most
distal part of the ICA, which was not always diseased.
Our results are difficult to compare with previous
studies in which adjustment for plaque size has not been
performed and other definitions of remodeling were
used. We can only compare previous results to our unadjusted results. Similar to Fukuda et al. [17], we found that
plaques containing IPH were associated with a higher RR.
In contrast to our study, Saam et al. [18] used the average
TVA compared to a reference site to define the RR. However, we are convinced that it is important to use only 1
cross section with maximal vascular remodeling, that is
expected to be at the cross section with maximal WA. Averaging may lead to weakening of existing correlations
between parameters. For example, Saam et al. [18] did not
observe a difference in vascular RR, based on average RR,
among plaques with different American Heart Association classification subtypes of which lesion type VI contains IPH. However, when analysis was repeated using
only 1 single cross section at maximal stenosis, differences between lesion type VI and VII appeared significant.
Our study has several limitations. First, the study is a
cross-sectional study, which limits us to draw firm conclu98
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sions about the causal role of IPH in vascular remodeling
and lumen narrowing. Second, we analyzed only 1 cross
section selected from the plaque with maximal WA, which
not always contained IPH, even though IPH was present in
the plaque. However, when the analysis was performed on
the cross sections with maximal WA containing also IPH,
the same results were found. So, the cross section with maximal WA represents the global response of the plaque.
Third, several plaque components are often simultaneously
present in the plaque. Therefore, to study their independent
influence on geometrical parameters is challenging. If
plaques were stratified according to LRNC or TRFC similar
to IPH, a smaller lumen and total vessel area were observed
without differences in RR (online suppl. Tables 1, 2). The
main explanation for this observation is the high correlation/colocalization of plaque components. If plaques were
stratified according to the presence of LRNC or TRFC, 57%
of the cases and 76% of the cases respectively also contained
IPH in the plaque. To answer the question whether the observed differences in LA, TVA, and absence of difference in
RR for LRNC were fully dominated by IPH, a subgroup
analysis was performed for plaques without IPH to study
the relationship between LRNC and the geometrical parameters. Interestingly, comparing plaques with and without LRNC but without IPH, the observed differences in LA
and TVA were not present anymore, implying that LRNC
by itself is not involved in vascular remodeling and lumen
narrowing. For TRFC, no subgroup analysis was performed
since according to protocol the FC is the area between
LRNC and/or IPH and lumen and therefore is always linked
to either LRNC or IPH.
Conclusion

After adjustment for plaque size, plaques containing
IPH have a smaller LA than the plaques without IPH.
However, the vascular remodeling was not different.
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