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TECHNICAL DEVELOPMENT

Vessel Wall and Adventitial DCE-MRI

Parameters Demonstrate Similar
Correlations With Carotid Plaque
Microvasculature on Histology

Raf H.M. van Hoof, MSc,"* Stefan A. V66, MD, PhD,"? Judith C. Sluimer, PhD,*>
Nicky J.A. Wijnen, BSc," Evelien Hermeling, PhD,'?

Floris H.B.M. Schreuder, MD, MSc,"?*°> Martine T.B Truijman, MD, PhD,"%%>
Jack P.M. Cleutjens, PhD,?* Mat J.A.P. Daemen, MD, PhD,°
Jan-Willem H. Daemen, MD, PhD,” Robert J. van Oostenbrugge, MD, PhD,?*
Werner H. Mess, MD, PhD,?® Joachim E. Wildberger, MD, PhD,"?

Sylvia Heeneman, PhD,?3 and M. Eline Kooi, PhD"?*

Purpose: To assess parameter agreement of volume transfer coefficient (K"®"%) between two vascular regions and to study the
correlation with microvessel density on histology. The dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI)
parameter K™ is frequently used to study atherosclerotic plaque microvasculature. K™ has been reported using different
descriptive statistics (mean, median, 75t percentile) either for the whole vessel wall or the adventitia in previous studies.
Materials and Methods: DCE-MRI parameter agreement was analyzed in 110 symptomatic patients with >2mm carotid
plaque that underwent a 3T carotid DCE-MRI examination. K™"* was estimated in the entire vessel wall and adventitia.
Twenty-three patients underwent carotid endarterectomy and were used for comparison with histological quantification
of microvessel density of the plaque using CD31 immunohistochemistry. DCE-MRI parameters in the vessel wall regions
were compared using Pearson’s correlation coefficient, Bland-Altman analysis, and a two-sided paired samples t-test.
Correlation of the DCE-MRI parameters with histology was studied using the Pearson'’s correlation coefficient.
Results: Median adventitial K"™" was 5% higher (P =0.003) than entire vessel wall K", with no differences for other
descriptive statistics. Vessel wall and adventitial K" showed similar moderately strong correlations with plaque micro-
vessel density on histology (Pearson’s p: 0.59-0.65 [P < 0.003] and 0.52-0.64 [P < 0.011], respectively).
Conclusion: The similar moderately strong correlations for vessel wall and adventitial K" with microvessel density on
histology suggested that both regions reflected plaque microvessel density. Care should to be taken when comparing
absolute values between studies. Future studies incorporating thresholds for risk stratification need to agree upon stan-
dardization of DCE-MRI parameters.
Level of Evidence: 2
Technical Efficacy: Stage 2

J. MAGN. RESON. IMAGING 2017;46:1053-1059.

upture of a vulnerable carotid atherosclerotic plaque been identified as important hallmarks of plaque vulnerabili-
may lead to an ischemic stroke, resulting in morbidity ty, including increased plaque microvasculature.” These
or even death of the patient." Several plaque features have microvessels originate from the adventitia (the exterior part
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of the vessel wall) and grow into the plaque tissue,” supply-
ing the plaque with nutrients and oxygen. The structural
integrity
impaired.” Therefore, plaque microvessels may provide an
entry point for inflammatory cells and erythrocytes and may
cause destabilization of the plaque,’ leading to an increased

microvasculature endothelium is

of plaque

risk of plaque rupture.

Dynamic contrast-enhanced magnetic resonance imag-
ing (DCE-MRI) has emerged as a noninvasive technique to
assess plaque microvasculature. With this technique, the
microvasculature can be studied (semi-)quantitatively by
studying the leakage of the contrast medium (CM) from the
microvasculature into the plaque tissue. Previous research
has been performed in specimens from patients undergoing
a carotid endarterectomy (CEA). During CEA, the carotid
plaque (ie, the intima) and (part of) the media is removed,
leaving the remaining vessel wall including the adventitia in
situ. These studies have already shown a correlation between
the volume transfer coefficient, K™, a quantitative DCE-
MRI parameter reflecting microvessel flow, density, and per-
meability, and histological measurements of the plaque
microvasculature as a reference.™

A number of studies have investigated the relationship
between plaque microvasculature and other features of pla-

10-12

que vulnerability, such as inflammation and the pres-

The focus of these

16—8,10—12,14

ence of intraplaque hemorrhage."
studies was either on the entire vessel wal or only
on the outer layer of the vessel wall, the adventitia.”'? Cur-
rently, no direct comparison between quantitative DCE-
MRI parameters from these two vascular regions has been
performed. In addition, different descriptive statistics (eg,
mean, median, or 75 percentile) have been reported in
these various studies. While mean and median values may
be more suited to describe the overall state of the plaque
microvasculature, the 75™ percentile may be more suited to
reflect specific hotspots of increased plaque microvascularity.

The aim of the present study was to systematically
investigate the agreement between quantitative DCE-MRI
pharmacokinetic parameters derived from the entire vessel
wall and the adventitial region in the same patient and cor-
relate these parameters to the intraplaque microvessel endo-

thelium density in histological specimens as a reference.

Material and Methods
Study Population

In this present prospective, cross-sectional study consecutive
patients with an acute cerebrovascular event (stroke, transient ische-
mic attack [TIA], or amaurosis fugax) due to an ipsilateral carotid
artery stenosis and a carotid plaque >2mm on duplex ultrasonog-
raphy were included.

Patients with a severe comorbidity (dementia, severe heart
failure, ie, New York Heart Association class III-1V, severe pulmo-

nary dysfunction dependent on oxygen supply, hemiparalysis, or
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complete aphasia) and standard contraindications for MR, such as
ferromagnetic/other electronic implants were excluded. Patients
with severe renal disease (renal clearance <30 ml/min) were not eli-
gible for contrast-enhanced MRI and were therefore excluded from
the current analysis.

Medical history and medication use were ascertained at the
time of subject enrolment. All study participants underwent carotid
DCE-MRI of the symptomatic carotid plaque. Histological and
MRI analysis was performed blinded to the other test results by
randomization of the histological samples before analysis.

Approval of the local Institutional Ethical Review Board was
obtained. Written informed consent was obtained from all patients

before study inclusion.

MRI

MRI was performed with a 3T whole-body MRI system (Achieva,
Philips Healthcare, Best, The Netherlands) using a dedicated 8-
channel carotid RF coil (Shanghai Chenguan Medical Technolo-
gies, Shanghai, China). Five MRI pulse sequences were used to
facilitate delineation of plaque boundaries as described previously."
For DCE-MRI, an end-diastolic ECG gated 3D 7;-TFE MRI
pulse sequence was acquired centered at the position of the highest
plaque burden with the following parameters: repetition/echo time
11.6/5.7 msec, flip angle 35°, field of view 130 X 130 mm, acqui-
sition/reconstruction matrix 208 X 206 / 512 X 512, five adjoin-

. . . . 16
ing transversal slices, slice thickness 2mm.”

The temporal
resolution was ~20 seconds per timeframe (dependent on heart
rate). At the beginning of the third timeframe, a contrast medium
(CM) (0.1 mmol/kg gadobutrol [Gadovist, Bayer Healthcare, Ber-
lin, Germany]) was injected with a power injector (Spectris Solaris,
Medrad, Warrendale, PA) at 0.5 ml/sec followed by a 20-mL saline
chaser at the same rate. DCE-MR imaging was continued for 6

minutes after contrast injection.

CEA and Histological Preparation

Indication for CEA was based on the clinician’s decision. Surgeons
were instructed to remove the carotid plaque in one piece. Carotid
endarterectomy specimens were collected after surgery and histolog-
ical processing was performed as described previously.® In short,
after CEA the carotid plaques were immediately fixed in 10% buff-
ered formalin, transversely cut in 3-mm slices, decalcified, embed-
ded in paraffin, and cut in 4-um (transverse) slices. Colocalization
of histopathological sections with DCE-MRI slices was performed
using the longitudinal position relative to the carotid bifurcation
and/or the narrowest carotid artery lumen as a reference.® Plaque
microvasculature was detected on coregistered slices with immuno-
histochemistry using primary antibodies against CD31 (clone
JC70A, Dako North America, Carpinteria, CA), for identification
of endothelial cells.

Plaque microvasculature was quantified on high spatial reso-
lution digital images by using morphometric analysis software
(QWin V3, Leica, Cambridge, UK). Plaque microvasculature was
measured as the CD31-positive area surrounding a lumen. Relative
density of microvessel endothelium was calculated by dividing the

total CD31-positive area by the total plaque area.
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FIGURE 1: Signal enhancement of the carotid artery on DCE-MR images. DCE-MR images (A-C) from a patient with a severe ste-
nosis of the internal carotid artery. The lumen boundary is shown in black, while the outer vessel wall is shown in white. Image A
shows the carotid artery before contrast injection, while images B and C show the carotid artery 1 and 6 minutes after contrast
injection, respectively. The adventitial region (all pixels within 0.625 mm of the outer wall contour in a region of the vessel wall
with a wall thickness >1.5 mm) clearly shows stronger signal enhancement compared to the remaining vessel wall tissue. This ring
of enhancement is attributed to the vasa vasorum, which origines from the adventitia. The result of the automatic vessel segmen-
tation is shown in image D. The adventitial region is depicted in light gray and the remaining vessel wall in dark gray.

DCE-MRI Evaluation and Pharmacokinetic
Modeling
Both luminal and outer plaque contours were drawn as described
previously.'® Luminal contours were drawn on the 3D time-of-
flight (TOF), precontrast T;j-weighted (77w) QIR TSE, postcon-
trast 77w QIR TSE, or Tow TSE MR images, in subsequent order.
Outer vessel wall contours were drawn by using the precontrast
Tiw QIR TSE, postcontrast 77w QIR TSE, 7iw TFE or Tow
TSE MR images, in subsequent order. Contours from anatomic
MRI acquisitions were transferred to the DCE-MR images. If nec-
essary, contours were manually adjusted and individual timeframes
shifted to correct for small patient displacements. Luminal con-
tours were corrected to avoid partial volume effects, by keeping a
sufficient distance from the vessel lumen. Outer plaque contours
were corrected to include the adventitial vasa vasorum, which
shows increased enhancement after contrast material administra-
tion. The entire vessel wall region was defined as the region
between the luminal and outer wall contours. Adventitial region of
the vessel wall was determined according to previously introduced
criteria.? According to these criteria, all pixels within 0.625 mm of
the outer wall contour in a region of the vessel wall with plaque,
which was defined as a wall thickness greater than 1.5mm. An
example of the contours in an image is given in Fig. 1D.
Pharmacokinetic parameters were estimated using the Pat-
lak model'” on a voxelwise basis as previously described® with a
phase-based population averaged vascular input function that was
previously determined in the carotid artery.'® Shortdy, CM con-
centrations in the plaque were determined from the signal inten-
sity time course by using the Ernst equation and literature
values for the longitudinal and transversal relaxation times of tis-
sue'® and the r; and r, relaxation rates of the CM." Resulting
K™ distribution was analyzed by calculating the mean, median,
and 75" percentile. The median 95% confidence interval for
K" was determined to estimate uncertainty in parameter

estimation.

Statistical Analysis

Differences in clinical characteristics between CEA and non-CEA
patients were investigated using a chi-square test (binary variables),
independent samples #test (continuous variables), or independent
samples Kruskal-Wallis test (categorical variables), as appropriate.

Mean, median, and 75% percentile K™ values in two vessel wall

October 2017

regions (entire vessel wall versus adventitia) were compared using
Pearson’s correlation coefficient, a two-sided paired samples #-test,
and Bland-Altman analysis. Mean, median, and 75% percentile
K" from the entire vessel wall and adventitia were compared
between CEA patients and non-CEA patients using an independent
samples #-test. Association of mean, median, and 75% percentile
K™ determined from the entire vessel wall and adventitial region
with the relative microvessel density was assessed by calculation of
Pearson’s correlation coefficient. Correlation coefficients between
0.5 and 0.8 were considered moderately strong, while coefficients
>0.8 were considered strong. All P-values below 0.05 were consid-

ered significant.

Results

Patient Inclusion and Characteristics

In total, 118 patients were included. Eight patients could
not be analyzed due to artifacts and/or insufficient quality
of the DCE-MR images. A total of 110 patients were used
for analysis of DCE-MRI parameter agreement. Of these
110 patients, 23 patients underwent CEA and obtained
specimens were used for histological validation of DCE-
MRI. Patient characteristics are displayed in Table 1. The
mean time interval between the last symptoms and DCE-
MRI examination differed significantly between CEA and
non-CEA patients (20.9 £5.2 days vs. 41.6 £2.1; P <
0.001). A significantly higher degree of stenosis on duplex
ultrasonography, prevalence of hypertension, hypercholester-
olemia, and statin use prior to the ischemic event was
observed in CEA patients, while a significant higher age for
patients not scheduled for CEA was observed. The interval
between DCE-MRI and CEA was <24 hours.

DCE-MRI

Examples of DCE-MR images are given in Fig. 1. A moder-
ately strong positive correlation (Table 2; »=110) was
found between K™ parameters from the entire vessel wall
and adventitia for all descriptive statistics (Pearson’s p corre-
lation coefficient range between 0.66 and 0.70, P < 0.001).
Median adventitial K™ was 5% larger than median vessel
wall K™ (P =0.003), while no significant differences were
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Number of patients [7]

Age [y]

Male sex (%)

Amaurosis fugax / TIA (%)

Body mass index [kg/mz]

Current smoking status (%)

Diabetes mellitus (%)

Hypertension (%)

Hypercholesterolemia (%)

Prior statin use (%)*

Time between event and MRI [d]
Carotid Stenosis (duplex ultrasonography )* < 50%
50 — 69%
70-99%

Data are presented as mean * standard deviation or 7 (%).

TABLE 1. Baseline Characteristics of the Included Patients

“Data known for 108 out of 110 patients. Difference between CEA and non-CEA patients was investigated using a chi-square test,
independent samples #test, or independent samples Kruskal-Wallis test, as appropriate.

All CEA Non-CEA P-value
patients patients patients

110 23 87

69 +8.4 65+8.2 70 = 8.4 P= 0.013
75 (68%) 19 (83%) 56 (64%) P= 0.095
68 (62%) 16 (70%) 52 (60%) = 0.390
26.8 4.2 26.9 3.4 26.8 3.7 = 0.942
22 (20%) 6 (26%) 16 (18%) = 0.412
19 (17%) 5 (22%) 14 (16%) P= 0.524
70 (64%) 20 (87%) 50 (58%) P= 0.009
56 (52%) 18 (82%) 38 (44%) = 0.002
62 (56%) 21 (96%) 41 (48%) P < 0.001
3732220 209*249 41.6*19.6 P< 0.001
53 0 53 P < 0.001
34 2 32

21 21 0

found for mean and 75% percentile K" (Table 2;
n=110). Bland—Altman plots showed no variation of agree-
ment across the range of values between the two vascular
regions (Fig. 2). No significant difference in uncertainty of
parameter estimation for vessel wall K™ and adventitial
K" was found (P = 0.48).

No significant differences were found between CEA
and non-CEA patients for mean, median, and 75" percen-
tile K™ from the vessel wall and adventitia (P > 0.09,
Table 3).

Correlation With Histology

An example of a histological image of the microvasculature
is shown in Fig. 3. The blood perfusion-vessel permeability
product K" determined from both the entire vessel wall
(Pearson’s p between 0.59 and 0.65, P < 0.003) and the

adventitial (Pearsons p 0.52 to 0.64, P < 0.011) region
showed similar moderately strong positive correlation coeffi-
cients with the plaque microvasculature in the histological

specimens (Table 4; n = 23).

Discussion

The present study showed that K™ determined from two
regions of the vascular wall (ie, the entire vessel wall and
the adventitia only) have similar moderately strong correla-
tions with histological microvessel density in the plaque as a
reference. A moderately strong positive correlation between
vessel wall and adventitial K" was found with a signifi-
cantly higher median adventitial K™ compared to median
vessel wall K"™"™. Bland-Altman plots did not show varia-
tion of agreement across the range of values. Therefore, we
showed that DCE-MRI parameters of both the entire vessel

Parameter Vessel wall
Mean K™ [min~ '] 0.055 + 0.001
Median K™ [min~'] 0.037 * 0.001
75" Percentile K™ [min '] 0.066 * 0.002

paired samples #test in 110 patients.
*P-value of two-sided paired samples #-test.

TABLE 2. Pharmacokinetic DCE-MRI Parameters’ Agreement

Parameter agreement of K™ (mean * standard error) was investigated using Pearson’s rank correlation coefficient and two-sided

Adventitia Pearson’s p P-value®
0.057 =0.002 0.70 (P< 0.001) 0.17
0.039 £0.001 0.66 (P< 0.001) <0.01
0.068 = 0.002 0.68 (P< 0.001) 0.20
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FIGURE 2: Bland-Altman plots of different vascular regions. Bland-Altman plots of mean (A), median (B), and 75th percentile (C)

Ktrans

values determined from the adventitia and entire vessel wall for patients with >2 mm carotid plaque. The mean difference

is indicated by the black solid line and the 95% confidence interval of the mean difference by the dashed lines. Plots showed no

variation of agreement across the range of values.

wall, as well as the adventitial region, can be representative
for the microvessel density of the symptomatic atherosclerot-
ic plaque.

We observed a slightly higher value of median K™
in the adventitial region compared to the entire vessel wall.
A higher median value in the adventidal region is in line
with the concept that plaque microvessels originate from
this region and expand with disease progression.s’20 In con-
trast, no significant differences between these two regions
were found for mean and 75 percentile K™". The 75
percentile K™ may be more representative for microvascu-
lar hotspots, which will most likely be predominantly pre-
sent in the adventitial part of the entire vessel wall. The
mean K™ was closer to the 75" percentile value than the
median value, and may thus also have been significantly
influenced by hotspots. Therefore, the mean and 75t% per-
centile K" from the entire vessel wall might be more rep-
resentative for the adventitial part of the entire vessel wall.

Based on the moderately strong positive correlations
between different K™ parameters, we can conclude that
similar results regarding the association of DCE-MRI with
either histology, other imaging modalities, or clinical param-
eters can be expected, regardless of the K™ descriptive that

is being reported. However, care should be taken when
directly comparing absolute K™ values between different
studies, since the median adventitial K™ is significantly
higher than that of the vessel wall. For the determination of
appropriate thresholds that can be used in clinical studies,
investigators need to agree upon standardization of
parameters.

Previously, it was demonstrated that symptomatic
patients with a higher degree of carotid stenosis have a more
vulnerable plaque phenotype (ie, higher prevalence of intra-
plaque hemorrhage and a thin and/or ruptured fibrous cap
and a larger lipid-rich necrotic core percentage and smaller
fibrous tissue percentage).”’ In contrast, in the present study
we did not find significant differences in K™ values
between patients who were scheduled for CEA (ie, with a
significantly higher degree of carotid stenosis) and patients
only receiving best medical treatment. Therefore, plaque
microvasculature may already be increased in an earlier stage
of the disease, which is in line with previous results from
atherosclerotic plaques of the coronary arteries.*”

The correlation between histological measurements of
plaque microvasculature and DCE-MRI of carotid athero-

sclerosis of various regions of the vascular wall has been

Vessel wall K" Mean [min~ "]

Median [min~']

75" Percentile [min ']
Adventitial wall K™ Mean [min~ ]

Median [min~ ']

75" Percentile [min™']

Values are presented as mean = standard error.
*P-value of independent samples #test.

TABLE 3. Comparison of DCE-MRI Parameters Between CEA and Non-CEA Patients

CEA patients Non-CEA patients P-value
[n= 23] [z= 87]

0.051 = 0.002 0.057 £ 0.002 0.09
0.035 *0.002 0.037 = 0.001 0.21
0.061 £ 0.002 0.067 = 0.002 0.17
0.057 £ 0.002 0.057 £ 0.002 0.95
0.040 = 0.002 0.039 £ 0.001 0.52
0.069 * 0.003 0.067 £ 0.002 0.68

October 2017
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FIGURE 3: CD31 immunohistochemistry of the atherosclerotic
plaque microvasculature. The microvessels can be observed in
the CD31 immunohistochemistry slice. An overview of the
entire slice is given in A. The vessel lumen is indicated by the
white asterisk. Close-up of microvessels of the region indicated
by the box is given in B and shows CD31-positive microvessels
in brown that are indicated by arrowheads.

investigated in other studies. Kerwin et al showed a strong
positive correlation between vessel wall K™ with the
microvessel endothelium density on histology.G’7 In addition,
Gaens et al showed a strong positive correlation between
mean vessel wall K™ and the mean endothelial microvessel
density on histology in 13 patients.® A moderate correlation
with relative microvessel cross-sectional area between plaque

microvasculature and adventitial K"™" was reported in a
study of 25 patients.” Correlation coefficients with histology
of all descriptive statistics in the present study were thus
comparable and within the range of previously reported
studies.®™

A limitation of our study is the absence of the adventi-
tia in the carotid plaque specimens obtained during CEA.
Since only the intimal region containing the plaque and
part of the media are surgically removed during CEA, the
correlation of the microvessel density of the adventitia with
K™ cannot be investigated. The similar correlations of
entire vessel wall and adventitial K™" with measurements
of the plaque microvasculature on histology, and the moder-
ately strong correlation between K"* parameters, suggest
that the microvasculature in the plaque is closely related to
that in the surrounding adventitia, in line with previous
results from autopsy studies of coronary plaques.”> A true
validation of adventitial K™ can only be performed in
autopsy studies.

Another limitation of our study is that only patients
with a recent ischemic cerebrovascular event were included.
Therefore, in our study we were unable to relate DCE-MRI
findings to clinical symptoms. Last, because of the cross-
sectional study design, we could not investigate the value of
DCE-MRI to predict stroke. To investigate the value of
DCE-MRI for risk stratification of patients, a longitudinal
study is warranted.

In conclusion, our current study showed a moderately
strong positive correlation for mean, median, and 75" per-
centile K™ determined from the entire vessel wall and
adventitial region with the relative microvessel density in
histological specimens as a reference standard. This showed
that both vascular regions can be representative for plaque
microvessel density in symptomatic patients with severe
carotid stenosis. Moderately strong correlation coefficients
of DCE-MRI parameters from the vessel wall and adventitia
were observed, with larger median K™ values for the
adventitial region. Future studies incorporating thresholds
for risk stratification using DCE-MRI need to agree upon
standardization of parameters used for analysis of DCE-
MRI data.

TABLE 4. Correlation of DCE-MRI Parameters With Histology in 23 Patients Who Underwent Carotid
Endarterectomy
Pearson’s rank correlation Pearson’s rank correlation
coefficient p for vessel wall K“*" coefficient p for adventitial K**"
Mean 0.62 (P< 0.01) 0.62 (P< 0.01)
Median 0.59 (= 0.01) 0.52 (P= 0.01)
75" Percentile 0.65 (P= 0.01) 0.64 (P< 0.01)
Pearson’s rank correlation coefficient (and corresponding P-values) of pharmacokinetic DCE-MRI parameters with the relative micro-
vessel density (total CD31-positive area divided by the total plaque area) as determined from carotid endarterectomy specimens.
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