Dynamic Contrast-enhanced MR Imaging of Carotid
Atherosclerotic Plaque: Model Selection,
Reproducibility, and Validation.
Citation for published version (APA):
Gaens, M. E., Backes, W. H., Rozel, S., Lipperts, M., Sanders, S. N., Jaspers, K., Cleutjens, J. P. M.,
Sluimer, J. C., Heeneman, S., Daemen, M. J. A. P., Welten, R. J., Daemen, J. W., Wildberger, J. E.,
Kwee, R. M., & Kooi, M. E. (2013). Dynamic Contrast-enhanced MR Imaging of Carotid Atherosclerotic
Plaque: Model Selection, Reproducibility, and Validation. Radiology, 266(1), 271-279.
https://doi.org/10.1148/radiol.12120499

Document status and date:
Published: 01/01/2013
DOI:
10.1148/radiol.12120499
Document Version:
Publisher's PDF, also known as Version of record
Document license:
Taverne
Please check the document version of this publication:
• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.
If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license
Take down policy
If you believe that this document breaches copyright please contact us at:
repository@maastrichtuniversity.nl
providing details and we will investigate your claim.

Download date: 28 Jun. 2022

Note: This copy is for your personal non-commercial use only. To order presentation-ready
copies for distribution to your colleagues or clients, contact us at www.rsna.org/rsnarights.

Original Research

Michaela E. Gaens, MSc
Walter H. Backes, PhD
Stefan Rozel, MSc
Matthijs Lipperts, MSc
Stefan N. Sanders, BSc
Karolien Jaspers, MSc
Jacques P. M. Cleutjens, PhD
Judith C. Sluimer, PhD
Sylvia Heeneman, PhD
Mat J. A. P. Daemen, MD, PhD
Rob J. T. J. Welten, MD, PhD
Jan-Willem H. Daemen, MD, PhD
Joachim E. Wildberger, MD
Robert M. Kwee, MD, PhD
M. Eline Kooi, PhD

Purpose:

To compare four known pharmacokinetic models for their
ability to describe dynamic contrast material–enhanced
magnetic resonance (MR) imaging of carotid atherosclerotic
plaques, to determine reproducibility, and to validate the results with histologic findings.

Materials and
Methods:

The study was approved by the institutional medical ethics
committee. Written informed consent was obtained from
all patients. Forty-five patients with 30%–99% carotid stenosis underwent dynamic contrast-enhanced MR imaging.
Plaque enhancement was measured at 16 time points at approximately 25-second image intervals by using a gadolinium-based contrast material. Pharmacokinetic parameters
(volume transfer constant, Ktrans; extracellular extravascular volume fraction, ve; and blood plasma fraction, vp) were
determined by fitting a two-compartment model to plaque
and blood gadolinium concentration curves. The relative
fit errors and parameter uncertainties were determined to
find the most suitable model. Sixteen patients underwent
imaging twice to determine reproducibility. Carotid endarterectomy specimens from 16 patients who were scheduled
for surgery were collected for histologic validation. Parameter uncertainties were compared with the Wilcoxon signed
rank test. Reproducibility was assessed by using the coefficient of variation. Correlation with histologic findings was
evaluated with the Pearson correlation coefficient.

Results:

The mean relative fit uncertainty (6standard error) for
Ktrans was 10% 6 1 with the Patlak model, which was significantly lower than that with the Tofts (20% 6 1), extended Tofts (33% 6 3), and extended graphical (29% 6
3) models (P , .001). The relative uncertainty for vp was
20% 6 2 with the Patlak model and was significantly higher
with the extended Tofts (46% 6 9) and extended graphical
(35% 6 5) models (P , .001). The reproducibility (coefficient of variation) for the Patlak model was 16% for Ktrans
and 26% for vp. Significant positive correlations were found
between Ktrans and the endothelial microvessel content determined on histologic slices (Pearson r = 0.72, P = .005).

Conclusion:

The Patlak model is most suited for describing carotid plaque
enhancement. Correlation with histologic findings validated
Ktrans as an indicator of plaque microvasculature, and the
reproducibility of Ktrans was good.
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A

nnually, 15 million people worldwide suffer from a stroke, resulting in 5 million deaths and leaving
5 million patients permanently disabled
(1). Carotid atherosclerosis is an important cause of stroke. The current treatment strategy for patients with carotid
atherosclerosis is based on the degree
of stenosis and the presence of clinical
symptoms. Large trials have shown that
carotid endarterectomy (CEA) is highly
beneficial for reducing the risk of recurrent stroke in symptomatic patients
with 70%–99% stenosis and marginally
beneficial in symptomatic patients with
ipsilateral 50%–99% carotid stenosis
(2). Although most of these patients
will remain event-free without surgery,
a considerable number of patients who
are currently not scheduled for CEA
will experience a recurrent stroke. This
indicates that the degree of stenosis is
a poor predictor for future ischemic
events. Improved risk stratification beyond the degree of stenosis is thus of
great importance.
Vulnerable carotid atherosclerotic
plaques are likely to cause ischemic cerebrovascular events (3). An important
characteristic of vulnerable plaques is increased macrophage content (4). A high
rate of oxygen consumption by plaque
macrophages causes hypoxia within the

Advances in Knowledge
nn The volume transfer constant
Ktrans in carotid atherosclerotic
plaques can be reproducibly
determined, with a coefficient of
variation of 16%.
nn The volume transfer constant
Ktrans showed a positive correlation with the endothelial
microvessel content in histologic
slices obtained in patients who
underwent carotid endarterectomy (Pearson r = 0.72, P =
.005).
nn The Patlak model is most suited
to describe dynamic contrast material–enhanced MR imaging of
carotid plaques and is preferable
to the Tofts, extended Tofts, and
extended graphical models for
the protocol used.
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plaque, which is a trigger to increase
plaque microvasculature (5). Erythrocytes can enter the plaque through
these newly formed leaky microvessels,
and this is thought to cause intraplaque
hemorrhage and subsequent plaque destabilization (6,7). Microvessel density
and permeability can be determined
noninvasively with dynamic contrast
material–enhanced magnetic resonance
(MR) imaging (8–11). In dynamic contrast-enhanced MR imaging, the tissue
enhancement–time curve after intravenous injection of a bolus of contrast material is measured to estimate pharmacokinetic parameters that describe the
blood plasma fraction (vp), extracellular
extravascular volume fraction (ve), and
volume transfer constant (Ktrans), which
reflects microvascular flow, permeability,
and surface area. Kerwin and colleagues
(8–10) performed several dynamic
contrast-enhanced MR imaging studies
in carotid atherosclerotic plaques and
showed correlations between Ktrans and
vp and microvessel density and macrophage content.
The choice of the pharmacokinetic
model has a large effect on the accuracy and precision of pharmacokinetic
parameter estimation for dynamic contrast-enhanced MR imaging. It has been
shown that choosing the wrong model
can lead to large errors in parameter
estimation (12). Although Chen et al
(13) performed a model comparison
based mainly on simulated data, finding the optimal model for dynamic
contrast-enhanced MR imaging data
of atherosclerotic plaque has not been
explored. In addition, reproducibility has yet to be investigated because
it is essential for monitoring disease
progression and for reliably estimating pharmacokinetic parameters. The
purpose of the present study was to

Implication for Patient Care
nn Ktrans is a promising parameter
with which to identify patients
with vulnerable atherosclerotic
plaques with increased microvasculature who might benefit from
more aggressive treatment (eg,
carotid endarterectomy).

compare four known pharmacokinetic
models for their ability to describe dynamic contrast-enhanced MR imaging
of carotid atherosclerotic plaques, to
determine reproducibility, and to validate the results with histologic findings.

Materials and Methods
Experimental Methods
Study population.—The study was
approved by the institutional medical
ethics committee. Written informed
consent was obtained from all patients.
For this prospective study, 29 patients
(16 asymptomatic, 13 symptomatic)
with 30%–69% carotid stenosis (20
men, nine women; mean age 6 standard deviation, 69.3 years 6 6.4) and
16 symptomatic patients with 50%–
99% stenosis scheduled for CEA (14
men, two women; mean age, 68.9 years
6 7.6) were included between September 2008 and January 2010. Stenosis
grades were measured with ultrasonography (14,15). Exclusion criteria were
standard contraindications to MR imaging and a renal clearance of less than 30
mL/min/1.73 m2. Symptomatic patients
had recently (,3 months) experienced
Published online before print
10.1148/radiol.12120499 Content code:
Radiology 2013; 266:271–279
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CEA = carotid endarterectomy
ICC = intraclass correlation coefficient
Ktrans = volume transfer constant
ve = extracellular extravascular volume fraction
VIF = vascular input function
vp = blood plasma fraction
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amaurosis fugax, transient ischemic attack, or minor stroke. Patients undergoing CEA were selected by a vascular
neurologist and a vascular surgeon on
the basis of stenosis grade, presence
of symptoms, time from the last symptomatic event, and sex (16,17). Surgical specimens were collected from
these patients during CEA. Sixteen patients (14 men, two women; mean age,
68.4 years 6 5.4) underwent imaging
twice, with a mean of 4.3 days 6 2.8
between examinations, to determine
reproducibility.
MR imaging protocol.—MR imaging was performed with a 1.5-T wholebody system (Intera 11.1.4.4; Philips
Healthcare, Best, the Netherlands), as
previously described (18). A dedicated
47-mm-diameter surface coil (Philips
Healthcare) was fixed to the skin at
the level of the symptomatic carotid
bifurcation. First, the carotid bifurcation was identified with a scout image.
The subsequent MR images were centered around the bifurcation. Five MR
pulse sequences were used to facilitate delineation of plaque boundaries:
(a) a three-dimensional T1-weighted
turbo field-echo sequence, (b) a threedimensional time-of-flight sequence, (c)
a multisection T2-weighted turbo spinecho sequence, and (d) unenhanced
and (e) contrast material–enhanced
two-dimensional T1-weighted turbo
spin-echo sequences (double inversionrecovery sequence). The contrast-enhanced T1-weighted turbo spin-echo
sequence was performed approximately
7 minutes after injection of 0.1 mmol
per kilogram body weight gadopentetate dimeglumine (Magnevist; Bayer

Schering Pharma, Berlin, Germany).
The field of view was 100 3 80 mm, and
the matrix size was 256 3 163–205.
Dynamic contrast-enhanced MR
imaging was performed between acquisition of pre- and postcontrast
T1-weighted turbo spin-echo images.
The optimal gate delay and width
with minimal flow were determined
for each patient from phase-contrast
quantitative flow measurements by
using electrocardiographic triggering.
Three-dimensional dynamic contrastenhanced T1-weighted fast field-echo
images were acquired by obtaining 10
transverse over-contiguous sections for
16 time frames with a typical separation of 25 seconds (depending on gate
width) between frames. Total imaging
time was approximately 7 minutes.
Contrast material was intravenously
injected at the beginning of the third
time frame with use of a power injector (Spectris Solaris; Medrad, Warrendale, Pa). Contrast material was injected at a rate of 0.5 mL/sec, followed by
injection of a 20-mL saline flush at the
same rate. Relevant imaging parameters were as follows: repetition time
msec/echo time msec, 12/3; flip angle,
35°; image percentage, 75%; number
of signals acquired, one; section thickness, 6.0 mm; overlap, 3.0 mm; field
of view, 100 3 100 mm; and matrix
size, 256 3 256. For the patients who
underwent CEA, section thickness was
decreased to 3.0 mm with an overlap
of 1.5 mm and the matrix size was 160
3 160. In addition, a spatial saturation slab at the caudal position parallel to the imaging plane was added
to reduce inflow artifacts. For three
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additional patients with 30%–69% carotid stenosis, higher temporal resolution dynamic contrast-enhanced MR
images (sample time, 6 seconds) were
acquired with parameters that were
identical to those used for the patients
who did not undergo surgery, except
for matrix size, which was decreased
to 64 3 64.
Image review.—Lumen and outer
plaque contours were drawn manually
by one reader (R.M.K., with 2 years of
experience in plaque analysis with MR
imaging) with use of dedicated vessel
wall analysis software (VesselMASS;
Department of Radiology, Leiden University Medical Center, Leiden, the
Netherlands). Lumen contours were
drawn on time-of-flight images. Care
was taken to avoid voxels with partial
volume effects. Outer plaque contours
were drawn by using a combination
of T1-weighted turbo field-echo, T2weighted turbo spin-echo, and pre- and
postcontrast T1-weighted turbo spinecho images, as described previously
(18–21). Those contours were copied
to the dynamic images. Dynamic contrast-enhanced MR images were shifted
manually to correct for small patient
movements. Outer plaque contours
were corrected to include the adventitial vasa vasorum, which shows hyperenhancement after contrast material
administration (Fig 1).
Histologic and immunohistochemistry examinations.—Carotid artery specimens were removed during surgery
and cut into 3-mm-thick slices, after
which they were fixed in formalin for
24 hours. Then, samples were decalcified, processed, embedded in paraffin,

Figure 1

Figure 1: A–C, Dynamic contrast-enhanced MR images obtained, A, before contrast material administration, B, 2 minutes after injection, and
C, 6 minutes after injection. Arrow = jugular vein. D, T1-weighted turbo field-echo image for anatomic reference. Tissue response function is
determined in region between outer plaque contour and inner lumen contour in the carotid internal artery.
Radiology: Volume 266: Number 1—January 2013
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cut into 4-mm-thick (transverse) slices,
and stained with hematoxylin-eosin.
Plaque microvasculature was detected
with immunohistochemistry by using a
cocktail of primary antibodies against
CD31 (1:40 clone JC70A; Dako North
America, Carpinteria, Calif) and CD34
(1:200 clone Qbend; Monosan, Uden,
the Netherlands).
Cross-sections were deparaffinized
and dehydrated. For antigen retrieval,
slides were heated in Tris-HCl with
1 mmol/L ethylenediaminetetraacetic acid (pH, 8) in a microwave. Slices
were incubated with the CD31-CD34
cocktail and subsequently exposed to
peroxidase-conjugated secondary immunoglobulins. Peroxidase activity was
visualized by using Vector red alkaline
phosphatase substrate (Vector Laboratories, Burlingame, Calif) as a chromogen. Slices were counterstained with
hematoxylin. Slices incubated without
the primary antibody served as negative
control and showed no staining.
The histologic slices were coregistered to MR imaging sections on the
basis of their longitudinal position relative to the carotid bifurcation. Matching between MR images and histologic
slices was verified by comparing plaque
morphology and composition (eg, calcifications, intraplaque hemorrhage)
of coregistered MR images and histologic slices (R.M.K., with 2 years
of experience with plaque analysis).
Coregistered MR images and histologic
slices that showed no correspondence
in plaque morphology or composition were excluded from further data
analysis. Plaque microvasculature was
assessed on high-spatial-resolution
digital images by using morphometric
analysis software (QWin V3; Leica,
Cambridge, England). The endothelial
microvessel area was measured as the
cross-sectional
CD31-CD34–positive
area surrounding a microvessel lumen
(M.E.G., with 1 year of experience with
immunohistochemical analysis, under
supervision of J.C.S., with 10 years of
experience with immunohistochemical
analysis). Total endothelial microvessel
content was calculated by dividing the
endothelial microvessel area by the total tissue cross-sectional area.
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at the most caudal section. For each
Pharmacokinetic Modeling
For the estimation of the pharmacoki- high-temporal-resolution VIF, a fit was
netic parameters, we used a two-com- performed with use of a slightly adaptpartment model previously described by ed equation introduced by Parker et al
Tofts et al (22,23). The model consists (27), as follows:
of a plasma compartment and the ex−(t −T )2
A
αe − βt
2
tracellular extravascular space. Various
C p(t )
e 2σ +
=
,
pharmacokinetic models have been de1 + e −s(t − τ )
σ 2π
veloped that solve this two-compartment
model under certain assumptions. The where A, s, and T are the scaling
four models that we compared in the constant, width, and center of the
Gaussian, respectively; a and b the ampresent study are described in Table 1.
plitude and decay constant of the expoData Analysis
nential function, respectively; and s and
Mean plaque enhancement.—Analysis t the width and center of the sigmoid,
of mean plaque enhancement was per- respectively. The Parker formula uses
formed on two subsequent sections a mixture of two Gaussian functions to
with maximum plaque thickness for the describe the first and second pass peak
nonsurgery patients and on all even- of contrast material. Because the secnumbered sections for the patients who ond pass peak could not be detected
underwent CEA. Briefly, gadolinium in the present high-temporal-resolution
concentrations were determined from data, one Gaussian function was suffithe signal intensity time courses by us- cient to describe the VIF (Fig 2). The
ing the Ernst equation (25), the r1 and VIF used for data analysis was conr2 relaxivities, and literature values for structed from the average parameters
T10 and T20 (the T1 and T2 relaxation of the three high-temporal-resolution
times of the tissue in the absence of any images. The VIF was shifted automatically to align the bolus start with the
contrast material) (26).
Curve fitting for the experimental moment of contrast material adminisdata was performed by using the least- tration (beginning of third time point)
squares curve-fitting routine lsqcurvefit for each patient individually.
Determination of model of prefer(Matlab; Mathworks, Natick, Mass)
with Gauss-Newton optimization. To ence.—Relative fit errors (RFE) were
exclude nonphysical solutions, the pa- calculated for the entire patient popularameters ve and vp were constrained to tion. Fit errors indicate the ability of
a maximum of 1. Model comparison each model to describe the data and
was performed by averaging the con- are calculated as follows:
centration between outer plaque and
lumen contours and then fitting the
∑ (C t,fit − C t )2 ⋅ 100%,
RFE
=
pharmacokinetic model (region of in2
∑Ct
terest–based fitting). In addition, the
concentration-time curves were fitted
for each vessel wall voxel separately where Ct,fit is the fitted tissue concen(voxel-wise fitting). This enables gen- tration and Ct the measured tissue coneration of Ktrans maps with which to centration at the sampled time points.
assess plaque heterogeneity. Then, the
The precision at which the model
resulting pharmacokinetic parameters is able to measure pharmacokinetic pawere averaged over all voxels.
rameters was examined quantitatively.
Vascular input function.—A gen- The relative estimation uncertainties for
eral vascular input function (VIF) Ktrans, ve, and vp were calculated by using
(27,28) was determined from moder- the diagonal elements of the covariance
ate-temporal-resolution images (n = matrix and normalizing to the estimated
3) with a temporal resolution of 6 sec- pharmacokinetic parameters for each fit.
onds. The VIF was determined from a
F tests were performed to find the
3-mm-diameter circular region of in- model that best fitted the data. Initerest in the center of the jugular vein tially, the two-parameter models and
radiology.rsna.org
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Table 1
Description of Pharmacokinetic Two-Compartment Model and Model Solutions
Parameter

Mathematic Description

Two-compartment model

dC e (t ) K
=
dt

trans

ve

Parameters

[C p (t ) − C e (t )]

=
C t (t ) v pC p (t ) + v eC e (t )

Model solutions
Tofts (22,23)

t

C t (t ) = K trans ∫ C p (τ)e

K trans
( τ −t )
ve

0

Extended Tofts (22,23)

…
Ktrans, ve

dτ

t

=
C t (t ) v pC p (t ) + K trans ∫ C p (τ)e

K trans
( τ −t )
ve

0

Patlak (24)

Ktrans, ve, vp

dτ

Ktrans, vp

t

=
C t (t ) v pC p (t ) + K trans ∫ C p (τ)dτ
0

Extended graphical (13)

t

C t (t ) =
v pC p (t ) + K trans ∫ C p (τ)dτ −
0

K trans
ve

2

t

τ1

0

0

∫∫

C p (τ 2 )dτ 2dτ1

Ktrans, ve, vp

Note.—Ce(t) = extracellular extravascular space contrast material concentration, Cp(t) = blood plasma contrast material
concentration, Ct(t) = total tissue contrast material concentration.

Figure 2

Figure 2: General VIF (dashed line) determined from three individual VIFs
(solid lines) in a region of interest in jugular vein on three high-temporal-resolution images. For each high-temporal-resolution VIF, a fit was performed by using a slightly adapted formula introduced by Parker et al (27). Mean parameters
used to construct the general VIF were as follows: scaling constant of Gaussian
= 0.82 mmol ⋅ min, center of Gaussian = 1.40 minutes, width of Gaussian =
0.22 minutes, amplitude = 1.14 mmol, decay constant = 0.23 min21, width of
sigmoid = 6.67 min21, and center of sigmoid = 1.41 minutes.
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three-parameter models were compared separately to determine which
model was better with regard to the relative fit errors. Subsequently, it was investigated whether the expansion to the
best three-parameter model brought an
improvement. For this, the F statistic
was calculated according to the extra
sum of squares method, as follows:

Fdf

3 −df 2

=

(SS2 − SS3 )/(df 2 − df 3 )
,
SS3 / df 3

where SSn = S(Ct,fitn 2 Ct)2 is the sum of
squares and dfn is the degrees of freedom for the model with n parameters.
Uncertainties in the estimation
of pharmacokinetic parameters were
compared by using the paired Wilcoxon
signed rank test with Bonferroni correction for Ktrans, ve, and vp.
The pharmacokinetic parameters
provided by the different models were
compared by calculating the mean relative differences and the Pearson correlation coefficient. P , .05 (two-tailed)
was indicative of a significant difference.
Reproducibility.—Reproducibility
was assessed for all pharmacokinetic
models by using voxel-wise fitting. Mean
plaque pharmacokinetic parameters
were evaluated with Bland-Altman plots
(29,30). Reproducibility was assessed
quantitatively by using the intraclass correlation coefficient (ICC) (one-way random, single measures) and the coefficient
of variation. Ktrans maps were compared
qualitatively to assess whether the general spatial distribution of Ktrans values
could be reproduced.
Correlation with histologic findings.—Ktrans values and endothelial
microvessel content were averaged on
plaque level. Correlation between the
resulting Ktrans values and the endothelial microvessel content was investigated by using the Pearson correlation
coefficient.

Results
General VIF
Figure 2 shows the general VIF based
on the three fitted high-temporal-resolution VIFs.
275
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Relative Fit Error and Parameter
Uncertainties for the Various Models
Of the 45 patients originally included
in this study, two had to be excluded
because of insufficient MR image quality caused by severe patient movement.
Thus, data from 43 patients were analyzed to determine the model of preference (Table 2).
When we looked at relative fit errors of the two-parameter models,
the Patlak model was found to fit the
data better than the Tofts model in 35
of the 43 patients (P , .05 for 12 patients). Because there was not one case
for which the Tofts model was significantly better than the Patlak model, it
was concluded that the Patlak model
was the best of the two-parameter
models. Looking at the tissue concentration–time curves (Fig 3), this was to
be expected because the Tofts model is
not able to model the first pass peak
of the contrast material. Between the
three-parameter models, the extended
Tofts model had lower relative fit errors
than the extended graphical model for
37 of the 43 patients. However, these
differences were only significant in two
patients. Expansion from the Patlak to
the extended Tofts model brought a significant improvement in fit quality for
only 10 of the 43 patients (P , .05),
whereas a deterioration was observed
in 18.
The Patlak model had a significantly lower uncertainty in Ktrans and
vp compared with the other models (P
, .001). Because of the additional parameter, the three-parameter models
suffer from higher parameter uncertainties. In particular, the estimation
uncertainties in ve were very high, that
is, mean relative uncertainties were
more than 100%.
Comparison of Pharmacokinetic
Parameters
The pharmacokinetic parameters estimated with the extended Tofts, Patlak,
and extended graphical models showed
very strong correlations (Pearson r .
0.95 in the pairwise comparisons, P ,
.001). Correlation of those parameters
estimated with the Tofts model versus the other models were moderate
276
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Table 2
Relative Fit Errors and Fit Uncertainties for the Four Models
Parameter
Relative fit error (%)
Uncertainty (%)
Ktrans
ve
vp

Tofts Model

Extended Tofts Model

Patlak Model

Extended Graphical Model

26 6 2

19 6 1

20 6 1

20 6 1

20 6 1
22 6 2
…

33 6 3
(2 6 1) ⋅ 103
46 6 9

10 6 1
…
20 6 2

29 6 3
(1 6 3) ⋅ 102
35 6 5

Note.—Data are means 6 standard errors. Note that vp and ve are not included in the Tofts and Patlak models, respectively.

Figure 3

Figure 3: Example of plaque concentration–time curve with fits for the four
different models. The Tofts model neglects the vascular term and cannot model
the first pass peak, which is clearly visible in experimental data (). Ext. = extended.

(Pearson r = 0.64–0.66) but still highly
significant (P , .001). The differences
in the mean pharmacokinetic parameters for the extended Tofts and extended
graphical models were 4% for Ktrans and
less than 10% for ve and vp. Relative to
the extended Tofts model, the mean
Ktrans value was 16% higher for the Tofts
model and 27% lower for the Patlak
model. The mean value for vp obtained
with the Patlak model was 22% higher
than that with the extended Tofts model,
and the mean value for ve obtained with
the Tofts model was 36% lower. Because
the true pharmacokinetic parameters
are unknown, absolute validation is
impossible.

Reproducibility
The reproducibility for Ktrans was good
for all considered pharmacokinetic
models (ICC . 0.6; P , .05). The ICC
was largest for the Patlak model (ICC
= 0.79). Significant ICCs for the parameters ve and vp could only be found
for the Tofts and Patlak models, respectively (Table 3). The ICC for vp is
largely influenced by one outlier in the
data set. When excluding that patient,
values largely improved. Bland-Altman
plots (not shown) demonstrated that the
within-subject difference was not dependent on the mean parameter values.
Qualitative evaluation of Ktrans maps
showed global similarities in the Ktrans
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Table 3

Discussion

Reproducibility of Mean Voxel Pharmacokinetic Parameters
ICC
Model
Tofts
Extended Tofts
Patlak
Extended graphical

Gaens et al

Coefficient of Variation (%)

Ktrans

vp

ve

K trans

vp

ve

0.62*
0.65*
0.79*
0.71*

…
0.14 (0.17)
0.48* (0.65*)
0.38 (0.53*)

0.48*
0.32
…
0.27

15
18
16
13

…
44 (40)
26 (19)
33 (24)

11
12
…
9

Note.—Values in parentheses were obtained after the exclusion of one outlier.
* Statistically significant (P , .05).

Figure 4

Figure 4: K trans maps in 70-year-old man. Maps were generated from images obtained 1 week apart.
Parametric maps are overlaid on anatomic MR images, and voxel K trans values (Patlak model) are color coded
from 0 to 0.6 min21. The necrotic core exhibiting low K trans values at center of plaque, the highly vascularized adventitia at outer rim with high K trans values, and another region of higher K trans values near inner rim of
plaque are clearly reproduced on both images.

Table 4
Correlation of Ktrans with Endothelial Microvessel Content for the Four Models
Voxel-wise Fitting
Model
Tofts
Extended Tofts
Patlak
Extended graphical

Region of Interest–based Fitting

Pearson r

P Value

Pearson r

P Value

0.31
0.47
0.72*
0.65*

.303
.109
.005
.015

0.02
0.74*
0.70*
0.69*

.941
.004
.008
.009

* Statistically significant correlation.

distribution between the images obtained on different days (Fig 4).

Correlation with Histologic Findings
Of the 16 patients in whom plaque
specimens were acquired, one had
to be excluded because of insufficient
MR image quality. For another two patients, the histologic slices could not
Radiology: Volume 266: Number 1—January 2013
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be coregistered reliably to MR images.
In the end, a total of 52 slices from
13 patients could be analyzed for correlation with histologic findings. Ktrans
showed significant correlation (P , .01)
with the mean endothelial microvessel
content for all models except the Tofts
model using region of interest–based
fitting (Table 4).
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In the current study, using relative fit
errors and uncertainties as criteria, we
found that as compared with the Tofts,
extended Tofts (22,23), and extended
graphical models (13), the Patlak model
(24) is most suited to describe dynamic
contrast-enhanced MR imaging of carotid plaques. Fit error analysis showed
that the Tofts model lacked sufficient
parameters for describing plaque enhancement. This result is a reflection
of the inability of this model to describe
the first-pass plasma peak present in
the concentration-time curves. The extended Tofts and extended graphical
models both provided good fits to the
data, but, when looking at fit uncertainties, it was clear that ve could not
be estimated reliably, which is also reflected in low Ktrans precision because
these parameters are interdependent
(31). This may also explain the differences in absolute values of Ktrans when
introducing additional pharmacokinetic
parameters, which is in agreement with
previous findings (32). Consequently, fit
uncertainties for the three-parameter
models were too high to obtain reliable
results.
The estimation of ve is largely influenced by the total imaging period because it depends on whether significant
reflux is present in the tissue response
function. The measured curves showed
little or no reflux of contrast material
for acquisition times of up to 7 minutes,
which explains the low precision for ve.
Longer acquisition times would likely
improve precision for ve estimates (33)
but are impractical for a clinical application. The reproducibility was better
for Ktrans than for vp and ve, which could
only be reproducibly determined with
the respective two-parameter models.
This is in line with the higher parameter estimation uncertainties for the
three-parameter models.
Strong correlation of Ktrans values
with the endothelial microvessel content in histologic slices confirmed that
dynamic contrast-enhanced MR imaging is a highly adequate technique
with which to assess plaque microvasculature, which is in line with findings
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from previous studies (8,9). The fact
that no correlation was found for the
Tofts model is not surprising because
it was not able to accurately describe
the plaque enhancement. The poor correlation for the extended Tofts model
using voxel-wise fitting indicates that
this model is too complex to be reliably
used for voxel-wise fitting. In our study,
validation of the parameter vp was not
feasible because rapid extravasation of
the contrast material hindered its accurate estimation.
The amount of plaque microvasculature is thought to be a key aspect of
plaque vulnerability (6,7). The information provided by Ktrans is thus promising to identify patients with vulnerable
atherosclerotic plaques who might benefit from more aggressive treatment,
such as CEA. Furthermore, dynamic
contrast-enhanced MR imaging could
provide valuable information in the
assessment of novel drug therapies intended to prevent plaque angiogenesis
and, thus, plaque destabilization.
Previously, injection rates for dynamic contrast-enhanced MR imaging
of atherosclerotic plaques of 2 mL/sec
have been used (8–10). Because the
Ktrans of the vessel wall was expected
to be less than 0.2 min21, we used a
slow injection rate (0.5 mL/sec), which
weakens the requirement of a high
temporal resolution and thus provides
a possibility to increase the spatial resolution, which is required for a vessel
wall. Previously, Aerts et al (34) showed
that a higher injection rate is most
beneficial for high Ktrans values (.0.2
min21), whereas, for low values (,0.2
min21), the errors in Ktrans estimation
are much smaller and the injection rate
is less critical.
In contrast to our results, Chen et
al (13) found their extended graphical
model to have some advantages over
the Patlak model, both for simulated
data and selected in vivo data of carotid
plaques with good to excellent image
quality. The differing conclusions might
be attributed to differences in the experimental protocols (eg, injection
rate). Their results show that in the
choice between the Patlak and extended
graphical model a compromise between
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sensitivity to bias and noise must be
made. In our study, the high parameter
uncertainties for the extended graphical model and the absence of reflux in
the tissue response function speak in
favor of the Patlak model.
Our study has some limitations.
Validation of our approach with histologic data was only feasible for patients
who underwent CEA. Thus, the correlation with the endothelial microvessel
content could only be demonstrated
for symptomatic patients with presumably vulnerable plaques and not for the
whole patient population. Another limitation is the low temporal resolution
of our data, which had to be sacrificed
for the high spatial resolution needed
for vessel wall imaging. Technical improvements leading to a better temporal resolution would improve parameter
estimation, especially with regard to vp.
Furthermore, the initial section thickness was relatively large (6 mm). It was
reduced to 3 mm for the patients who
underwent CEA owing to advancement
of knowledge during the study, improving spatial localization.
The Patlak model is more suitable
than the Tofts, extended Tofts, and extended graphical models for describing
the presented dynamic contrast-enhanced MR imaging data of atherosclerotic plaques in a clinical setting, and
the parameter Ktrans provides valuable
information about the plaque microvasculature and can be reproducibly
determined. Prospective clinical studies
are warranted to assess the value of dynamic contrast-enhanced MR imaging
in the prediction of cerebrovascular ischemic events.
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