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Voxelwise comparison of perfusion parameters estimated using
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DCE-magnetic resonance imaging in locally advanced cervical cancer
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Abstract

Purpose. Dynamic contrast enhanced (DCE) imaging has gained interest as an imaging modality for assessment of tumor
characteristics and response to cancer treatment. However, for DCE-magnetic resonance imaging (MRI) tissue contrast
enhancement may vary depending on imaging sequence and temporal resolution. The aim of this study is to compare
DCE-MRI to DCE-computed tomography (DCE-CT) as the gold standard. Material and methods. Thirteen patients
with advanced cervical cancer were scanned once prior to chemo-radiation and during chemo-radiation with DCE-CT
and -MRI in immediate succession. A total of 22 paired DCE-CT and -MRI scans were acquired for comparison. Kinetic
modeling using the extended Tofts model was applied to both image series. Furthermore the similarity of the spatial dis-
tribution was evaluated using a I' analysis. The correlation between the two imaging techniques was evaluated using Pear-
son’s correlation and the parameter means were compared using a Student’s t-test (p <0.05). Results. A significant positive
correlation between DCE-CT and -MRI was found for all kinetic parameters. The results showing the best correlation with
the DCE-CT-derived parameters were obtained using a population-based input function for MRI. The median Pearson’s
correlations were: volume transfer constant K" (r=0.9), flux rate constant kep (r=0.77), extracellular volume fraction
v, (r=0.58) and blood plasma volume fraction v_ (r=0.83). All quantitative parameters were found to be significantly
different as estimated by DCE-CT and -MRI. The I" analysis in normalized maps revealed that 45% of the voxels failed
to find a voxel with the corresponding value allowing for an uncertainty of 3 mm in position and 3% in value (F3)3). By
reducing the criteria, the [-failure rates were: Is5 (37% failure), 500 (26% failure) and at I'5 s (19% failure). Conclusion.
Good to excellent correlations but significant bias was found between DCE-CT and -MRI. Both the Pearson’s correlation
and the I' analysis proved that the spatial information was similar when analyzing the two sets of DCE data using
the extended Tofts model. Improvement of input function sampling is needed to improve kinetic quantification using
DCE-MRI.

Perfusion imaging in locally advanced cervical cancer
has the potential to be an early indicator of treatment
response in combined radio-chemotherapy [1-4].
Numerous preclinical studies have also highlighted
the potential of perfusion imaging to obtain information
about the microenvironment of tumor tissue [5-9].
Dynamic Contrast Enhanced Magnetic Resonance
Imaging (DCE-MRI) has so far been the preferred

technique to DCE-computed tomography (CT) as it
allows for combined morphological and contrast
imaging with superior soft tissue contrast. However,
there are inherent problems with signal-to-contrast
conversion for DCE-MRI where DCE-CT has the
advantage of a linear relation between signal intensity
and contrast concentration. The contrast kinetics for
standard Gadolinium-based MRI and iodinated CT
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contrast media are similar and theoretically the
methods should therefore give comparable results.
The quantification of tissue specific flow parameters
is highly influenced by the initial in-flux of contrast
agent to the tissue of interest. For MRI, there is a
non-linear relation between the magnitude part of
the MRI image and contrast concentration. This
non-linearity is most pronounced at higher contrast
concentration and thus mostly influences the sam-
pling of the initial peak of the AIF and effects the
signal enhancement of the tumor to a lesser extent.
Furthermore, Bl-field inhomogeneities [10,11],T2*
effects at higher concentration [12] and inflow effects
[10,11,13,14] also contribute with errors to the
sampling of the AIF for the magnitude images.

A number of parameters may be of importance
for quantitative comparison; AIF, temporal resolu-
tion, injection time/rate. The work by Yang et al. [15]
in the cervix showed significant difference between
corresponding model parameters as estimated by
DCE-CT and -MRI. However, they remark that in
their case the low temporal resolution of the DCE-
MRI (8 s) may explain the differences found. The
AIFs used by Yang et al. included exam specific input
function, population-based [16], and the iterative
Mutual Reference Tissue Method [17]. The work
by Korporaal et al. [18] in the prostate showed no
significant difference between produced parameter
estimates for the two techniques. Their AIF was
based on phase images which have a linear relation
between contrast concentration and the measured
evolution of phase [19,20].

The aim of this work was to compare quantitative
kinetic parameters for DCE-CT and -MRI in terms
of quantification and spatial distribution for advanced
cervical cancer.

Material and methods
Patients

This prospective study was approved by the local
research ethics committee, and all patients signed a
written informed consent. A total of 13 patients with
locally advanced cervical cancer were enrolled from
February 2011 until December 2012. The median
patient age was 50 years (22-73) at the start of treat-
ment. FIGO staging for the patients were (ITA) 1/13,
(IIB) 7/13, (IIIB) 4/13, and (IVA) 1/13. One patient
had adenosquamous cell carcinoma, three had ade-
nocarcinoma and nine had squamous cell carcinoma.
Seven patients were lymph node negative while one
patient had paraaortic lymph node involvement and
six had regional lymph node involvement.

Patients were treated with whole pelvic EBRT of
45 Gy in 25 fractions with concomitant weekly cis-
platin and two MRI-guided pulsed dose rate (PDR)

brachytherapy treatments with a dose of 17.5 Gy
per fraction with one week between treatments
[21-23].

Imaging

Twenty-two scans were obtained in 13 patients, with
nine patients being scanned both pre-EBRT and at
two weeks, and two and two patients having only
pre-EBRT or two-weeks scan, respectively. DCE-CT
and -MRI were performed on the same day before
start of treatment and two weeks after the start of
radiotherapy. DCE-MRI was performed using a 3T
Philips Achieva scanner and a three-dimensional
(3D) saturation recovery spoiled gradient echo
technique with 20-24 slices having a 5mm slice spac-
ing, TR/TE of 2.9/1.4 ms, Flip Angle (FA) of 10°,
in-plane resolution 2.3 mm and 2.1 s time resolution.
The bolus injected was 0.1 mmol/kg Dotarem at 4
ml/s, followed by a 50 ml saline flush. A total of 120
dynamic scans were obtained. A T1 map was con-
structed before contrast injection and using a 3D
gradient recalled echo sequence with five different
FA scans (5°, 10°, 15°, 20°, 25°) with the same ori-
entation and field of view as the dynamic scan.
DCE-CT was performed using a Philips ICT 256
(Best, Netherland) scanner with collimation 128 X
0.625 mm, 100 kV, 100 mAs, axial scan mode, recon-
struction 16 X5 mm, rotation time 0.4 s, cycle time
2.00 s, FOV 350 mm, reconstruction filter B (soft),
CTDIvol 3.9 mGy. The injection protocol for DCE-
CT was 60 ml Visipaque (270 mg iodine/ml) at
6 ml/s. Forty-two scans with time resolution of 2.1 s
for the first 30 time points and 15 s for the remaining
12 time points were obtained.

Data analysis

The T1 relaxation map was determined using a
multi-flip angle approach as described in the article
by Brookes et al. [24]. Knowing the T'1 map, a con-
trast concentration map can be calculated from the
Solomon-Bloembergen equation [25]. Assuming a
contrast agent relaxivity (rl) of 3.6 s mM™! [26]
and the saturation time was T =50 ms. Further-
more, it was assumed that TE<< T2* and using the
fact that the 3D saturation recovery spoiled gradient

echo is a centric sequence, the concentration of Gd is:

NOE
_ _ Tsat/Tlso
log((l e )X[ s, + [ oTalTis

r1 X T,

(Gd]=

ey

where log is the natural logarithm and T , is the
spin-lattice relaxation prior to contrast injection.
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Due to flow-related artifacts in the external iliac
artery, a reference value of T, ;=1660 ms was
chosen for blood [27].

The CT images were smoothened by a 3D moving
average kernel of 0.19 cm? according to Korporaal
et al. [28]. The MRI images were smoothed similarly
to avoid any bias in the subsequent modeling steps.
The first and last MRI slices were not included in
the following kinetic processing.

The contrast enhancement curves can be math-
ematically fitted allowing for quantitative analysis of
flow, leakage and plasma volume. In the regime
where the tumor is highly perfused and highly vas-
cularized, an appropriate model is required: The
extended Tofts model [29].

Co() = v,C,y (O) + K™ [Cp(t) ®e ' } )

Here v, is the plasma fraction, Cp (t) is the concentra-
tion of contrast agent in the plasma also known as
the input function. The K"#™ js the transport con-
stant from the artery into the interstitium and kep is
the transport constant from interstitium back into
the capillary. The implementation of the extended
Tofts model was done linearly as described by Murase
et al. [30]. C_(t) was obtained from the measured
AIF by scaling by (1-r-Hct)/(1-Hct) where r is the
vessel ratio and Hct is the hematocrit value [31].
Evaluation of the kinetic fits was performed using the
reduced Pearson’s y?/df, where df is the degrees of
freedom and 2 is the sum square difference between
observed and the fit divided by the observed data.
Fit with a ¥%/df>0.5 was omitted from the results.
Examples of these fits are shown in Supplementary
Figure 2 to be found online at http://informahealth
care.com/doi/abs/10.3109/0284186X.2013.813637.

The arterial input functions were determined
individually for each patient and each scan before
smoothing. The arteries were delineated such that
they were not influenced by flow disturbances near
the iliac bifurcation. The hematocrit value was chosen
to be 0.38 and the vessel ratio 0.7 [15,32]. A region
around the left and right external illiac arteries was
chosen. By clustering (k-means) by the time-to-peak
(TTP), full width half max (FWHM) of the first peak
and peak height the non-relevant voxel were excluded,
thus improving the choice of voxels for the AIF [33].
Furthermore for the MRI, the individual time-curves
were inspected to exclude possible curves that were
affected by partial volume effects [34].

If the uncertainty in the measured AIF exceeds
15% the use of population-based input function is
considered relevant [35]. For the MRI the popula-
tion-based AIF published by Parker et al. [16] was
therefore also employed.

Finally, the individual AIF from CT was scaled
to have the same injected concentration as the
corresponding MRI AIF. The conversion from HU
to mM was measured to be 19 HU/mM, correspond-
ing well with values reported by Miles et al. [36] and
Takanami et al. [37].

The interpatient variation of the extracted AIFs
for CT and magnitude MRI was evaluated using the
mean, standard deviation (SD) and the coefficient of
variation (CV), for the peak height, FWHM of the
first peak and the concentration 180 seconds after
the peak (SI,g,).

Delineation of the gross tumor volume (GTV)
was performed on a T2w para-tranverse scan. Two
rigid registrations were performed with T2 and the
first DCE-CT timepoint and T2 with the first DCE-
MRI timepoint. Following the transfer of the GTV
to the first timepoint of the DCE-CT and -MRI
scan. This rigid registration was focused on the soft
tissue around the GTV and thus disregarding dis-
crepancies in alignment of the bony anatomy. The
registration and delineation was performed by an
experienced oncologist.

Comparison of the parameters estimated by
CT and MRI was done using the Pearson’s cor-
relation, Student’s t-test and Bland-Altman plots.
P-value <0.05 was considered as being statistically
significant. Direct voxel by voxel comparison would
be hampered by registration errors and deformation
of the tumor between the CT and MRI acquisition.
Therefore a gamma (I') analysis was applied [38]
which was preferred instead of deformable registra-
tion because of the large difference in soft tissue con-
trast between the CT and MRI. To account for any
systematical offset between the two techniques, the
MRI estimated parameters were normalized to the
median of the CT parameter estimates for the gamma
analysis. The gamma values tested were 3% differ-
ence within 3 mm (1"3’3), 5% difference within 3 mm
('3 5)5 10% difference within 3 mm (T, ), and 15%
difference within 3 mm (T'; ,5). If the I'-value is larger
than one, the voxel fail the set criteria, and if the
T'-value is equal to zero there is a perfect correspon-
dence between the voxel on CT and MRI.

Results

The pre-EBRT was obtained with a median of four
days ranging from 1 to 11 days before start of exter-
nal beam radiotherapy. The two-week scans were
obtained with a median of 17 days ranging from 7
to 28 days after start of external beam radiotherapy.
The DCE-CT scan was performed prior to the
DCE-MRI. The median time between contrast injec-
tion on MRI and CT was 112 (52-234) minutes. The
median time between T2w (used for delineation) and
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DCE-MRI

Figure 1. Parametric maps estimated by DCE-CT (top row) and the corresponding parametric maps estimated by DCE-MRI (bottom

row) using the population-based AIF by Parker et al. [16].

DCE-MRI was 34 (23-48) minutes. Two scans were
excluded due to initialization of scan too late after
contrast injection or CT scanner breakdown. Two
more were excluded due to large pelvic motion.
Finally, two more CT scans were excluded due to
poor SNR. Thus leaving a total of 16 scans included
in the analysis with eight scans at pre-EBRT and
eight at two-weeks.

An example of the DCE-CT and DCE-MRI
kinetic parameter maps is shown in Figure 1. A clear
spatial correspondence between the two techniques
can be identified. An example of quantitative differ-
ence between parameters identified by DCE-CT and
-MRI using the Parker AIF can be seen from the
Bland-Altman plots in Figure 2. From these and the
data summarized in Table I it is seen that there is
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Figure 2. Bland-Altman plots (left) and corresponding scatter plots (right) for K™ and v, measured by CT and MRI (using the Parker
AIF [16]). The mean voxelwise differences, prediction interval and confidence interval is denoted in bold solid black, solid black and gray
line, respectively.
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Table 1. Comparison of DCE-CT and -MRI parameter estimates. (*) significant correlation.

Kans (min~1) v, Kk, (min~1) v,

Pt. specific AIF  CT-derived mean (= SD) 0.28 (+0.13) 0.40 (+0.13) 0.61 (+0.13) 0.05 (*£0.03)
Parker AIF MRI-derived mean (* SD) 0.40 (£0.25) 0.50 (£0.16) 0.82 (£0.28) 0.03 (£0.03)

t-test p-value 0.003 0.01 <0.001 0.002

R (95% CI) 0.90 (0.73, 0.97)* 0.58 (0.11, 0.83)* 0.77 (0.44, 0.92)* 0.83 (0.56, 0.94)*
Magnitude AIF MRI-derived mean (+SD)  0.52 (+0.34) 0.51 (+0.14) 0.99 (+0.37) 0.09 (*£0.07)

t-test p-value 0.001 0.003 <0.001 0.005

R (95% CI) 0.86 (0.64, 0.95)* 0.60 (0.14, 0.84)* 0.79 (0.49, 0.93)* 0.78 (0.47, 0.92)*
CTderived AIF MRI-derived mean (=SD)  0.47 (+0.27) 0.60 (+0.13) 0.76 (+0.31) 0.06 (+0.05)

t-test p-value <0.001 <0.001 0.002 0.08

R (95% CI)

0.89 (0.72, 0.96)*

0.48 (—0.03, 0.79) 0.86 (0.64, 0.95)* 0.89 (0.72, 0.96)*

significant bias between all of the kinetic parameters
estimated by the two techniques. Despite the bias a
significant correlation between the parameter esti-
mates of the two techniques was present (Figure 2
and Table I). The kinetic parameters calculated
using the population AIF correlated best with the CT
estimated parameters. The parameters estimated
with the Parker AIF were significantly closer to CT
estimates for K™%,k and v, than the parameters
estimated by the magnitude AIF. Furthermore, the
parameters estimated with the Parker AIF were
significantly closer to CT estimates for v, and v, than
the parameters estimated by the CT AIF, but not
for K"ans and kep (Student’s t-test). The interpatient
variation in AIF extraction is summarized in Table II.
The CT AIF and magnitude AIF for the different
exams can be found in Supplementary Figure 1 to
be found online at http://informahealthcare.com/doi/
abs/10.3109/0284186X.2013.813637. Interpatient
variation was larger for MR AIFs. Variation of peak
height, FWHM and SI ¢, ranged from 21% to 38%
for CT and 21% to 46% for MRI AIF.

A comparison to other published values along
with a selection of scan specific parameters is sum-
marized in Supplementary Table I to be found online
at  http://informahealthcare.com/doi/abs/10.3109/
0284186X.2013.813637. As the majority of publi-
cations [15, 3, 39] include evaluation of DCE images
prior to chemo-radiation, the two-week scans were
excluded for this comparison. Similar to the data
summarized in the lower part of Supplementary
Table I to be found online at http://informahealth

Table II. Interpatient variation of AIF observables.

CT AIF MR AIF

Mean SD CV Mean SD CV

Peak height[mM/ml] 0.301 0.076 25%  0.351 0.161 46%
FWHM [s] 9.55 1.98 21% 11.03 3.19 29%
ST, [sX mM/ml] 0.030 0.011 38%  0.051 0.011 21%

CV, coefficient of variance; FWHM, full width half max; SD,
standard deviation, SI.., signal intensity 180 s after peak
height.

180

care.com/doi/abs/10.3109/0284186X.2013.813637
the MR kinetic parameters were calculated using the
CT AIF and the Magnitude AIF for the pretreatment
DCE-MRI data. The pretreatment values using the
CT AIF were 0.35*+0.16 min~! (K", 0.69 + 0.27
min~! (kep), 0.52*0.09 (v,) and 0.05=*0.03 (vp).
Similarly, the pretreatment values using the magni-
tude AIF were 0.33 = 0.18 min~ ! (K22%),0.85 + 0.28
min~! (kep), 0.41*0.05 (v,) and 0.04 =0.04 (vp).

The gamma analysis takes both uncertainty in
position and value into account in a voxelwise com-
parison. Example of the data analysis is shown in
Figure 3. The analysis for the whole population of
scans using the MRI kinetic parameters estimated
with the Parker AIF is shown in Figure 4 showing
that almost all voxels fail the 1“3,3 criteria (45% fail-
ure) and more voxels passes the 1"3’5 criteria (37%
failure). As the criteria is further decreased, more
voxels pass, giving 26% failure at the IS 00 criteria
and 19% failure at the I35 criteria.

Discussion

DCE-CT and -MRI showed significant positive cor-
relation with all kinetic parameters when using all
tested AIFs. The quantitative parameter estimates
had a high degree of variation depending on the
choice of input function for DCE-MRI. The tested
AIF that gave the closest quantitative agreement
between CT and MRI estimated parameters was the
use of the population-based AIF published by Parker
et al. [16]. Due to the inverse relation between K"ans
with Cp and v, with Cp it could be inferred that the
measured exam AIF concentration was lower than
the actual AIF when using the CT estimates as gold
standard. The reason why the signal in the iliac artery
was too low can most likely be attributed to
the shortening of T2* during high concentration of
contrast agent. This could possibly be overcome by
using the phase images to estimate the exam specific
AIF as proposed by Akbudak et al. [19] and success-
fully implemented by Korporaal et al. in prostate
[18]. Another possibility could be simultaneous
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measurement of T1 and T2* during DCE-MRI
imaging as proposed by Bazelaire et al. [12].

The conversion of the CT AIF to MRI concen-
tration should remove the uncertainty of the AIF
shape at high concentrations. The remaining differ-
ence may be ascribed to the use of contrast agents
of different molecular weight. The molecular
weight of Dotarem is around one third of Visipaque
(Supplementary Table I to be found online at http://
informahealthcare.com/doi/abs/10.3109/0284186X.
2013.813637). Small molecular (< 1 kDa) and inter-
mediate molecular (1-60 kDa) contrast agents are
both extravascular-extracellular contrast agents but
the intermediate has a slower extracellular distribu-
tion [40]. This is supported by the lower transport
constant K" and k, o for DCE-CT in this study
using Visipaque. The higher K" observed for MRI
may also be caused by an erroneous scaling or sam-
pling of the CT AIF, but this will not affect kep thus
supporting a difference in extracellular diffusion
between the two contrast agents. Finally, the AIF
variation analysis (Table II and Supplementary Table
I to be found online at http://informahealthcare.com/
doi/abs/10.3109/0284186X.2013.813637) suggests
that the variation of the AIF shape is 20-40% which
according to Korporaal [35] would warrant the use
of a population averaged AIF. From the Bland-
Altman plots in Figure 2 a large variation is observed
using the Parker AIF which may partly reflect the
limitation of using population AIF to describe
the heterogeneous flow characteristics within this
population.

When reviewing published DCE imaging studies
in locally advanced cervix cancer patients (Supple-
mentary Table I to be found online at http://informa
healthcare.com/doi/abs/10.3109/0284186X.2013.
813637) a difference was seen in the estimation of
quantitative kinetic parameters. By inspecting the
imaging parameters and the post-processing approach
for derivation of quantitative parameters, it could be
seen that there was significant variation of parame-
ters of importance such as contrast agent, AIF, injec-
tion rate, estimation of hematocrit value, and time
resolution. On top of this there may be other factors
of importance related to the imaging protocol. This
suggests that estimation of quantitative Kinetic
parameters in DCE imaging may depend critically
on a number of parameters. Caution should there-
fore be used when trying to compare quantitative
parameters across different scanners and protocols.

The choice of hematocrit values and vessel ratio
has straightforward impact on the parameter esti-
mation. The scaling of Cp(t) by (1-r-Hct)/(1-Hct)
directly translates into the same inverse scaling of the
K"ans and v, values and it is therefore directly pos-
sible to compare studies that have assumed different

values of hemotocrit and vessel ratio. The MRI
parameters used by Donaldson et al. [39] are similar
to the parameters used in this study. When using the
CT AIF and magnitude AIF for the pretreatment
scans only, there was a good agreement between our
results and those reported by Donaldson et al. How-
ever, when taking into account the different use of
hematocrit values and vessel ratio the agreement was
not as strong.

Though the Pearson’s correlations in Table I
showed a good spatial correlation between the cor-
responding CT and MRI parameter, the Pearson’s
correlations do not take spatial deformations into
account. To take into account a geometrical shift of
voxels we chose to use the I'-analysis most often used
to compare two dose distributions. The potential use
of parametric maps to define sub-volumes for dose
escalation requires knowledge of both quantitative
and spatial stability. The results of the I'-analysis
indicated that a margin around one such sub-volume
using either of these parametric maps should be
3 mm in order to cover all but in average 26% of the
chosen sub-volume, given an uncertainty of 10% of
the chosen parameter. This is of course only valid
within the time between the two scans (~2 h), and
therefore further investigations need to be carried
out in order to gain information about the spatial
stability on longer time scales.

The assumptions of this study include an instant
exchange of magnetization after introduction of MRI
contrast agent, the so called fast exchange limit. Also,
it was assumed that the compartments are uniform
and well mixed and that the pharmacokinetic param-
eters are time invariant.

In this study, specific care was taken to make the
temporal acquisition parameters the same for the two
techniques. For further improvements, a higher fila-
ment current (mAs) should be chosen to increase
SNR for the DCE-CT. Also the contrast agents
should be chosen such that they have similar molec-
ular weights. The use of phase images to gain better
determination of the patient specific input function
should be pursued. Practically performing the DCE-
MRI prior to the DCE-CT will reduce the time
between the two scans and would thus minimize dif-
ference in patient physiology. Finally, implementa-
tion of models that better describe the underlying
physiological system as suggested by Donaldson
et al. [39] should be further investigated.

In conclusion a good to excellent correlation but
poor concordance between kinetic parameters K"ans,
v, and kep estimated using DCE-CT and -MRI was
found. v, showed poorer correlation. I'-analysis indi-
cated that the spatial distribution of perfusion and
permeability is stable over 2 h and that both DCE-
CT and -MRI can be used to represent the spatial
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distribution. However, there was a significant bias
between the DCE-CT and -MRI parameters which
may be partly related to the type of contrast agent.
Furthermore, the choice of AIF had considerable
impact on the quantitative DCE-MRI parameter
estimates. Comparison of quantitative parameters
from different institutions revealed variation, and
suggests that a number of parameters related to, e.g.
contrast agent, imaging protocol and analysis may
have considerable impact on the quantitative esti-
mates. Therefore great caution should be used when
comparing quantitative parameters across different
scanners and protocols. Further research in the influ-
ence of DCE imaging protocol and kinetic analysis
is strongly warranted, before allowing meaningful
multicenter comparison of quantitative kinetic
parameters derived from DCE imaging.
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