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ABSTRACT

Background: There is significant evidence that DCE-MRI may have the potential to provide clinically
useful biomarkers of the outcome of locally advanced cervical carcinoma. However, there is no con-
sensus on how to analyze DCE-MRI data to arrive at the most powerful biomarkers. The purpose of
this study was to analyze DCE-MRI data of cervical cancer patients by using the Brix pharmacokinetic
model and to compare the biomarkers derived from the Brix analysis with biomarkers determined by
non-model-based analysis [i.e., low-enhancing tumor volume (LETV) and tumor volume with increasing
signal (TVIS)] of the same patient cohort.

Material and methods: DCE-MRI recordings of 80 patients (FIGO stage IB-IVA) treated with concur-
rent cisplatin-based chemoradiotherapy were analyzed voxel-by-voxel, and frequency distributions of
the three parameters of the Brix model (Agyix kepr and ke) were determined. Moreover, risk volumes
were calculated from the Brix parameters and termed RV-Agyix, RV-kep, and RV-ke;, where the RVs repre-
sent the tumor volume with voxel values below a threshold value determined by ROC analysis.
Disease-free survival (DFS) and overall survival (OS) were used as measures of treatment outcome.
Results: Significant associations between the median value or any other percentile value of Agix, kep,
or ke and treatment outcome were not found. However, RV-Agy, RV-kep, and RV-k correlated with
DFS and OS. Multivariate analysis revealed that the prognostic power of RV-Agy, RV-kep, and RV-k
was independent of well-established clinical prognostic factors. RV-Agy, RV-kep, and RV-kg correlated
with each other as well as with LETV and TVIS.

Conclusion: Strong biomarkers of the outcome of locally advanced cervical carcinoma can be pro-
vided by subjecting DCE-MRI series to pharmacokinetic analysis using the Brix model. The prognostic
power of these biomarkers is not necessarily superior to that of biomarkers identified by non-model-
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based analyses.

Introduction

Locally advanced cancer of the uterine cervix is generally
treated with aggressive concurrent cisplatin-based chemora-
diotherapy. This treatment results in a 5-year survival rate of
65—-70% and a high incidence of severe treatment-induced
complications, including hematological and gastrointestinal
toxicities [1-3]. There is significant evidence that treatment
failure is associated with low oxygen tension and extensive
hypoxia in the primary tumor [4-6]. Novel biomarkers are
needed to improve the outcome of cervical carcinoma, and
these biomarkers should mirror the biological properties of
the tumor tissue that cause treatment failure [7].
Furthermore, they should be assessed with a method that is
acceptable to most patients and, in addition, fits in easily
with well-established diagnostic examinations. Dynamic con-
trast-enhanced magnetic resonance imaging (DCE-MRI) is
such a method. This method is noninvasive, allows repeated

examinations, and has the advantage that the entire tumor
volume can be analyzed. Preclinical and clinical investiga-
tions have suggested that DCE-MRI may provide information
on the blood supply and oxygenation of cervical carcinomas
[8-11]. Furthermore, there is some evidence that the out-
come of cervical cancer may be associated with parameters
derived from DCE-MRI recordings [12-18]. However, a robust
DCE-MRI method for predicting the outcome of cervical car-
cinoma has not been developed thus far.

By subjecting DCE-MRI data of locally advanced cervical
cancer to non-model-based analysis, we have identified two
parameters that are strong prognostic factors for disease-free
survival (DFS) and overall survival (OS): low-enhancing tumor
volume (LETV) [19] and tumor volume with increasing signal
(TVIS) [20]. In these studies, signal intensity was measured in
individual tumor voxels and plotted versus time after contrast
agent administration. LETV was derived from the early phase
of the signal intensity-versus-time curves (SITCs), and this
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parameter represents the tumor volume that shows low con-
trast enhancement during the first 60 s of the curves [19].
TVIS was derived from the late phase of the SITCs, and this
parameter refers to the tumor volume that shows increased
contrast enhancement during a 6-min-long interval, from 3
min to 9 min after contrast agent administration [20]. Both
parameters were assumed to be a measure of the extent of
tumor hypoxia [19,20], and by measuring LETV and TVIS in
the same patient cohort, LETV was found to have stronger
prognostic power than TVIS [20].

It has been suggested that DCE-MRI series should be ana-
lyzed by using pharmacokinetic models rather than non-
model-based strategies, primarily because pharmacokinetic
models are developed on the basis of physiological and bio-
logical properties of the imaged tissue [21]. Two pharmacoki-
netic models are used frequently to analyze DCE-MRI data:
the Tofts model [22,23] and the Brix model [24-26]. In the
study reported in this communication, the DCE-MRI data of
the patients included in our studies of LETV and TVIS were
analyzed by using the Brix model. There was a dual purpose
of the study: to investigate whether the parameters of the
Brix model may provide prognostic information on the out-
come of cervical carcinoma and to compare the prognostic
power of these parameters with that of LETV and TVIS.

Material and methods
Patients and treatment

Eighty evaluable patients with untreated locally advanced
cervical cancer (FIGO stage IB through IVA) admitted to the
Norwegian Radium Hospital between September 2004 and
May 2007 were included in the study. The DCE-MRI data of
these patients have been analyzed previously to determine
LETV and TVIS [19,20]. The demographics of the patients are
shown in Table 1. The investigation was approved by the
regional committee of medical research ethics in southern
Norway and was conducted in accordance with the
Declaration of Helsinki. Written informed consent was
obtained from each patient.

Table 1. Patient characteristics (N = 80).
Characteristic

Age, years

Median 57

Range 22-88
Histology, #patients

Squamous cell carcinoma 68

Adenocarcinoma 10

Undifferentiated 2
Volume, cm®

Median 40.7

Range 2.1-319
FIGO stage, #patients

| 7

I 55

1] 15

vV 3
Pelvic lymph node status, #patients

Positive 35

Negative 45
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The patients were all treated with concurrent cisplatin-
based chemoradiotherapy with curative intent. External
beam radiation therapy was given in 25 fractions during a
period of 5 weeks to a total dose of 50 Gy to the primary
tumor, parametria, and adjacent pelvic wall and 45 Gy to the
rest of the pelvic region. In addition, 5 to 6 fractions of intra-
cavitary brachytherapy with a dose of 4.2 Gy per fraction
were given to Point A. Cisplatin (40 mg/m?) was given
weekly with a maximum of 6 courses during the radiation
therapy period. The primary endpoints were DFS, defined as
the time to local or distant relapse or death from the date of
diagnosis, and OS, defined as the interval from diagnosis
to death.

MRI and image analysis

The imaging was carried out prior to treatment and has
been described in detail previously [19]. Briefly, the pelvis
was scanned with axial T,-weighted fast spin echo sequen-
ces, and afterwards, DCE-MRI was conducted by using an
axial T;-weighted spoiled gradient recalled sequence [repeti-
tion time: 160 ms; echo time: 3.5 ms; flip angle: 90°; number
of excitations (number of averages): 1; field of view: 20 x 20
cm?; image matrix: 256 x 256; slice thickness: 5 mm; slice
spacing: 6 mm; voxel size: 0.78 x 0.78 x 5.0 mm?; temporal
resolution: 29 s; total sampling time: 10 min]. Three precon-
trast images were acquired, and contrast agent was injected
manually in a bolus dose of 0.1 mmol/kg Gd-DTPA during a
period of ~3 s. Tumor volume and lymph node status were
assessed by examining the T,-weighted images in the open
source dicom viewer Osirix.

The DCE-MR images were analyzed voxel-by-voxel by
using in-house-made software developed in Matlab. Minor
tumor movements during the DCE-MRI were corrected for by
manually moving postcontrast regions of interest (ROIs) to fit
with the coordinates of the first precontrast image. To dimin-
ish any unwanted influence by tumor necrosis and the cer-
vical and uterine cavities, voxels showing signal intensities in
the T,-weighted images consistent with the presence of
water or air were excluded from analysis using threshold-
based criteria [19,20].

Plots of relative signal intensity versus time were gener-
ated voxelwise, and by using the Levenberg-Marquardt least
squares minimization method, curves were fitted to the data
by using the adapted Brix equation [22]:

—kept __ p—kalt

& =1 + ABrixkep (epel)

S(O) kel - kep
where S(t) is the signal intensity at time t, S(0) is the signal
intensity in the pre-contrast images, Ag;ix is the amplitude,
kep is the transfer rate of Gd-DTPA from tissue to plasma,
and kg is the clearance rate of Gd-DTPA from plasma. The
curve fitting was conducted without using any constraints to
the numeric values of Agyix, Kep, @and Kei. Agrixs Kep, and ke fre-
quency distributions were then calculated for each tumor,
and all tumor voxels were included in the frequency distribu-
tions (i.e, no voxels were excluded based on the parameter
numeric values).



830 K. V. LUND ET AL.

Statistical analysis

Because it is generally observed that standard first-line treat-
ment fails in approximately one-third of the patients with
locally advanced cervical cancer [1], associations between
treatment outcome and Brix parameters were investigated
by dividing the patient cohort into two groups consisting of
one third and two-thirds of the patients [19]. Thus, the out-
come of the 26 patients with the lowest Ag,x values was
compared with that of the 54 patients with the highest Ag,iy
values, and similar comparisons were carried out for ke, and
ko Kaplan-Meier curves were compared by using the log-
rank test. Univariate and multivariate Cox proportional haz-
ard analyses were used to evaluate prognostic parameters
with respect to DFS and OS. The Spearman rank order correl-
ation test was used to search for correlations between
parameters. Probability values of p < .05 were considered
significant.

Results

The outcome of the patients included in this study was simi-
lar to that generally reported for locally advanced cervical
cancer treated with concurrent cisplatin-based chemoradio-
therapy. The actuarial DFS and OS at 5 years were 62% and
66%, respectively. Tumor progression or recurrence was
documented in 23 patients, six in the pelvis alone, three in
the pelvis and para-aortic lymph nodes or distant sites, and
14 in para-aortic lymph nodes or distant sites alone. Two
patients were clinically disease-free after further treatment,
whereas 21 patients died from their recurrences (20 patients)
or intercurrent disease (one patient).

The Brix pharmacokinetic model was found to be suitable
for analyzing the DCE-MRI data. Thus, the signal intensity
data of single tumor voxels were well fitted by the model.
This is illustrated in Supplementary Figure 1, which shows
representative curve fits for a high-enhancing and a low-
enhancing tumor. In general, the numeric values of Agix, Kep
and ke were higher in high-enhancing than in low-enhanc-
ing tumors. However, the intratumor and intertumor hetero-
geneities in the Brix parameters were substantial. This is
illustrated in Figure 1, which shows parametric maps and fre-
quency distributions for two representative tumors, one
high-enhancing and one low-enhancing tumor.

To investigate whether the Brix parameters may have the
power to provide prognostic information on the outcome of
cervical carcinoma, detailed analyses of the Agiiy, kep, and kg
frequency distributions were conducted. First, the Agix Keps
and kg values at each integer percentile of the frequency
distributions were calculated, and a log-rank test was carried
out for each percentile to assess whether any of the Brix
parameters could discriminate between the two patient
groups, using DFS and OS as endpoints. Plots of the log-rank
p-value versus percentile were generated, and the plots
revealed that none of the Brix parameters showed robust
percentile ranges with p-values <.05, regardless of endpoint
(Supplementary Figure 2).

Moreover, the number of voxels and, accordingly, the
tumor volumes with voxel values below a threshold value
were calculated for a wide range of threshold values, using
values from 0.05 to 2.0 (increments of 0.05) for Agix Values
from 0.2 to 7.0 (increments of 0.2) for ke, and values from
—0.07 to +0.10 (increments of 0.005) for k. A log-rank test
was carried out for each threshold value to investigate
whether any of the volumes could discriminate between the
two patient groups. Plots of the log-rank p-value versus Ag;iy,
kep, and kg threshold value were then generated for DFS
and OS, and these plots showed significant ranges of thresh-
old values with p < .05 (Figure 2(a)). Receiver operating char-
acteristic (ROC) analysis was carried out to determine the
optimal threshold values, and in Figure 2(b), the area under
the ROC-curve is plotted versus threshold value for each Brix
parameter. The optimal threshold values, corresponding to
the largest area under the ROC-curve, were determined to
be 0.7 for Agyix, 1.0 for kep, and —0.02 for k.

Binary maps showing the distribution of voxels with val-
ues of Agix, kep, and ke above or below the optimal thresh-
old value are presented in Figure 1 together with the
corresponding Agiy, kep, and ke maps of a high-enhancing
and a low-enhancing tumor. The binary maps are representa-
tive for the tumors analyzed in this study and illustrate three
important observations. First, the number of voxels with par-
ameter values below the optimal threshold value was lower
in the high-enhancing tumor (Figure 1(a)) than in the low-
enhancing tumor (Figure 1(b)). Second, the low enhancing
tumor regions were generally contiguous (Figure 1(b)). Third,
the distribution of the voxels with parameter values below
the optimal threshold value was similar in the Agyix, kep, and
ko maps (Figure 1(b)). The tumor volumes with parameter
values below the optimal threshold value [i.e. the presumed
risk volumes (RVs)] were termed RV-Agy, RV-kep, and RV-kg,
and the binary maps in Figure 1 suggest substantial similarity
between the RVs identified by the three Brix parameters.
This impression was verified by analyzing the relationships
between the different RVs. As shown in Supplementary
Figure 3, significant linear correlations were found between
RV-Agix and RV-ke, (p < .0001), RV-Ag;x and RV-kg (p <
.0001), and RV-k¢, and RV-kg (p < .0001).

Kaplan—-Meier plots for DFS and OS based on RV-Ag,,, RV-
kep, and RV-kg are shown in Figure 3. The patients with large
RV-Ag,ix did worse than those with small RV-Ag,;,, with 5-year
DFS of 49% versus 69% (p = .068) and 5-year OS of 50% ver-
sus 74% (p = .013). Similarly, the patients with large RV-k.,
and those with small RV-k., showed 5-year DFS of 41% and
73%, respectively (p = .005) and 5-year OS of 42% and 78%,
respectively (p = .002). Furthermore, the 5-year survival rates
of the patients with large RV-k, and those with small RV-kg
were 41% and 73%, respectively (DFS: p = .005) and 42%
and 78%, respectively (OS: p = .003).

Univariate Cox regression analysis revealed that the DCE-
MRI-derived parameters RV-Ag,, RV-kep, and RV-k had sig-
nificant impact on DFS and OS. A similar analysis of clinical
parameters showed that DFS and OS were influenced signifi-
cantly by tumor volume and FIGO stage, but not by lymph
node status, tumor histology, and patient age (Table 2).
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Figure 1. Agix kep, and kg frequency distributions, parametric images, and binary images highlighting RV-Ag,,, RV-kep, and RV-k in dark gray for a representative
high-enhancing (a) and a representative low-enhancing (b) tumor. The frequency distributions include all tumor voxels, whereas the images refer to a single slice
through the tumor. To avoid presenting the entire tail of the frequency distributions, the last column of the distributions represents the percentage of voxels with
Agrix > 3.0, kep > 10, and kg > 0.15. The vertical lines in the frequency distributions represent the threshold Agyiy, kep, and ke values of RV-Agyiy, RV-Kep, and RV-ke
(solid lines) and the median values of Agy, kep, and ke (dashed lines). Scale bars: 1 cm.
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Figure 2. The tumor volumes with voxel values below a threshold value were calculated from the Agyy, kep, and ke frequency distributions of all tumors, using a
range of threshold values for each parameter, and for each threshold value, the outcome of the patients with large volumes were compared with that of the
patients with small volumes, using the log-rank test with DFS and OS as endpoints. ROC analysis was carried out to find the threshold values with the highest dis-
criminative power. The plots show the log-rank p-value (a) and the area under the ROC-curve (b) versus Agix, kep, and ke threshold value for DFS and OS. The
dashed lines in (a) represent a significance level of p =.05. The vertical lines in (b) represent the optimal threshold values for Agy, Kep, and ke.

Multivariate Cox regression analysis including tumor volume,
FIGO stage, lymph node status, and RV-Agyiy, RV-kep, OF RV-kq|
showed that none of the clinical parameters were independ-
ent prognostic factors; however, the prognostic power of
FIGO stage was of borderline significance. Furthermore, the
analysis revealed that RV-ke, and RV-ky were independent
prognostic factors for DFS and RV-Agy, RV-kep, and RV-kq
were independent prognostic factors for OS (Table 2).

Our study demonstrates that Brix analysis of DCE-MRI
data may provide prognostic information on the outcome of
locally advanced cervical carcinoma. By using the DCE-MRI
data of the same patient cohort, we have shown previously
that prognostic information also may be achieved by non-
model-based analyses of the data [19,20]. Two parameters
showing significant prognostic power were identified in
these studies, LETV and TVIS. Similar to RV-Agix, RV-kep, and
RV-ko, LETV and TVIS represent tumor subvolumes, and the
relationships between these subvolumes were investigated
by plotting RV-Agiy, RV-kep, and RV-kg versus LETV and TVIS
(Figure 4). Significant correlations were found between the
RVs derived from the Brix analysis and the subvolumes
derived from the non-model-based analyses (p < .0001 for
all combinations). The horizontal and vertical lines in Figure
4 indicate the border between small and large values of RV-
Agrixs RV-kep, and RV-kg; and the border between small and
large values of LETV and TVIS, respectively. The figure shows
that the vast majority of the patients are stratified into the

same risk group by the Brix model-based RVs and the non-
model-based RVs. Furthermore, Kaplan-Meier plots for DFS
and OS based on LETV and TVIS have been published previ-
ously [19,20], and these plots are very similar to the Brix par-
ameter-based Kaplan-Meier plots in Figure 3.

Discussion

Several studies have suggested that DCE-MRI may provide
data associated with the outcome of locally advanced cer-
vical carcinoma [12-18]. Different methods of analyzing the
DCE-MRI data were used in these studies, and many of the
studies relied on a small number of patients. Therefore,
robust DCE-MRI parameters that can predict the outcome of
cervical cancer have not been identified and validated up to
now. In the current investigation, we analyzed pretreatment
DCE-MRI series of 80 evaluable cervical cancer patients by
using the Brix pharmacokinetic model, and the analysis pro-
vided parametric RVs that were independent prognostic fac-
tors for DFS and OS.

Pharmacokinetic analysis of DCE-MRI data of human
tumors is currently being carried out by using the Brix or the
Tofts model [22-25]. There are advantages and disadvan-
tages with both models. The Tofts model requires assess-
ment of an arterial input function, and the measurement of
high-quality individual arterial input functions is a demand-
ing task. The main advantage of the Brix model is that an
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Figure 3. Kaplan-Meier curves for DFS and OS stratified by RV-Ag, (a), RV-kep (b), and RV-k (c). The cutoffs separating small (N=54) from large (N =26) RVs
were 1.3 cm® for RV-Agyy, 0.9 cm® for RV-kep, and 1.1cm? for RV-kg.

arterial input function is not needed for the curve fitting.
However, the curve fitting with the Brix model requires three
independent parameters, whereas only two independent

parameters are needed when using the standard Tofts
model. In most clinical studies, pharmacokinetic analysis of
DCE-MRI data is based on signal intensities, and the analysis
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Table 2. Cox regression analysis of clinical and Brix parameters.

Univariate Multivariate
Disease-free survival Overall survival Disease—free survival Overall survival
p-values® p-values®
p-value p-value
Tumor volume .026 .019 .89 .99 77 77 .60 .92
FIGO stage .0057 .017 .052 .060 .043 .065 .10 .061
Lymph node status 13 36 73 72 .78 .82 .76 63
Tumor histology 30 31 - - - - - -
Patient age .30 17 - - - - - -
RV-Agyix 015 00058 16 - - 018 - -
RV-kep .00060 000060 - .020 - - .0033 -
RV-ke .0011 000056 - - .030 - - .0030

Values of p < .05 are highlighted in bold.

®p-values refer to multivariate regression analyses including tumor volume, FIGO stage, lymph node status, and either RV-Agy, RV-Kep, OF RV-ke.
RV-Agyix, tumor volume with Agqy < 0.7; RV-kep, tumor volume with ke, < 1.0; RV-k, tumor volume with ko < —0.02.
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Figure 4. Log scale plots of RV-Agy, RV-Kep, and RV-k versus LETV (a) and TVIS (b). Six tumors had LETV of zero, and to be able to include these tumors in the log
scale plots, they were assigned LETV corresponding to one voxel. The patient cohort was divided into two groups consisting of one third and two-thirds of the
patients, and the discrimination levels are indicated by horizontal lines for RV-Agyy, RV-kep, and RV-k and by vertical lines for LETV and TVIS. Points refer to individ-

ual tumors. Curves were fitted to the points by linear regression analysis.

requires assessment of the signal intensity prior to and for
several minutes after the contrast agent administration. It
may be advantageous to base pharmacokinetic analysis on
contrast agent concentrations rather than signal intensities,
and this can be done by using the Tofts model, but requires
measurement of contrast agent relaxivity and voxelwise
assessment of precontrast T;-values (T;o-map).

The Brix and Tofts models were developed to make it
possible to derive information on the physiological character-
istics of tissues from DCE-MRI series [22-25]. For a given
tumor, the numeric values of the model parameters are
determined by the pulse sequence being used and the
tumor physiology. Under standardized imaging conditions

which is usually used in the diagnostics of a specific malig-
nant disease, the parameters vary among tumors because
the tumors have developed different physiological character-
istics during growth.

Regardless of model, pharmacokinetic analyses of tumor
DCE-MRI series are based on mathematical descriptions of
SITCs, and the shape of SITCs is determined by the uptake
and washout of contrast agent in the imaged tissue.
Theoretically, the uptake is determined by the perfusion and
the vessel wall permeability, and it has been revealed that
the uptake of high-molecular-weight agents is limited pri-
marily by the permeability whereas the uptake of low-
molecular-weight agents like Gd-DTPA is limited primarily by



the perfusion [23]. Importantly, a recent clinical study of cer-
vical carcinoma concluded that differences in the uptake of
Gd-DTPA between tumors are dominated by differences in
tumor perfusion, whereas the influence of differences in ves-
sel wall permeability are non-essential [27]. This conclusion is
in accordance with the results of comparative preclinical per-
fusion and DCE-MRI studies [28,29].

The Brix pharmacokinetic model describes SITCs by three
parameters: Agix, Keps and ke Agrix (the amplitude) is influ-
enced significantly by several physiological properties of
tumors, including the size of the extravascular extracellular
space, the permeability of the vessel walls, and blood perfu-
sion [22-25]. The magnitude of ke, (the transfer rate of
Gd-DTPA from tissue to plasma) is determined by several
vascular parameters, including vessel permeability, vessel
density, and blood perfusion [24,25]. Also, the magnitude of
ke (the clearance rate of Gd-DTPA from plasma) is influenced
significantly by the perfusion of the imaged tissue, particu-
larly in malignant tissues [17,24]. Thus, a common feature of
the three Brix parameters is that they are determined partly
by the blood perfusion. However, even though the numeric
values of the Brix parameters are influenced significantly by
the perfusion of the imaged tumor, none of the parameters
should be considered to be adequate measures of tumor
blood perfusion. This is particularly important to notice when
the DCE-MRI is conducted at a low temporal resolution, as
was the case in the study reported here.

DCE-MRI data of cervical carcinoma have been analyzed
by the use of the Brix model in a few previous studies, and
these studies provided discordant results. Hawighorst et al
[12,30] suggested that median k., may have the potential to
predict the outcome of cervical cancer and that high values
of median k., are associated with poor outcome. They sug-
gested further that poor outcome was a consequence of
highly elevated angiogenic activity [12,30,31]. Loncaster et al
[32], on the other hand, did not find any association
between the outcome of cervical cancer and median ke,
However, they provided evidence that poor outcome could
be associated with low values of median Agx and that low
values of median Ag,;, were associated with large fractions of
hypoxic tissue. Andersen et al [17] used locoregional control
and progression-free survival as endpoints and reported
plots similar to those in Supplementary Figure 2. They found
distinct percentile intervals for Ag,x and ke, but not for kep,
where low parameter values were associated with poor treat-
ment outcome. Halle et al [33] reused the DCE-MRI data pub-
lished by Andersen et al [17], and they showed that low Agix
was associated with hypoxia-induced gene expression.

The findings reported in the current communication differ
from those referred to above. In our study, significant associ-
ations between the outcome of treatment and the parame-
ters of the Brix model were not found for any percentile
value of Agiy, keps OF ke It is particularly important to note
that our analysis provided data that were not in accordance
with the data published by Andersen et al [17] and Halle
et al [33], who reported significant associations between
treatment outcome and the numeric values of Agy in the
20-30 percentile range of the frequency distributions. There
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were some minor differences between their and our study.
They used a 5-min-long DCE-MRI sequence with a temporal
resolution varying from 15 s to 1 min, whereas we used a
10-min-long DCE-MRI sequence with a fixed temporal reso-
lution of 29 s. Further, the Brix parameters were constrained
to Agix > 0, kep > 0, and kg > 0 in their study, whereas
these parameters were allowed to vary freely in our study.
Thus, negative values of the Brix parameters were accepted
in our study, and as shown in the original paper of Brix et al
[24], negative kg values are a prerequisite for achieving good
curve fits for voxels showing increasing signal intensity dur-
ing the entire observation period. Finally, the patient cohort
was divided into two equally sized groups in their study,
whereas in our study, the patients were divided into two
groups consisting of one third and two-thirds of the patients.
However, most of these differences are probably not import-
ant, because we have, as far as possible, also analyzed our
data by using the criteria reported by Andersen et al [17]
and Halle et al [33] without being able to reproduce their
conclusions.

Although significant associations between DFS or OS on
the one hand and Ag;iy, kep, OF kej ON the other could not be
found in our study, our study revealed that RV-Agy, RV-kep,
and RV-k. correlated with treatment outcome. Multivariate
analysis including tumor volume, FIGO stage, lymph node
status, and RV-Agiy, RV-kep, Or RV-ke showed that these RVs
were strong independent prognostic factors of DFS and OS.
Consequently, Brix analysis of DCE-MRI data may provide bio-
markers of the outcome of cervical carcinoma, and the pre-
dictive power of parametric RVs may be strong compared
with that of percentile parameter values.

Noteworthy, significant correlations were found between
RV-Ag/ix, RV-kep, and RV-kg, most likely because Agyix, kep, and
ke are all influenced significantly by tumor blood perfusion,
and furthermore, poor DFS and OS were associated with
high values of the three RVs. High RV-Ag,ix, RV-kep, and RV-kg
may be equivalent to a large number of voxels with inad-
equate blood perfusion, suggesting that these RVs reflect the
extent of tumor hypoxia. This suggestion is consistent with
the general finding that poor outcome of locally advanced
cervical cancer is associated with low oxygen tension in the
primary tumor [4-6].

It has been recommended that DCE-MRI data of tumors
should be analyzed by using pharmacokinetic models rather
than non-model-based methods [34-36]. In previous studies
of the patients included in the current study, we showed
that LETV and TVIS are associated with DFS and OS [19,20].
LETV and TVIS represent RVs that are determined from DCE-
MRI data by using non-model-based methods. There were
strong correlations between RV-Agy, RV-ke,, and RV-kg on
the one hand and LETV and TVIS on the other, and further-
more, most patients were stratified into the same risk group
by the model-based and the non-model-based RVs.
Consequently, the predictive power of RVs determined by
Brix analysis may not necessarily be superior to that of RVs
assessed by non-model-based analyses.

By analyzing DCE-MRI data of a cohort of 80 patients with
cervical carcinoma, we have identified five prognostic factors
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(RV-Agrixs RV-kep, RV-ke, LETV, TVIS) that are independent of
established clinical prognostic factors. These DCE-
MRI-derived prognostic factors represent tumor RVs, are cor-
related with each other, and have specific advantages and
disadvantages as prognostic factors for cervical cancer. The
primary disadvantages of the Brix-derived RVs are that they
require long scanning times up to 10 min and that their
quantification requires assessment of threshold values for
Agrixs kep, and ke The threshold values depend on signal
intensity, and because signal intensities vary depending
upon MR scanner and MR protocol, each radiology depart-
ment has to determine and use its own threshold values.
Calculation of LETV also requires assessment of signal inten-
sity-dependent threshold values, but this RV has the advan-
tage that it can be calculated from short-term DCE-MRI series
lasting for 1-2 min, a significant advantage since scan time is
a limiting factor in most radiology departments. Similar to the
Brix-derived RVs, TVIS has the disadvantage that long scanning
times are required, but this RV has the advantage that its
assessment is independent of signal intensity, implying that
observations can be compared easily across institutions.

It should be noticed that our study has some important
limitations. First, T,-weighted images were used to determine
ROIs, including tumor delineation and exclusion of image
regions influenced by tumor necrosis and cervical cavities.
Although tumor tissue, in general, can be distinguished eas-
ily from the normal cervix parenchyma and adjacent air in
T,-weighted images and the ROIs were determined by two
experienced radiologists, there may have been some uncer-
tainties in the assessment of the ROIls. Second, the DCE-MRI
was carried out more than 10 years ago when the spatial
and temporal resolutions of the recordings were poorer than
today due to MR scanner limitations. Moreover, only 80
patients were included in the study. Although there were few
events (relapse or death) during the observation period, this
patient number was sufficiently high to achieve interesting
results. Nevertheless, our study is merely a hypothesis-generat-
ing study, and the results reported here warrant validation in
a second patient population in a study utilizing a modern
scanner enabling high temporal and spatial resolutions.

In summary, DCE-MRI data of locally advanced cervical
carcinoma were subjected to pharmacokinetic analysis using
the Brix model. The median or any other percentile value of
the frequency distributions of the three Brix parameters were
not associated with DFS or OS. However, significant associa-
tions between RVs calculated from the frequency distribu-
tions and treatment outcome were detected. The prognostic
power of the RVs was independent of the conventional clin-
ical prognostic factors of locally advanced cervical cancer.
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