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ARTICLE INFO ABSTRACT

Keywords: Background: Dynamic contrast enhanced (DCE) MRI parameters are potential biomarkers to characterise tumour
DCE vasculature and distinguish it from the non-cancerous blood vessel system within the prostate. However, the
Quantitative imaging inevitable presence of intra- and inter-observer variabilities is challenging in this context. Additionally, pre-

Tl'ffaﬁ’pig? . contrast T1-time correction is a prerequisite to gain quantitative DCE parameters in the first place. The current
r;:g;ﬁcigl:;g € study investigated the effect of individualized T1-time correction on intra- and inter-reader variability for

quantitative DCE-parameters in prostatic lesions.

Methods: In this IRB-approved retrospective study, two experienced radiologists assessed DCE parameters using
individually measured (A) and fixed (B) T1-times twice with a time difference of three weeks. The dataset
consisted of 35 MRI-guided biopsy-proven prostate cancer lesions. Limits of agreement (LoA) and coefficients of
variability (CoV) were calculated to assess intra- and inter-reader variabilities of the parameters.

Results: With exception of ke, for all DCE parameters both intra- and inter-reader CoV were smaller in B
compared to A. Absolute ke, values were largely insensitive to T1-time correction induced bias. The mean intra-
reader CoVs [5%, 95% percentile] (over all four DCE parameters and both readers) were 6.7% [0.5%, 15.1%] in
A and 3.9% [0.2%, 11.0%] in B. The inter-reader CoVs were 9.0% [0.6%, 25.8%] (A) and 7.0% [0.3%, 25.4%]
B).

Conclusions: T1-time correction has a significant influence on the intra- and inter-reader variability. By applying
individually measured T1-time correction, both intra- and inter-observer variability were found to increase. Out
of all investigated DCE parameters, ke, is the most robust to this investigated bias.

1. Introduction

In the field of functional imaging for oncologic purposes in the
prostate, dynamic contrast enhanced (DCE) magnetic resonance ima-
ging (MRI) has an important status. While there is ongoing debate
about the necessity of DCE in prostate imaging for the task of cancer
detection in PI-RADS v2 [1], its application in cancer staging, phar-
macological and radiation therapy planning and monitoring is valued
[2]. DCE MRI primarily differentiates the tumour vasculature from the
non-cancerous blood vessel system within the prostate through mea-
suring perfusion and vascular permeability [11]. Coherently, correla-
tions between DCE MRI and histopathologic microvascularity

parameters were found [12]. Higher microvessel density was found to
be associated with the probability for metastases and higher Gleason
scores. Additionally, the number of abnormal vessels observed in a
tumour inversely correlates with the prognosis [13]. These coherences
make DCE MRI parameters a potential powerful biomarker to predict
and monitor therapy effects e.g. in radiation oncology.

Overall, there are three methods for analysing DCE MRI: qualitative,
semi-quantitative, and quantitative. For qualitative analysis the con-
trast agent enhancement curve is visually inspected and assigned to a
certain type. Many investigators have proposed semiquantitative mea-
sures, because these methods do not require assumptions about in-
dividual tissue anatomy and physiology [3,4]. Instead, the data are
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described through phenomenological parameters, which allow some
interpretation towards tissue parameters. The most commonly used
semiquantitative parameter is the initial area under the enhancement
curve (iAUC) for the first 60 or 90s. For quantitative analysis, phar-
macokinetic models are applied to the imaging data. The most common
model for this purpose is the Tofts model that assumes two compart-
ments [5]. Volume transfer constant (k"™"), rate constant (kep) and
extracellular plasma volume (v.) are quantitative parameters that can
be derived from the Tofts model. While the Prostate Imaging Reporting
and Data System (PI-RADS) favours the qualitative method, a quanti-
tative analysis should be preferred when aiming for establishment of
DCE imaging biomarkers [1,6]. A prerequisite to gain quantitative
parameters from dynamic image intensity in DCE MRI images is pre-
contrast T1-time correction [7,8]. This is due to the fact that DCE image
intensities do not reflect the contrast agent concentration proportion-
ally in tissues and therefore cannot be used directly for kinetic model
fitting. Among several T1 measurement methods, the multiple flip an-
gles (MFA) [9,10] technique has been applied widely in current clinical
practice for spoiled gradient echo sequences due to its higher signal-to-
noise ratio and improved time efficiency.

Recently, initiatives like the Quantitative Imaging Biomarkers
Alliance (QIBA) seek to identify sources of variation that may con-
tribute to the overall measurement error [14,15]. These standardization
initiatives are crucial to permit comparison of DCE MR imaging studies
independent of imaging platforms, clinical sites, and time of imaging.
Numerous sources of variation have been assessed with respect to their
influence on pharmacokinetic parameter reproducibility [16-21]. It has
been recognized that T1-time correction is a major contributing factor
for the accuracy of kinetic parameter fitting in DCE MRI and the
dominating source for kinetic parameter estimation errors [22]. Other
sources of influence are patient motion, arterial input function (AIF)
extraction, B1 field inhomogeneity or insufficient temporal resolution.
Although contrast-enhanced MRI has been a workhorse in clinical MRI
for quite some time, the use of the data was mostly of qualitative
nature. A challenge for any quantitative approach to DCE image ana-
lysis is the inevitable presence of intra- and inter-observer variabilities.
Quentin et al. found for a qualitative scoring assessment of enhance-
ment curve in prostate cancer patients that the kappa value expressing
inter-observer reliability was 0.77 for DCE MRI [23]. However, inter- as
well as intra-observer variabilities of quantitative DCE parameters for
prostate cancer have received little attention so far.

The aim of this study was to investigate the influence of T1-time
correction on inter- and intra-observer variabilities of common quan-
titative dynamic contrast enhanced parameters in prostate cancer pa-
tients. Our hypothesis was that MFA T1-time correction introduces an
additional factor of uncertainty that contributes to the overall varia-
bility and reduces reproducibility.

2. Material and methods
2.1. Patients

In this IRB-approved, retrospective study, 35 consecutive prostate
cancer patients (mean age, 67 * 13y, mean PSA 8.9 + 4.4ng/ml,
histopathologically classified as Gleason score 3 + 3 in 12, Gleason
score 3 + 4 in 7, Gleason score 4 + 3 in 7, Gleason score 4 + 4 in 3,
Gleason score 4 + 5 in 5 and Gleason score 5 + 4 in 1 case; all stage T2)
diagnosed during a 24-month time-period were investigated. The re-
quirement for informed consent was waived by the IRB. All patients
were diagnosed by MRI-guided, in-bore 18 G core biopsy [24]. Per le-
sion, at least three representative biopsy cores were obtained. The
collected specimens were reviewed by a specialized urogenital pathol-
ogist using the criteria defined by the International Society of Ur-
ological Pathology-modified Gleason score classification [25].
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2.2. MR imaging

All examinations were performed on a 3T MRI system (MAGNE-
TOM Trio Tim, Siemens Healthineers, Germany) in feet-first supine
position. The vendor-supplied spine-array and flexible surface coils
were used for image acquisition in a combined manner. No endorectal
coil was used for the examinations. An antiperistaltic agent, 20 mg of
Butylscopolaminiumbromid ~ (Buscopan®, Boehringer Ingelheim,
Germany), was injected intramuscular and patients had to empty their
bladder before the scan. The rectum was filled with ultrasound gel to
improve the image quality and avoid air bubbles. T1-time correction
sequences were applied before dynamic scanning using the variable
flip-angle method (TR/TE 3.85/1.42; four flip angles at 2°, 5°, 10° and
20°; matrix 256; FOV 260 mm; slice thickness 3.6 mm; acquisition time
2:47 min). A three-dimensional, view-sharing, T1-weighted gradient
echo sequence (TWIST) was used for DCE scanning. In order to achieve
high spatial and temporal resolution, the first acquisition of a high re-
solution k-space mask was followed by repetitive subsampled central k-
space acquisitions (TR/TE 3.85/1.42; flip angle 12°; GRAPPA factor 2;
70 repetitions; TWIST k-space subsampling with central region A 30%
and sampling density 25%, resulting in a temporal resolution of 4.22s;
FOV 260mm; matrix 160, overall time of acquisition: 5min).
Gadoterate meglumine (Gd-DOTA, Dotarem’, Guerbet, France) was
injected after three baseline scans intravenously as a bolus (0.2 ml/kg
body weight) using a power injector (Spectris, Medrad, Pittsburgh, PA)
at a flow rate of 4 ml/s, followed by a flush of 20 ml of saline solution.

2.3. Pharmacokinetic model and T1-times correction

Volume transfer constant (k""), rate constant (kep), fractional vo-
lume of extravascular extracellular space (v.) and initial area under the
enhancement curve (IAUC) were calculated with the Tissue 4D software
tool (Syngo, Siemens Healthineers, Germany) based on the standard
Tofts model [5]. The arterial input function (AIF) was derived manually
from the femoral artery. Two sets of T1-time corrected datasets were
calculated: First, an individualized T1-time correction was performed in
line using the variable flip angle method (in the further manuscript
these data are referred to as T1j,gividualizea)- This method relies on the
acquisition of proton density and T1-weighted images at several flip
angles. From the resulting images, a voxelwise T1 map is calculated
based on a regression analysis of the flip angle dependent signal al-
teration. Besides the acquisition of the variable flip angle data, the used
software can calculate the resulting T1 map in less than a minute, most
of this being operating time; no extra processing time is otherwise re-
quired. Second, DCE data underwent the same pharmacokinetic mod-
elling process using a predefined population based fixed T1-time of
1500 ms (in the further manuscript these data are referred to as T1ixeq)-
Both approaches are employed within the vendor-supplied Tissue 4D
toolbox.

2.4. Image analysis

Lesions were independently assessed by two radiologists (reader
1 = R1; reader 2 = R2; with 5 years of experience in abdominal MRI,
each) on a dedicated workstation (Syngo, Siemens Healthineers,
Germany) for both individually T1-time corrected (T1individualizea) data
and fixed T1-time corrected (T1g.eq) data.

Lesions were identified on early contrast-enhanced images (90s.
after contrast medium application) considering the information from
the subsequent in-bore MRI-guided biopsy examination where the
biopsied lesion was documented. The readers drew a circular region of
interest (ROI) around the respective lesion on the early enhanced
images and copied the ROI to the calculated two datasets of parametric
maps (T1individualized @0d T1gxeq). In case of unspecific enhancement, the
readers could also consider T2-weighted and DWI/ADC information to
localize the lesion. Lesions that could not be identified in an
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unequivocal manner were excluded. k", Kep, Ve and iAUC were as-
sessed in the two-dimensional ROIL. The ROI avoided non-enhancing
lesion parts and ranged in size between 10 and 80 mm? (corresponding
to approximately 3-10 mm axial lesion diameter). The ROIs were
chosen as large as possible but did not exceed 10 mm in axial diameter
due to the circular configuration and the need to exclude non-enhan-
cing tissue. Both readers repeated the measurements after three weeks.
A third radiologist with more than 10 years of experience in urogenital
imaging supervised the reading process and checked the ROI positions
for consistency with the biopsied lesion. This reader did only check the
ROI positions and did not intervene with the reading process.

2.5. Statistical analysis

SPSS 19.0 (IBM Corp., Armonk, NY, USA) was used for statistical
analysis. The statistical calculations were performed on a per-lesion
basis (one primary lesion per patient). Bland Altman plots were gen-
erated and upper and lower limits of agreement (LoA) as percentage of
the patient mean value were extracted. The coefficient of variability
(CoV) was calculated as the ratio of the standard deviation to the mean
(CoV = SD/mean). The LoA and the CoV were calculated as measures
for inter- and intra-observer agreement and summarized in a Forest
plot. Spearman correlation coefficients were calculated to determine
the correlation of T1gyeq and T1;ngividualizea Parameters for each reader
using the mean value of the two measurements. The significance
threshold for all tests was p < 0.05.

3. Results

All lesions showed positive enhancement on baseline DCE images
and could be clearly localized. There were no major discrepancies be-
tween lesion localizations of the ROIs of both readers.

3.1. Measured DCE parameters

All measurement results (means over the patient cohort) are pre-
sented in Table 1. Fig. 1 shows the evaluated parametric maps of one

Table 1
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patient for T1i,gividualized COrrection and T1gyeq correction. The under-
lying clinical case is displayed in Fig. 2.

3.2. Correlation of T1ngividuatized ANd T1fixeq data

Fig. 3 illustrates the correlations of T1;,gividualized @0d T1gxeq data of
all DCE parameters with scatter plots. The slope of linear fits for k™",
ve and iAUC is 2.8, 2.5 and 2.7, respectively, while for ke, the linear fit
slope equals 1 (see Fig. 3). The mean Spearman correlation coefficients
of T1individuatized aNd T1gxeq data are 0.57 for k™, 0.99 for Kep, 0.64 for
ve and 0.59 for iAUC.

3.3. Intra- and inter-reader variability (LoA and CoV)

The forest plot of intra- and inter-reader reproducibility in terms of
Bland Altman LoA for T1j,giviqualized a0d Tlgxeq parametric data is il-
lustrated in Fig. 4. The corresponding exemplary Bland Altman plots of
all parameters can be found in the Supplementary material (Fig. S1).
The mean lower and upper intra-reader LoA (see Fig. 4, blue and red)
over all four DCE parameters and both readers are
—27 * 6%-33 * 9% with a mean difference of 3 = 5% for the
T1individualized data and —29 + 11%-27 + 10% with an overall mean
difference of -1 = 3% for the T1gyeq data. The equivalent measures for
inter-reader variabilities (see Fig. 4, violet) are —51 = 2% to
43 + 6% with a mean difference of —4 * 3% for the T1j,qiviqualized
and —43% *= 11% to 33 = 9% data with a mean difference of
—5 =+ 2% for the T1gyeq data. When comparing the performance of the
two readers, the intra-reader variability for reader 1 was insignificantly
larger in the Tlgyeq data than in the T1j,gividualizea data (lower LoA:
—35 = 11% vs. —29 * 5%), while it was significantly smaller
(p = 0.045) for reader 2 over all DCE parameters (upper LoA: 20 + 6%
vs. 35 = 5%). Table 2 gives an overview of the resulting inter- and
intra-reader variabilities for the mean and the 5% and 95% percentiles
of the coefficients of variation (CoV) for all DCE parameters. Inter-
reader variability is approximately 40% larger than intra-reader
variability. With exception of kcp, for all DCE parameters both intra-
and inter-reader CoV are smaller in the not individually corrected

Mean + standard deviation of measured values for all four investigated parameters of first and second measurement
(M 1, M 2) for both readers and fixed and individually corrected T1 data. In cases of statistically significant differences
the significance levels by means of Wilcoxon Rank Sum tests are given, grey numbers indicate non-significant differ-

ences.
T1individuatized T1fixed
reader 1 reader 2 inter reader 1 reader 2 inter
sign sign
M1 0.062+0.031 0.069+0.035 | p=0.041 0.22+0.09 0.24+0.09
ktrans M2 0.061+0.031 0.065+0.034 0.22+0.09 | 0.25+0.09
intra sign p=0.014
M1 0.55+0.27 0.57+0.27 0.60+0.26 0.61+0.30
Kep M2 0.57+0.30 0.59+0.29 0.60+0.29 | 0.64%0.29
intra sign p=0.049 p=0.003
M1 0.16%0.07 0.16+0.08 0.47+0.13 0.50+0.14
Ve M2 0.15+0.07 0.15+0.07 0.47+0.13 | 0.48+0.13
intra sign p<0.001 p=0.015
M1 7.6+3.8 8.3+4.0 24.5+9.3 26.7+9.7
iAUC M2 7.4%+3.7 7.7£4.0 24.6%+9.1 27.2£9.9
intra sign p=0.010

Intra sign = level of significance for intra-reader comparison, inter sign = level of significance for inter-reader com-

parison, k"""

curve.
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= transfer constant, ke, = rate constant, v, = extracellular plasma volume, iAUC = initial area under the
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Fig. 1. In-bore biopsy proven Gleason score 4 + 4 (prognostic group 4) prostate cancer in the transitional zone of a 72-year old patient, PSA 16.2 ng/ml. Parametric
maps of individualized T1 corrected (upper row, 1) and fixed T1 corrected data (lower row, 2). A represents k™", B iAUC, C kep and D v. As evidenced by the
standardized window-center settings and given in the results section, the T1gyq dataset yielded systematically higher parameter values that cancelled themselves out
in ke, calculation with ke, being k“*"*/v,. The Region of Interest (ROI) is indicated by a dashed circle and was copied without manual input directly from raw early
enhanced DCE images to the parametric maps calculated from the raw DCE data.

Fig. 2. 72-year old patient, PSA 16.2ng/ml
(same patient as in Fig. 3). After the examina-
tion, in-bore biopsy proved a Gleason score
4 + 4 (prognostic group 4) prostate cancer in
the left transitional zone. The preinterven-
tional MRI scan demonstrates early enhance-
ment on DCE images (A), a non-circumscribed
mass > 15 mm in size on T2w (B, PI-RADS 5),
DWI hyperintensity (calculated b1400s/mm?)
and hypointensity on the ADC map (D), cor-
responding to DWI and overall PI-RADS 5.
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4. Discussion

The importance of the reproducibility of imaging biomarkers is
beyond debate, as any biomarker fails its purpose, if it is not re-
producible and transferrable to other patients, scanners of different
vendors and imaging protocols. In this context, there are many chal-
lenges regarding MRI biomarkers. Magnetic field and motion artefacts,
different echo times, repetition times and other acquisition parameters,
differences in technical equipment and also the use of different cor-
rection methods have impact on the resulting quantitative parameters.
The sources of influence regarding DCE parameters additionally range
from the AIF extraction over Bl field inhomogeneity up to insufficient
temporal resolution. Mendichovszky et al. investigated the AIF re-
producibility in the kidney-region of volunteers and found no sig-
nificant difference between two operators [20]. Ashton et al. studied
the inter-operator reproducibility of DCE parameters in tumours of the
lung, liver and head and neck region and found that the median
variability due to tumour margin identification was approximately 6%
while the variability due to AIF identification was significantly lower
[17]. Based on these two studies we can assume that the AIF extraction
only plays a minor role in the intra- and inter-observer variability for
the prostate cancer patients of the present study in comparison to the
effect of the ROI delineation.

For primary prostate cancer detection, the value of DCE is con-
sidered rather small [1] or may even be considered negligible as some
studies have shown that biparametric non-contrast approaches are not
inferior to protocols including DCE in this setting [30]. Especially for
radiotherapy purposes, DCE images are increasingly recognized as a
potential tool for lesion contouring based on functional imaging find-
ings. Rischke et al. compared DCE, DWI and T2-weighted contours of
six observers for dominant intraprostatic lesion contouring and found

Tlindividua[ized

that using the DCE images resulted in a higher agreement than using the
T2-weighted images [27]. We are convinced that DCE MRI may be
useful for upcoming dose-painting or dose escalation approaches of the
dominant intra-prostatic lesion in radiotherapy of prostate cancer
[28,29]. Current applications of DCE are summarized in [2].

This study investigated the influence of MFA-based T1-time cor-
rection on the reproducibility of DCE parameters in terms of inter- and
intra-reader variability. Results showed superior reproducibility for the
Tlgxea data both in terms of inter- and intra-reader variability. These
results indicate that the current clinical practice in which MFA cor-
rections are applied with the aim to gain quantitative and comparable
imaging parameters might have to be reconsidered. We confirmed our
hypothesis that the T1-time correction introduces an additional factor
of uncertainty that contributes to the reduction of overall reproduci-
bility. This is due to the fact that both T1-time estimation using the
signal acquired at variable flip angles and pharmacokinetic modelling
of DCE curves require a regression analysis. Resulting parameters are
fitted by least squares algorithms and each harbour a fitting error. This
error sums up if both analyses are combined. The negative influence on
inter- and intra-observer variability is reflected in higher coefficients of
variation in all T1j,giviqualizea DCE parameters and for both readers.
Noticeable differences were found for the two readers in terms of how
T1-time correction influenced their variabilities.

Davenport et al. determined the reproducibility of ‘Time-Resolved
Angiography with Interleaved Stochastic Trajectories’ (TWIST)-derived
quantitative DCE MRI in a uterine fibroid model and found that v, was
the most reproducible parameter [26]. In contrast, our results suggest
that the reproducibility of the parameter is depending on the use of T1-
time correction. In more detail, ke, was found to be the most re-
producible parameter for individually corrected data and v, or k™" for
Tlgxeq data in terms of inter- or intra-reader reproducibility, respec-
tively. Additionally, T1i,gividuatizea @0d T1gxeq data showed the highest
correlation for the parameter ke, (0.99), demonstrating its robustness to
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Fig. 4. Forest plot of Bland Altman limits of agreement of a) intra- and inter-reader reproducibility for individualized and fixed T1 corrected imaging data and b) in

between fixed and individualized T1 corrected data. Abbreviations: k™"

area under the curve.

Table 2

Coefficients of variation (CoV) for the four investigated DCE parameters. The
CoV means and 95% and 5% percentiles of intra- and inter-reader variabilities
are presented. Mean CoV variabilities over all parameters are given in the last
two lines.

Coefficients of variation Tlindividualized T1fixed
(CoV)
mean  95%ile 5%ile mean 95%ile 5%ile
krans intrareader 1 5.8% 156% 0.0% 3.3% 7.7% 0.3%
intra reader 2 6.6% 15.0% 0.6% 2.5% 6.7% 0.0%
inter-reader 8.2% 224% 03% 7.8% 27.1% 0.3%
Kep intrareader 1 3.7%  9.7% 0.3% 5.2% 12.7% 0.2%
intra reader 2 4.2% 8.5% 0.7% 6.2% 15.0% 0.0%
inter-reader 6.6% 16.8% 0.1% 6.3% 24.6% 0.4%
Ve intra reader 1 7.3% 13.9% 0.9% 4.0% 125% 0.2%
intra reader 2  9.5% 20.6% 0.0% 3.7% 12.6% 0.0%
inter-reader 10.9% 30.9% 0.9% 5.6% 21.2% 0.2%
iAUC intra reader 1  8.6% 17.9% 0.1% 4.4% 15.0% 0.6%
intra reader 2 7.7% 19.5% 1.4% 2.2% 5.6% 0.4%
inter-reader 10.1% 33.1% 1.0% 8.3% 28.5% 0.4%
mean intra-reader variability 6.7%  15.1% 0.5% 3.9% 11.0% 0.2%
mean inter-reader variability 9.0%  25.8% 0.6% 7.0% 25.4% 0.3%
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= transfer constant, ke, = rate constant, v, = extracellular plasma volume, iAUC = initial

the T1-time correction. In comparison, the other DCE parameters
showed Spearman correlation values of approximately 0.6. The differ-
ence between the variables was not random: ki..s and v, values were
significantly higher based on T1i,giviqualizea Calculation. The systematic
difference between both T1-time correction methods is corroborated by
comparable ke, values. ke,’s mathematical definition is ke, =k"™"/ve.
Consequently, the variation introduced by T1-time correction cancel
out. This could indicate that ke, should get a more important role in
future DCE evaluations.

Regarding the association between DCE parameters with each other,
we found a strong positive correlation between k"* and iAUC (70.9)
that also has been recognized in previous studies [6,16]. Further, a
weak negative correlation between v, and ke, (-0.5) and a weak po-
sitive correlation between v, and iAUC (70.5) were found. These cor-
relations are evident as ke, = k"™"/v, and k"™ is strongly correlated
to iAUC, as stated above.

The present study has some limitations. First, the study design was
retrospective and the patient number is limited. The protocol in use for
MFA-based T1-time correction was tailored to clinical needs and a more
sophisticated approach using more flip angles might have yielded dif-
ferent and probably more accurate results. The fixed T1-time was not
varied, thus no conclusions regarding optimal fixed T1-times for the
T1gxea approach can be drawn. Second, delineations of primary lesions
are dependent on data quality and observer experience. In our study,
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the tumour location was determined by MRI-guided in-bore biopsy and
both readers had comparable experience in the analysis of prostate MRI
examinations. Thirdly, the prostate is prone to movement due to
changes in rectal filling. We addressed this influence by application of
an antiperistaltic agent and insertion of rectal gel.

5. Conclusions

The use of individualized T1-time correction has a relevant influ-
ence on the reproducibility of quantitative DCE MRI parameters. By
applying individualized T1-time correction, both intra- and inter-ob-
server variability were found to increase. Out of all DCE parameters, ke,
is the most robust to T1-time correction induced bias.
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