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Abstract

Rationale and objective—To test whether individually measured Arterial Input Function (AIF)
provides more accurate prostate cancer diagnosis then population average AlF when DCE MRI
data are acquired with limited temporal resolution.

Material and methods—26 patients with a high clinical suspicion for prostate caner and no
prior treatment underwent Dynamic Contrast Enhanced (DCE) MRI examination at 3.0 T prior to
biopsy. DCE MRI data were fitted to a pharmacokinetic model using three forms of AlF: an
individually measured, a local population average, and a literature double exponential population
average. Receiver Operating Characteristic (ROC) analysis was used to correlate MRI with the
biopsy results. Goodness of fit (Xz) for the three AlFs was compared using non-parametric Mann-
Whitney test.

Results—Average K" values were significantly higher in tumour than in normal peripheral
zone for all three AlFs. The individually measured and the local population average AlFs had the
highest sensitivity (76%), while the double exponential AIF had the highest specificity (82%). The
areas under the ROC curves were not significantly different between any of the AlFs (0.81, 0.76,
and 0.81 for the individually measured, local population average and double exponential AlFs
respectively). XZ was not significantly different for the 3 AlFs, however, it was significantly higher
in enhancing than in non-enhancing regions for all 3 AlFs.
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Conclusions—These results suggest that, when DCE MRI data are acquired with limited
temporal resolution, experimentally measured individual AIF is not significantly better than
population average AIF in predicting the biopsy results in prostate cancer.
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Introduction

Magnetic Resonance Imaging (MRI) has been used in prostate cancer diagnosis with varying
success for over twenty years [1]. In particular, Dynamic Contrast Enhanced MRI (DCE
MRI) is one of the techniques that have shown the potential to provide accurate tumour
detection and delineation [2]. In addition, quantitative analysis of T1-weighted DCE MRI
have been used to study the vascular characteristics of the prostate cancer [3] and their
changes following neoadjuvant therapy [4].

Studies have shown that cancers, principally in the peripheral zone of the prostate gland,
enhance more rapidly than normal tissues after administration of a low molecular weight
contrast agent [5,6]. The mechanism of differentiating tumours from normal prostatic tissue
with DCE MRI is not entirely clear. Several researchers suggested that the micro-vessel
density plays a decisive role in this mechanism [3,5,7-10], since the contrast agent uptake in
the tissue is dependent on the micro-vessel density [9], and micro-vessel density is a
recognized prognostic factor for prostate cancer [11,12].

Accurate pharmacokinetic modelling of the DCE MRI data requires knowledge of the
concentration of the contrast agent in plasma — the so called Arterial Input Function (AIF)
[13]. It has been shown that using AIF, which is measured specifically for individual patients
reduces inter-patient variability and intra-patient variation between successive measurements
[14,15]. However, accurate AIF measurements are generally difficult, largely due to rather
limited temporal resolution, especially in a standard clinical setting [16]. Therefore, a
population averaged AlF has been commonly used instead, despite the fact that such AIF
may result in large systematic errors in model output parameters [17]. The most commonly
used population averaged AlF has a form of a bi-exponential function described by Tofts et
al. [18]. Recently, Parker et al. [19] introduced a functional form of AIF consisted of 2
Gaussians plus an exponential, resembling features of an AlIF including a first-pass peak, a
recirculation peak and then a washout period. It has been shown that this new functional
form improves the reproducibility of the DCE MRI model parameters.

In this study, we compared the diagnostic performance of model fit using three different
forms of the AIF: (i) an individually measured AIF, (ii) a population averaged bi-exponential
AIF proposed by Tofts, (iii) and a population averaged AlF calculated as an average of
individual AlFs measured from the patients in our study and fitted to the functional form
proposed by Parker. The objective of this study was to test which AIF provides most
accurate diagnosis when a standard clinical setting is used. Specifically, we used relatively
low temporal resolution, i.e. 10.6 sec. per time point, to acquire DCE MRI data. The
presence or absence of the tumour was determined by numerical values of K"as — volume
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transfer constant between blood plasma and the extra-vascular extra-cellular space, and the
DCE MRI results were correlated to biopsy results.

Materials and methods

Patient selection and biopsy

The study was approved by the institutional human ethics board, and all participants signed
consent form prior to entering the study. Thirty six men with a high clinical suspicion for
prostate caner (elevated serum prostate-specific antigen (PSA) and/or prostate nodule
detected during digital rectal examination) with no prior treatment were recruited for this
prospective study. The subjects underwent the MRI examination prior to transrectal
ultrasound (TRUS)-guided biopsies.

TRUS biopsies of the prostate were performed on a GE Logic 9 ultrasound machine (GE
Healthcare, Milwaukee, WI). The patients were examined with gray scale imaging in the
axial and sagital planes with a 5 MHz transrectal probe. All patients had an enema and were
given prophylactic antibiotics prior to performing the prostate biopsies. The biopsies were
performed under local anesthetic and the number of biopsies obtained from the peripheral
zone (PZ) was determined by prostate gland size. In patients with a prostate gland of 30 cc
or less, eight biopsies (base: right and left; midgland: right lateral, left lateral, right medial,
left medial; apex: right and left) were taken. For prostate glands ranging 31-60 cc, 10
biopsies (base: right lateral, left lateral, right medial, left medial; midgland and apex
biopsies as above) were obtained. For prostate glands greater than 60 cc, 12 biopsies were
obtained (apex: right lateral, left lateral, right medial, left medial, base and midgland
biopsies the same as the 10 biopsy scheme).

MRI examinations

All MRI examinations were performed on a 3T MRI scanner (Achieva, Philips Healthcare,
Best, the Netherlands). MRI signals were acquired with a combination of an endorectal coil
(Medrad, Pittsburgh, PA, USA) and a cardiac phased-array coil (Philips Healthcare, Best, the
Netherlands). Fast spin-echo To-weighted images (repetition time TR = 1851 ms, effective
echo time TE =80 ms, field of view FOV = 14 cm, slice thickness = 4 mm with no gap,
284x225 matrix, 3 averages) were acquired in the axial and coronal planes to provide
anatomical details of the prostate. From this sequence, 12 axial slices covering the entire
gland were then selected and used for the DCE MRI scans.

DCE MRI was performed using a 3D Tq-weighted (T1W) spoiled gradient echo sequence
(TR/TE = 3.4/1.06 ms, flip angle = 159, FOV = 24 cm, 256x163 matrix, 2 averages).
Initially, proton density (PD) images (TR/TE = 50/0.95 ms, flip angle = 4%) were acquired to
allow calculation of the contrast agent concentrations in the prostate [20]. Next, a series of
75 dynamics of T1W images were acquired prior to (3 dynamics) and following (72
dynamics) a bolus injection of Gd-DTPA (Magnevist, Berlex Canada, 0.1 mmol/kg injected
with a motorized power injector within 10 s followed by a 20 ml flush of saline). This
resulted in a time resolution of 10.6 sec per 12 slices. The total time of the MRI examination
was approximately 45 minutes.
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Data processing

DCE MRI data were processed off-line with software procedures developed in house using
Matlab (Mathworks, Natick, MA, USA) and Igor Pro (WaveMetrics, Portland, OR, USA).
Prior to further processing, TIW and PD images were registered to one another using
PRIDE - proprietary processing toolbox from the scanner manufacturer (Philips Healthcare,
Best, the Netherlands). Contrast agent concentration maps were calculated from the T1W
and PD images as described in [20]. Pharmacokinetic parameters: volume transfer constant —
Ktrans fractional volume of the extra-vascular extra-cellular space — v, and fractional
plasma volume — vp,, were calculated by fitting the contrast agent concentration vs. time
curves to the extended Kety model [21]. Hematocrit value was assumed to be 0.42 [19].
Fitting was carried out in every pixel of every slice within a region of interest (ROI)
encompassing the prostate gland to generate maps of the pharmacokinetic parameters. The
criteria for fit acceptance were that 1) 0.0 < K" < 5.0 [mL/mL/min]; 2) 0.0 < v < 1.0; 3)
0.0 <vp < 1.0and 4) chi square (x?) < 91.67 (this value was estimated based on statistical
analysis: http://home.comcast.net/~sharov/PopEcol/tables/chisg.html). Pixels that did not
meet all these criteria were excluded from all subsequent calculation, and were set to zero on
the parametric maps for display purposes.

Arterial Input Function

Three different forms of the AIF were tested in this study. The Patient Specific (PS) AlFs
were individually measured AlFs extracted from voxels in the external iliac or femoral
arteries in the central slice for each patient [19]. The population averaged Double
Exponential (DE) AIF was used as described by Tofts [18]. The last AIF tested was in the
form of two Gaussian plus exponential functions, as proposed by Parker, but fitted to the
average of individual AIFs measured from the patients in our study — called Local Gaussian
(LG) AIF. The rationale behind using such a local population averaged AlF is to allow
processing DCE data in future cases when the patient specific AlF cannot be measured (e.g.
due to extensive motion artefacts).

To correlate DCE MRI parameters with biopsy results regions in the parametric maps
corresponding to biopsy locations were classified as either tumour or normal peripheral zone
(PZ) based on a threshold values in K3 maps. Initially, the threshold value for K"as was
determined by calculating the average minus one standard deviation in ROIs manually
drawn around high Ka"s regions in the images corresponding to the biopsy-confirmed
cancer. It has been shown previously that K@ js higher in prostate tumours than in normal
PZ [7,22]. Subsequently, this threshold value was used to determine the presence of cancer
in data from all patients. In the parametric maps where no high Ka"s areas were present, the
average parameter values were calculated from the entire area corresponding to the biopsy
location. These analyses were carried out by two independent readers, and after consensus
was reached the results were averaged between the two readers.

Statistical data analysis

Statistical analyses were carried out using MedCalc 11.0 (MedCalc Software, Mariakerke,
Belgium). Student t-test was used to compare average values of the DCE MRI parameters
(KUans v, Vp) between the tumour and normal PZ. Sensitivity, specificity, positive predictive
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value (PPV), negative predictive value (NPV) and accuracy were calculated according to
formulas in [23]. 95% confidence intervals were calculated using the efficient-score method
corrected for continuity [24]. Receiver Operating Characteristic (ROC) curves were
generated with the MedCalc software, and the areas under the ROC curves (AUC) were
compared, taking into account that ROC curves were correlated [25]. To determine whether
differences existed in the quality of model fit using the three AIF estimation methods, the
non-parametric Mann-Whitney test was used to compare the average values of the goodness
of fit (?) for the three AlFs.

Of the 36 men recruited to the study, one patient cancelled his participation prior to the MRI
exam, two patients did not complete the MRI exam due to claustrophobia, and the quality of
data from seven patients was severely compromised due to excessive motion. The average
age of the 26 patients who successfully completed the study was 61.8 years (38 — 72 years)
and their average PSA level was 9.1 ng/mL (0.94 — 26 ng/mL). Twelve of the 26 patients had
biopsy confirmed prostatic adenocarcinoma with 29 positive biopsies in total. Eight biopsies
had Gleason score 3+3, 11 had score 3+4, scores 4+3 and 4+4 were identified in one biopsy
each, and 8 biopsies had score 4+5.

Average values of KU"a"s were significantly higher in the tumour than in normal peripheral
zone (PZ) for all three AlFs. In addition, v, was significantly lower in the tumour than in
normal PZ for the local Gaussian and double exponential AlFs (see Table 1).

Figure 1 shows the 3 AlFs from a 62 years old patient with biopsy proven carcinoma in right
apex. The figure also shows Ka"S parametric maps calculated with the 3 AIFs. All three
parametric maps show increased K" values in the right apex.

Table 2 shows the performance measures for the 3 AlFs. The patient specific and local
Gaussian AlFs had the highest sensitivity of 76%, while the double exponential AIF had the
highest specificity of 82%.

Figure 2 shows ROC curves generated for all 3 AlFs. The areas under the ROC curves
(AUC) were: 0.81, 0.76, and 0.81 for the PS, LG, and the DE AlFs respectively. There were
no statistically significant differences in the AUC between any of the AlFs.

Table 3 shows the median values of the goodness of fit (XZ) for the 3 AlFs. The Xz analyses
were carried out in four groups: true positives, i.e. the enhancing regions with positive
biopsy, false positives, i.e. enhancing regions with negative biopsies, true negatives, i.e. non-
enhancing regions with negative biopsies, and false negatives, i.e. non-enhancing regions
with positive biopsies. The Mann-Whitney test results showed that XZ was not significantly
different between the 3 AlFs, in all four categories. However, the enhancing regions (both
true and false positives) had significantly higher XZ value than the non-enhancing regions
(both true and false negatives) for all 3 AlFs.
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Discussion

As expected, fitting the DCE MRI data with all 3 AlFs resulted in significantly higher Krans
values in prostatic carcinoma (PCa) than in normal peripheral zone (PZ). Such increase in
Krans yalues has been commonly seen in prostate cancers, and can be explained by increased
permeability of the fast growing micro-vessels and the generally higher blood flow in
prostate tumours [26]. Differences in K3 values between the PS and LG vs. DE are most
likely related to the differences in the peak amplitude in the three AlFs. DE AIF had the
lowest peak amplitude (see Figure 1) and the highest average Ka"S value (see Table 1).
Perhaps then the accurate measurement of the peak amplitude of the AIF, although it
certainly influences the accuracy of the K"a"S measurement, may have less significant
impact on distinguishing between PCa and normal PZ, which is supported by the results of
the ROC analysis in our study.

It is somewhat surprising that the results of fitting with population average AlFs, both DE
and LG, also showed significantly smaller values of v, in PCa, as compared to normal PZ.
Since v, represents the fractional blood volume in the Kety model, one would expect vj to
be higher in PCa than in normal prostatic tissue. This discrepancy may likely be explained
by the lower accuracy of fitting the DCE data into the extended Kety model in the fast
enhancing regions. This is especially the case when the relatively low temporal resolution of
the DCE data prevents accurate sampling of the very fast initial image intensity
enhancement, which was the case in this study. This is also supported by the fact that in the
logistic regression model built on all 3 DCE MRI parameters (data not shown), vj, did not
significantly contribute to the model, thus suggesting that v, and Krans were not independent
parameters.

The PS and LG AlFs had higher sensitivity in predicting the biopsy results than the DE AlF
(76% for PS and LG vs. 65% for DE), though the DE AIF had the highest specificity (82%
for DE vs. 77% for PS and 76% for LG). However, the 95% confidence intervals overlap
suggests that these differences are not statistically significant. Receiver Operating
Characteristic (ROC) analysis showed that the areas under the ROC curves (AUC) were
statistically significant (i.e. AUC was significantly higher than 0.5, p = 0.0001) for all 3
AlFs. The PS and DE had higher AUC values than LG (0.81 for PS and DE vs. 0.76 for
LG); however these differences were not statistically significant. This result suggests that all
three AlFs are equally accurate in predicting the biopsy results in prostate cancer in this
study.

There has been little research directed to comparing different models of the AIF. McGrath et
al. [27] compared the accuracy of the output parameters of pharmacokinetic model for four
forms of AIF, including the bi-exponential, modified bi-exponential, double Gaussian model
and simplified Gaussian AlFs. However, this work was carried out in an animal model and
did not address the influence of the AIF on diagnostic capabilities of the DCE MRI
technique. Although high temporal resolution has been achieved in a number of settings,
many recent clinical studies in DCE MRI of prostate cancer still suffer from low temporal
resolution [28-30], due to requirements for signal-to-noise ratio, resolution, and anatomic
coverage. As a result, assumed models have been commonly used considering the AIF
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measurements acquired at low temporal resolution could have been unreliable [30]. Our
study addressed the issue of whether using measured AIF would provide more accurate
diagnosis than using the bi-exponential model.

Goodness of fit (XZ) analysis clearly shows that the quality of fit is higher in the non-
enhancing regions than in the enhancing regions (see Table 3). This is most likely the result
of inaccuracy of estimating the true AIF. The shape of the DE AIF clearly differs from the
shape of the AIF measured experimentally, both in our study and those previously reported
[19]. Although the shapes of the PS and LG AlFs estimate more accurately the expected true
shape of the AIF, the relatively low temporal resolution used in this study results in
inaccurate measurement of the peak amplitude, which in turn results in poorer fit. It is
surprising, however, that there were no significant differences in x 2 between the PS and LG
AlFs and the DE AIF, considering the shape of the PS and LG being more accurate and the
peak amplitude being closer to the true value than for the DE. Perhaps the reason is that XZ
reflects the goodness of fit for all time points, and the peak amplitude will influence only
initial points during fast enhancement, thus having relatively small effect on the overall
goodness of fit.

Local population average AlF (i.e. LG) did not perform better than the individually
measured PS AIF. This is not unexpected, as in this study we processed only data from
patients from whom the AIF could be reliably measured. However, considering that LG
performed as well as PS — they both had the same sensitivity and the difference in AUC was
not significant, our results suggest that indeed a local population averaged AIF may be of
use in processing data from patients for whom the AIF cannot be measured experimentally.
It is likely that this would still be the case when high temporal resolution can be used to
acquire the DCE MRI data.

A limitation of this study is that the biopsy rather then histology of the prostatectomy
specimens was used to validate the presence of tumours. As a result the study concentrated
on detecting tumours in the peripheral zone. Since 70% of prostate tumours are located in
the peripheral zone and only 5% — 10% of patients will have cancer in the transitional zone
and no cancer in the peripheral zone, the standard biopsy protocol does not include the
transitional zone. However, since all 3 AlFs were correlated with biopsy, it is not clear
whether this had a significant effect on the results and conclusions from the study. The Krans
maps generated with the 3 AlFs showed different size of hyperintense areas (i.e. tumours —
see Figure 1), thus having the histology sections of the prostatectomy specimens would
allow to compare which AlF gives the best estimate of the tumour volume, which was not
possible in this study.

In conclusion, the results of our study suggest that, when limited temporal resolution is used
to acquire DCE MRI data, experimentally measured individual Arterial Input Function is not
significantly better than population average AIF in predicting the biopsy results in prostate
cancer.
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Figure 1.
Top: Three AlFs from a 62 years old patient with biopsy proven carcinoma in right apex.

Bottom: Ka"s parametric maps calculated with the 3 AlFs; all three parametric maps show
increased K values in the right apex.
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Figure 2.
ROC curves generated for the 3 AlIFs. The areas under the ROC curves (AUC) were: 0.81,

0.76, and 0.81 for the patient specific (PS), Gaussian local population average (LG), and the
double exponential population average (DE) AlFs respectively. There were no statistically
significant differences in the AUC between any of the AlFs.
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Table 2

Performance measures for the 3 AlFs.

PS

LG

DE

sensitivity

76% (22/29) (68% — 82%)

76% (22/29) (68% — 82%)

65% (19/29) (58% — 73%)

specificity

77% (167/217) (70% — 83%)

76% (164/217) (68% — 82%)

82% (177/217) (75% — 87%)

PPV

31% (22/72) (24% — 38%)

29% (22/75) (23% — 37%)

32% (19/59) (25% — 40%)

NPV

9696 (167/174) (91% — 98%)

96% (164/171) (91% — 98%)

959 (177/187) (90% — 97%)

accuracy

77% (189/246) (69% — 83%)

76% (186/246) (69% — 83%)

80% (196/246) (73% — 85%)

PS — patient specific AIF,

LG - average of individual measured AlFs fitted to double Gaussian plus exponential function,

DE - population average double exponential AIF

PPV — positive predictive value

NPV - negative predictive value

95% confidence intervals are provided in brackets
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Table 3

The median values of the goodness of fit (y2) for the 3 AlFs.

PS

LG

DE

TP

0.2962 (0.1070 - 0.9060)

0.2470 (0.0795 — 0.7537)

0.2493 (0.0903 - 1.4474)

TN

0.1764 (0.0390 — 1.2353)

0.1609 (0.0391 — 1.2426)

0.1539 (0.0337 — 1.2359)

FP

0.2106 (0.0832 - 0.9487)

0.2216 (0.0562 - 0.9952)

0.1823 (0.0395 - 1.0267)

FN

0.1073 (0.0691 — 0.2736)

0.0750 (0.0529 — 0.1361)

0.0753 (0.0367 — 0.5300)

TP — true positives (enhancing regions with positive biopsy)

TN - true negatives (non-enhancing regions with negative biopsies)

FP — false positives (enhancing regions with negative biopsies)

FN - false negatives (non-enhancing regions with positive biopsies)

PS — patient specific AIF

LG - average of individual measured AlFs fitted to double Gaussian plus exponential function

DE - population average double exponential AIF
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