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spectroscopy: assessment of prognostic factors on pretreatment
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Background: To assess whether data from pre-therapeutic multiparametric magnetic resonance imaging
(mpMRI) combined with three-dimensional magnetic resonance spectroscopy (3D MRS) provide prognostic
factors of biochemical relapse in patients with localized prostate cancer treated by external radiotherapy or
brachytherapy.

Methods: In our single institution observational retrospective study we included a cohort of 230 patients
treated by external radiotherapy or brachytherapy who had an initial mpMRI with 3D MRS from January
2008 to December 2015 for newly diagnosed localized prostatic cancer, proven histologically. Three trained
radiologists recorded tumor characteristics, MRI T-stage and metabolic abnormalities from 3D MRS data.
Univariate and multivariate Cox analyzes explored the relationship between clinical and imaging variables to
highlight prognostic factors for recurrence, using biochemical relapse as the primary endpoint.

Results: mpMRI data analysis allowed to reclassify 21.7% of the patients in a MRI National
Comprehensive Cancer Network (NCCN) group higher than their initial clinical T-stage, but also to detect
a lesion in 78% of the patients considered as clinically T1c. After a median of follow-up of 8.7 years (IQR,
6.6-10.1) following cancer diagnosis, 36 (16%) patients developed a biochemical relapse. The multivariate
Cox analysis demonstrated the existence of 3 independent factors for prediction of biochemical recurrence:
extracapsular extension (ECE) (HR =3.33; 95% CI: 1.93-5.73; P<0.01), choline/citrate ratio in healthy tissue
in the transition zone (TZ) (HR =2.96; 95% CI: 1.06-8.28; P=0.04) and the NCCN Magnetic Resonance
Imaging classification (intermediate versus low-risk, HR =3.06; 95% CI: 1.13-8.30; P<0.01).
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Conclusions: Combination of mpMRI and 3DMRS could aid in the prognostic stratification of localized

prostate cancer treated by radiotherapy or brachytherapy, by combining accurate evaluation of tumor

extension, and quantification of prostate metabolism.
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Introduction

The standard of care for patients with localized prostate
cancer relies on surgery, external beam radiotherapy (EBRT)
or brachytherapy (BT), based on the work of D’Amico
and colleagues (1) and on the recommendations from the
National Comprehensive Cancer Network (NCCN) (2) in
which the patient is classified.

However, despite this rigorous classification and therefore
the choice of appropriate treatment, more than half of the
patients will experience a biochemical relapse within 10 years
(3,4). Thus, due to the low sensitivity (33%) and high inter-
observer variability of the digital rectal examination (5,6),
multiparametric magnetic resonance imaging (mpMRI) has
been playing an increasingly important role in diagnosis,
including the detection of tumor location (83%) for patients
with prostate specific antigen (PSA) levels indicative of
cancer, but with negative biopsy results (7) or more recently
to guide biopsies (8). Furthermore, the literature has shown
its major interest in the establishment of the tumor stage
(9,10) particularly in the detection of extracapsular extension
(ECE) or seminal vesicle involvement (11-13). Moreover,
the Prostate Imaging-Reporting and Data System version
2.1 (PI-RADSV2.1) initially developed as a diagnostic tool
for significant prostate cancer (14) has shown its interest
as an independent predictor of the risk of biochemical
recurrence (15,16).

On the other hand, 3D magnetic resonance spectroscopy
(MRS) makes it possible to study the entire prostate
metabolism, and more specifically that of a tumor lesion.
Combined with mpMRI, it has shown some promise in
the detection of cancer on 3Tesla mpMRI (17,18). In
Scheidler’s work (19) on tumor localization, the addition
of 3D MRS fared better than mpMRI alone, with 90%
specificity and 50% sensitivity. In addition, 3D MRS has
shown interest in the evaluation of ECE, tumor volume
on initial mpMRI (20) or in the improvement of biopsy
yield (21). Other studies have also brought to light the
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benefit of combining mpMRI and spectroscopy to detect
residual disease or local recurrence by the persistence
of a metabolic profile, especially for patients treated by
EBRT (22,23).

Nevertheless, whilst the T-stage defined on mpMRI or
PI-RADS v2 can better predict the prognosis of patients
after radiotherapy, the use in the NCCN risk group
classification remains uncertain. Indeed, the prognostic
value of mpMRI was studied in series after surgery where
the Gleason score and T-stage were established on the
radical prostatectomy specimen (24).

To our knowledge, after EBRT, few studies have been
able to establish prognostic factors for recurrence—when
using mpMRI, and especially concerning the potential
contribution of 3D MRS data.

Therefore, we undertook this study to evaluate whether
pretreatment combined pelvic mpMRI and 3D MRS findings
are predictive of biochemical relapse, in patients who undergo
EBRT or BT for localized prostate cancer. We present the
following article in accordance with the STROBE reporting
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-22-184/rc) (25).

Methods
Design and population

Between January 2008 and December 2015, 1,300 prostate
cancer patients underwent mpMRI at 37T using the same
protocol in our institution the University Hospital of Dijon,
France.
Patients were retrospectively selected in this observational
study using the following inclusion criteria:
(I) Prostate cancer confirmed by sextant biopsies and
diagnosed between January 2008 and December
2015; radiotherapy or BT treatment delivered with
respect to D’Amico classification and international
recommendations (1);
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(II) At least 5 years of PSA follow-up after completion of

radiation.

Patients were excluded if they had radical prostatectomy,
hormonal or any other form of local therapy before their
EBRT or BT, pelvic lymph node or metastases (rectal,
bladder, bone...), absence of entire PSA follow-up, absence
of pre-therapeutic mpMRI or poor quality mpMRI (metal
artifact mainly related to total hip prothesis, patient
movement or digestive gas, incomplete mpMRI) with
impossible interpretation.

A clinical examination was performed before the
mpMRI in all patients, allowing a T-tumor classification
according to the International Union Against Cancer
(UICC) (26) as well as an ultrasound-guided transrectal
prostate biopsy and at least one blood PSA level test,
in accordance with international recommendations (2).
Patients were then classified according to the D’Amico and
the NCCN classification systems (national and international
classification based on T-stage, Gleason score and initial
PSA level) to adapt work-up and treatment.

Indeed, after discussion on a multidisciplinary tumor
board and with respect to the D’Amico classification
according to the international recommendations (27),
each patient was treated either by EBRT, prostate BT, or
both. EBRT was delivered by a dose escalated intensity-
modulated technique. Exclusive and BT boost is enabled by
the intra-prostatic introduction of permanent radioactive
iodine seeds (low-dose rate technique, LDR).

Patients were followed by their radiation oncologist,
within 3 months after the completion of radiation, and
every 6 months thereafter for 5 years as well as annual
consultations over 5 years. A PSA blood sample was taken
every 6 months during a follow-up period of 5 years at least,
up to 10 years of follow-up or more for 49 patients.

According to the Phoenix definition, biochemical
recurrence was defined as an increased PSA level with nadir
+2 ng/mL (28).

All initial clinical and biological data were recorded from
the medical record patient. The study was conducted in
accordance with the Declaration of Helsinki (as revised in
2013). The study was approved by the ethics committee of
the University Hospital of Dijon and individual consent for
this retrospective analysis was waived.

MRI technique and MRS

All patients had a baseline mpMRI on a 3T whole body
magnet (Siemens Magnetom Trio TIM, Erlangen,
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Germany) using a pelvic multichannel phased-array coil
(eight channels) as described previously (29).

Each mpMRI included at least one 3D T2 turbo spin
echo (T2 TSE) volumetric sequence and two functional
sequences including diffusion-weighted images (DWI) using
two values of b (b200-b800) and dynamic contrast enhanced
(DCE) T1-weighted images allowing the realization of
perfusion curves and the study of the wash-in dynamics
(protocol meeting international recommendations)
(30-32) Indeed, these imaging modalities are the main stay
of the prostate imaging protocol and feature regularly in
publications (33,34).

A 3-mm-slice T2-weighted fast spin-echo sequence
with a nominal pixel size of 0.9 mm (repetition time,
3,400 ms; echo time 85 ms; and echo train length, 13) was
used to acquire images in oblique, sagittal, and coronal
planes oriented parallel to the prostate peripheral zone
(PZ)-rectal wall axis. 3D T2-weighted fast spin-echo
(repetition time 3,000 ms; echo time 143 ms; echo train
length, 109; and slice thickness, 1.5 mm) images were then
acquired in an oblique axial plane oriented perpendicular
to the prostate PZ rectal wall axis. The nominal matrix
and field of-view of the 3D T2-weighted images were
respectively 384x308 and 280x240 mm’, thereby affording
submillimetric pixel resolution within the imaging plane.
This same image acquisition protocol was used for all
patients of the cohort.

Three-dimensional proton MRS was performed by
using a water- and lipid-suppressed double spin-echo point-
resolved spectroscopic sequence (PRESS). The volume for
MRS was selected to maximize coverage of the prostate while
minimizing inclusion of rectal air and periprostatic fat.

A representative slice (or series of slices) was chosen for
each tumor on the 3D T2 sequence and the concentrations
(in mmol/L) of choline and citrate were reported in a
number of voxels located in tumor and healthy tissue. The
actual number of voxels studied depended on the tumor
tissue volume. The data collection was carried out in both
transition zone (TZ) and PZ for each patient (an example
is presented in Figure I). Ratios for choline to citrate (Cho/
Cit) were also automatically calculated for every voxel.

The MRI parameters studied were: the size (mm) and
volume of the prostate (mL) and the number of tumors
(lesions classified PI-RADS 3 to 5). In healthy tissue, the
apparent diffusion coefficient (ADC in mm’/s) and wash-
in calculation from DCE-MRI (directing coefficient of the
ascending slope) were measured in healthy prostate PZ and
in healthy TZ tissues.
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Figure 1 Example of 3D MRS imaging. (A) The 3D MRS grid is positioned around the whole prostate on T2-weighted images. (B) Two

voxels are seen here positioned on a T2-weighted image within normal PZ prostate tissue (red box) and PZ cancer tissue (yellow box). (C)

Spectrum from normal PZ prostate and (D) spectrum from cancer tissue. The metabolites present in the spectra are Cho, Cr and Cit. 3D

MRS, three-dimensional magnetic resonance spectroscopy; PZ, peripheral zone; Cho, choline; Cr, creatine; Cit, citrate.

For each tumor lesion visualized, several parameters
were studied: the largest tumor size in T2 TSE (mm),
the location (apex, middle, base on PZ, TZ or anterior
fibromuscular stroma), the presence of ECE and its length
(mm), tumor ADC (mm’/s) and size (mm) at b800 on DWI,
the average of the lowest 10% of ADCs within the lesion,
tumor perfusion wash-in coefficient, tumor perfusional
curve classified from 1 to 3.

"To estimate presence of ECE, the readers used the European
Society of Urogenital Radiology (ESUR) criteria (30).

Finally, each lesion was classified according to its MRI
tumor stage and the PI-RADS v2.1 score (from 1 to 5)
allowing patients to be ranked according to their risk of
recurrence using the D’Amico-MRI and NCCN-MRI
classifications. Indeed, by replacing the clinical T-stage
by the MRI T-stage, we created the D’Amico-MRI
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and NCCN-MRI classifications, respectively. Then we
compared the risk group difference between the clinical
classifications (NCCN and D’Amico) and their counterpart
obtained after mpMRI analysis.

A senior radiologist (with more than 13 years of experience),
who was trained in an expert center (that performs a minimum
of 400 prostate mpMRI per year) evaluated all mpMRI images.

Two younger radiologists in mpMRI prostate training,
independently, blinded from the first report and from the
patient’s treatment and follow-up, also assessed the mpMRI.

The image analysis was performed with Syngo.via
software and Image] software.

Statistical analysis

Dichotomous or categorical variables were described by their
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Table 1 Clinical and demographics characteristics

Characteristics Value
Age at diagnostic (years) 68.0 [62.0-72.0]
Clinical T-stage
Tic 119 (61.7)
T2a 34 (14.8)
T2b 35(15.2)
T2c 22 (9.6)
T3a 19 (8.3)
T3b 1(0.4)
ISUP grade
1 150 (65.2)
2:3+4 50 (21.7)
3: 443 20 (8.7)
5 4(1.7)
Pre-treatment PSA (ng/mL) 7.5[5.5-11.5]
Clinical based D'Amico risk group
Low 99 (43.0)
Intermediate 82 (35.7)
High 49 (21.3)
Clinical based NCCN risk group
Low 99 (43.0)
Intermediate 29 (12.6)
High 97 (42.2)
Very high 5(2.2)
Treatment
EBRT 106 (46.0)
EBRT + HT 43 (18.8)
BT 72 (31.3)
BT + HT 1(0.4)
EBRT + BT 7(3.1)
EBRT + BT + HT 1(0.4)
Post treatment PSA nadir (ng/mL) 0.2 [0.1-0.4]
Survival status
Alive 201 (87.4)
Dead 29 (12.6)
Disease-related death 1(3.7)
Biochemical relapse 37 (16.1)

Table 1 (continued)
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Table 1 (continued)

Characteristics Value

Recurrence site

Local (prostate) 22 (59.5)
Metastatic (rectal, bone, etc.) 10 (27.0)
Regional (N+) 4 (10.8)
Unknown 1(2.7)

Years between diagnostic and biochemical
relapse

6.0 [4.6-8.0]

All parameters are median [Q1-Q3] or number (percentage).
N=230. ISUP, International Society of Urological Pathology;
PSA, prostatic specific antigen; NCCN, National Comprehensive
Cancer Network; EBRT, external beam radiotherapy; HT,
hormonotherapy; BT, brachytherapy.

frequency (percentage) and compared using the Chi-square
of Fisher test. Continuous variables were described as mean
with standard deviation (SD) and as median with interquartile
range (IQR) and compared using Student’s 7-test or Wilcoxon
test. Biochemical relapse-free survival was defined as the time
between diagnosis and biochemical relapse or death. Patients
alive without biochemical relapse were censored on the date
of the last follow-up. Survival curves were obtained using the
Kaplan-Meier method. Independent correlates of biochemical
free relapse were determined in multivariate Cox regression
models. As NCCN-MRI, PI-RADS v2 and ECE are highly
correlated, three different models have been used with these
independent variables. We removed from the multivariate
model, patients with missing data for one of the variables
of interest in the multivariate analysis. Variables eligible for
multivariate analyses were selected from univariate analyses
with a threshold to enter the multivariate model of 0.20 and
no more than 15% of missing data. The final models include
all significant variables at the threshold of 0.10. Harrell’s
Coefficient was calculated for each multivariate analysis. All
tests were two-sided, P values less than 0.05 were considered
as significant. Analyses were performed using SAS 9.4.

Results
Description of the population

All initial clinical and biological data were recorded from
the medical record patient, described in 7able 1. The flow
chart of the study is represented in Figure 2.

Two hundred and thirty [230] patients were included
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Patients who underwent a 3T mpMRI

between January 2008 and December 2015
N=1,300 Patients excluded (N=1,070):
¢ Radical prostatectomy: N=407 (38%)
| * Neoadjuvant treatment: N=85 (8%)
” e Pelvic lymph node or bone metastases: N=118 (11%)
A 2 e Absence or poor quality of pre therapeutic mpMRI: N=214 (20%)
Patients included from January 2008 and e Absence or insufficient follow-up in our center: N=246 (23%)

December 2015
N=230

Initial treatment:
e EBRT: N=149 (64.8%)
e BT: N=73 (31.7%)
e EBRT + BT: N=8 (3.5%)

NCCN risk group:
* Low risk: N=99 (43%)
¢ Intermediate risk: N=97 (42.2%)
* High risk: N=29 (12.6%)
e Very high risk: N=5 (2.2%)

Figure 2 Flow chart of the study. 3T, 3 Tesla; mpMRI, multiparametric magnetic resonance imaging; EBRT, external beam radiotherapy;

BT, brachytherapy; NCCN, National Comprehensive Cancer Network.

in this study, the mean (SD) age at diagnosis was
67.5 (6.7) years. They were all followed completely over at
least 5 years and the median total duration of follow-up was
8.7 years (IQR, 6.6-10.1 years).

According to D’Amico classification, 99 (43%) patients
were classified as low risk, 82 (35.7%) as intermediate risk
and 49 (21.3%) as high risk.

Similarly, for the NCCN classification, 99 (43 %) patients
were classified as low risk, 97 (42.2%) as intermediate risk,
29 (12.6%) as high risk and 5 (2.2%) as very high risk.

Seventy-three [73] patients underwent permanent
implants with iodine seeds as monotherapy, 157 patients
received EBRT, including 8 with BT boost as a complement.
The 149 patients, treated with EBRT only, received a median
total dose of 78 Gray (Gy) (IQR, 72-80 Gy) and the 8 with
a BT boost complement a median total dose of 156 Gy
(IQR, 156-157 Gy). Forty-four [44] patients (19%) had a
complementary androgen deprivation therapy in combination
treatment.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

In this study, the 37 (16%) patient with observed
biochemical recurrence were composed of 45.9% Gleason
6 (versus 68.9% in the group without recurrence) and with
significantly higher Gleason scores: 40.5% of Gleason 7
(versus 28.5%), 5.4% of Gleason 8 (versus 0.5%), 5.5%
of Gleason 9 or 10 (versus 1%) (P=0.06). Indeed, patients
who relapsed had significantly more often a Gleason score
>7 (51.4% versus 30.1%; P<0.01) and higher initial clinical
T-stage (10.8% T2c versus 9.3%, 18.9% 13a versus 6.2%,
2.7% T3b versus 0%; P=0.04) than those who did not.

mpMRI and spectroscopic analyses

All mpMRI were performed after the histological diagnostic
of cancer and before any treatment.

The median prostatic volume on mpMRI was 46.7 mL
(IQR, 37.5-62.5 mL). One hundred and eighty-seven [187]
patients had a single lesion identifiable by mpMRI, 15 had
two visible lesions (the most unfavorable PI-RADS of the
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two was retained for the patient global score) and 29 had
no visible lesion (lesions that were not detectable were
classified as PI-RADS 1/5 or 2/5, namely benign lesions). A
total of 217 lesions were therefore detected on mpMRI.

Finally, 106 patients were classified PI-RADS 5/5, 70 PI-
RADS 4/5 and 26 PI-RADS 3/5.

A comparison of mpMRI parameters among patients
with or without biochemical relapse is shown in Table 2.
Patients with biochemical relapse had larger tumor size
(P<0.01) and longer capsular contact length of the tumor
(P<0.01) when compared with patients without. Moreover,
they more often had 2 lesions detected (P=0.03), and
ECE (P<0.01). Patients with biochemical relapse also had
slightly lower ADC value of the tumor, and higher wash-in
coefficient (P=0.04 for both).

There was no significant difference concerning the
extension to seminal vesicles (P=0.2), nor with the
spectroscopic data, notably with the increase in the Cho/
Cit ratio for tumors in the PZ (P=0.6). Initial spectroscopic
analyses are presented in Table S1.

Evolution of prognostic groups after mpMRI

Firstly, the analysis of the comparison between clinical
T-stage and MRI T-stage showed that after mpMRI 128
(55%) patients moved to a higher MRI T-stage. Seventy
eight (34%) patients did not change their stage and 24
(10.4%) moved to a lower MRI T-stage than their clinical
T-stage.

The same was true for the comparison between the
clinical-based and MRI-based NCCN classification: 50
(21.7%) patients were upgraded to a higher risk group after
mpMRI, 169 (73.4%) remained in the same MRI-based
NCCN risk group as their clinical NCCN risk group and
11 (4.7%) were downgraded to a lower risk group.

Thus, 85 (36.9%) patients were classified as low risk
according to MRI-based NCCN, 82 (35.6%) patients in the
intermediate group, 50 (21.7%) in high risk and 13 (5.6%)
in the very high risk group.

Univariate and multivariate analyses of predictors of
biochemical relapse

The median follow-up time since the date of diagnostic was
8.7 years (IQR, 6.6-10.1) and the biochemical relapse-free
survival rate was 88.4% (95% CI: 83.4-92.0%) at 5 years
and 62.9% (95% CI: 53.7-70.8%) at 10 years (Figure 3).

A summary of the univariate analysis is available in
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Table 3 and the different models used in the multivariate
analysis are summarized in 7able 4 and Table 5.

All of these models have made it possible to highlight
certain independent factors of biochemical relapse: the
MRI-based NCCN classification, the ECE and the Cho/Cit
ratio in healthy tissue in TZ.

Discussion

The present study showed that, among patients with newly
diagnosed localized prostate cancer, mpMRI combined with
proton spectroscopy, could aid in prognostic stratification
following radiotherapy.

We have identified 3 independent predictors of
biochemical relapse in this population: high-risk MRI-based
NCCN classification, presence of an ECE on mpMRI, and
a high Cho/Cit ratio in healthy TZ tissue.

These results suggest the hypothesis that the T-MRI
classification is more efficient than the T-clinical
classification to predict patient outcomes, the traditional
NCCN classification not appearing as an independent
factor of recurrence in our analysis.

Most studies to date have focused on the prognostic
value of mpMRI at diagnosis in studies where the T-stage
and Gleason score were established on prostatectomy
specimens (35,36). This gold standard of tumor T-stage
cannot be used in studies focused on non-surgical therapies
such as radiotherapy where the T-stage is still established
on the Gleason grade of biopsies and the digital rectal
examination.

Our results lead us to consider MRI T-stage, and
therefore the MRI-based NCCN classification, as an
essential prognostic factor in these situations.

ECE is a recognized prognostic factor (37) reflecting a
more aggressive disease, classifying it at least as a T3 stage,
with an increased risk of metastatic spread as demonstrated
in the study of McKenna er a/. (38) where ECE was, with
a threshold of 5 mm, the only independent factor for
occurrence of metastatic relapse.

On the other hand, Yu ez /. (20) have demonstrated in
a retrospective study that the combination of mpMRI and
spectroscopic analyses reduced inter-observer variability in
the diagnosis of ECE on pre-therapeutic mpMRI, using the
ratio choline/citrate >2SD to detect tumor boundaries.

In our study, only high Cho/Cit ratio in healthy
tissue in TZ returned as an independent factor of
biochemical relapse in all three models tested, with quite
comparative HR. Indeed, if we decompose this ratio by the
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Table 2 mpMRI parameters according to absence or presence of biochemical relapse

Variables Entire cohort No biochemical relapse Biochemical relapse P value
N 230 193 37
Prostatic volume (mL) 46.7 [37.5-62.5] 46.2 [37.5-62.5] 52.9 [38.3-61.3] 0.8
Number of lesions

0 29 28 (14.5) 1(2.7) 0.03

1 187 156 (80.8) 31(83.8)

2 15 10 (5.2) 5(13.5)
Tumor location

Pz 191 (88.4) 146 (88.0) 34 (94.4) 0.5

Tz 24 (11.1) 19 (11.4) 2 (5.6)

AFS 1(0.5) 1(0.6) 0(0.0)
Tumor size (mm) 15.5[11.0-21.0] 15[11.0-20.0] 20 [14.5-28.0] <0.01
Seminal vesicles extension 9(4.0) 6 (3.6) 3(8.3) 0.2
Capsular contact 168 (83.2) 137 (82.5) 31 (86.1) 0.6
Contact capsular length (mm) 11.0 [7.0-19.5] 10.0[7.0-17.0] 19.0 [10.0-27.0] <0.01
Extracapsular extension 55 (27.2) 33 (19.9) 22 (61.1) <0.01
Extension thickness (mm) 4.0 [3.0-5.0] 3.0 [3.0-4.0] 4.0 [4.0-6.0] <0.01
Tumor ADC (mm?/s) 842 [667.0-1,056.0] 852.0 [683.0-1,089.0] 717.0 [598.0-986.5] 0.04
Tumor DWI size (mm) 14.0 [10.0-19.0] 13.0 [10.0-18.0] 18.0 [13.0-21.0] <0.01
Wash-in coefficient 224.5[179.0-267.0] 223.0 [170.0-264.0] 237.5 [209.5-287.5] 0.04
Average of the lowest 10% of 501.0 [341.0-696.0] 512.0 [366.0-702.0] 429.5 [237.0-673.5] 0.07
ADC (mm?/s)
PI-RADS v2.1

1-2 28 (12.1) 27 (13.9%) 1(2.7%) <0.01

3 26 (11.3) 26 (13.5%) 0 (0.0%)

4 70 (30.4) 63 (32.6%) 7 (18.9%)

5 106 (46.1) 77 (39.9%) 29 (78.4%)
MRI T-stage

Tic 29 (12.6) 28 (14.5) 1(2.7) <0.01

T2a 98 (42.6) 91 (47.2) 7(18.9)

T2b 38 (16.5) 33(17.1) 5(13.5)

T2c 12 (5.2) 10 (5.2) 2 (5.4)

T3a 44 (19.1) 25 (13.0) 19 (51.4)

T3b 9 (3.9) 6 (3.1) 3(8.1)
MRI-based NCCN risk group

Low 85 (37.0) 81 (42.0) 4(10.8) <0.01

Intermediate 82 (35.7) 72 (37.3) 10 (27.0)

High 50 (21.7) 32 (16.6) 18 (48.6)

Very high 13 (5.7) 8 (4.1) 5(13.5)

All values are median [Q1-Q3] or number (percentage). mpMRI, multiparametric magnetic resonance imaging; PZ, peripheral zone; TZ, transition
zone; AFS, anterior fibromuscular stroma; ADC, apparent diffusion coefficient; DWI, diffusion weighted images; PI-RADS v2.1, Prostate Imaging
Reporting and Data System version 2.1; MRI, magnetic resonance imaging; NCCN, National Comprehensive Cancer Network.
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concentrations of each metabolite, we note that the risk of
recurrence is only related to early variations in citrate, the
latter being a protective factor in all multivariate models if
its pool is >7 mmol/L in healthy tissue in TZ.

Choline and citrate are two important metabolites in
prostate function but also in tumor tissue. Citrate is a
crucial element in prostate energy metabolism, whose levels
vary more significantly than those of choline, which rather
reflects the degree of tumor membrane cell activity. The
early decrease in citrate is therefore due to both changes
in cellular function and in the organization of the tissue,
but may also decrease in prostatitis, when the choline level
increases proportionally to tumor cell proliferation or in the

Variables HR 95% Cl P value
Clinical T-stage, N=230
T2vs. T1c 1.811 1.055-3.110 0.03
T3vs. Tlc 2.359 1.120-4.965
PSA max pre-treatment, N=230
>7.5vs. 7.5 ng/mL 2.205 1.306-3.725 <0.01
Gleason, N=230
>4+3 vs. <3+4 2.014 1.094-3.706 0.02
7-10vs. 4-6 2.256 1.38-3.689 <0.01
Clinical-based D’Amico risk group, N=230
High vs. low 3.01 1.586-5.711 <0.01
Intermediate vs. low 2171 1.159-4.069
Clinical-based NCCN risk group, N=230
High & very high vs. low 2.634 1.282-5.410 <0.01
Intermediate vs. low 2.454 1.354-4.448
MRI-based D’Amico risk group, N=230
High vs. low 5.583 2.692-11.576 <0.01
Intermediate vs. low 2.465 1.107-5.490
MRI-based NCCN risk group, N=230
High vs. low 5.803 2.735-12.312 <0.01
Intermediate vs. low 2.477 1.127-5.442
Very high vs. low 6.797 2.526-18.288
Wash in coefficient TZ, N=230
>170vs. <170 0.462 0.271-0.787 <0.01

Table 3 (continued)

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Quant Imaging Med Surg 2022;12(12):5309-5325 | https://dx.doi.org/10.21037/qims-22-184



5318 Asuncion et al. Initial MRI in prostate cancer recurrence after radiation therapy

Table 3 (continued)

Variables HR 95% Cl P value

Tumor size, N=230

>15vs. <15 mm 2.460 1.415-4.279 <0.01
Extracapsular extension, N=230

Yes vs. no 3.672 2.206-6.110 <0.01
Tumor ADC, N=230

>640 vs. <640 mm’/s 0.538 0.313-0.922 0.02
Tumor DWI size, N=230

>14 vs. <14 mm 2.562 1.502-4.370 <0.01
MRI T-stage, N=230

T2vs. T1c 1.509 0.529-4.305 <0.01

T3vs. Tlc 5.161 1.823-14.609
PI-RADS v2.1, N=230

4-5vs. 1-3 3.372 1.454-7.820 <0.01
Citrate tumor PZ, N=171

>2 vs. <2 0.424 0.180-1.003 0.05
Citrate healthy tissue PZ, N=208

>9.6 vs. <9.6 0.526 0.265-1.041 0.06
Citrate healthy tissue TZ, N=207

>7vs. <7 0.506 0.255-1.004 0.05
Choline tumor PZ, N=171

>3.3 vs. <3.3 1.756 1.001-3.081 0.04
Choline healthy tissue PZ, N=208

>3.3vs. <3.3 2.851 1.475-5.511 <0.01
Choline healthy tissue TZ, N=207

>1.5vs. <1.5 2.866 0.896-9.164 0.07
Choline/Citrate tumor PZ, N=171

>0.15 vs. <0.15 2.061 0.879-4.832 0.09
Choline/Citrate healthy tissue PZ, N=208

>0.25 vs. <0.25 2.092 1.082-4.043 0.03
Choline/Citrate healthy tissue TZ, N=207

>0.1 vs. <0.1 2.972 1.186-7.450 0.02

HR, hazard ratio; Cl, confidence interval; PSA, prostate specific antigen; NCCN, National Comprehensive Cancer Network; MRI, magnetic
resonance imaging; TZ, transition zone; ADC, apparent diffusion coefficient; DWI, diffusion weighted images; PI-RADS v2.1, Prostate
Imaging Reporting and Data System version 2.1; PZ, peripheral zone.

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2022;12(12):5309-5325 | https://dx.doi.org/10.21037/qims-22-184



Quantitative Imaging in Medicine and Surgery, Vol 12, No 12 December 2022 5319

Table 4 Predictors of biochemical relapse by multivariate Cox analysis using the Choline/Citrate ratio

Variables HR 95% Cl P value Harrell C
Model 1 using MRI-based NCCN risk group, N=181
Choline/Citrate healthy tissue TZ 0.04
>0.1 vs. <0.1 2.969 1.064-8.286
MRI-based NCCN risk group <0.01 0.72
Intermediate risk vs. low risk 3.067 1.133-8.306
High & very high risk vs. low risk 7.003 2.711-18.091
Wash in coefficient TZ 0.03
>170 vs. <170 0.513 0.276-0.955
Model 2 using extracapsular extension, N=182
Choline/Citrate healthy tissue TZ 0.04
>0.1 vs. <0.1 2.857 1.024-7.970 0.7
Extracapsular extension <0.01
Yes vs. no 3.332 1.936-5.736
Wash in coefficient TZ 0.04
>170 vs. <170 0.517 0.277-0.966
Model 3 using PI-RADS v2.1, N=181
Choline/Citrate healthy tissue TZ 0.03
>0.1 vs. <0.1 3.029 1.092-8.404
PI-RADS v2.1 0.05
4-5vs. 1-3 7.123 0.982-51.642 0.67
Wash in coefficient TZ 0.01
>170 vs. <170 0.447 0.241-0.828
Average of the lowest 10% of ADC 0.02
>270 vs. <270 mm’/s 0.481 0.264-0.878

HR, hazard ratio; CI, confidence interval; MRI, magnetic resonance imaging; NCCN, National Comprehensive Cancer Network; TZ,
transition zone; PI-RADS v2.1, Prostate Imaging Reporting and Data System version 2.1; ADC, apparent diffusion coefficient.

case of necrosis, a phenomenon which is mainly visible in
undifferentiated tumors, particularly with a high Gleason
grade (39). Indeed, the use of metabolite concentrations
may even be more pertinent than simple ratios, commonly
used in the literature, as shown in the recent study by Deal
et al. (40) in which spectroscopic data showed that the
choline concentration was significantly higher in aggressive
disease. Moreover, in their study, the predictive model of
tumor aggressiveness combining mpMRI and 3D MRS was
better than the mpMRI model alone.

Biochemically, high concentrations of citrate are

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

maintained because there is a permanent inhibition of its
oxidation in the Krebs cycle thanks to levels of zinc which
will prevent the enzymatic activity of m-aconitase from
reducing the citrate to isocitrate (41). Thus, it has been
proven that early and even at low Gleason (ex. 3+3), there
is not an increase in the production of m-aconitase but in
its activity secondary to the decrease in intraprostatic zinc
content due to the alteration of an essential transporter,
ZIP1 (42). Thus, the joint study of citrate levels in
spectroscopy and zinc in biochemistry could be an early
marker of tumor invasion, well before having histological
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Table 5 Predictors of biochemical relapse by multivariate Cox analysis using Choline and Citrate concentrations

Variables HR 95% ClI P value Harrell C
Model 1 using MRI-based NCCN risk group, N=181
Citrate healthy tissue TZ 0.01
>7 vs. <7 mmol/L 0.41 0.201-0.837
MRI-based NCCN risk group <0.01 0.73
Intermediate risk vs. low risk 2.967 1.089-8.086
High & very high risk vs. low risk 6.617 2.538-17.255
Wash in coefficient TZ 0.03
>170 vs. <170 0.574 0.275-0.955
Model 2 using extracapsular extension, N=182
Choline healthy tissue TZ 0.4
>1.5 vs. <1.5 mmol/L 1.574 0.480-5.165
Citrate healthy tissue TZ 0.03
>7 vs. <7 mmol/L 0.453 0.225-0.913 0.7
Extracapsular extension <0.01
Yes vs. no 3.369 1.948-5.825
Wash in coefficient TZ 0.04
>170 vs. <170 0.52 0.277-0.975
Model 3 using PI-RADS v2.1, N=181
Citrate healthy tissue TZ 0.04
>7 vs. <7 mmol/L 0.487 0.241-0.986
PI-RADS v2.1 0.07
4-5vs. 1-3 6.239 0.858-45.386 0.66
Wash in coefficient TZ 0.01
>170 vs. <170 0.439 0.235-0.819
Average of the lowest 10% of ADC 0.01
>270 vs. <270 mm’/s 0.466 0.253-0.861

HR, hazard ratio; Cl, confidence interval; MRI, magnetic resonance imaging; NCCN, National Comprehensive Cancer Network; TZ,
transition zone; PI-RADS v2.1, Prostate Imaging Reporting and Data System version 2.1; ADC, apparent diffusion coefficient.

proof (43).

Moreover, as the PZ is basically richer in citrate due to
its glandular nature, it seems logical to demonstrate in our
study a significant difference in the fall of citrate in TZ
earlier than in PZ.

Casciani et al. (44) showed that normal concentrations
of citrate in the PZ were only found in cases of well-
differentiated tumors, with a low Gleason grade, a significant
drop in citrate being a marker of tumor dedifferentiation.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

This is in accordance with our population who relapsed,
composed mainly of low Gleason grade: 45.9% of Gleason 6
and 40.5% of Gleason 7 (29.7% of 3+4).

Thus, spectroscopic analysis can be a useful tool to assess
tumor differentiation and biological aggressiveness.

It has been known for a decade that the performance
of prostate cancer detection with mpMRI is dependent
on tumor volume and the Gleason histological score. Our
mpMRI tumor detection rate was 88.5%, in accordance
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with the data in the literature after Styles er al. (45) that
demonstrated a sensitivity of 85% for the detection of lesions
greater than 0.5 cc at 3T MRI. Moreover, a systematic review
of 66 studies in 2017 (46) reported detection of index lesions
in 90% of cases. This is clearly supported by our results
because mpMRI could detect a significant lesion in 78% of
patients considered as clinical T1c, i.e. in whom the digital
rectal examination was not pathological, and thus reclassified
them in a higher risk group.

More generally, we noted that 152 patients did not have
the same concordance between their initial clinical T-stage
and their MRI T-stage, and particularly 128 patients had
higher MRI T-stage, i.e., a final reclassification of 21.7% of
patients into a higher-risk group according to the NCCN-
MRI classification. These results are consistent with those
of Gomez-Iturriaga et 4l. (47) who demonstrated that 38%
of patients initially considered T1 or T2 were reclassified
T3 MRI and therefore 35% reclassified as high risk after
mpMRI analyses. These results are also suggested in the
retrospective study by Couflago er a/. (48) published in
2015 where 16.7% of the 269 patients initially classified as
clinical T'1 or T2 were reclassified after mpMRI analysis as
T3 or T4.

It is therefore recognized that mpMRI has a decisive role
in the re-evaluation of the tumor T-stage, and also modifies
the prognostic classification of patients by improving the
detection of lesions and their characterization (49).

The initial demographical characteristics of our patients
were conforming to data in the literature: the average age
at diagnosis (67.5 years) was comparable to the average age
(70 years) in French cancers registries in 2011.

Our study population represented the heterogeneity
of localized prostate cancers, with 51.7% of T1c clinical
T-stage, 14.8% of T2a and 9.6% of T2c for example, with
histopathological diagnosis of 65.2% of Gleason 6, 30.4%
of Gleason 7 and 3% of Gleason 8 and more.

Thus, we had a large proportion of low (43.0%) and
intermediate risk (42.2%) patients according to NCCN-
clinical classification.

The median duration of our follow-up was long
[8.7 years (IQR, 6.6-10.1 years)] compared with many
studies where it varies regularly between 36 months and
6 years (50-53), thus reinforcing the credibility of our
concluding observations regarding long term survival in our
study.

Survival data at 5 years (88.4%) and 10 years (62.9%) are
less favorable than those reported by the French National
Institut of CAncer (INCA) in 2021, i.e., 93% at 5 years and

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

80% at 10 years. This difference might be explained by the
improvement of tumor detection techniques, staging and
management over the last 10 years.

The biochemical relapse rate of prostate cancer after
EBRT or BT in our population (16%) was similar to the
results of the study conducted by Lazarev et a/. in 2018,
estimated at 13.9% (54).

Thus, our study population was wholly representative
of French prostate localized cancers, particularly those of
low and intermediate risk according to the NCCN-clinical
classification.

The major strengths of our study rely on the
homogeneity of mpMRI acquisition protocol and on the
interpretation of images by an experienced team as well
as the protocolised treatments delivered in an academic
center specialized in cancers treatments. However,
our study also has some limitations. First, it is a single
institution retrospective study and our results would
need to be confirmed by a global study integrating more
centers. Moreover, it will be interesting to include more
patients classified as high risk according to the NCCN-
clinical classification, with an increased risk of metastasis
and worse prognostic, and to carry out on a more
homogeneous population a study concerning the patients
treated by several treatments, those being able to interfere
in the biochemical relapse-free. Therefore, the fact of
initially choosing in the inclusion criteria two different
treatments may also be at the origin of confounding
biases, although it does reflect all the heterogeneity of
the management of our patients, and thus the reality of
daily situations. The choice of the date of diagnosis as a
benchmark for the follow-up of biochemical recurrence-
free survival may have led in our study to an immortal time
bias, despite a low median latency between diagnosis and
end of treatment (5.1 months). One of the major strengths
of our study i.e., the use of the same mpMRI acquisition
protocol throughout the study could also be considered
as a limitation. Indeed, at the onset of the study in 2008,
high b-value DWI was not routine and image quality at
3T was not optimal. We stood by our choice of using an
unchanged protocol until 2015, where an upgrade allowed
high b-value DWI.

We noted that the wash-in variable in the TZ emerged
significantly with almost the same risk in the 3 models (HR
=0.5) as a protective factor of biochemical relapse. We were
not able to explain this result with respect to the literature.
It seems difficult to interpret the value of this isolated
parameter without a parallel wash-out study.
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Conclusions

In conclusion, the quantitative analysis of prostate
metabolism with 3D MRS combined with morphologic and
functional analyses in our retrospective study has shown
a great potential for prognostic stratification in patients
with localized prostate tumors treated by EBRT or BT.
We were able to define 3 independent predictive factors of
biochemical relapse, which are the MRI-based NCCN risk
classification, the Cho/Cit ratio in healthy tissue in TZ and
presence of ECE. These results emphasize the potential
interest of advanced quantification of the target lesion
but also of the “healthy” prostate gland, beyond simple
estimation of PI-RADS score, for prognostic stratification
and then potentially for orientation of therapeutic and
follow-up strategies. A prognostic classification including
mpMRI analysis and 3D MRS could be more appropriate
for treatment guidance.

It would be worthwhile to propose a multicenter study
with a larger population to reinforce the link between these
different elements or a secondary study looking at intra
prostatic zinc levels to support our spectroscopic data.
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Supplementary

Table S1 Spectroscopic analyses

Variables Citrate (mmol/L) Choline (mmol/L) Cho/Cit (mmol/L)
Healthy tissue TZ, N=221 15.0 [10.5-19.6] 2.5[2.0-3.0] 0.2 [0.1-0.2]
Tumor TZ, N=15 10.3 [5.4-11.6] 3.1[2.5-3.5] 0.3 [0.2-0.5]
Healthy tissue PZ, N=222 19.7 [13.2-24.4] 2.4[1.8-2.9] 0.1[0.9-0.2]
Tumor PZ, N=182 11.2 [7.1-15.1] 2.7 [2.0-3.3] 0.2 [1.2-0.5]

All values are median [Q1-Q3]. TZ, transition zone; PZ, peripheral zone.
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