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INTRODUCTION
Active surveillance (AS) is the recommended management 
option for patients with low- and intermediate-favourable 
risk prostate cancer (PCa), who account for nearly half 
of the newly diagnosed cases in the US and the UK.1–4 
During the first 5 years on AS, 27.5% of patients switch to 
radical treatment due to disease progression, with a further 
12.8% leaving AS programmes for other reasons, including 
anxiety and concerns related to the invasive nature of repeat 
biopsies.5 Repeat biopsies do remain the cornerstone of 

clinical decision-making and the switch to radical treat-
ment; however, they also present a key barrier to patient 
uptake of and adherence to AS.2,6,7 Therefore, reducing 
the need for unnecessary biopsies during AS presents an 
important clinical challenge.

To address this, many centres have increased their reliance 
on MRI to navigate treatment decisions without a manda-
tory follow-up histopathological assessment.8 According to 
two recent meta-analyses,9,10 serial MRI has a reasonable 
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Objective: To analyse serial changes in MRI-derived 
tumour measurements and apparent diffusion coeffi-
cient (ADC) values in prostate cancer (PCa) patients on 
active surveillance (AS) with and without histopatholog-
ical disease progression.
Methods: This study included AS patients with biopsy-
proven PCa with a minimum of two consecutive MR 
examinations and at least one repeat targeted biopsy. 
Tumour volumes, largest axial two-dimensional (2D) 
surface areas, and maximum diameters were measured 
on T2 weighted images (T2WI). ADC values were derived 
from the whole lesions, 2D areas, and small-volume 
regions of interest (ROIs) where tumours were most 
conspicuous. Areas under the ROC curve (AUCs) were 
calculated for combinations of T2WI and ADC parame-
ters with optimal specificity and sensitivity.
Results: 60 patients (30 progressors and 30 non-
progressors) were included. In progressors, T2WI-derived 

tumour volume, 2D surface area, and maximum tumour 
diameter had a median increase of  +99.5%,+55.3%, 
and +21.7% compared to +29.2%,+8.1%, and +6.9% in non-
progressors (p < 0.005 for all). Follow-up whole-volume 
and small-volume ROIs ADC values were significantly 
reduced in progressors (−11.7% and −9.5%) compared to 
non-progressors (−6.1% and −1.6%) (p < 0.05 for both). 
The combined AUC of a relative increase in maximum 
tumour diameter by 20% and reduction in small-volume 
ADC by 10% was 0.67.
Conclusion: AS patients show significant differences in 
tumour measurements and ADC values between those 
with and without histopathological disease progression.
Advances in knowledge: This paper proposes specific 
clinical cut-offs for T2WI-derived maximum tumour 
diameter (+20%) and small-volume ADC (−10%) to 
predict histopathological PCa progression on AS and 
supplement subjective serial MRI assessment.
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pooled negative predictive value of up to 0.81; however, the 
maximum pooled positive predictive value for detecting histo-
pathological disease progression to grade group ≥2 is 0.52, high-
lighting the inability of serial MRI to completely replace repeat 
biopsies as part of AS follow-up.11,12

There are several factors that may explain the limitations of MRI 
in the context of AS. These include considerable variability of 
MR imaging quality13,14 and radiologists’ experience,15,16 as well 
as the subjective nature of the Prostate Cancer Radiological Esti-
mation of Change in Sequential Evaluation (PRECISE) recom-
mendations17 designed to standardise serial MRI reporting on 
AS. More specifically, PRECISE assessment criteria lack a clear 
definition of a “clinically significant” radiological progression, 
which is particularly critical for assigning a PRECISE category 
4, defined as “significant increase in size and/or conspicuity”. 
Consequently, PRECISE scoring shows no superiority over non-
standardised institutional criteria of disease progression,9,10 
highlighting an unmet clinical need for providing objective MRI 
biomarkers in the AS setting.18 While several attempts have been 
made to identify specific tumour measurements and apparent 
diffusion coefficient (ADC) cut-offs that could offer quantita-
tive surrogates of “clinically significant” radiological disease 
progression,19–22 these studies lacked systematic histopatholog-
ical assessment at follow-up, which limits the reliability of their 
findings given the potential limitations of MRI changes vs gold-
standard histopathology.

In this study, we applied several common segmentation 
approaches to analyse serial changes in MRI-derived tumour 
measurements and ADC values in AS patients with and without 
histopathological PCa progression. Thus, we aimed to identify 
objective clinically applicable cut-off values that could be used in 
the follow-up assessment of MR-visible lesions in patients with 
PCa on AS.

METHODS
Patient population
This retrospective cohort study was approved by the local Insti-
tutional Review Board (reference number: HBREC.2020.49). 
The study included consecutive patients with biopsy-proven PCa 
enrolled on the local AS programme according to the eligibility 
criteria reported previously.23 The inclusion criteria were the 
presence of an MR-visible lesion at baseline, AS follow-up length 
of at least 2 years with at least two MRI examinations performed 
on the same 3 T magnet, and at least one repeat targeted biopsy 
within 12 months of the most recent MRI. The exclusion criteria 
were any prior or interim treatment for PCa or benign disease, 
or the presence of any pelvic metalwork. The study flowchart 
presented in Figure 1 summarises the patient selection process.

60 patients meeting inclusion criteria and enrolled on AS in our 
centre between August 2013 and May 2018 were included in the 
final analysis and divided into two groups depending on their 
disease progression status. Histopathological AS progression (n 

Figure 1. Study flow chart.
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= 30) was defined as grade group progression on repeat targeted 
biopsy. The control group (n = 30) included patients harbouring 
both radiologically (highest PRECISE score 1–324 over the course 
of AS) and histopathologically stable disease confirmed as part of 
routine repeat biopsies mandated by the local AS protocol (see 
Biopsy technique section).

MRI technique
Patients underwent prostate MRI on a 3 T MR750 system (GE 
Healthcare, Waukesha, WI) using a 32-channel receiver coil. 
Intravenous injection of hyoscine butylbromide (Buscopan, 
20 mg ml−1; Boehringer Ingelheim, Ingelheim am Rhein, 
Germany) was administered prior to imaging unless clinically 
contraindicated. Multiparametric MRI protocol included axial T1 
weighted imaging, multiplanar high-resolution T2 weighted two-
dimensional (2D) fast recovery fast spin echo (FSE), spin-echo 
echoplanar imaging pulse diffusion-weighted imaging (DWI), 
and dynamic contrast-enhanced (DCE) imaging, as described 
previously.25 DWI was performed with b-values: b-150, b-750, 
and b-1,000; with additional small field of view DWI obtained 
using b-2,000s/mm2; ADC maps were automatically calculated. 
Follow-up studies did not include post-contrast DCE sequences, 
but the protocol was otherwise identical for all patients and all 
scans included in the analysis.

Biopsy technique
Targeted biopsy was performed using MRI/ultrasound fusion 
by either a transrectal (TR, DynaCAD, InVivo Corp, Orlando, 
FL) or transperineal (TP, Biopsee, Oncology Systems Limited, 
Shrewsbury, UK), with 2–4 target cores and 12 (TR) or 24 (TP) 
systematic cores background cores, as previously described.23 
Repeat targeted biopsies were either performed at time points 
specified by the local protocol (12 and 36 months), or triggered 
earlier by clinical suspicion of progression, defined as either three 

consecutive elevated PSA levels above the pre-defined threshold 
or suspected radiological progression (PRECISE scores 4–5).

Image segmentation and analysis
Tumour regions of interest (ROIs) were drawn on anatomical T2 
weighted images and on ADC maps (Figure 2) in consensus by 
a fellowship-trained uroradiologist (TB) with 13 years’ experi-
ence of reporting prostate MRI and an imaging research fellow 
(NS) with 4 years’ experience using open-source software ITK-
SNAP.26 Image quality was adequate in all cases for reliable lesion 
delineation on both T2WI and ADC maps.

The index lesions27 were measured on both T2WI and ADC maps 
using the following techniques: (i) volumetric, with tumour 
segmentation by means of free-hand delineation on all slices 
encompassing the lesion, (ii) 2D tumour surface area derived 
using the largest diameter and a second perpendicular diameter 
([anteroposterior diameter  × transverse diameter × π]/2), and 
(iii) single maximum tumour diameter (Figure 2).

Tumour-derived ADC values were measured using the following 
techniques: (i) whole-volume ADC derived from ROIs used to 
measure tumour volume, (ii) mid-slice ADC derived from a 
free-hand ROI encompassing the largest tumour area from the 
axial acquisition used to measure 2D surface area and single 
maximum diameter, (iii) small-volume ADC obtained from a 
standardised circular ROI (minimum ROI surface area 15 mm2) 
positioned in the centre of the lesion on a slice where it was most 
conspicuous (Figure 2).

At follow-up, PRECISE scores were assigned by three 
sub specialist uroradiologists (IC, ES, TB) with 5–16 years’ expe-
rience of reporting prostate MRI and considered to be experts 
with each having read  >2000 cases.13,28 The readers were not 

Figure 2. Example axial T2WI (A) and ADC map (B) derived from slices where the outlined anterior transition zone lesion demon-
strated its maximum diameter. Free-hand ROIs delineating the lesion were additionally drawn on all slices encompassing the 
tumour and were used to measure T2WI- and ADC-derived tumour volumes, as well as whole-tumour ADC values. Image (A) illus-
trates linear measurements of T2WI-derived maximum tumour diameter (arrow), and a second perpendicular short-axis diameter 
(white line) used to calculate 2D tumour surface area. Image (B) demonstrates an example free-hand ROI from which mid-slice 
ADC values were derived, along with a uniform small ROI (white circle) used to obtain small-volume ADC. 2D, two-dimensional; 
ADC, apparent diffusion coefficient; ROI, region of interest; T2WI, T2 weighted imaging
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blinded to clinical information, including PSA and PSA density 
dynamics. PRECISE scores were assigned prospectively in all 
cases enrolled in the study after June 2016; for studies performed 
prior to that date, the scores were applied retrospectively in 
consensus.

Statistical analysis
Statistical analyses were conducted using GraphPad Prism (v. 
9.0.2, GraphPad Software, San Diego, CA) and SPSS Statis-
tics 17.0 (IBM Corporation, Armonk, NY). Normal distribu-
tion of the data was assessed using the D’Agostino-Pearson test 
(threshold p-value ≥ 0.05). To evaluate the relationship between 
T2WI- and ADC-derived tumour measurements, we used the 
Spearman’s rank correlation test, with the agreement between 
the two sequences assessed using the Bland–Altman test. Inter-
group differences in tumour measurements and ADC values 
between histopathological progressors and non-progressors 
were measured using the Mann–Whitney U test. A sub analysis 
was also performed in patients with radiological disease progres-
sion (n = 27, at least one MRI had PRECISE score of 4–5) and 
with radiologically stable disease (n = 33, all MRIs had PRECISE 
scores 1–3). All statistical tests were two-sided, and p-values 
below 0.05 were considered significant. The receiver operating 
characteristic (ROC) analysis was performed, with the resulting 
areas under the ROC curve (AUCs) derived for relative changes 
in tumour measurements and ADC values obtained from the 
baseline and final MRI examinations. The DeLong test was used 
to compare the differences between individual AUCs.

RESULTS
60 patients were included in the study, with a median age of 67 
years (interquartile range 59–70) and PSA of 5.6 ng ml−1, with a 
median follow-up of 45 months (IQR, 30–51 months); Table 1. 
Patients without progression (n = 30) were followed up for 
significantly longer time at 48 months, compared to patients 

with histopathological progression (n = 30) at 36 months (p = 
0.002). Baseline PSA and PSA density were significantly higher 
in progressors (p = 0.01 and 0.001, respectively), a difference that 
became even more pronounced at follow-up (p < 0.001 for both). 
45/60 (75%) had ISUP Grade Group 1 and 15/60 (25%) patients 
Group 2 disease at enrolment. 44/60 (73%) and 16/60 (27%) 
of index lesions were located in the PZ and TZ of the prostate, 
respectively. Of the 30 patients who showed histopathological 
progression, 16 were treated with hormone and radiotherapy, 8 
underwent prostatectomy, and 6 had brachytherapy.

Relationship between T2WI- and ADC-derived 
tumour measurements
Significant positive correlations were observed between T2WI- 
and ADC-derived measurements of tumour volume (rs = 0.92), 
2D surface area (0.75), and maximum diameter (0.67) for all 
lesions (p < 0.0001 for all). There was also acceptable agreement 
between T2WI- and ADC-derived tumour measurements for 
PZ and TZ lesions when separately obtained according to the 
PI-RADS dominant zonal sequence paradigm29 (Spearman’s 
correlation and Bland–Altman analyses in Supplementary Mate-
rial 1).

Comparison of tumour measurements in 
progressors vs non-progressors
At baseline, progressors and non-progressors demonstrated no 
significant differences between T2WI-derived tumour volume, 
2D surface area, and maximum tumour diameter (Table  2). 
In progressors, at follow-up MRI all T2WI-derived tumour 
measurements were significantly higher (p-value range, 0.004–
0.007). Conversely, in non-progressors, no significant changes 
were noted between any of the T2WI-derived tumour measure-
ments at follow-up MRI scans (Table 2). Notably, in progressors, 
T2WI-derived tumour volume, 2D surface area, and maximum 

Table 1. Summary baseline clinicopathological characteristics of the study cohort

Parameter
Total cohort

(n = 60)
Progressors

(n = 30)
Non-progressors

(n = 30) p-value
Age, years 67 (59–70) 67 (60–70) 68 (59–69) 0.79

Baseline gland volume, mL 45.0 (33.3–55.8) 45 (28–52) 45 (37–58) 0.47

Baseline PSA, ng/mL 5.6 (3.7–7.7) 6.7 (4.3–8.7) 4.8 (3.1–6.6) 0.01

Baseline PSA density 0.12 (0.09–0.19) 0.17 (0.10–0.17) 0.10 (0.07–0.17) 0.001

Follow-up PSA, ng/mL 7.4 (5.4–11.0) 9.9 (6.7–12.2) 6.1 (4.2–8.1) 0.0007

Follow-up PSA density, (ng/mL)/mL 0.15 (0.10–0.22) 0.21 (0.15–0.25) 0.12 (0.08–0.16) 0.0002

AS follow-up, mo 45 (30–51) 36 (26–48) 48 (39–63) 0.002

Biopsy grade Group 1
(3 + 3=6), n (% total)

45 (75%) 24 (80%) 21 (70%) -

Biopsy grade Group 2 (3 + 4=7), n (% total) 15 (25%) 6 (20%) 9 (30%)

Target lesion in the PZ, n (% total) 44 (73%) 19 (63%) 25 (83%) -

Target lesion in the TZ, n (% total) 16 (27%) 11 (37%) 5 (17%)

PSA, prostate-specific antigen; PZ, peripheral zone; TZ, transition zone.
The data are presented as the median (interquartile range) unless indicated otherwise. The p-values are presented for an intergroup comparison 
between progressors and non-progressors performed using the Mann–Whitney U test.
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tumour diameter had a median relative follow-up increase of 
99.5%, 55.3%, and 21.7% compared to 29.2%, 8.1%, and 6.9% in 
non-progressors (p =<0.0001,<0.0001, and 0.003, respectively) 
(Table  2). Box-and-whisker plots illustrating these results are 
presented in Supplementary Material 1.

Comparison of tumour ADC values in progressors 
vs non-progressors
Similar to T2WII-derived tumour measurements, no signifi-
cant baseline intergroup differences were noted between whole-
volume, mid-slice, and small-volume ADC values derived from 
tumours in patients with and without histopathological disease 
progression (Table 3). In non-progressors, ADC values measured 
using all three techniques did not change at follow-up compared 
to baseline (p-value range, 0.08–0.71), while progressors demon-
strated a significant follow-up decrease in all tumour-derived 
ADC values (p-value range, 0.0009–0.03) (Table 3). Interestingly, 
the relative change in the median mid-slice ADC values between 
progressors and non-progressors was non-significant (-9.5% 

vs  5.6%, respectively; p = 0.79). Conversely, the relative changes 
in the follow-up median whole-volume and small-volume ADC 
values were significantly greater in progressors compared to 
non-progressors (−11.7% and −9.5vs−6.1% and −1.6%, respec-
tively; p = 0.02 and 0.008, respectively) (Table 3). These results 
are illustrated in Supplementary Material 1.

Comparison of tumour measurements and ADC 
values in patients with and without radiological 
disease progression
When patients were regrouped based on the presence of radiolog-
ical disease progression only, the trends in tumour measurements 
(Supplementary Material 1) and ADC values (Supplementary 
Table 3) were similar compared to those reported above when 
the primary outcome was histopathological disease progression.

Table 2. T2WI-derived tumour measurements obtained from baseline and latest available follow-up MRI scans in patients on active 
surveillance

Parameter
Total cohort

(n = 60)
Progressors

(n = 30)
Non-progressors

(n = 30) p-value
T2WI-derived tumour volume (mm3)

Baseline MRI 425.5
(228.4–814.9)

497.7
(277.4–879.7)

320.8
(211.4–638.9)

0.21

Follow-up MRI 659.3
(312.5–1424.0)

875.5
(524.8–1947.0)

463.4
(252.5–772.5)

0.005

p-value
(baseline vs follow-up)

- 0.007 0.20 -

Relative change (%) (baseline vs follow-up) 53.5
(19.7–106.7)

99.5
(34.3–160.7)

29.2
(3.7–60.7)

<0.0001

T2WI-derived 2D surface area (mm2)

Baseline MRI 50.7
(30.7–86.1)

50.7
(33.1–89.9)

50.7
(24.9–80.9)

0.37

Follow-up MRI 66.3
(37.5–105.9)

89.4
(66.5–131.0)

40.3
(30.2–68.2)

0.0003

p-value
(baseline vs follow-up)

- 0.004 0.94 -

Relative change (%) (baseline vs follow-up) 26.2
(1.0–70.2)

55.3
(25.1–109.9)

8.1
(-15.9–8.5)

<0.0001

T2WI-derived maximum tumour diameter (mm)

Baseline MRI 13.0
(9.4–15.6)

13.3
(9.1–15.6)

12.9
(9.8–15.8)

0.96

Follow-up MRI 16.0
(12.2–19.5)

17.0
(13.5–20.8)

14.9
(10.7–17.9)

0.12

p-value
(baseline vs follow-up)

- 0.005 0.17 -

Relative change (%) (baseline vs follow-up) 17.1
(2.9–34.8)

21.7
(10.1–50.0)

6.9
(-1.4–22.2)

0.003

2D, two-dimensional; T2WI, T2 weighted imaging.
The data are presented as median (interquartile range). The p-values were derived using the Mann–Whitney U test and are presented for intergroup 
comparisons between the absolute T2WI-derived measurements obtained from progressors and non-progressors, baseline and follow-up scans in 
patients from the same groups, as well as between relative changes in the measurements derived from baseline and follow-up MRI scans
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Diagnostic performance of selected tumour 
measurements and ADC cut-offs
AUCs for detecting histopathological disease progression 
based on relative changes in each of the T2WI-derived tumour 
measurements and ADC values are summarised in Table 4. As 
shown in Supplementary Material 1, T2WI-derived tumour 

measurements had significantly larger AUCs compared only to 
mid-slice ADC values (p-value range, 0.001–0.046). Although 
T2WI-derived 2D tumour surface area had the largest AUC 
(0.83) of all three tumour measurements, the DeLong test 
showed no significant difference between the three AUCs (p-
value range, 0.140–0.526). Simultaneously, the AUC of mid-slice 

Table 3. Tumour ADC values derived from baseline and follow-up MRI scans in active surveillance patients

Parameter
Total cohort

(n = 60)
Progressors

(n = 30)
Non-progressors

(n = 30) p-value
Whole-volume ADC, 10−6 mm2/s

Baseline MRI 882.9
(811.7–1002.0)

863.8
(812.2–957.4)

893.1
(800.8–1041.0)

0.43

Follow-up MRI 811.3
(738.5–892.4)

786.6
(732.1–841.4)

833.9
(775.6–940.6)

0.05

p-value
(baseline vs follow-up)

- 0.0009 0.08 -

Relative change, % (baseline vs follow-up) −8.8
(-15.9–−1.6)

−11.7
(-18.8–−6.2)

−6.1
(-12.54–1.9)

0.02

Mid-slice ADC, 10−6 mm2/s

Baseline MRI 842.7
(771.4–935.4)

817.1
(729.3–888.7)

865.5
(799.4–1010.0)

0.07

Follow-up MRI 802.4
(736.0–888.0)

739.8
(678.4–819.0)

795.0
(742.1–918.3)

0.02

p-value
(baseline vs follow-up)

- 0.03 0.12 -

Relative change, % (baseline vs follow-up) −3.3
(-15.0–6.0)

−9.5
(-13.6–−2.6)

−5.6
(-16.2–5.6)

0.79

Small-volume ADC, 10−6 mm2/s

Baseline MRI 642.3
(588.8–723.6)

630.6
(580.4–694.2)

658.1
(599.6–757.3)

0.22

Follow-up MRI 596.3
(540.4–682.3)

580.3
(507.2–626.4)

640.6
(567.2–753.9)

0.004

p-value
(baseline vs follow-up)

- 0.01 0.71 -

Relative change, % (baseline vs follow-up) −7.4
(-15.0–0.5)

−9.5
(-15.5–−5.1)

−1.6
(-14.5–8.1)

0.008

ADC, apparent diffusion coefficient; T2WI, T2 weighted imaging.
The data are presented as median (interquartile range). The p-values were derived using the Mann–Whitney U test and are presented for intergroup 
comparisons between the absolute T2WI-derived measurements obtained from progressors and non-progressors, as well as between relative 
changes in the measurements derived from baseline and follow-up MRI scans

Table 4. AUC for detecting histopathological progression in patients on active surveillance for T2WI-derived tumour measure-
ments and ADC values

Parameter AUC Standard error 95% confidence interval
T2WI-derived tumour volume 0.794 0.057 0.670 to 0.888

T2WI-derived 2D tumour surface area 0.828 0.052 0.708 to 0.913

T2WI-derived maximum tumour diameter 0.721 0.066 0.590 to 0.829

Whole-volume ADC 0.669 0.073 0.535 to 0.785

Mid-slice ADC 0.521 0.080 0.388 to 0.652

Small-volume ADC 0.698 0.072 0.566 to 0.810

ADC, apparent diffusion coefficient; AUC, areas under the ROC curves; 2D, two-dimensional; T2WI, T2 weighted imaging.
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ADC (0.52) was significantly lower compared to those of whole-
volume ADC (AUC = 0.67, p = 0.04) and small-volume ADC 
(AUC = 0.70, p = 0.003), with no difference observed between 
the AUCs of the latter two parameters (p = 0.72). Based on these 
results, and mirroring clinical practice, we chose T2WI-derived 
maximum tumour diameter and small-volume ADC as param-
eters to identify individual cut-offs that could be applied clin-
ically. The selection of individual cut-offs (full list provided in 
Supplementary Material 1) for the final predictive modelling was 
based on prioritising specificity over sensitivity, considered more 
clinically relevant in order to reduce the need for repeat biopsies. 
Optimum results were achieved for a T2WI-derived maximum 
tumour diameter cut-off of 19.5% increase (specificity 73.4, 
sensitivity 56.7, AUC = 0.63) and a small-volume ROI-derived 
ADC reduction of −8.4% (specificity 70.0, sensitivity 63.3, AUC = 
0.67). The combined model including both these values resulted 
in an AUC of 0.71 (Figure 3), which did not provide a significant 
improvement when compared to either individual parameter (p 

= 0.20 and p = 0.21). A separate model was also built for more 
clinically applicable cut-offs of 20% increase in T2WI-derived 
maximum tumour diameter and −10% reduction in small-
volume ADC, with the resulting AUC being 0.67, which was 
similar to the aforementioned model (p = 0.29). Clinical exam-
ples using the proposed cut-offs are illustrated in Figures 4–5. As 
shown in Supplementary Material 1, the proposed cut-off of 20% 
increase in T2WI-derived maximum tumour diameter can also 
be supplemented by a minimum absolute increase in diameter 
to improve specificity, with a minimum size threshold of 3 mm 
likely to be optimal in this regard.

DISCUSSION
In this study, we demonstrate that follow-up changes in T2WI-
derived tumour volume, 2D tumour surface area, and maximum 
tumour diameter, alongside whole-volume and small-volume 
ADC values were significantly different in AS patients with PCa 
histopathological progression compared to patients with stable 

Figure 3. ROC curves for specific cut-offs of relative changes in T2WI-derived maximum tumour diameter and small-volume ADC 
values, as well as their combined model, used to detect histopathological prostate cancer progression in patients on active sur-
veillance. ADC, apparent diffusion coefficient; ROC, receiver operating characteristic; T2WI, T2 weighted imaging.

http://birpublications.org/bjr
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disease. Specific cut-offs for T2WI-derived maximum tumour 
diameter (+20%) and small-volume ADC (−10%) values were 
proposed, which could be used in routine clinical practice to 
supplement subjective serial MRI assessment using PRECISE 
recommendations. These results pave the way for future prospec-
tive multicentre studies investigating the added value of the 
proposed cut-offs for improving the quality of AS programmes.

Here, we show that all three T2WI-derived tumour measure-
ments demonstrated comparable diagnostic performance for 
predicting histopathological progression on AS, consistent 
with a previous study by Giganti et al.20 Clinically, evaluating 
serial changes in maximum tumour diameter closely mirrors 
the RECIST 1.1 criteria30 used in oncology to assess treatment 

outcomes. In our study, the median relative change in T2WI-
derived maximum tumour diameter in progressors was 21.7%, 
which corresponded to the doubling of the median tumour 
volume in this group. These findings align with the RECIST 
1.1 criteria for progressive disease, defined as a 20% increase in 
the sum of diameters of target lesions alongside a minimum of 
5 mm absolute increase.30 20% increase in T2WI diameter can 
be supplemented by a minimum of 3 mm absolute increase in 
tumour diameter, which corresponds to the 3 mm MRI slice 
thickness used in this study and may help mitigate the effect of 
interscan variability highlighted in previous studies.31 More-
over, this may help avoid errors in measurements due to partial 
volume or reproducibility at smaller lesion sizes, mirroring the 
incorporation of a minimum size increase of 5 mm in RECIST 

Figure 4. Axial T2WI (A, B) and ADC maps (C, D) obtained from a 60-year-old patient enrolled on active surveillance of an ISUP 
Grade 1 left posterior peripheral zone lesion. Baseline MRI (A, C) demonstrated the presence of a Likert 4 lesion measuring 9.4 mm 
in its maximum diameter (A, white double arrow) and having a small-volume ADC of 636 × 10−6 mm2/s (C, white circle). On a fol-
low-up MRI scan performed at 24 months, the lesion was assigned a PRECISE 4 category and had a maximum diameter of 12.8 mm 
(+26.5%) (B, white double arrow) and a small-volume ADC of 566 × 10−6 mm2/s (−12.3%) (D, white circle). A subsequent biopsy 
confirmed histopathological progression of the outlined lesion to ISUP Grade 2, which prompted a switch to radical prostatec-
tomy. ADC, apparent diffusion coefficient; T2WI, T2 weighted imaging.

http://birpublications.org/bjr
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criteria. Using these cut-offs to supplement subjective serial MRI 
assessment could help improve the quality of MRI-guided AS 
programmes and further reduce the need for unnecessary biop-
sies while increasing the positive predictive value for histopatho-
logical disease progression. A previous study has shown similar 
relative increase in T2WI-derived maximum tumour diameter 
in AS patients with radiological disease progression,20 which 
is expected since the increase in size is an integral feature of 
PRECISE categories 4–5.24 In addition, our findings are consis-
tent with the annual increases in tumour volumes (up to 23%) 
and diameters (up to 7%) reported by Giganti et al31 on different 
magnets using different scanning protocols, which supports the 
potential clinical applicability and reproducibility of our results. 
Interestingly, in our study, tumours in patients without histo-
pathological and radiological disease progression also showed 
an increase in size over the median 4-year follow-up, which is 
expected given the natural tendency of tumours to grow. This 
further demonstrates the need of identifying specific cut-offs to 
differentiate “clinically significant” increases in tumour size. In 
line with our findings, Shoji et al32 showed that a 25% increase in 
TRUS-based maximum tumour diameter significantly increases 
the risk of PCa histopathological progression on AS. In addi-
tion, maximum tumour diameter has been proposed as a risk-
stratification tool for patients eligible for AS,33 which supports 
the prospective use of this metric in the AS setting and lays the 
foundation for further multicentre investigations.

ADC values derived using three different approaches showed 
poorer diagnostic performance compared to T2WI-derived 
tumour measurements. This may reflect the known issues with 
repeatability and reproducibility of ADC in the prostate.34–36 In 
our study, all MRI examinations were performed on the same 
magnet with identical DWI acquisition parameters and selec-
tion of b-values for ADC map calculation in order to minimise 
variability, and performance of ADC is likely to reduce further if 
data from multiple MR systems with varying protocols are used. 
The observed decrease in tumour ADC values in progressors is 
in line with a previous report19 where radiological progression 
was the primary clinical outcome. However, it should be noted 
that non-progressors also demonstrated an overall reduction in 
tumour-derived ADC values, similar to the whole-gland ADC 
measurements reported previously by Morgan et al.21 The small-
volume ROI technique used in this study is of relevance as this 
directly mirrors clinical practice, and has been used extensively 
in other studies measuring prostate tumour-derived ADC.37–39 
The promise shown by ADC for differentiating indolent vs 
clinically significant PCa warrants further work addressing the 
intrinsic limitations of ADC to maximise its clinical reliability, 
possibly with the incorporation of ADC ratios.20,40 However, the 
calculation of the latter in routine clinical practice has to be justi-
fied given the increasing pressure on imaging services and the 
need to reduce the reporting time.25

Figure 5. Axial T2WI (A–D) and ADC maps (E–H) obtained from a 69-year-old patient enrolled on active surveillance of an ISUP 
Grade 1 left posterior peripheral zone lesion. Baseline MRI (A, E) demonstrated a Likert 4 lesion with a maximum diameter of 
5.5 mm (A, double arrow) and a small-volume ADC of 799 × 10−6 mm2/s (E, white circle). Follow-up scans were performed at 8 (B, 
F), 21 (C, G), 28 (not shown), and 40 (D, H) months. At 40 months (D, H), the lesion had a maximum diameter of 8.3 mm (+51% 
compared to baseline) (D, white double arrow) and a small-volume ADC of 589 × 10−6 mm2/s (−35.8% compared to baseline) (I, 
white circle). A repeat biopsy performed at 42 months post baseline MRI showed histopathological progression of the target 
lesion to ISUP Grade 5, which triggered a switch to androgen deprivation therapy followed by an external beam radiation ther-
apy. Notably, the T2WI-derived maximum tumour diameter and small-volume ADC cut-offs proposed in the main text were first 
reached at 21 months post baseline MRI (C, G), being 6.6 mm (+20%) and 685.1 × 10−6 mm2/s (−17%), respectively, which could have 
been used to trigger repeat biopsy earlier. ADC, apparent diffusion coefficient; T2WI, T2 weighted imaging
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This hypothesis-generating study has some limitations. The 
sample size is relatively small, which was dictated by stringent 
inclusion criteria aimed at reducing confounding factors that 
may compromise robust comparisons and ensuring histopatho-
logically confirmed disease progression as a gold standard. 
While we also showed similar in results in tumour diameters 
and ADC values when comparing radiological progressors and 
non-progressors, histopathology offers a more reliable refer-
ence standard compared to MRI alone. Importantly, this study 
excluded patients with MR-invisible lesions, who comprise 
nearly half of the AS population23,41 and to whom the proposed 
cut-offs are not applicable by definition. However, as evidenced 
by previous studies,23,42 the presence of MR-visible lesions 
presents a significant risk factor for PCa progression, which 
warrants closer surveillance of this patient subgroup. As high-
lighted, all scans analysed as part of this study were performed 
on the same clinical MRI system with an identical acquisition 
protocol, which may limit the generalisability of our ADC 
findings given the known low intra- and inter  system repro-
ducibility and repeatability of ADC measurements. Future 
work should be aimed at validating these results in multicentre 
studies using data obtained from different scanners and with 
different protocols. Moreover, gaining access to larger cohorts 
will help evaluate the utility of the proposed cut-offs to predict 
histopathological progression between risk groups rather than 
individual grade groups, which may improve patient survival.43 
Finally, combining the proposed cut-offs with other quantita-
tive MRI features such as those derived from radiomics,44,45 
alongside standard clinical biomarkers of disease progression, 
e.g. PSA and PSA density, may further improve their diagnostic 
performance and help objectivise serial MRI assessment in AS. 

The introduction of more complex predictive models may also 
help increase the applicability of the proposed cut-offs to indi-
vidual cases, which in the present form may be limited given 
considerable interquartile and total range overlaps between 
progressors and non-progressors reported in this study. The 
reported overlaps may, however, provide a quantitative explana-
tion for the overall low reliability of using serial MRI assessment 
alone for excluding PCa progression on AS.9,10

In conclusion, we show that patients with histopathological 
PCa progression on AS demonstrate a significant increase in 
T2WI-derived tumour measurements and ADC values. Relative 
changes in T2WI-derived tumour diameter and small-volume 
ADC values can be objectively evaluated in routine clinical prac-
tice, and their cut-off values of +20% and −10%, respectively, can 
be validated as part of multicentre studies and used to supple-
ment the subjective PRECISE image assessment criteria.
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