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Objective: To establish whether T2 relaxation
and apparent diffusion coefficient (ADC) in
normal prostate and tumour are related and
to investigate the effects of glandular com-
pression from an enlarged transition zone
(TZ) on peripheral zone (PZ) T2 and ADC by
correlating them with the peripheral zone
fractional volume (PZFV).

Methods: 48 consecutive patients prospec-
tively underwent multiecho T2 weighted (T2W)
(echo times 20, 40, 60, 80, 100ms) and
diffusion-weighted (b50, 100, 300, 500,
800smm22) endorectal MRI. In 43 evaluable
patients, single slice whole PZ, TZ and tumour

(focal hypointense signal on T2W images in
a biopsy-positive octant) regions of interest
were transferred to T2 and ADC maps by slice
matching. T2 and ADC values were correlated,
and PZ values were correlated with PZFV.

Results: T2 and ADC values were significantly
different among groups [T2 mean6standard
deviation (SD) PZ, 149649ms; TZ, 125626ms;
tumour, 97623ms; PZ vs TZ, p50.002; PZ vs
tumour, p,0.0001; TZ vs tumour, p,0.0001;
ADC31026mm2s21 mean6SD PZ, 16806215; TZ,
14786139; tumour, 10306205; p,0.0001]. Sig-
nificant positive correlations existed between T2
and ADC for PZ, TZ, PZ and TZ together, but not
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for tumour (r50.515, p,0.0001; r50.300, p5
0.03; r50.526, p,0.0001; and r50.239, p5
0.32, respectively). No significant correlation
existed between PZFV and PZ T2 (r50.10,
p50.5) or ADC (r50.03, p50.8).

Conclusion: The correlation between T2 and
ADC that exists in normal prostate is absent in

tumour. PZ compression by an enlarged TZ
does not alter PZ T2 or ADC to affect tumour–
PZ contrast.

Advances in Knowledge: Microstructural fea-
tures of tumours alter diffusivity indepen-
dently of their effects on T2 relaxation.

T2 weighted (T2W) MRI is routinely used for diagnosis
and staging of prostate cancer, because the soft-tissue
contrast is able to identify hypointense tumours within
the high signal intensity of the normal glandular periph-
eral zone [PZ [1,2]; where the majority (;70%) of
prostate cancers occur [3]]. It is less useful at distin-
guishing hypointense tumours in the transition zone (TZ)
because of the low signal intensity of stromal and glan-
dular hyperplasia on T2W images. Even in the best hands,
therefore, sensitivity and specificity of T2W imaging alone
varies from 50% and 80%, respectively [4], to 54% and
91%, respectively [5], so that other contrast mechanisms,
such as diffusion-weighted (DW) MRI (where contrast
generated relies on water movement within tissues of
the order of 20–30mm), are increasingly employed to
improve the accuracy of prostate cancer detection
[5–9]. A combination of T2W and DW MRI has been
shown to improve the sensitivity and specificity of small
(4mm) tumours to 81% and 84%, respectively [5].

Tissues that show restricted diffusion (fibrous tissue,
muscle) are often relatively hypointense on T2W images.
The association between T2 relaxation and diffusivity
has mainly been studied in the normal brain [10,11],
in experimental rat brain tumour [12] and in skeletal
muscle, following exercise, where increases in T2 were
mirrored by increases in the apparent diffusion coef-
ficient (ADC) derived from DW MRI [13]. However, if
DW MRI contrast merely reflected T2W contrast, the
improvement in detecting tumours by the addition of
DWMRI data to T2Wdata, particularly in the TZ of the
prostate, would be marginal. There are no in vivo data
sets comparing the association between T2 relaxation
and diffusivity in normal vs tumour tissue. In addition,
there may be confounding effects on both T2 and dif-
fusivity, for example, when the normal acinar and ductal
structure of the PZ is compressed by enlargement of
the TZ, with age potentially reducing the fluid content
within the ductal microstructure. The purpose of this
study, therefore, was to establish whether T2 relaxation

and ADC in normal prostate and tumour are related and
to investigate the effects of glandular compression owing
to an enlarged TZ on PZ T2 and ADC by correlating
them with the fractional volume of the PZ (PZFV).

METHODS AND MATERIALS
Patient population
48 consecutive patients aged 48–83 years (mean age 6768
years) with untreated biopsy-confirmed prostate cancer,
either on active surveillance or on watchful waiting, were
studied prospectively over a 7-month period. All biopsies
were obtained before MRI. The median time interval
between biopsy and MRI was 14 weeks, with an inter-
quartile range of 8.9–25.5 weeks. The study was approved
by the institutional ethics committee, and patients un-
derwent MRI with their written informed consent.
Patients with previous radiation therapy to the pelvis,
those who had previous treatment for prostate cancer or
those with ferromagnetic implants or claustrophobia were
excluded. Tumour was confirmed in 47 cases by octant
biopsy and in 1 case by prostatectomy; histology was
obtained between 1 month and 26 months of MRI (mean
4.3 months, median 3.0 months). The number of positive
cores ranged from 0 to 8, and the Gleason grade was 313
(n541), 314 (n53), 413 (n53) and 414 (n51);
prostate-specific antigen range was 3.6–88ngml21 (me-
dian 8.0, lower quartile 5.9, upper quartile 13.1 ngml21).

MRI technique
Patients were scanned on a 3.0-T Achieva (Philips Med-
ical Systems, Best, Netherlands). In all cases, an endor-
ectal receiver coil (MedRad, Warrendale, PA), inflated
with 60ml of air in combination with an external six-
channel phased array coil was used. An antispasmodic
agent, 1ml hyoscine butylbromide (20mgml21), was
administered intramuscularly to all patients prior to
scanning. T2W fast spin echo images were acquired in
three orthogonal planes to the prostate: sagittal, axial and
coronal. Following this, a multiecho sequence with five echo
times (TEs; 20, 40, 60, 80, 100ms) and a DW sequence
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with five b values (0, 100, 300, 500, 800 smm22) were
acquired in the axial plane. Image parameters are given in
Table 1. Slice thickness was 2.2mm for all axial images, so
that slice matching could be undertaken. No contrast
studies were performed. On completion of the endorectal
imaging, axial T1 weighted (T1W) and T2W images of the
whole pelvis were acquired to determine the nodal status.
The T1W images were examined to assess the existence of
any haemorrhage. Overall scan time was 30–40min.

Data analysis
T2 maps and ADC maps were generated from the multi-
echo sequence and DW sequence, respectively, using the
scanner software. Both techniques applied a mono-
exponential fit of the data on a pixel-by-pixel basis. In
both cases, fitting was optimised by a least squares ap-
proach. A radiologist with 15 years of experience in
endorectal prostate MRI drew free-hand regions of
interest (ROIs) around the PZ and TZ on a single
slice of the axial T2W images at the level of the ver-
umontanum (Figure 1). Previous data have shown
that ADCs measured in normal prostate regions from
parameter maps generated in this way show minimal
variation with time [14]. In addition, a free-hand
ROI was placed on a single slice around a dominant
tumour nodule (identified as an area of hypointense
signal on the T2W images in a biopsy-positive octant
on the slice where it appeared the largest) with si-
multaneous visual reference to the ADC maps.

The ROIs of PZ, TZ and tumour subregions were
copied onto registered T2 and ADC maps by matching
the slice position. T2 and ADC values were obtained
for PZ, TZ and tumour. In addition, the PZ fractional
volume, which reflected the compression of the PZ by
the TZ, on the single measured slice was calculated as
the area of the PZ ROI divided by the total prostate area
(the sum of PZ and TZ ROIs). In cases where the tu-
mour ROI was on the same slice as the PZ/TZ ROIs (two
in the PZ and two in the TZ), it was excluded from the
number of pixels in the PZ but included in the number
of total slice pixels, as it would contribute to the com-
pressive effect on the PZ. Single slice volumes for the PZ
and TZ were derived from area3slice thickness.

Statistical analysis
Data were analysed using SPSS® v. 19 for Windows
(IBM Corporation, Portsmouth, UK). A Kolmogorov–-
Smirnov test for normality indicated that data were
normally distributed. T2 and ADC values from prostate
regions (PZ, TZ and tumour) were compared using an
independent samples t-test. T2 values from the PZ, TZ,
PZ1TZ and tumour were correlated with ADC values
using a Pearson’s correlation coefficient. In addition, T2
and ADC values from the PZ were correlated with the
PZFV using a Pearson’s correlation coefficient. The dif-
ferences between the PZ and tumour T2 values and the
PZ and tumour ADCs were compared with those with
a high and low PZFV (defined as the 25th centile of the

Table 1. Parameters for T2 weighted (T2W), multiecho T2 and diffusion-weighted sequences

Parameter T2W TSE GraSE multiecho EP DWI

TR (ms) 3643 3000 5129

TE (ms) 110 20, 40, 60, 80, 100 65

Number of slices 20–24 20–24 20–24

FA (°) 90 90 90

Slice thickness (mm) 2.2 2.2 2.2

Field of view (mm) 120 120 180

Matrix Acquired 2203184, recon 256 Acquired 1323105, recon 192 Acquired 80370, recon 128

NSA 4 2 2

Voxel size (mm/mm/mm)
0.55/0.76/2.2 (acquired),
0.55/0.55/2.2 (recon)

0.91/1.14/2.2 (acquired),
0.63/0.63/2.2 (recon)

2.25/2.54/2.2 (acquired),
1.14/1.41/2.2 (recon)

SENSE factor 1.5 2 2

Scan time (min:s) 4:4833 2:24 3:20

Other TSE factor 13 TSE factor 5 b50, 100, 300, 500, 800 smm22

EP DWI, echo planar diffusion tensor imaging; FA, flip angle; GraSE, gradient spin echo; NSA, number of signal averages; recon,
reconstructed; SENSE, sensitivity encoding; TE, echo time; TR, repetition time; TSE, turbo spin echo.
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PZFV) using an independent samples t-test. The PZFV
was also compared in those with and without identifiable
tumour on MRI using an independent samples t-test.
Significance was determined at the 5% level after cor-
rection for multiple comparisons.

RESULTS
Of 48 patients, T1 shortening on the T1W scans indi-
cated haemorrhage in 4 patients. In one patient, a large
transurethral resection of the prostate had removed
virtually all of the TZ. These five patients were therefore
excluded from the analysis. Of the 43 patients analysed,
tumour was identified in a biopsy-positive octant in 36
cases and on prostatectomy in 1 case (36 PZ tumours,

5 TZ tumours, 2 both PZ and TZ); 6 patients had no
identified tumour on MRI, although biopsies were pos-
itive in all cases.

The volume of the PZ on the single measured slice ranged
from 0.3 cm3 to 1.6 cm3 [mean 6 standard deviation (SD)
1.160.3 cm3], single slice TZ volume ranged from 0.7 cm3

to 4.8 cm3 (mean6SD 2.361.9 cm3) and single slice

Figure 1. Transverse T2 weighted slices through the
prostate in two separate patients with enlarged transi-
tion zone (TZ) but without (a) and with (b) tumour
present. The region of interest delineation around the
TZ (1) and peripheral zone (2), as well as around tumour
(3) in (b), is illustrated.

Figure 2. Boxplot showing T2 values (a) and apparent
diffusion coefficient (ADC) values (b) in the peripheral
zone (PZ), transition zone and tumour. Central line of
the box indicates median values, and the upper and
lower lines, the upper and lower quartiles, respectively.
Whiskers indicate maximum and minimum values. Both
T2 and ADC are significantly different between groups
with values highest in the PZ and lowest in tumour.
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tumour volume ranged from 0.04 to 1.8 cm3 (mean 6 SD
0.260.3 cm3). The PZFV from a single slice ranged from
7.4% to 66.2% (mean6SD 34.4612.9%). The 25th centile
value of the PZFV was 25% and was used to distinguish
high and low PZFV.

The T2 of the PZ ranged from 82 to 290ms (mean6 SD
149649ms), that of the TZ ranged from 84 to 186ms
(mean 6 SD 125626ms) and that of tumour ranged
from 62 to 177ms (mean 6 SD 97623ms). Differences
among groups were significant (PZ vs TZ, p50.002;
PZ vs tumour, p,0.0001; and TZ vs tumour,
p,0.0001; Figure 2a). The ADC of the PZ ranged from
125431026mm2 s–1 to 213031026mm2 s–1 (mean6SD

1680621531026mm2 s–1), that of the TZ ranged from
121931026 mm2 s–1 to 191231026mm2 s–1 (mean6SD
1478113931026mm2 s–1) and that of tumour ranged
from 62731026 mm2 s–1 to 155331026 mm2 s–1

(mean6SD 1030620531026 mm2 s–1). Differences
among groups were significant (p,0.0001 for all
comparisons; Figure 2b).

Correlation of T2 value with the apparent
diffusion coefficient
There was a significant positive correlation between
T2 and the ADC for PZ, TZ, PZ and TZ together but
not for tumour (Pearson’s correlation coefficient r50.515,
p,0.0001, r50.3, p50.03; r50.526, p,0.0001 and

Figure 3. Scatter plots with line of best fit between T2 and apparent diffusion coefficient (ADC) for (a) peripheral
zone (PZ), (b) transition zone (TZ), (c) PZ and TZ together and (d) tumour. Correlations in (a), (b) and (c) are
significant, but the correlation in (d) is not.
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r50.239, p5 0.32, respectively; Figure 3a–d). In order
to reduce the partial volume effects from small tumours
affecting this correlation for tumour ROIs, the rela-
tionship between T2 relaxation and diffusivity was re-
peated in tumour ROIs of.20 pixels on the ADC maps
(n518), as spatial resolution was lower on ADC than
on T2 maps. In these 18 tumours of volume 0.1–1.8 cm3

(mean6SD 0.360.4 cm3), the relationship between
T2 and ADC was also non-significant (r50.05, p50.85;
Figures 4 and 5).

Correlation of T2 value and apparent diffusion
coefficient with peripheral zone
fractional volume
There was no significant correlation between PZ T2
relaxation and PZFV (r50.1, p50.5) or between PZ
ADC and PZFV (r50.03, p50.8). For the 37 cases with
identifiable tumour, differences between PZ and tu-
mour T2 were 0.6–190ms (mean6SD 506 37ms).
These differences were not significant between those
with a PZFV of .25% (n530, mean6SD 55637ms)

and those with a PZFVof ,25% (n57, mean6SD 306
28ms; p50.1; Figure 6a). In these patients, differences
between PZ and tumour ADCs were 22531026mm2 s21

to 148931026mm2 s–1 (mean6SD 650626131026

mm2 s–1). These differences were not significant between
those with a PZFV of .25% (n530, mean6SD 6896
26731026mm2 s–1) and those with a PZFV of ,25%
(n57, mean6SD 483615331026mm2 s–1, p50.06;
Figure 6b). There was no difference in PZFV between
those with (n536) and those without (n56) visible tu-
mour on MRI (35.7612.1% vs 26.3616.0%, p50.1).

DISCUSSION
This study demonstrates a significant association be-
tween T2 relaxation and ADC for non-tumour prostate
regions (including the benign prostatic hyperplasia in
the TZ), but not for tumour, and indicates that bio-
logical and microstructural features exist in tumours
that reduce diffusivity, independent of their effects on
T2. The lower ADC in tumours therefore potentially offers
discrimination between malignant and non-malignant

Figure 4. Transverse slices through the prostate at the level of the verumontanum (open arrow, a) and through the
tumour (d–f) in a patient with a peripheral zone fractional volume of 32%. T2 Weighted images (a, d), T2 maps (b, e)
and apparent diffusion coefficient (ADC) maps (c, f) show that the peripheral zone has a relatively long T2 (148 ms)
and a relatively high ADC (170731026 mm2 s21). The tumour (arrows, d–f) has a short T2 (88 ms) and shows restricted
diffusion (ADC5100831026 mm2 s21).
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short T2 lesions. T2W imaging is extensively used in
disease detection and staging of prostate cancer where
tumour is recognised as a hypointense focal ab-
normality within the PZ [15], although staging accu-
racies with T2W imaging alone even with high-resolution
three-dimensional techniques remain low (sensitivity
67.4%, specificity 71.1%) [16]. The use of T2 mapping
techniques has provided quantification of tumour T2
values [17,18] and has the further advantage of re-
moving signal effects from the sensitivity profile of the
coil. Techniques incorporating T2 values into a com-
puter-aided diagnostic system in a small study of 29
patients with 39 malignant, 19 benign and 29 normal
regions achieved a diagnostic accuracy of 0.85 [19]. In
a clinical diagnostic setting, the use of DW MRI has
improved disease detection and staging in prostate can-
cer when used together with the anatomical definition of
T2W imaging [20]. Multiple studies have correlated ADC
with tumour cell density and, in prostate cancer, shown
an association with tumour Gleason grade [21]. The
uncoupling of the correlation between T2 and ADC in
tumours supports this finding of added value when DW

MRI is used together with T2W imaging for tumour
detection. Ultrastructural features of tumours that may
contribute to reduced diffusivity but not to T2 include
macromolecules such as proteoglycans [22] or glycos-
aminoglycans [23] in the extracellular matrix.

Reports describing the zonal anatomy of the prostate at
1.5 T [24] distinguished the PZ as a high signal intensity
region in the posterior and lateral aspects of the gland
surrounding a more heterogeneous short T2 TZ. T2 re-
laxation of the PZ region is determined by its inherent
tissue structure and immediate molecular environment.
As in tissues with high water content, such as in cystic or
necrotic areas, tissues rich in glands and ducts have
a prolonged transverse relaxation compared with cellular
areas. T2 values for normal PZ have previously been
established where quoted values of 149ms for normal
prostate tissues and 100ms for tumour at 3.0 T [18] have
been reported, which are in keeping with our data. T2
values within the prostate have been shown to correlate
with the percentage area of luminal space (which is likely
to be responsible for the high values in our cohort) and

Figure 5. Transverse slices through the prostate at the level of the verumontanum (open arrow, a) and through the
tumour (d–f) in a patient with a peripheral zone fractional volume of 32%. T2W images (a, d), T2 maps (b, e) and
apparent diffusion coefficient (ADC) maps (c, f) show that, as in Figure 4, the peripheral zone has a relatively long T2

(150 ms) and a relatively high ADC (166331026 mm2 s21). The tumour (arrows, d–f), although larger than in Figure 4,
has a slightly longer T2 (97 ms) but shows much more diffusion restriction (ADC579031026 mm2 s21).
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to correlate negatively with the percentage area of nuclei
and the percentage area of cytoplasm on histology [25].
The range of T2 values in the PZ was thus greater than in
the TZ. ADC values from non-tumour and tumour ROIs
in this study are in keeping with other published litera-
ture [9,16]. We included all b-values in our ADC

calculation, which will have included a perfusion com-
ponent. However, in the prostate, the perfusion effect is
small and exclusion of b50 smm22 reduces the ADC
values in tumour and non-tumour tissue equivalently
[26], so that it is unlikely to have affected the result.

The independence of the T2 relaxation from PZFV
emphasises the fact that a reduction in PZFV by an en-
larging TZ in benign prostatic hyperplasia does not affect T2
relaxation and should not compromise tumour to normal
PZ contrast. Although it might be expected that compres-
sion of the glandular structure of the normal PZ with its
acini and fluid-filled ducts by an enlarged TZ might reduce
the overall water content within acinar and ductal spaces
and thus the T2, this was not the case in our study. Also, as
the TZ enlarges and compresses the PZ, a significant re-
duction in diffusivity does not occur. The effect of the
endorectal coil on compression of the PZ glandular tissue
and hence on T2 has not formally been investigated, al-
though, given the data in this study, the use of an endorectal
coil is unlikely to cause significant reduction in PZ T2 and
compromise tumour to PZ contrast. In a study of 46
patients done with and without an endorectal coil at 3.0 T,
the diagnostic performance of T2W imaging was improved
in the former because of increased spatial resolution [27].

There are several limitations to this study. In transferring
ROIs from T2W images to ADC maps of echo-planar DW
sequences, which inevitably showed some geometric dis-
tortion, no formal distortion correction process was
implemented. Visual matching and manual shifting of
pasted ROIs was used to achieve the best possible ROI
placement. Secondly, we did not attempt to analyse data
from the whole gland but focused instead on a single slice
at the level of the verumontanum. This had the advantage
of reducing error by excluding anatomically heteroge-
neous areas at the base of the seminal vesicles and the
urethra at the gland apex. More sophisticated segmenta-
tion of PZ and TZ ROIs would be necessary to achieve
whole-gland quantification. Thirdly, we were unable to
include tumours iso- or hyperintense on T2W imaging in
our tumour ROIs, but these were a small number of
patients in our cohort (12.5% with positive biopsies and
no MR visible lesion on T2W images) and are unlikely to
have influenced our results. Furthermore, prostatitis,
which was identified on histology in 17 of 43 cases and can
produce ill-defined, diffuse T2 reduction, would only have
been included in a tumour ROI if tumour was also present
on histology; if anything, its presence in non-tumour

Figure 6. Boxplot comparing the difference between
peripheral zone (PZ) and tumour T2 values (a) and
apparent diffusion coefficient (ADC) values (b) in
patients with a PZ fractional volume (PZFV) of .25%
and ,25%. Central line of the box indicates median
values, and the upper and lower lines, the upper and
lower quartiles, respectively. Whiskers indicate max-
imum and minimum values. Although the trend is for
lower T2 and ADC values at lower PZFV, the differ-
ences are not significant.
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regions would have reduced tumour–PZ contrast and
reduced the significance of our findings. Although ex-
clusion of patients with histology of prostatitis from our
analysis may well have improved the significance of our
findings, it would not have addressed the issue of random
histological sampling, so this was not considered as an
exclusion criterion. Preliminary data suggest that techni-
ques such as diffusion tensor imaging can aid in dis-
tinguishing prostatitis from tumour [28], so inclusion of
ADC directionality in future studies could improve the
accuracy of tumour delineation. Finally, we did not con-
trol the timing of biopsy. In the presence of iron in
deoxyhaemoglobin, local magnetic field inhomogeneities
cause rapid decay of spins. In our patient population,
biopsies were done at least 4 weeks before to reduce this
effect. It is our policy to allow at least 4 weeks from any
previous prostate biopsy to MR scan to reduce the effects
of haemorrhage, which can significantly alter T2. The
median time to biopsy in our patient cohort (3 months)
exceeded this. However, because the effects of hae-
morrhage within the prostate sometimes persist for
several months [29], we first viewed the T1W scans and
excluded cases where haemorrhage was evident.

In summary, the correlation between T2 relaxation and
diffusivity that exists in non-tumour prostate regions is
absent in tumours supporting the use of DW contrast as
an independent contrast mechanism to T2W imaging in
prostate cancer detection in the clinic. This raises several
important biological questions on the microstructural
features of tumours that give rise to DW contrast. In the
prostate, where disease can be clinically indolent to ag-
gressive, understanding these microstructural features may
be key to developing predictive biomarkers of aggressive
disease that are derived from modelling of DW data. In
addition, as enlargement of the TZ does not reduce the T2
of the normal PZ, thus compromising contrast between
tumour and PZ, detection of tumour in the PZ should not
be affected in glands with an enlarged TZ.
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