
Whole-lesion diffusion metrics for assessment
of bladder cancer aggressiveness

Andrew B. Rosenkrantz,1 Chika Obele,1 Henry Rusinek,1 Arjun V. Balar,2

William C. Huang,3 Fang-Ming Deng,4 Justin M. Ream1

1Department of Radiology, NYU Langone Medical Center, 550 First Avenue, New York, NY 10016, USA
2Division of Hematology & Oncology, Department of Medicine, NYU Langone Medical Center, 550 First Avenue, New York,

NY 10016, USA
3Division of Urologic Oncology, Department of Urology, NYU Langone Medical Center, 550 First Avenue, New York, NY 10016,

USA
4Department of Pathology, NYU Langone Medical Center, 550 First Avenue, New York, NY 10016, USA

Abstract

Purpose: To explore associations of whole-lesion histo-
gram diffusion metrics with pathologic findings and
subsequent metastatic disease in bladder cancer patients
undergoing radical cystectomy.
Methods: Twenty-three bladder cancer patients (21M,
2F; mean 70 ± 11 years) underwent MRI before cystec-
tomy. A volume-of-interest was placed on all slices on
the ADC map encompassing each lesion. Whole-lesion
mean, kurtosis, and skewness of ADC were calculated
and compared with T stage and pelvic nodal status at
cystectomy and with subsequent metastasis in 20/25
patients with available follow-up.
Results: At cystectomy, 39 % (9/23) were stage T2, 61 %

(14/23) ‡T3, and 28 % (5/23) exhibited positive nodes;
35 % (7/20) developed later metastases. Mean ADC was
significantly lower in stage ‡T3 than in lower stage
tumors (1.20 ± 0.36 9 10-3 vs. 1.55 ± 0.36 9 10-

3 mm2/s; p = 0.044), but showed no association with
nodal or metastatic disease (p = 0.362–0.709). Kurtosis
was significantly lower in tumors with, compared to
without, nodal disease (-0.05 ± 0.29 vs. 0.91 ± 1.16;
p = 0.037), and showed a non-significant decrease in
tumors with, compared to without, later metastases
(0.23 ± 0.63 vs. 0.83 ± 0.89; p = 0.088). Kurtosis was
not associated with T stage (p = 0.811), and skew was
not associated with any outcome (p = 0.516–0.643).
Mean ADC achieved highest AUC for identification of
stage ‡T3 (AUC = 0.754 vs. 0.516–0.643 for other

metrics). Kurtosis achieved highest AUC for nodal
disease (AUC = 0.811 vs. 0.522–0.556 for other metrics)
and metastases (AUC = 0.736 vs. 0.516–0.626 for other
metrics). Only difference in AUC between skewness and
kurtosis for nodal disease was significant (p = 0.031).
Conclusion: While requiring larger studies, kurtosis has
potential to complement mean ADC in bladder cancer
prognosis using whole-lesion histogram analysis.
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Bladder cancer is common, with an estimated 72,570 new
cases and 15,210 deaths in the United States in 2013 [1].
However, bladder cancer is a heterogeneous disease, with
substantial variability in prognosis between cases. Criti-
cal determinants of outcome, and thus treatment selec-
tion, include disease stage and grade [2, 3]. While there is
an excellent 5-year survival of 96 % for non-muscle
invasive tumors [1], this rate drops to 70 % for muscle-
invasive tumors [1], 33 % for regionally advanced disease
[1], and 6 % for metastatic lesions [4]. While radical
cystectomy with pelvic lymphadenectomy is the standard
of care for muscle-invasive tumors, there is an approxi-
mately 50 % risk for the development of metastatic dis-
ease despite this invasive treatment [5]. Cisplatin-based
neo-adjuvant chemotherapy added to radical cystectomy
reduces the risk of metastatic recurrence and improves
survival, being supported by level I evidence [6, 7].
However, a significant proportion of patients are ineli-
gible due to advanced age or coexistent medial condi-
tions such as renal impairment. Furthermore, thereCorrespondence to: AndrewB.Rosenkrantz;email:Andrew.Rosenkrantz@

nyumc.org
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remains a lack of an effective means of predicting those
patients with muscle-invasive tumor that will progress to
metastatic disease and to thus tailor therapy accordingly
[6, 8].

The apparent diffusion coefficient (ADC) value of
bladder cancer, derived from diffusion-weighted imaging
(DWI) acquired during MRI, reflects random molecular
motion of water, which in turn is influenced by cellular
proliferation and other structural changes occurring in
tumors. ADC of bladder tumors exhibits statistically
significant inverse correlations with tumor stage and
grade [9]. In addition, ADC has been shown to be
associated with development of recurrent bladder tumors
following transurethral resection [10] as well as with
cancer-specific survival for upper tract lesions [11]. Thus,
ADC has strong potential to serve as a non-invasive
biomarker of bladder cancer aggressiveness, with a pos-
sible role in guiding prognostic assessment and treatment
selection.

One limitation of ADC evaluation is that this metric
is frequently measured by a single ROI placed in a non-
systematic within the tumor on a single slice, thus being
prone to sampling error and an incomplete evaluation of
the lesion [12]. Alternatively, whole-lesion ADC histo-
gram metrics entail placement of a 3-dimensional (3D)
volume-of-interest (VOI) encompassing the tumor on
multiple slices and can provide a more sophisticated and
comprehensive assessment including metrics reflecting
lesion texture [12]. This approach may further improve
the prognostic performance of ADC and enhance the
potential value of ADC metrics in clinical practice. For
instance, ADC histograms metrics have shown improved
performance compared with standard mean ADC alone
in predicting chemotherapy response of metastatic
ovarian and primary peritoneal cancer [13], aggressive
subtypes of cervical cancer [14], and high Gleason grade
of prostate cancer [15].

Given the value of whole-lesion ADC metrics in
characterizing other pelvic malignancies, we hypothesize
that this approach may also have value for characterizing
bladder cancer aggressiveness. Therefore, our purpose
was to explore associations between whole-lesion histo-
gram diffusion metrics with pathologic findings and
development of metastatic disease in bladder cancer pa-
tients undergoing radical cystectomy.

Methods

Patients

This retrospective study was HIPAA-compliant and ap-
proved by our institutional review board with a waiver of
written informed consent. We searched institutional
databases to identify 51 consecutive patients who
underwent radical cystectomy for bladder cancer be-
tween June 2006 and December 2013, as well as pre-
operative bladder MRI including DWI at our institution.

Cases were then excluded for the following reasons: non-
standard DWI parameters (n = 3); previous neo-adju-
vant chemotherapy (n = 14); only carcinoma in situ
identified in cystectomy specimen (n = 2). These exclu-
sions left a final cohort of 23 patients (21 men, 2 women;
mean age 70 ± 11, range 49–88 years). None of the in-
cluded patients underwent treatment between MRI and
surgery. All tumors were high-grade based on the 2004
WHO criteria for bladder cancer grading.

MRI

Patients underwent MRI of the bladder using a 1.5T
(n = 22; MAGNETOM Avanto, Sonata, or Symphony;
Siemens Healthcare) or 3T (n = 1; MAGNETOM Trio,
Siemens Healthcare) system and anterior and posterior coil
arrays. In addition to standard T1- and T2-weighted
imaging, axial DWI of the bladder was performed using a
single-shot fat-suppressed echo-planar imaging (EPI)
technique that employed tridirectional motion-probing
gradients and the following pulse parameters: TR/TE
2000–2800/76–83 ms; field-of-view (FOV) 350–400 mm
with 70–80 % rectangular FOV; matrix 264 - 384 9 384;
slice thickness 6–8 mm; parallel imaging factor of 2; b-
values 0, 400, and 800 s/mm2). From these images, the
ADCmap was computed on a voxel-by-voxel basis using a
standard mono-exponential approach based on the equa-
tion S = S0 Æ exp(-b Æ ADC), in which S refers to signal
intensity and b to b-value. Pulse parameters varied slightly
between patients given differences in bodyhabitus aswell as
the use of different scanners for the study.

Image assessment

A radiologist with 1 year of experience in abdominopelvic
MRI assessed cases blinded to clinical and pathologic de-
tails, aside from knowledge that patients had undergone
cystectomy. This radiologist reviewed the ADCmaps using
in-house developed software (Firevoxel, https://files.nyu.
edu/hr18/public/projects.html) andplaced a 3DVOIon the
tumor (Fig. 1).TheVOIwas traced just inside theouter edge
of the lesion on all slices on the ADC map on which the
tumor was visible; VOI editing was performed using an
interactive, mouse-driven paintbrush/eraser tool. All ADC
values within the VOI were used to compute the average
ADC within the lesion. The ADC values were then binned
to construct the histogram. Using the histogram, kurtosis
and skewness of ADC of the entire lesion were computed
[16].

Reference standard

Three endpoints were recorded for each patient. First,
the tumor stage, based on histopathologic assessment of
the cystectomy specimen, was recorded in a binary
fashion as £T2 or ‡T3. In addition, the presence or

328 A. B. Rosenkrantz et al.: Whole-lesion diffusion metrics for assessment of bladder cancer

https://files.nyu.edu/hr18/public/projects.html
https://files.nyu.edu/hr18/public/projects.html


absence of nodal metastatic disease was recorded; this
was achievable given the performance of pelvic lym-
phadenectomy in all patients. Finally, the presence or
absence of subsequent development of metastatic disease

was recorded. This determination was made on the basis
of follow-up CT and MRI examinations of the abdomen
and pelvis, in combination with the results of any per-
formed chest CT, nuclear medicine bone scan, and

Fig. 1. 52-year-old male with bladder cancer. A Axial turbo
spin-echo T2-weighted image shows tumor along anterior and
lateral aspects of urinary bladder (arrow). B Axial apparent
diffusion coefficient (ADC) map shows decreased ADC in
tumor (arrow). C Sample of several slices of ADC map form
whole-lesion volume-of-interest assessment show placement
of VOI encompassing voxels on multiple slices across area of

tumor. D Corresponding ADC histogram from VOI placement.
Whole-lesion mean ADC was 1.70 9 10-3 mm2/s; whole-
lesion kurtosis was 2.63; whole-lesion skewness was 0.84.
Cystectomy demonstrated tumor to be stage T2 and all
sampled pelvic lymph nodes negative; patient did not develop
metastatic disease at approximately a one-year follow-up
interval.
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biopsy. Four patients with no follow-up imaging fol-
lowing cystectomy were excluded from the evaluation of
metastatic disease.

Statistical assessment

The whole-lesion ADC metrics were compared between
lesion groups (stage £T2 vs. ‡T3; presence vs. absence of
nodal disease; presence vs. absence of metastasis on fol-
low-up evaluation) using exact Mann–Whitney tests. The
area-under-the-curve (AUC) from receiver-operating
characteristic (ROC) curve analysis was computed and
compared between the metrics in these determinations.
Analyses were two-sided and considered significant at
p < 0.05. Statistical assessment was performed using
software (SAS, version 9.0, SAS Institute, Cary, North
Carolina; and MedCalc for Windows, version 12.7,
MedCalc Software, Ostend, Belgium).

Results

Patients

At radical cystectomy, 39 % (9/23) of lesions were stage
T2 and 61 % (14/23) were stage ‡T3. 28 % (5/23)
exhibited nodal metastatic disease at cystectomy. Among
20 patients with available post-operative imaging, 35 %

(7/20) developed metastatic disease. The distribution of
location of metastatic disease at the time of recurrence
was as follows (values total greater than 10 given pre-
sentation with metastatic disease in multiple sites in some
patients): bone (n = 3); lung (n = 2); node (n = 3); li-
ver (n = 1); pelvic implant (n = 5). Mean time to
recurrence was 8.0 ± 6.0 months (median 5.6 months).
The remaining 65 % (13/20) of these patients did not
exhibit metastatic disease (average follow-up
32.0 ± 25.8 months; median 30.9 month).

ADC histogram metrics

Tables 1, 2, and 3 show the results of the whole-lesion
ADC metrics in the cohort subsets. Mean ADC was
significantly lower in stage ‡T3 tumors than in lower
stage tumors (1.20 ± 0.36 9 10-3 vs. 1.55 ± 0.36 9

10-3mm2/s; p = 0.044), but did not show any associa-
tion with nodal disease or later development of metas-
tasis (p = 0.362–0.709). On the other hand, kurtosis was
significantly lower in tumors with nodal disease com-
pared to those without nodal disease (-0.05 ± 0.29 vs.
0.92 ± 1.16; p = 0.037), and showed a non-significant
decrease in those with later development of metastases in
comparison with those without later metastases
(0.23 ± 0.63 vs. 0.83 ± 0.89; p = 0.088). Kurtosis did
not show any association with T stage (p = 0.811), and
skew did not show any association with any of the out-
come measures (p = 0.516-0.643).

At ROC analysis, mean ADC achieved the highest
area-under-the-curve (AUC) for identification of stage
‡T3 (AUC = 0.754 vs. 0.516–0.643 for other metrics).
However, kurtosis achieved the highest AUC both for
nodal disease (AUC = 0.811 vs. 0.522–0.556 for the
other metrics) and for later metastases (AUC = 0.736
vs. 0.516–0.626 for other metrics). Aside for a signifi-
cantly higher AUC in prediction of nodal disease for
kurtosis in comparison with skewness (p = 0.031), these
differences in AUC between metrics were not statistically
significant (p ‡ 0.153). Figure 2 shows the ROC curves
for the whole-lesion ADC metrics.

Discussion

Several past studies have established a significant asso-
ciation between standard ADC values of bladder cancer
and tumor stage [9, 17, 18]. This relationship was con-
firmed in our study when using whole-lesion evaluation.
Mean ADC was the one metric to exhibit significant
differences between tumors of different stage and had the
highest AUC in prediction of higher-stage lesions, al-
though this was not statistically significant. However,
mean ADC did not demonstrate an association with
nodal disease at the time of cystectomy or with sub-
sequent metastases.

We were able to improve upon this limitation of
standard mean ADC by utilization of a more sophisti-
cated histogram assessment of lesion ADC that reflects

Table 1. Association of whole-lesion ADC metrics and tumor stage

Parameter T2 (n = 9) ‡T3 (n = 14) p AUC

Meana 1.55 ± 0.36 1.20 ± 0.36 0.044 0.754
Skew 0.55 ± 0.38 0.29 ± 0.53 0.257 0.643
Kurtosis 0.63 ± 1.00 0.76 ± 1.20 0.900 0.516

a 910-3 mm2/s

Table 2. Association of whole-lesion ADC metrics and node status at
radical cystectomy

Parameter N0 (n = 18) N1 (n = 5) p AUC

Meana 1.33 ± 0.42 1.36 ± 0.28 0.709 0.556
Skew 0.38 ± 0.52 0.42 ± 0.40 0.882 0.522
Kurtosis 0.92 ± 1.16 -0.05 ± 0.29 0.037 0.811

a 910-3 mm2/s

Table 3. Association of whole-lesion ADC metrics and metastatic dis-
ease at follow-up

Parameter M0 (n = 13) M1 (n = 7) p AUC

Meana 1.33 ± 0.46 1.34 ± 0.24 0.362 0.626
Skew 0.37 ± 0.60 0.48 ± 0.35 0.905 0.516
Kurtosis 0.83 ± 0.89 0.23 ± 0.63 0.088 0.736

a 910-3 mm2/s
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lesion texture and heterogeneity. We evaluated two
metrics that are central in assessing the shape of the
histogram, namely kurtosis, that reflects the peakedness

of the histogram distribution, and skewness, that reflects
the shift of the median of the distribution from the mean
value. In this assessment, kurtosis was significantly lower
in tumors with nodal disease at cystectomy and tended to
be lower in tumors with subsequent metastases. Kurtosis
also had the highest AUC in these assessments, although
the difference in AUC was only significant in comparison
with skewness for assessment of nodal disease. Our
preliminary investigation thus suggests that kurtosis has
potential to complement mean ADC in providing a more
complete evaluation of the aggressiveness of bladder
cancer and suggesting worse prognostic behavior. While
the histogram kurtosis reflects heterogeneity of tissue, the
exact basis for a potential association between kurtosis
and bladder cancer aggressiveness is unknown from our
study [19].

Mean ADC has previously been explored for pre-
dicting response of bladder cancer to neo-adjuvant che-
motherapy and transurethral resection [10, 20]. In
addition, one past study of 17 patients suggested an
association between mean ADC of bladder cancer and
metastatic disease [21]. However, that study had a highly
heterogeneous population in which not all subjects
underwent cystectomy; rather the cohort included some
bulky tumors that had metastatic disease present at
baseline [21], such that the association between ADC and
future development of metastatic disease was not evalu-
ated. In our current study, we have demonstrated a
possible role for histogram assessment to expand the role
of ADC as a prognostic marker in comparison with this
past literature. In particular, by using a whole-lesion
assessment, unlike the subjective single ROI approach of
these past studies, our current methodology may provide
a more objective and comprehensive approach to inter-
rogating diffusion behavior of bladder cancer. The value
of this approach in comparison with mean ADC mea-
surement has likewise been previously demonstrated in
the cervix [22], ovary [23], and prostate [15].

Although requiring further investigation in larger
studies, we intend for our findings to ultimately be useful
clinically for improving determination of patient prog-
nosis and treatment selection in bladder cancer. The
treatment options for bladder cancer continue to evolve
and increase in complexity, as neo-adjuvant chemother-
apy before cystectomy for muscle-invasive tumor [8],
early radical cystectomy for refractory high-grade non
muscle-invasive tumor [24], and partial cystectomy for a
select subset of tumors [25], all receive increasing atten-
tion and clinical adoption. Thus, there could be a critical
role for non-invasive imaging markers, such as we have
explored in our study, to help guide these decisions.

This study has a number of limitations. First, the
sample size was small, limiting our power, and possibly
accounting for the lack of statistically significant results
for some of the assessments. In addition, by requiring
that all patients had undergone cystectomy for study

Fig. 2. Receiver-operating-characteristic curves of the
mean (solid line), skewness (dashed line), and kurtosis (dot-
ted line) of ADC in identification of bladder cancer with
stage ‡ T3 (A), positive lymph nodes at radical cystectomy
(B), and subsequent metastatic disease (C).
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inclusion, we did not evaluate the role of ADC metrics in
patients with advanced tumors who were not surgical
candidates. Also, patients were imaged using a variety of
clinical MR systems. Finally, given that this was a ret-
rospective study, the exact role of the ADC metrics in
guiding treatment decisions in a prospective setting re-
mains unknown.

In conclusion, we explored whole-lesion ADC histo-
gram metrics in patients undergoing radical cystectomy
for bladder cancer. Whole-lesion ADC metrics have the
potential of less operator-dependence than traditional
single-slice partial-lesion ROIs, and can provide a more
comprehensive lesion assessment reflecting texture and
heterogeneity. Mean ADC was significantly lower in
tumors with higher T stage. On the other hand, kurtosis
tended to be lower in tumors with nodal disease at cys-
tectomy as well as in those with later development of
metastases, although small sample size limited the power
to detect significant differences in these comparisons.
While such histogram metrics may have a role in
improving prognostic assessment and treatment selection
in bladder cancer, further studies with larger patient
cohorts are required.
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