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Abstract.
Background: It is a critical unmet need to predict chemosensitivity in muscle-invasive bladder cancer patients who receive
neoadjuvant chemotherapy (NAC). Quantification of tumor heterogeneity has been shown to be useful in the assessment of
therapeutic response. Apparent diffusion coefficient (ADC) is derived from diffusion weighted MRI (DWI) to quantify the
water diffusivity which characterizes micro-cellularity in tumor tissues.
Objective: The aim of this study is to assess if a quantitative measurement of ADC heterogeneity in bladder tumors can be
a predictor of therapeutic response to NAC.
Materials and Methods: Twenty patients with pT2 bladder cancer have been included in this study. Patient MRI was
performed on a 3T system with DWI prior to NAC. Regions of interest (ROIs) were placed over the whole tumor volume
on ADC maps to acquire a data matrix of voxel-wise ADC values for each patient. We performed histogram analysis on
each ADC data matrix to calculate uniformity (U) and entropy (E). These quantities were subsequently correlated with the
patient’s response to chemotherapy. Statistical significance was found with P < 0.05.
Results: Fifteen patients were categorized as responders, and five as non-responders. The data showed that tumors of
responders were significantly higher in U (P = 0.01) and lower in E (P < 0.01) than non-responders. This finding indicates
that resistant tumors were more heterogeneous in their spatial distribution of ADC values. While this difference in ADC
heterogeneity was not always visually recognizable, it could be quantified by the data analytics.
Conclusions: This study demonstrates that the quantitative readout of tumor heterogeneity in micro-cellularity is associated with the patient’s defined response to chemotherapy. Quantification of tumor ADC heterogeneity may provide useful
information to enable the prediction of chemotherapeutic response prior to the treatment to improve patient outcomes.
Keywords: Bladder cancer, chemotherapeutic response, tumor heterogeneity, diffusion-weighted imaging, water diffusivity,
micro-cellularity
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INTRODUCTION
Recent randomized clinical trials have provided
evidence that neoadjuvant chemotherapy (NAC)
improves the overall survival of patients with muscle
invasive bladder cancer (MIBC) [1–4]. However, not
all patients benefit from NAC and for those who do
not respond, NAC may result in potential disease progression, unnecessary delay of definitive treatment,
and drug toxicity [5, 6].
Recently, pT0N0 has been accepted as the primary surrogate endpoint for the patient’s overall
survival after NAC [1, 7, 8]. However, it has been
reported that there is no statistically significant difference between pT0N0 and pTa/Tis/T1N0 in the
patient’s overall survival [8]. Hence, it is critical to
establish a biomarker that characterizes chemotherapy effect in terms of overall survival. A number
of studies in gene expression and bladder imaging, which use different response criteria including
pT0N0, pT1N0, or survival, have been conducted to
resolve this unmet need [7, 9–17]. However, there
are still no biomarkers available in clinical practice
to date.
Quantification of tumor heterogeneity has been
shown to be valuable in the diagnosis, characterization, or therapeutic response assessment in the
management of different cancers [10, 18–22]. Thus,
it is of high clinical interest to evaluate the correlation
of tumor heterogeneity with the patient’s response to
therapeutic treatment.
Tumor imaging combined with data analytics can
provide insightful information on the spatial heterogeneity of tumor characteristics to aid in the tumor
staging and response monitoring [18, 19, 23, 24].
Magnetic resonance imaging (MRI) has shown the
most potential in this approach as it is versatile
to quantify a variety of pathophysiological features
using different quantitative techniques, including
diffusion weighted imaging (DWI) and dynamic contrast enhanced MRI (DCE-MRI) [10, 19, 22, 24, 25].
Histogram analysis has been one of the most widely
applied tools for texture analysis of tumor characteristics [19, 21, 22, 25]. The analytical tool can
be reproducibly applied and provide the quantitative
measurement of heterogeneity [18, 19, 25].
This study was part of our prospective clinical
research that has been conducted to assess the clinical utility of 3T multi-parametric MRI to improve the
clinical management of patients with bladder cancer.
In this part of the research, we focus on the application of histogram analysis to quantify the tumor

heterogeneity in Apparent Diffusion Coefficient
(ADC) - a parameter derived from DWI to characterize tissue micro-cellularity - in bladder tumors to
investigate the feasibility of predicting chemosensitivity before the start of NAC.
MATERIALS AND METHODS
Subjects
Our 3T MRI study was approved by the institutional review board in 2009. Enrollment criteria
included: (1) Pathological diagnosis of muscleinvasive bladder cancer (MIBC); (2) Planned
neoadjuvant chemotherapy (NAC); (3) Planned radical cystectomy following NAC; (4) No MRI
contradictions. From August 2010 to March 2016,
twenty patients (18 males, 2 females; Age: range,
51–75 years; median: 61 years) who had diagnostic transurethral resection of bladder tumor (TURBT)
were included in the DWI study. All patients provided
written informed consent before their enrollment.
Each patient had a pre-chemotherapy (baseline) MRI
and radical cystectomy after NAC. Pathological findings of cystectomy specimens were used as reference
standard. The oncologic response criteria for NAC
were defined as having the post-surgical pathological
stage of ≤ypT1 or ypT2 accompanied with RECIST
response [26].
The neoadjuvant chemotherapy regimen included
4 cycles of cisplatin-based combination. The patients
either received GC (gemcitabine, cisplatin; 3-weeks
per cycle) or dd-MVAC (dose dense methotrexate, vinblastine, doxorubicin, cisplatin; 2 weeks per
cycle).
MRI Protocol
Patient MRIs were performed on a 3T multitransmit system (Ingenia CX, Philips Healthcare) with digital 32-channel phased array surface coils. Anatomical high-resolution T2W MRI
was performed with turbo spin echo (TSE)
sequence (TR/TE = 4264/80 ms; matrix = 468 × 380;
in-plane FOV = 300 × 340; slice thickness = 3 mm;
slice gap = 0.3 mm; number of slices = 40; number of signal average = 2; echo train length = 19).
Diffusion weighted MRI (DWI) was implemented
with a single-shot echo-planar imaging (ssh-EPI)
sequence (TR/TE = 2017/59 ms; matrix = 100/140;
in-plane FOV = 220/317; slice thickness = 3.0 mm;
slice gap = 0.3 mm; number of slices = 25; number
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Fig. 1. RECIST response of a ypT2aN0 case. Left (axial, coronal, sagittal) T2W images show that the targeted tumor was measured at
4.36 cm in the longest diameter before chemotherapy. Right (axial, coronal, sagittal) T2W images show that the targeted tumor was not seen
after chemotherapy.

of signal average = 6; b-values = 0, 333, 667,
1000 s/mm2) after T2W MRI and before the administration of Gd-based contrast agent. All sequences
were acquired in the transverse orientation.
Data analysis
DWI data was post-processed after the data acquisition using the Philips system software to obtain
ADC maps. A radiologist who was blinded to the
pathological findings reviewed the ADC maps for the
placement of region of interest (ROI). Freehand ROIs
were positioned on the whole tumor volume on greyscaled ADC maps (Fig. 1) to obtain a data matrix of
voxel-wise ADC values for each patient.
Histogram analysis was performed on each
patient’s ADC data matrix using Microsoft Excel
(Version 2016) to calculate two quantities, uniformity
(U) and entropy (E) at baseline (pre-chemotherapy).
The same bin size was used for the histogram of all
cases. The formulas U and E are below [18]:
N
(pi )2
U=
i=1

E=

N

i=1

pi × log2 pi

where N is the number of bins and determined using
the maximum and minimum of ADC values in the

dataset;p i is the probability that an ADC value lies
in ith bin. As the formulas show, the two quantities do
not contain any unit.
U and E were subsequently correlated with
the patient’s chemotherapeutic response (as defined
above) to evaluate the statistical significance of their
correlation with the response.
Statistical analysis
The statistical analysis was performed on a commercial statistical package (SAS for Windows®
Version 9.4; SAS Institute Inc., Cary, NC, USA).
U and E were summarized using descriptive statistics (mean and standard deviation) for responders and
non-responders. The Kolmogorov-Smirnov test was
used to assess the normality of distribution of U and
E. The values were compared between the two groups
(response and non-response) using two sample
t-test.
Overall survival (OS) was calculated from the date
of diagnosis to death from any cause or the date
of last follow-up. Patients who were still alive were
censored at the last follow-up. Survival curves were
estimated using the method of Kaplan-Meier. OS are
compared between responders and non-responders
using log-rank test. P < 0.05 was considered
statistically significant.
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0.8 cm to 10 cm. The largest tumor (10 cm in size)
had the stage of ypT3b.

RESULTS
Response categorization and tumor
characteristics

Spatial heterogeneity of tumor ADC before
chemotherapy

After NAC, the pathological examination of
cystectomy specimens found thirteen patients
with ≤ypT1N0, and two with ypT2a N0. The targeted lesions of the two ypT2a cases met the RECIST
response criteria (Fig. 1). Thus, these fifteen patients
were defined as responders. Of the other five patients,
four were staged ≥ypT3a N0, and one had the stage
of ypT2b with a large residual tumor volume. These
five cases were considered as non-responders. The
details of ypTN stage of all cases are summarized in
Table 1.
Seven patients with a residual tumor had the histologic type of urothelial carcinoma. Other tumors
were found with mixed histology variants including
urothelial with squamous differentiation or urothelial
with focal micropapillary. Tumor size ranged from

There was a variety of spatial heterogeneity
observed in bladder tumors prior to the reactive
changes induced by chemotherapy. The heterogeneity was shown on both anatomical (T2W) images and
ADC maps (Fig. 2). The tumors of both responders
and non-responders contained tissues with a range
of ADC values as seen on grey-scaled ADC maps
where the tumors had a mixture of dark and light signal intensity. The color-coded ADC maps could better
reflect the ADC spatial distribution with a spectrum
of colors on tumor areas (Fig. 1).
The heterogeneity could be seen on ADC maps.
However, the level of heterogeneity could not be visually assessed or compared from case to case without
applying the data analysis tool – histogram analysis.

Table 1
The distribution of pTN stages among 20 cases after neoadjuvant chemotherapy
ypTN stage
# of cases

ypT0N0

ypTisN0

ypT1N0

ypT2aN0

ypT2bN0

ypT3aN0

ypT3bN0

ypT3bN1

8

4

1

2

1

1

2

1

Fig. 2. ADC heterogeneity in the bladder tumor of a responder (upper) vs. a non-responder (lower). Red contours illustrate the ROIs placed
on the tumors. The color scale column is given on the right. ADC values are scaled with the color spectrum from the lowest ADC at the bottom
to the highest ADC at the top of the column. Please note that higher micro-cellularity underlies lower ADC in tumor tissues. Responder
(stage pT1N0): U = 0.08; E = 3.81; Non-responder (stage pT3bN0): U = 0.06; E = 4.12.
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High level of ADC heterogeneity is associated
with tumor resistance
Table 2 gives the values of E and U in responders
compared to non-responders. The KolmogorovSmirnov test indicated that both E and U were
normally distributed (p > 0.15).
Figures 3 and 4 depicts the box plots of U and
E in responders vs. non-responders. Compared to
responders, resistant cases had significantly higher
E (P < 0.01) and lower U (P = 0.01). The scatter plots
(Figs. 3 and 4) presents the calculated U and E for
each individual case. It can be seen that the U and E
values were well separated between responders and
non-responders. This statistical significance demonstrates that the spatial distribution of voxel-wise ADC
values was significantly more heterogeneous within
non-responsive tumors. As ADC characterizes microcellularity, the results indicate that there was higher
level of micro-cellular inhomogeneity in the resistant
tumors.
Response categorization and preliminary
survival data
The preliminary survival data included three
deceased patients and seventeen survivors, of which
Table 2
E and U in the groups of responders vs. non-responders

U (Average ± STD)
E (Average ± STD)

Responders
(n = 15)

Non-responders
(N = 5)

P value

0.09 ± 0.02
3.71 ± 0.27

0.07 ± 0.01
4.15 ± 0.30

0.01
<0.01
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seven patients had their bladder cancer diagnosis less
than 3 years ago.
The correlation with the initial survival data
showed that responders (median is not reached, 95%
CI: 2.9 – not reached) had significantly (P = 0.03) better survival outcome than non-responders (median is
2.3 years, 95% CI: 1.4 – not reached). The patient
whose tumor was the most heterogeneous (lowest U,
highest E) had the least years of survival (1.5 years
from the time of diagnosis to death). A ypT2a patient,
whose ADC uniformity was among the highest values, had the most favorable outcome (6.5 years, a
survivor).
DISCUSSION
Previous studies have shown heterogeneity in
chemotherapeutic response of bladder tumors [7, 10].
Pokuri pointed out that tumors with variant histologic
features are more likely to be resistant to NAC [7]. At
the cellular level, it has been reported that the tumor
micro-environment heterogeneity may strongly influence therapeutic response and be associated with
tumor resistance [27]. As higher micro-cellularity is
associated with lower ADC, vice versa, we have also
shown a strong correlation of tumor heterogeneity in
micro-cellularity with its response to NAC. The more
heterogeneous the cellular distribution is, the more
likely the tumor is to be resistant to the treatment.
NAC has been considered to be a pre-operative
standard treatment for MIBC. However, a significant
portion of patients do not respond to NAC and are
unnecessarily at risk of toxicity, disease progression,
and avoidable surgical complications. It is a critical

Fig. 3. The significant (P = 0.01) difference in Uniformity between responders and non-responders is illustrated in a boxplot (left) and a
scatter plot (right). As shown on the scatter plot, fourteen out of fifteen responders had U > 0.07, four out of five non-responders had U < 0.07.
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Fig. 4. The significant (P < 0.01) difference in Entropy between responders and non-responders is illustrated in a boxplot (left) and a scatter
plot (right). The scatter plot demonstrates that fourteen responders had E ≤ 4.0, four non-responders had E > 4.0.

need to early identify chemotherapeutic resistant
patients to ensure the optimal treatment stratification
[1, 5, 8]. The earlier this can be done, the more favorable the patient outcomes are. Many studies using
gene expression and imaging have been done to find
a biomarker to predict NAC response in bladder cancer. Most of the studies showed the potential to assess
the response at the mid-point of treatment. Our study
is the first one that demonstrates the feasibility of predicting NAC response in MIBC prior to the start of
the treatment by applying the proposed methodology
to indirectly quantify the level of microcellular heterogeneity in tumor tissue. Once the methodology is
further validated, this can help substantially in treatment strategy to improve the quality of life in MIBC
patients.
Minimizing invasiveness in the diagnostics is
always highly desired in cancer management. Our
methodology is non-invasive and uses a non-ionizing
radiation imaging technique - DWI combined with
histogram analysis - to quantitatively correlate the
level of microcellular heterogeneity with chemotherapeutic response. Given that patients have no MRI
contraindications; neither does our proposed diagnostic approach impose any additional risks on the
patients nor use any exogenous agents.
Previous studies used pT0N0 or pT1N0 as a surrogate endpoint of NAC response in terms of overall
survival [7, 9]. The data in our study have indicated
that pT2a patients may have as good survival as that
of lower stages. Using a surrogate endpoint may miss
out patients who potentially benefit from NAC. With
our preliminary data, we have also shown that tumor
heterogeneity may be strongly correlated with the

patient survival and its quantitative assessment can
be a potential prognostic biomarker prior to NAC.
Histogram analysis has been widely used in a
large scale of data analysis for information extraction
[25, 28–30]. Previous studies have reported that
histogram analysis of ADC derived from DWI
can improve the detection and characterization
of cervical, breast, tonsil, and bladder cancers
[21, 22, 29, 31]. Choi et al. [32] demonstrated the
application of histogram analysis of ADC values
to correlate the minimum, percentiles, and mean of
ADC with chemoradiotherapeutic response in rectal cancer. Our study is the first one that applied the
method to bladder cancer assessment and employs
the measurements (U and E) of tumor heterogeneity
in spatial ADC distribution.
A limitation in this study is the small number of
cases (15 responders and 5 non-responders). This
does not allow us to perform ROC curve analysis to
further evaluate the accuracy of this methodological
approach to predict response. However, the statistical differences show the potential of the method and
encourage us to expand the study population for further validation. The survival data in our study is still
preliminary and not enough yet for a comprehensive
survival analysis. However, the results initially indicated that the measurements of tumor heterogeneity
can be directly associated with the patient survival.
This finding needs to be more evaluated when the
data of overall five-year survival is available.
In conclusion, our study has demonstrated that
histogram analysis of voxel-wise ADC values can
quantify and characterize the microcellular heterogeneity in bladder tumors that may be useful in the
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prediction of bladder cancer response to NAC prior
to treatment to ensure the optimal outcomes and
improve the patient’s quality of life.
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