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Generally, cancer tissue is palpated as a hard mass. However, the elastic nature of

cancer tissue is not well understood. The aim of the present study was to evaluate

the clinical utility of measuring the elastic modulus (EM) in colorectal cancer tissue.

Using a tactile sensor, we measured the EM of 106 surgically resected colorectal

cancer tissues. Data on the EM were compared with clinicopathological findings,

including stromal features represented by Azan staining and the a-SMA positive

area ratio of the tumor area. Finally, a cDNA microarray profile of the tumors with

high EM were compared with the findings of tumors with low EM. A higher EM in

tumors was associated with pathological T, N, and M-stage tumors (P < 0.001,

P = 0.001 and P = 0.011, respectively). Patients with high EM tumors had shorter

disease-free survival than had patients with low EM. The EM showed strongly posi-

tive correlation with the Azan staining positive area ratio (r = 0.908) and the

a-SMA positive area ratio (r = 0.921). Finally, the cDNA microarray data of the

tumors with high EM revealed a distinct gene expression profile compared with

data from those tumors with low EM. The assessment of the elasticity of colorectal

cancer tissue may allow a more accurate clinical stage and prognosis estimation.

The distinct phenotypical features of the high EM tumors and their strong associa-

tion with stromal features suggest the existence of a biological mechanism

involved in this phenomenon that may contribute to future therapy.

I n general, although cancer tissue is palped as a hard mass,
what is the nature of cancer elasticity is elusive. The elastic

modulus (EM) is a physical parameter(1) that characterizes the
elasticity of a material. It has been applied for the measurement
of the elasticity of human tissues such as skin, bone, breast and
brain.(2–8) Different organs have a wide range of elasticity, and
the elasticity of a specific organ can be altered as a result of var-
ious disease processes. For instance, Samani et al.(7) found that
the mean EM of normal breast tissue was 1.9 kPa, that of
fibroadenoma was 11.42 kPa, and that of invasive ductal carci-
noma was 22.55 kPa. However, there have been few reports on
the elasticity of gastrointestinal cancer tissue.(9)

Most clinical studies in cancer have been performed using
ultrasound elastography, which provides a semiquantitative
assessment of the EM of cancer tissue.(10–15) The data suggest
that cancer elasticity is correlated with histological or clinico-
pathological findings, including scirrhous subtype or prognosis
and direct and quantitative evaluation of EM may provide a
more detailed analysis between tumor elasticity and clinico-
pathological features.
We recently established a quantitative assessment method

for EM in human tissue using a tactile sensor.(16) In that report
we could measure the EM of pancreatic tissue without any

deformation of the resected specimen. Furthermore, that report
has demonstrated that the assessment of the EM of the pancre-
atic cut edge is correlated with histological fibrosis or clinical
result of postoperative pancreatic fistula formation. Therefore,
in this study, we measured the elasticity of colorectal cancer
tissue by tactile sensor to determine the correlation between
these data and the clinicopathological or histological findings;
we then used these data to estimate the clinical utility of quan-
titative EM assessment. Furthermore, cancer tissue elasticity
seemed to correlate to cancer cell invasion or migration, but
the gene expression profile of cancer tissue with high elasticity
was not known. Therefore, we performed a global gene expres-
sion analysis using cancer specimens with high and low EM.
We compared the gene expression profile between them to
help understand the biological nature of elasticity in cancer tis-
sue. The aims of this study were to investigate the clinical util-
ity of assessing the EM of colorectal cancer and to evaluate
the pathological or phenotypical relevance of such data.

Materials and Methods

Patients and clinical data collection. This study was approved
by the institutional review board of the National Cancer Center
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(2012-067). The population in this study consisted of
106 patients who had undergone colorectal cancer surgery at
the Department of Colorectal and Pelvic Surgery, National
Cancer Center Hospital East, between February and December
2012 (67 men, 39 women; mean age, 66.0 years; range, 35–
89 years; Table 1). Patients who had received neoadjuvant
therapies were excluded from the study. Clinicopathological
data were reviewed from medical records. During this period,
the operations and postoperative management were standard-
ized. Patients were followed up by using a standardized proto-
col (including clinical examination with computed tomography
of the chest, abdomen and pelvis; and measurement of tumor
marker levels) every 4 months for the first 2 years, then every
6 months for 3 years, then annually thereafter. A total colonos-
copy was performed at 2 and 5 years after surgery.

Measurement of the resected colorectal cancer tissue elastic

modulus. We measured the EM within 30 min after the colo-
rectal cancer was resected. The EM, also known as Young’s
modulus (kilopascals), is a measure of the stiffness of an elas-
tic material.(1) The EM of colorectal cancer tissue was defined
as the Young’s modulus of the colorectal cancer tissue as cal-
culated by a tactile sensor of the Venustron system (Axiom,
Fukushima, Japan). Details of the theory and the calculation of
the EM were as described previously.(16) During measurement
the resected intestinal tract was opened longitudinally
(Fig. 1a). The specimen was placed on a board with sufficient
stability, and the mucosal side was placed upward so that the
probe could be directed vertically toward this surface (Fig. 1b,
c). The Venustron system was used to calculate the EM of
specimen for every 0.005 mm of indentation depth using a tra-
vel range of 4 mm and a resonant frequency of 50 Hz. We
determined the EM using 1, 2, 3 and 4-mm travel ranges, and

used the mean for the analysis. The EM of the colorectal
cancer tissue was measured in three areas of the center of
the ulcer floor (Fig. 1a). Measurements of the EM were per-
formed three times at each area. The EM of the colorectal
cancer tissue sample was defined as the mean EM of those
three results. Assessments of the EM of normal tissue more
than 3 cm distant from the tumor were measured from three
areas, taking the mean of the three measurements (Fig. 1a).
The EM of the colorectal cancer tissue was then analyzed in
relation to the patient’s clinical and histological characteris-
tics. Of these characteristics, tumor size was divided into
large and small groups using the mean size of 42 mm. Serum
CEA and SC19-9 was also divided into two groups using the
values of our hospital normal range (5.0 ng ⁄mL and 37.0 U ⁄mL,
respectively).

Histologic evaluation. The colorectal cancer was assessed
using the Union for International Cancer Control (UICC) TNM
Classification System (7th edition). Formalin-fixed, paraffin-
embedded specimens obtained from a colorectal stump were
cut into 3-lm-thick serial sections. The sections were stained
by H&E and Azan-Mallory (Azan), and by immunohistochemi-
cal staining for a-smooth muscle actin (a-SMA). Immunohisto-
chemical staining for a-SMA was performed automatically on
a Ventana Benchmark ULTRA (Ventana Medical Systems,
AZ, USA). Monoclonal anti-human a-SAM antibody (Dako,
Glostrup, Denmark) was used at a dilution of 1:100, and the
conditions for antigen retrieval and primary antibody incuba-
tion were set at 91°C for 8 min and 35°C for 60 min, respec-
tively. The slides were photographed using a NanoZoomer
Digital Pathology Virtual Slide Viewer (Hamamatsu Photonics,
Hamamatsu, Japan) and subjected to morphometric analysis as
previously reported.(16,17) For the evaluation of Azan expres-
sion and immunocytochemical a-SAM expression, 940 magni-
fication images were taken and saved as JPEG files. The ratios
of Azan-positive area and a-SAM positive area in an image

Table 1. Clinicopathological characteristics

Characteristics
Patients (n = 106)

n (%)

Age (year) 66.0 � 10.5† (range, 35–89)

Sex

Men 67 (63.2)

Women 39 (36.8)

Site of the tumor

Colon 67 (63.2)

Rectum 39 (36.8)

Size of the tumor (mm) 42.0 � 23.9† (range, 10.0–138)

Stage

I 22 (20.8)

II 35 (33.0)

III 38 (35.8)

IV 11 (10.4)

T-Stage

1 6 (5.7)

2 23 (21.7)

3 59 (55.6)

4 18 (17.0)

Lymph node metastasis

No 61 (57.5)

Yes 45 (42.5)

Distant metastasis

No 95 (89.6)

Yes 11 (10.4)

†Mean � SD.

(a)

(b) (c)

Fig. 1. The measurement of the elastic modulus (EM) with Venustron
system. (a) Each of three points are measured for the EM of the can-
cer tissue and normal tissue. The center of the ulcer floor is selected
for the cancer tissue. A point more than 3 cm distant from the tumor
is selected for normal tissue. (b, c) The EM of the specimen was calcu-
lated automatically by Venustron system. The probe is pressing verti-
cally toward the mucosal side surface of the cancer with a depth of
pressure of 4 mm and a resonant frequency of 50 Hz.
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were calculated using morphometric software (WinRoof, Mi-
tani, Corporation, Fukui, Japan). We randomly selected each
set of three images without muscle tissue from <1, 1–3 or
>3 mm depth from the surface of the cancer tissue. The ratios
of Azan-positive area and a-SAM positive area were calcu-
lated from the mean of these nine areas. Histologic analyses of
a case are shown in Figure 2(a,b). We show examples of
images with high or low EM in Supplementary Figures S1–S4.
One investigator (S.K.) carried out all of the histologic analy-
ses under the supervision of an experienced pathologist
(M.K.).

Gene expression analysis using microarray. Frozen samples
were obtained from 82.4% of the cases. Tumor elasticity, clin-
ical stage and RNA integrity number (RIN) for all cases are
shown in Supplementary Table S1. We selected four samples
from the highest and the lowest EM with a RIN >6.0, mea-
sured with a 2100 Bioanalyzer (Aligent Tochnologies, Santa
Clara, CA, USA), and at stage II (pTNM pathologic classifica-
tion). We excluded 1 sample in each group because of high
GAPDH levels. The groups were named EM-high and EM-
low. We used GeneChip Human Genome U133 Plus 2.0
arrays (Affymetrix, Santa Clara, CA, USA). Target cDNA was
generated from 100 to 200 ng of total RNA extracted from
each sample using a 39 IVT Express Kit (Affymetrix, Santa
Clara, CA, USA). The procedures for target hybridization,
washing and staining for signal amplification were performed
according to the supplier’s protocols. The arrays were scanned
with a Gene Chip Scanner 3000 (Affymetrix), and the inten-
sity of each feature of the array was calculated using Gene-
Chip Operating Software, version 1.1.1 (Affymetrix). The
average intensity was standardized to the target intensity,
which was set equal to 1000, to reliably compare different
arrays. The values were log transformed and median centered.
The programs GeneSpring (Agilent Technologies, Santa Clara,
CA, USA) and Excel (Microsoft Corporation, Redmond, WA,

USA) were used to perform the numerical analyses for gene
selection.

Cancer dataset. To evaluate the phenotypical features of the
EM-high or EM-low groups, we used a cancer dataset of the
Gene Expression Omnibus (GEO) repository (https://array.nci.-
nih.gov/caarray/). The colorectal cancer dataset we used was
GSE14333.(18) The 559 genes related to the EM level in this
study were compared with a published set of genes periodi-
cally expressed during the Hela cell cycle.(18) The 45 genes
that overlapped with the cell cycle gene list were removed
because of the previous study, and 514 signature genes related
to EM level were determined (Suppl. Fig. S5a).(19) Using these
514 genes, we were able to categorize the 226 patients with
colorectal cancer by GSE14333 into EM-high signature in
GSE14333 and EM-low signature in GSE14333 (Suppl. Table
S2, Suppl. Fig. S5b).(20)

Statistical analysis. Comparison between the EM of the can-
cer tissue and the patient’s clinical and histologic characteris-
tics was performed using a Mann–Whitney U-test. Correlation
between the EM and morphometric analysis was evaluated
using Spearman’s correlation coefficient “r.” Disease-free-
survival (DFS) rates were calculated using Kaplan–Meier
methods. Differences between curves were evaluated with the
log-rank test. All analyses were performed using JMP version
7.0 (SAS Institute, Cary, NC, USA). All calculated P-values
were two-sided and P < 0.05 was considered statistically sig-
nificant. In the microarray analysis, gene expression data were
analyzed using GeneSpring GX12.5 (Agilent Technologies).
Row data were summarized by using MAS5 and normalized
by log transformation and median centering for numerical
analyses for gene selection. For principal component analysis
(PCA), we used probe sets that were reliably measured and
varied threefold above the global median in at least 2 samples
(approximately 10%); analyses were performed using Gene-
Spring GX12.5. The differentially expressed probe sets used in

(a) (b)

(c) (d)
Fig. 2. The correlation between the elastic
modulus (EM) of cancer tissue and morphometric
factors. The Azan positive area was determined as
the visualized area stained with aniline blue
(a-above) and identified as bright green in this
image by using the color-detecting algorithm of
the software (a-below). The a-SMA positive area
(b-above) was identified as bright green using
the color-detecting algorithm of the software
(b-below). (c) There was a strong correlation with
the EM of colorectal cancer tissue and the Azan
positive area (P < 0.0001; r = 0.9077). (d) There was
also a strong correlation with the EM of colorectal
cancer tissue and the a-SMA positive area
(P < 0.0001; r = 0.9207).
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supervised hierarchical clustering were selected based on
P < 0.05 and fold change (FC) >2.0. P-values were calculated
using one way ANOVA with Benjamini and Hochberg FDR
multiple testing correction.

Results

Correlation between elastic modulus and clinicopathological

findings. The median EM of the colorectal cancer tissue for
the 106 cases was 7.51 kPa. It was significantly higher than
that of normal colorectal tissue (P < 0.0001; Fig. 3a). The EM
of the colorectal cancer tissue was correlated with each T, N
and M-stage of the UICC TNM classification (P < 0.0001,
P = 0.0010 and P = 0.0111, respectively; Fig. 3b–d). In
T-stage, the EM of T3 cancer tissue was higher than that of
T2, and that of T4 was higher than that of T3 (P < 0.0001 and
P = 0.0055, respectively). The EM of colorectal cancer tissue
was correlated with pathological findings (e.g. tumor size,
venous invasion, perineural invasion, poorly differentiated
clusters and elastic laminal invasion) and clinical findings (e.g.
serum carcinoembryonic antigen levels and obstructive tumor;
Table 2). Furthermore, the EM was positively correlated with
the ratio of Azan positivity (r = 0.9077; P < 0.0001) and the
ratio of a-SMA positivity (r = 0.9207; P < 0.0001; Fig. 2c,d).
The Azan positive area showed collagen fibers(21) and the
a-SMA positive area showed myofibroblasts.(22,23) These corre-
lations suggest that the EM was influenced by the character of
the cancer stroma.

Association with disease-free survival. In this study, 7 patients
were excluded because of residual tumors after the operation.
The EM cut-off value was determined using the receiver oper-
ating characteristic (ROC) curve for its relationship with the
tactile sensation. The area under the curve for the correlation
between EM and recurrence was 0.631. When 16.6 kPa was
set as the cut-off value for the EM, sensitivity, specificity,
positive predictive value and negative predictive value were
40.0, 88.1, 37.5 and 89.2%, respectively. This cut-off value

Table 2. Comparing elastic modulus with clinicopthological factors

Characteristics n (%)
Stiffness (kPa)

P-value
Median Min Max

Size of the tumor (mm)

<42 mm 62 (58.5) 5.17 1.08 31.8 <0.0001

≧42 mm 44 (41.5) 11.4 3.27 68.0

Lymphatic invasion

Negative 46 (43.4) 5.77 1.41 47.8 0.1206

Positive 60 (56.6) 8.48 1.08 68.0

Venous invasion

Negative 29 (27.4) 5.61 1.08 37.3 0.0116

Positive 77 (72.6) 8.89 1.91 68.0

Perineural invasion

Negative 76 (71.7) 5.97 1.08 43.2 0.0088

Positive 30 (28.3) 12.1 1.41 68.0

Tumor budding

Negative 49 (46.2) 7.11 1.08 43.2 0.2871

Positive 57 (53.8) 7.69 1.91 68.0

Poorly differentiated clusters

Negative 52 (49.1) 5.67 1.08 43.2 0.0050

Positive 54 (50.9) 9.19 1.91 68.0

Elastic laminal invasion

No 42 (62.7) 5.71 1.08 37.5 <0.0001

Yes 25 (37.3) 13.6 5.58 47.8

Serum carcinoembryonic antigen (ng ⁄mL)

<5.0 57 (53.8) 5.81 1.47 36.5 0.0090

≧5.0 49 (46.2) 9.23 1.08 68.0

Serum carcinoma 19-9 (U ⁄mL)

<37.0 76 (71.7) 7.08 1.08 36.5 0.0688

≧37.0 30 (28.3) 10.8 3.06 68.0

Obstructive Tumor

No 83 (78.3) 5.81 1.08 43.2 <0.0001

Yes 23 (21.7) 13.8 4.61 68.0

(a) (b)

(c) (d)Fig. 3. The correlation between the elastic
modulus (EM) of cancer tissue and normal tissue,
and TNM classification. (a) The EM of the cancer
tissue is much higher than that seen for the normal
tissue (P < 0.0001). (b) The EM of colorectal cancer
was strongly correlated with T stage. The EM of T3
tumors was much higher than that seen in T2
(P < 0.0001). The EM of T4 was higher than that
seen in T3 (P = 0.0055). (c) The EM of the tumors
with lymph node metastasis was higher than that
seen in tumors without lymph node metastasis
(P = 0.0010). (d) The EM of the tumors with distant
metastasis was higher than that seen in tumors
without distant metastasis (P = 0.0111).
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made two groups defined as the hard tumor group (HTG) and
the soft tumor group (STG). The median follow-up time was
23 months. The DFS of the HTG was shorter than that seen in
the STG (P = 0.0071; Fig. 4). The 2-year recurrence rates of
the HTG and STG were 38.1 and 11.5%, respectively.

Correlation of the phenotypical differences with elastic modu-

lus-high and elastic modulus-low groups. The phenotypical
differences between EM-high and EM-low groups were com-
pared. The PCA revealed that EM-high and EM-low cases
formed two distinct clusters (Fig. 5a). Supervised cluster
analysis with the 514 genes related to the EM also revealed 2
distinct clusters (Fig. 5c). We show the 10 most related genes
in Figure 5(b). Contraction associated gene of myosin, heavy
chain 10 (MYH10) or cell-adhesion associated gene of cadher-
in-related family member 5 (CDHR5) or protocadherin-8
(PCDH8) were found. This result revealed EM-dependent phe-
notypical diversity in the cancer tissue. Therefore, the associa-
tion between EM-dependent gene expression profiles and
prognosis was evaluated. The DFS of the patients with EM-
high signatures in GSE14333 was worse than that of those
patients with EM-low signatures in GSE14333 (P = 0.0444;
Fig. 5d), which indicated that EM-associated gene expression
profiles included clinically important factors.

Discussion

Recently, we reported the utility of a tactile sensor of the
Venustron system for measuring the elasticity of normal
human tissue.(16) This method was found to be easy, objective
and quantitative. We safely measured more than 100 cancer
tissues using the Venustron system, and no tissue deformation
or destruction as a result of the contact of the sensor was
observed. In addition, the measuring process took under 5 min.
Furthermore, concordant with the previous report, the EM was
strongly correlated with clinicopathological and morphometric
factors. These results suggest the utility and validity of our
method.
Concordant with the previous report on breast and prostate

cancer tissues, we also found a high elasticity of cancer tissue
compared to that of normal tissue.(7,24) In addition, our quanti-

tative data were useful in elucidating the correlation between
the elasticity of human cancer tissue and clinicopathological

factors. Similar to previous reports on prostate,(25) breast,(10,11)

and head and neck,(14) our data also revealed that EM is useful
for estimating T, N and M-staging, which indicates future clin-
ical implications. EM evaluation during endoscopy may enable
physicians to predict metastasis before an operation in gastro-
intestinal cancers. As for the strong association with T-stage,
the histoanatomic dependent diversity of fibroblasts and their
different reaction to cancer stimuli have been reported previ-
ously.(17) We speculate that heterogenous fibroblasts that reside
in different histoanatomical sites (e.g. submucosa or subserosa)
can be an origin to establish T-stage dependent elasticity.
Therefore, we performed a detailed histological analysis that
revealed a strong association with EM. The Azan positive area,
stained with anilin blue, reflected the amount of collagen
fibers.(21) The a-SMA positive area reflected the fibroblast pro-
liferation.(22,23) This suggested that the EM was affected by
the nature of the origin of the cancer stroma. Importantly, sub-
peritoneal fibroblasts were known to show a-SMA and colla-
gen upregulation after cancer medium stimulation.(17) These
biological findings seem to be concordant with the higher
elasticity in pT4 colorectal cancer which have contact with
subperitoneal fibroblasts.
Cancer cell growth or migration is mainly governed by EM

of the surrounding microenvironment.(26,27) In breast cancer,
the amounts of collagen identified histologically corresponded
with the stiffness of the tumor.(28) A greater amount of colla-
gen content has been reported to increase the risk of regional
lymph node metastasis.(29,30) Several in vitro reports show that
the pathogenesis of tumor invasion and metastasis is linked to
increased stiffness of tumor cells and the matrix.(26,31) In our
study of colorectal cancer tissue, the EM was related not only
to the features of stromal cells but also to those of cancer
cells, which included venous invasion or poorly differentiated
clusters. These data seem to suggest the biological importance
of the interaction between cancer cells and stromal cells.
As shown in Table 2 and Figure 3, the elasticity of the

tumors is related with the tumor size. In general, the center of
the tumor contains the oldest lesions, such as fibrosis, and the
surface ulcers with much exudate. Therefore, the elasticity of
the tumor may be related to the aging of the tumor.
Strong association between EM and pathological features

seem to reflect the interaction between cancer cells and stromal
cells. Of these, surprisingly, tumor budding did not, but poorly
differentiated clusters showed strong correlation with EM val-
ues. In this study, tumor budding and poorly differentiated
clusters were assessed using a method suggested by Ueno
et al.(32) Tumor budding and poorly differentiated clusters
shared similar morphology without glandular formation with
the difference in cell number of cluster. Both of these factors
were associated with poor clinical outcome. Only tumor bud-
ding was reported to be associated with biological epithelial–
mesenchymal transition or cancer stem cells, biological differ-
ences between tumor budding and poorly differentiated clusters
were not demonstrated. Our results that high EM values are
associated with not tumor budding but with poorly differenti-
ated clusters could be a clue to elucidate the biological differ-
ences between them. Finally, inter-observer variation in the
evaluation of tumor budding and poorly differentiated clusters
has been reported.(33) Further investigation will be required to
assess the pathological relationships with EM values.
The DFS of patients with high EM tumors was also shorter

than those of patients with low EM tumors. This is the first

Fig. 4. Kaplan–Meier curves for for disease-free survival (DFS) accord-
ing to the hard tumor group (n = 16) and soft tumor group (n = 83).
The DFS of the hard tumor group was shorter than that seen in the
soft tumor group (P = 0.0071).

© 2015 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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report that demonstrates EM as a prognostic marker in human
cancer. Data accumulation and long-term follow up will be
available in the future to establish the clinical utility of this
procedure as a prognostic marker.
This study has demonstrated for first time the gene expres-

sion profiles that are associated with tumor elasticity. Further-
more, we elucidated its biological importance by associating it
with clinical outcome. These global gene expression data will
be available to search for prognostic biomarkers or future stro-
mal target therapies. Based on previous reports and our patho-
logical data, we speculated that EM was association with cell
contractions or cell adhesion associated genes. Concordant
with this speculation, we found that contraction-associated
gene overexpression of MYH10 is overexpressed in high EM
tumors. Furthermore, cell adhesion associated genes of
CDHR5 or PCDH8 were differently expressed between high
and low EM tumors. In this study, we performed global gene
expression analysis using bulk tissue, which contain cancer
cells, fibroblast, and other stromal cells. Therefore, the origin
of overexpressed genes is not known. Further study will be
required to confirm the origin of overexpressed genes.
The present study had certain limitations. First, the number

of patients in the study is relatively small. Second, tumor EM

values are not uniform and it is not clear whether the method
of measuring EM presented in this study is optimal. A depth
of 4 mm was the limit and we cannot measure the EM every-
where on the tumor. Third, reproducibility is an important con-
sideration. Although the measurement of the EM was
performed with an automatic indentation apparatus based on
well-established physical rules, the surface of the cancer tissue
is not completely flat, and the aqueous component of intersti-
tial tissue at the indentation point may disperse into the sur-
rounding area. In addition, physical characteristics that are not
reflected in histologic features might create marked variability
of data between cases. Moreover, the presence of plastic defor-
mation and viscosity in the specimen cannot be ruled out, and,
in fact, this is a characteristic of human organs. Further accu-
mulation of cases with the global gene expression data and
elasticity may help to clarify how characteristics other than
pure elasticity may account for the properties of cancer tissue.
In conclusion, the present study has demonstrated the possi-

bility of clinical utility of measuring the EM of colorectal can-
cer tissue to estimate accurate tumor stage and to predict
clinical behavior. Moreover, we elucidated distinct gene
expression profiles between the tumors with high and low EM,
which were associated with clinical outcome. Our data of

(a) (b)

(c)

(d)

Fig. 5. Phenotypical differences between elastic modulus (EM)-high and EM-low. (a, c) The principal cluster analysis and heat map of 514 gene
expression profiles showed there were phenotypical differences between EM-high and EM-low tissues. (b) Each of the 10 most related genes are
shown here. (d) Kaplan–Meier curves for disease-free survival (DFS) according to EM-high signatures in GSE14333 (n = 122) and EM-low signa-
tures in GSE14333 (n = 104) suggest that DFS of patients with tumors with high EM was shorter than that seen in patients with low EM
(P = 0.0444).
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global gene expression profiles may allow us to search for new
prognostic markers or stromal target therapies.
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Supporting Information

Additional supporting information may be found in the online version of this article:

Fig. S1. Representative colorectal cancer case with low EM. In a case, the elastic modulus (EM) of colorectal cancer tissue was 5.11 kPa as a
case of tumor with low EM. (a) H&E staining (Loupe image). (b) Azan-Mallory staining (Loupe image). The two areas surrounded by yellow
lines were the center of tumor and the margin of tumor. (c) The center of tumor with Azan-Mallory staining. (940). (d) The margin of tumor with
Azan-Mallory staining (940). (e) The center of tumor with Azan-Mallory staining was evaluated using the color-detecting algorithm of the soft-
ware. The Azan positive area was 7.32%. (f) The margin of tumor with Azan-Mallory staining was evaluated using the color-detecting algorithm
of the software. The Azan positive area was 6.17%.

Fig. S2. Representative colorectal cancer case with low EM. In a case, the elastic modulus (EM) of colorectal cancer tissue was 5.11 kPa as a
case of tumor with low EM. (a) H&E staining (Loupe image). (b) Immunohistochemical staining for a-smooth muscle actin (a-SMA; Loupe
image). The two areas surrounded by yellow lines were the center of tumor and the margin of tumor. (c) The center of tumor with a-SMA.
(940). (d) The margin of tumor with a-SMA (940). (e) The center of tumor with a-SMA was evaluated using the color-detecting algorithm of
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the software. The a-SMA positive area was 4.84%. (f) The margin of tumor with a-SMA staining was evaluated using the color-detecting algo-
rithm of the software. The a-SMA positive area was 1.98%.

Fig. S3. Representative colorectal cancer case with high EM. In a case, the elastic modulus (EM) of colorectal cancer tissue was 30.6 kPa as a
case of tumor with high EM. (a) H&E staining (Loupe image). (b) Azan-Mallory staining (Loupe image). The two areas surrounded by yellow
lines were the center of tumor and the margin of tumor. (c) The center of tumor with Azan-Mallory staining. (940). (d) The margin of tumor with
Azan-Mallory staining (940). (e) The center of tumor with Azan-Mallory staining was evaluated using the color-detecting algorithm of the soft-
ware. The Azan positive area was 22.8%. (f) The margin of tumor with Azan-Mallory staining was evaluated using the color-detecting algorithm
of the software. The Azan positive area was 10.9%.

Fig. S4. In a case, the elastic modulus (EM) of colorectal cancer tissue was 30.6 kPa as a case of tumor with high EM. (a) H&E staining (Loupe
image). (b) Immunohistochemical staining for a-smooth muscle actin (a-SMA; Loupe image). The two areas surrounded by yellow lines were the
center of tumor and the margin of tumor. (c) The center of tumor with a-SMA. (940). (d) The margin of tumor with a-SMA (940). (e) The cen-
ter of tumor with a-SMA was evaluated using the color-detecting algorithm of the software. The a-SMA positive area was 22.1%. (f) The margin
of tumor with a-SMA staining was evaluated using the color-detecting algorithm of the software. The a-SMA positive area was 18.3%.

Fig. S5. The elastic modulus (EM)-high and EM-low gene expression profiles. (a) A Venn diagram showing the 45 common gene expression pro-
files with that related to the Hela cell cycle and that related to elastic modulus EM-high or EM-low. (b) Heat map of 514 gene expression profiles
of a public dataset showed there were phenotypical differences between EM-high and EM-low gene expression profiles.

Table S1. Clinical stage and RNA integrity number (RIN) of all our cases in stage II

Table S2. The 226 patients with colorectal cancer from public dataset (GSE14333)
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