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Abstract 

 The urinary bladder is an organ which facilitates the storage and release of urine. The 

bladder can develop tumours and bladder cancer is a common malignancy throughout the world. 

There is a consensus that there are differences in the mechanical properties of normal and 

malignant tissues. However, the viscoelastic properties of human bladder tumours at the macro 

scale have not been previously studied. This study investigated the viscoelastic properties of ten 

bladder tumours, which were tested using dynamic mechanical analysis at frequencies up to 30 Hz. 

The storage modulus ranged between 0.052 MPa and 0.085 MPa while the loss modulus ranged 

between 0.019 MPa and 0.043 MPa. Both storage and loss moduli showed frequency dependent 

behaviour and the storage modulus was higher than the loss modulus for every frequency tested. 



Viscoelastic properties may be useful for the development of surgical trainers, surgical devices, 

computational models and diagnostic equipment. 
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Introduction 

The human urinary bladder is a hollow distensible structure located within the pelvis and functioning 

as the storage organ for urine, thus permitting micturition at socially acceptable times and locations. 

Urinary bladder cancer is the 4th most common cancer in men and the 13th most common cancer in 

women in the UK (Cancer Research UK, 2014). Each year 10,200, 123,135 and 72,570 people are 

diagnosed with bladder cancer in the UK, EU and USA and with mortality of 5,000, 40,252 and 

15,210, respectively (Cancer Research UK, 2014; Burger et al., 2013).  

In Western populations, over 90% of bladder cancers are transitional cell carcinomas (urothelial 

carcinomas, urothelial bladder cancer - UBC), and at presentation over 75-85% will be Non-Muscle 

Invasive Bladder Cancer (NMIBC: stages Ta/T1/Tis), with the remainder being Muscle-Invasive (MIBC: 

stages T2-4) (Wallace et al., 2002; Lorusso and Silvestris, 2005; van Rhijn et al., 2009; Kaufman et al., 

2009). Other types of bladder cancer include squamous cell carcinomas (5%) and adenocarcinomas 

(>2%) (Kaufman et al., 2009). The cardinal symptom of UBC is painless visible haematuria (presence 

of blood in the urine), occurring in over 80% of patients at presentation (Wallace et al., 2002; 

Kaufman et al., 2009) and requiring prompt investigation, most often in a ‘haematuria clinic’ setting 

(Lynch et al., 1994). Further investigation of patients suspected of having UBC requires multiple 

diagnostic procedures, including imaging of the upper urinary tract, urine cytology and cystoscopy 

(Kaufman et al., 2009; Hollenbeck et al., 2010; Babjuk et al., 2011). In most cases the diagnosis is 

subsequently confirmed following Transurethral Resection of Bladder Tumour (TURBT) (Kaufman et 

al., 2009; Babjuk et al., 2011).  

Cancers are described by grade and stage. In the UBC setting, grade describes the microscopic 

appearance of the tumour cells and indicates how biologically aggressive the cells are, with grade 1 

(G1) being least aggressive and grade 3 (G3) being most aggressive; alternatively grade can be 

described as low or high (Mostofi et al., 1973; Epstein et al., 1998; Kaufman et al., 2009). UICC 

(Union International Contre le Cancer)  Tumour Node Metastasis (TNM) staging defines the depth of 

invasion or other structures that the primary tumour has involved, and also the presence or absence 

of lymph node and/or distant metastases (Sobin et al., 2009). The architecture of the tumour is 

classified by its predominant feature; this can be sessile or papillary (Epstein et al., 1998; Remzi et 

al., 2009). Papillary (pap) describes a tumour with ‘finger like’ projections (sometimes likened to a 

sea anemone), as opposed to sessile in which the tumours are solid and flat (Shirai et al., 1989). 

Tumours can also exhibit both papillary and sessile (mixed) architecture.   

NMIBC is typified by a high rate of recurrence (15-61% at one year, depending upon risk category 

(Sylvester et al., 2006)) and so long-term, even lifelong, surveillance with outpatient flexible 

cystoscopy is the mainstay of subsequent management (Kaufman et al., 2009; Babjuk et al., 2011). 

Progression to MIBC (Muscle Invasive Bladder Cancer) is also a concern for high-risk NMIBC patients, 

occurring in up to 17% of patients at one year (Sylvester et al., 2006). Progression to (or presentation 

with) muscle-invasive disease (stages T2-4) represents the critical step in the disease course, 

necessitating more radical therapies and carrying a 5-year survival rate of only 27-50% (Wallace et 

al., 2002; Advanced Bladder Cancer (ABC) Meta-analysis Collaboration, 2005). For curative intent, 

patients who present with or progress to MIBC are treated by radiotherapy (Kaufman et al., 2009; 

Stenzl et al., 2011), chemoradiotherapy (James et al., 2012), radical cystectomy, or neoadjuvant 

chemotherapy followed by radical cystectomy (Advanced Bladder Cancer (ABC) Meta-analysis 



Collaboration, 2005; Kaufman et al., 2009; Stenzl et al., 2011). Consequently, the cumulative cost of 

treating UBC exceeds all other forms of human cancer. Despite this, there is only modest research 

funding for UBC compared to other malignancies (Lotan et al., 2009), and as a result there has been 

a lack of scientific advancement in the field (Lotan et al., 2009; Kaplan et al., 2014).  

The mechanical properties of bladder tumours have been rarely studied, despite such data being 

highly relevant to the development of improved surgical devices, diagnostic tools, computational 

models and surgical trainers.  Previous studies have investigated the Young’s modulus (Lekka et al., 

1999; Lekka et al., 2001; Lekka et al., 2012) and the shear storage and loss moduli (Abidine et al., 

2015) of bladder tumour cells, however these studies only considered the properties at a cellular 

level but not at the tissue level. Viscoelastic material properties are important as they account for 

the time dependent nature of a biological tissue’s mechanical behaviour. For example the Young’s 

modulus of a tissue will change depending on the loading/strain rate that is applied.  The aim of this 

study was to use Dynamic Mechanical Analysis (DMA) to quantify the frequency-dependent 

viscoelastic properties of human bladder tumours on the macro scale in terms of storage (E’) and 

loss (E’’) modulus. Storage modulus characterises the material’s ability to elastically store energy 

whilst the loss modulus characterises the material’s ability to dissipate energy (Menard, 2008). 

Materials and Methods 

Ten human bladder tumour specimens were obtained from 8 patients recruited to the West 

Midlands (UK) Bladder Cancer Prognosis Programme (BCPP, ethics approval 06/MRE04/65) (Zeegers 

et al., 2010). All human tissue specimens and data used in this study were collected with informed 

donor consent in compliance with national and institutional ethical requirements. BCPP 

methodology and patient characteristics have been described in detail elsewhere (Zeegers et al., 

2010; Bryan et al., 2013). Tumour specimens were frozen in liquid nitrogen immediately after 

removal during TURBT and subsequently stored at -80°C. There is consensus that freezing does not 

affect the mechanical properties of soft tissues (Chan and Titze, 2003; Szarko et al., 2010; Woo et al., 

1986). Before dynamic mechanical testing, the specimens were defrosted in Ringer’s solution (Oxoid 

Ltd, Basingstoke, UK) until thawed. The basic patient and tumour characteristics for each specimen 

used are provided in table 1, with a representative selection of specimens shown in figure 1.  

Each specimen was measured using Vernier callipers (Fisher Scientific, Loughborough, UK) with a 

precision of 0.1 mm. The specimens were approximated to a cuboid and three measurements for 

width, depth and height were taken for each specimen. Mean and standard deviation values for 

these dimensions can be found in table 1.  

The specimens were tested using a Bose Electroforce 3200 testing machine, fitted with a 22 N load 

cell, using WinTest Dynamic Mechanical Analysis (DMA) software (Bose Corporation, Electroforce 

Systems Group, Minnesota, USA). Other biological and synthetic materials have been tested using 

Bose testing machines (Fulcher et al., 2009; Gadd and Shepherd, 2011; Millard et al., 2011; Zanetti et 

al., 2012; Barnes et al., 2015; Patel et al., 2008; Omari et al., 2015). The specimens were compressed 

using a cylindrical plate with a diameter of 20 mm; the test set-up can be seen in figure 2.  

Specimens were tested in a random order chosen using the Excel (2010, Microsoft, Washington, 

USA) random number function. The specimens were initially given a preload of 0.1 N and were then 

subjected to a preconditioning cycle of 5 Hz to allow the specimens to stabilise before data 



collection (Öhman et al., 2009; Wilcox et al., 2014). After this they were tested from 0.01 to 30 Hz in 

14 steps; this was consistent with previous studies on bladder tissue and liver tumours by Barnes et 

al. (2015) and DeWall et al. (2012), respectively.  

For both the preconditioning cycle and the frequencies 0.01 to 30 Hz the specimens were subjected 

to a sinusoidally varying displacement (y) in the form: 

                     (1) 

where x was the mean displacement (20% of a specimen height; table 1), z was the amplitude (0.1x), 

t is time (in seconds) and f the test frequency. In this instance the amplitude was defined as the 

peak/trough displacement to the mean displacement. 

For example, specimen number 5 had an average height of 3.2 mm which equated to testing 

parameters of a mean displacement (x) of 0.64 mm compression and amplitude (z) of 0.064 mm. The 

values for mean displacement and amplitudes for each specimen can be found in table 2. 

Storage (E’) and loss (E’’) moduli were calculated from the displacement sine wave input and load 

sine wave output using the WinTest DMA software. By using Fourier transforms of the load and 

displacement data, the software measures the phase angle (δ) between the load and displacement 

signals and it calculates the dynamic stiffness (k*) (Barnes et al., 2015).  E’ and E’’ were then 

calculated from (Fulcher et al., 2009): 

   
      

 
      (2) 

    
      

 
      (3) 

where S is the shape factor which was calculated from (Barnes et al., 2015): 

  
  

 
       (4) 

where w is the width, d is the depth and h is the height of a specimen. 

Storage modulus and loss modulus were plotted against frequency and regression analysis was 

undertaken using Sigma Plot (version 11.0, Systat Software Inc., London, UK). The curve fit 

relationship was considered significant if p < 0.05. The 95% confidence intervals were also generated 

using Sigma Plot. 

Results 

Out of the ten specimens studied, the results of three were rejected. Specimen 8 was rejected as the 

mechanical testing did not induce sufficient load (thus the signal to noise ratio of the measured load 

was too low for use). The results for specimen 6 were not recorded due to a machine error and for 

specimen 3 the results were more than 15 standard deviations higher than the mean of the other 

specimens and it was rejected using Peirce’s criterion (Peirce, 1852; Ross, 2003; Patel et al., 2010). 

For the generation of 95% confidence intervals, the specimen number (n) was taken as 6 because 

the 7 specimens came from 6 different patients which equated to 6 independent observations 

(Ranstam, 2012).  



 

The storage modulus was higher than the loss modulus for every frequency of each specimen tested.   

Storage modulus was found to increase with increasing frequency following a logarithmic trend 

(figure 4).  The trends for the storage modulus (E’) against frequency (f) were described by the 

logarithmic curve fit: 

 

                for             (5) 

where A and B are constants (see table 3 for constants for each specimen).  This logarithmic curve fit 

showed a good correlation to the original data with R2 values all above 0.7.  All relationships were 

found to be significant (p < 0.05). 

 

The mean storage modulus for all specimens against frequency (figure 5) followed the same trend as 

the individual specimens. The curve fit for the mean storage modulus can be seen in equation 6. 

From 0.01 Hz to 30 Hz the mean storage modulus increased from 0.05 MPa to 0.085 MPa. 

                         for             (6) 

 

For individual specimens, the loss modulus was initially at a roughly constant value with increasing 

frequency until around 1 Hz where the loss modulus started to increase (figure 6). The trends for the 

loss modulus (E’’) against frequency (f) were described by a second order polynomial curve fit: 

                    for              (7) 

where C, D and E are constants (see table 3 for constants for each specimen).  This polynomial curve 

fit showed a good correlation with R2 values all above 0.69. All relationships were found to be 

significant (p < 0.05). 

 

  The mean loss modulus for all specimens against frequency (figure 7) followed the same trend as 

the individual specimens.  The curve fit for the mean loss modulus can be seen in equation 8. The 

mean loss modulus was initially at around 0.02 MPa at frequencies less than or equal to 1 Hz and 

then increased to 0.043 MPa by 30 Hz. 

                                  for             (8) 

 

 

 

Discussion 



The results of this study show that bladder tumours are viscoelastic throughout the range of 

frequencies that were tested. Furthermore, the storage modulus was constantly higher than the loss 

modulus. In comparison to a study by Barnes et al. (2015) on the tensile viscoelastic properties of 

porcine bladder where the mean values of storage and loss modulus were 0.36 MPa and 0.05 MPa, 

respectively, over the same frequency range human bladder tumour had a storage modulus of 0.07 

MPa and a loss modulus of 0.02 MPa. In spite of differences in the mammal tested and the type of 

loading, consistencies in the general trends of the storage and loss modulus were found. At low 

frequencies (below 1 Hz) the storage modulus of the porcine bladder did show a logarithmic trend 

similar to the one seen in the results of this study, and the porcine bladder loss modulus showed an 

increasing trend against frequency (Barnes et al., 2015) which can also be seen in the human bladder 

tumour results presented here. 

DeWall et al. (2012) used similar testing equipment and protocols to characterize the viscoelastic 

properties of normal and tumourous liver tissue. They found that the background (normal) tissue 

storage modulus was higher than the malignant tissue for each of the frequencies tested. Over a 

comparable frequency range the storage modulus of the liver tumours (0.01 MPa) was less than the 

storage modulus found for human bladder tumours in this study (0.08 MPa).  

Lekka et al. (2012) also found that cancerous cells of a variety of tissue decreased in stiffness in 

comparison to normal tissue. They reported a value of 0.001 MPa for the Young’s modulus of 

bladder cancer tumours. This study reports a higher value of 0.06 MPa (dynamic modulus) at a 

comparable loading rate to this study. However, comparison is difficult due to the differences in 

testing at the cellular and tissue levels and also because dynamic modulus is a viscoelastic property 

as opposed to Young’s modulus which assumes the material to be purely elastic. Dynamic modulus 

can be calculated from the orthogonal of the storage and loss moduli,    √         (Hukins et 

al., 1999).  

In comparison to a study on the shear dynamic properties of bladder tumour cells by Abidine et al. 

(2015) the axial compressive moduli found in this study were higher at comparable frequencies and 

both studies presented increasing trends against frequency. This indicates that bladder tumours 

exhibit higher moduli at the macro scale, however, the studies are difficult to compare due to the 

differences in testing at the cellular and tissue scales and the differences between shear and 

compression. 

There have also been studies which have looked at tensile testing of porcine bladder tissue. Natali et 

al. (2015) investigated the cyclic behaviour of rectangular specimens and found the tissue to exhibit 

a higher stiffness in the transverse direction. Zanetti et al. (2012) also investigated tensile properties 

and found porcine bladder exhibited a secant modulus in the range of 0.1 – 0.45 MPa, at a 

comparable loading rate this is higher than the dynamic modulus found for human bladder tumour 

(0.062 MPa). However, comparison between the studies are difficult as: this current study uses 

human tumours, under compression with dynamic moduli calculated, whereas the studies 

mentioned above used healthy porcine tissue, under tensile testing and calculated a secant modulus. 

The translational utility of our findings lie in several areas: 

Diagnostic: Ultrasound elastography is effective in the detection of tumours in breast cancer 

(Gheonea et al., 2011). Elastography makes use of external tissue compression and ultrasound 



imaging to map the stiffness of different areas of tissue. The differences in the mechanical 

properties of normal and tumourous tissue point oncologists to potential regions of malignancy. In 

breast cancer, malignant tissue is harder and hence stiffer than the surrounding tissue (Itoh et al., 

2006). If the moduli for normal and malignant bladder tissue are quantified and significant differences 

are found, then there is the potential for the application to diagnosis with imaging techniques that use 

mechanical stimulation; such as ultrasound elastography. Currently such tools are not used in the 

diagnosis of bladder cancer, but the authors believe that in the future this may become a favourable 

solution in comparison to cystoscopy, biopsy or cross-sectional imaging.  

Surgical training: In applications such as training for surgery, such as TURBT, it may be advantageous 

for the surgeon to practice or learn to use existing or new (Barnes et al., Submitted) equipment to 

cut through material with similar viscoelastic properties to tumour tissue. Ahmadzadeh and Hukins 

(2014) have described a method of manufacturing materials with certain viscoelastic properties that 

could be used in this instance. The Uro Trainer manufactured by Karl Storz GmbH (Tuttlingen, 

Germany) is a virtual reality trainer which provides haptic feedback based on the experience of 

surgeons (Reich et al., 2006). More realistic feedback may be achievable for a range of different 

tumours with their respective viscoelastic properties. 

Instrument design: An indentation system similar to that described by Appleyard et al (2001) for 

cartilage could be manufactured to measure and assess the viscoelastic properties of tumours in 

vivo. The viscoelastic properties of any suspicious bladder tissue or lesions could then be 

ascertained in vivo and these measurements could be used to distinguish between tumorous and 

healthy tissue; appropriate action could then be taken during the same procedure. This is in contrast 

to taking a biopsy, waiting for results and then undergoing another procedure. 

Computational models: The macro scale values presented in this study would be able to inform 

better computational models of the bladder. When comparing the behaviour of a healthy bladder to 

a tumour-containing bladder when subjected to filling, computational methods such as Finite 

Element Analysis could be used to predict regions with high stress concentrations. Also, Fluid 

Structure Interaction (FSI) could potentially be used to determine the path of tumour cells during 

TURBT. Methods for linking fluids and structures have previously been described by Espino et al. 

(2015). 

 A possible limitation of the current study may be in the shape assumption of a cuboid for the 

tumour specimens. The majority of the specimens tested had on inspection a rectangular shape, 

when observing the specimen from above. However, as can be seen in figure 1a and 1b this varied 

and these specimens were more cylindrical in appearance. The errors in the calculated shape factor 

are expected to have only a limited effect on the results as the worst case scenario is an 

overestimation of the shape factor by ~13% when comparing the shape factor of a cuboid to a 

cylinder. In reality, the shape of the specimens was probably somewhere in between a cuboid and a 

cylinder so the actual overestimation would have been less. Furthermore, the individual trends for 

each specimen would not be changed by a difference in shape factor, only offset, as the shape factor 

was constant for each specimen. 

This study made use of unconfined compression; an alternative to this is confined compression. 

However, its application in relation to human bladder tumours is no more appropriate than 

unconfined compression; for example, the lateral ‘walls’ of the tumour are not necessarily confined 



by the bladder tissue. Furthermore, during testing there was no evidence of permanent tissue 

deformation under dynamic loading which can be seen in figure 3 (i.e. a significant volume of fluid is 

unlikely to have been forced out of the tumour); thus, negating the need for confined compression 

during testing. 

Due to the low sample size, the variables of grade, stage, type, age and gender were not compared. 

Future studies investigating these variables could be of great value; for example, Swaminathan et al. 

(2011) demonstrated that as ovarian tumour cells become more invasive, their stiffness decreases. 

Abidine et al. (2015) found that the transition frequency of shear storage and loss moduli decreased 

with increasing invasiveness of bladder cancer cells. It would be of interest to find the transition 

frequencies at the macro scale, however, there will be difficulties in reaching high enough testing 

frequencies (some above 200 Hz in the study by Abidine et al. (2015)) with uniaxial testing 

equipment and there may be issues with vibration of soft tissue specimens at these higher 

frequencies. Furthermore, DeWall et al. (2012) have hypothesized that tissue properties may also be 

useful in diagnosing different tumour types. If there is a relationship between the macro viscoelastic 

behaviour of bladder tumours and their depth of invasion, grade, stage or type this would be of 

great value in diagnostic procedures. 

Conclusions 

It can be concluded that human bladder tumour exhibits frequency dependent viscoelastic 

properties throughout the range of frequencies tested. The storage modulus exhibited a 

logarithmically increasing trend against frequency with a mean value of 0.069 MPa and the loss 

modulus exhibited a quadratic increasing trend against frequency with a mean of 0.027 MPa. 

Applications of these findings include the diagnosis of bladder cancer, computer simulations of the 

bladder and the manufacture of more realistic tumour models in surgical trainers. 
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Figure 1 – Human bladder tumour specimens: (a) specimen 2; (b) specimen 3; (c) specimen 6; (d) 

specimen 7. 

 

 

 

 

 



 

Figure 2 – Compressive DMA set-up for human bladder tumours. 

 

 

Figure 3 – Load displacement data for specimen 9 at 2 Hz. 
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Figure 4 – Storage modulus (E’) against log frequency (f) for three individual tumour specimens. 

The curve fit is given by equation 5. 

 

 

Figure 5 – Mean storage modulus (E’) against log frequency (f). Error bars represent the 95% 

confidence intervals for the sample. The mean curve fit for the storage modulus against log 

frequency is stated in equation 6. Mean storage modulus across all frequencies tested was 0.069 

MPa. 
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Figure 6 – Loss modulus (E’) against log frequency (f) for three individual tumour specimens. The 

curve fit is given by equation 8. 

 

 

 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.001 0.01 0.1 1 10 100

M
o

d
u

lu
s 

(M
P

a)
 

Log Frequency (Hz) 

Specimen 9 Loss Modulus

Specimen 4 Loss Modulus

Specimen 10 Loss Modulus



Figure 7 – Mean loss modulus (E’’) against log frequency (f). Error bars represent 95% confidence 

intervals for the sample. The mean curve fit for the storage modulus against log frequency is 

stated in equation 8. Mean loss modulus across all frequencies tested was 0.027 MPa. 

 

 

 

Table 1 - Individual information for the 10 bladder tumour specimens. Three of the specimens used 

(2, 6 & 7) were from the same individual. SD refers to standard deviation. 

Specimen 

Number 

Grade/ 

Stage 
Architecture 

Age at 

collection 
Gender 

Mean Dimensions (SD) 

Width 

(mm)  

Depth 

(mm) 

Height 

(mm) 

1 Non-UBC pap 83 Male 5.4 (0.2) 5.5 (0.5) 3.1 (0.2) 

2 G3pT2+ pap 72 Male 8.1 (1.5) 7.5 (0.7) 5.0 (0.2) 

3 G1pTa pap 62 Male 3.8 (0.2) 4.9 (0.5) 3.0 (0.5) 

4 G3pT2+ mixed 90 Female 12.5 (2.6) 8.1 (1.1) 5.2 (0.4) 

5 Non-UBC mixed 73 Female 4.4 (1.3) 7.6 (0.6) 3.2 (0.2) 

6 G3pT2+ pap 72 Male 3.9 (0.4) 6.8 (1.4) 3.0 (0.2) 

7 G3pT2+ pap 72 Male 6.2 (0.3) 18.3 (0.2) 4.8 (0.4) 

8 G2pT1 pap 73 Male 3.2 (0.1) 6.6 (0.3) 1.0 (0.2) 

9 G3pT2+ mixed 68 Female 5.3 (1.0) 10.5 (1.8) 3.9 (0.4) 

10 G3pT2+ pap 83 Male 4.7 (1.0) 9.8 (0.9) 2.8 (1.5) 

 

 

 

 

Table 2 – Human bladder tumour testing parameters. 

Specimen Number 

Testing Parameters 

Mean Displacement (mm) Amplitude (mm) 

1 0.613 0.061 

2 1.007 0.101 

3 0.600 0.060 



4 1.033 0.103 

5 0.640 0.064 

6 0.593 0.059 

7 0.953 0.095 

8 0.207 0.021 

9 0.780 0.078 

10 0.567 0.057 

 

 

Table 3 – Curve fit results for storage and loss modulus. All coefficients were found to be 

statistically significant (p<0.05) 

 

 

Specimen Number 
Storage Modulus Curve Fit (E'=A*ln(f)+B) Loss Modulus Curve Fit (E''=Cf

2
+Df+E) 

A B R
2
 C (x10

-3
) D E R

2
 

1 0.0132 0.1200 0.997 -0.107 0.0050 0.0045 0.953 

2 0.0017 0.0365 0.865 -0.016 0.0008 0.0098 0.939 

3 0.0031 0.0624 0.995 -0.025 0.0013 0.0188 0.981 

4 0.0012 0.0641 0.848 -0.016 0.0008 0.0167 0.904 

5 0.0013 0.0481 0.705 -0.007 0.0004 0.0093 0.691 

6 0.0066 0.1216 0.966 -0.058 0.0031 0.0406 0.982 

7 0.0023 0.0306 0.989 -0.008 0.0004 0.0055 0.960 

Mean 0.0042 0.0690 0.909 -0.03 0.0017 0.0150 0.916 




