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Abstract
Recent advances in elastography have provided several imaging modalities
capable of quantifying the elasticity of tissue, an intrinsic tissue property. This
information is useful for determining tumour margins and may also be useful for
diagnosing specific tumour types. In this study, we used dynamic compression
testing to quantify the viscoelastic properties of 16 human hepatic primary and
secondary malignancies and their corresponding background tissue obtained
following surgical resection. Two additional backgrounds were also tested.
An analysis of the background tissue showed that F4-graded fibrotic liver
tissue was significantly stiffer than F0-graded tissue, with a modulus contrast
of 4:1. Steatotic liver tissue was slightly stiffer than normal liver tissue, but
not significantly so. The tumour-to-background storage modulus contrast of
hepatocellular carcinomas, a primary tumour, was approximately 1:1, and the
contrast decreased with increasing fibrosis grade of the background tissue.
Ramp testing showed that the background stiffness increased faster than the
malignant tissue. Conversely, secondary tumours were typically much stiffer
than the surrounding background, with a tumour-to-background contrast of 10:1
for colon metastases and 10:1 for cholangiocarcinomas. Ramp testing showed
that colon metastases stiffened faster than their corresponding backgrounds.
These data have provided insights into the mechanical properties of specific
tumour types, which may prove beneficial as the use of quantitative stiffness
imaging increases.

(Some figures may appear in colour only in the online journal)
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1. Introduction

Pathological changes to tissue are often accompanied by structural changes that lead to an
increase in tissue stiffness (Fung 1993). For example, breast or prostate tumours often exhibit
increased stiffness with respect to the surrounding tissue. Physicians often exploit this stiffness
differential to locate tumours using manual palpation. This phenomenon is also observed in
the liver. Inflammation caused by liver disease results in a progressive replacement of normal
tissue with fibrous scar tissue (Bruix et al 2001), leading to an increase in tissue stiffness
(Salameh et al 2009). Hepatic malignancies may also be stiff with respect to the surrounding
tissue. However, these tumours are difficult to detect with manual palpation alone because of
overlying fat and tissue layers.

Elastography is a form of virtual palpation used to differentiate tissue with differing
stiffness and has been used to image lesions that cannot be detected with manual palpation
alone, such as stiffer masses in the liver. For example, sonoelastography has delineated stiff
thermal ablations ex vivo (Zhang et al 2008). Strain imaging has been used to demarcate
radiofrequency ablations ex vivo and in vivo, using the ablation electrode as the compression
device (Bharat et al 2008, Rubert et al 2010, Liu et al 2006). Recently, acoustic radiation force
imaging (ARFI) has been used to determine hepatic malignancy margins by ‘pushing’ the
tissue with an acoustic pulse and measuring the resulting displacements. The stiffer malignant
tissue displaces less than the softer background (Fahey et al 2008a, 2008b).

Boundary delineation of hepatic malignancies is important, but assessing the pathological
state of tumour and background tissue is just as critical. Strain imaging and displacement
imaging provide margin information but do not provide information on the intrinsic stiffness
of the tumour and surrounding background. Tissue elasticity (i.e. Young’s modulus) provides
quantitative information, and several new imaging modalities have been developed to estimate
this parameter. Magnetic resonance elastography (MRE) has successfully been used to quantify
Young’s modulus in a variety of cancer types (Venkatesh et al 2008), as well as stage fibrosis
(Huwart et al 2006, Asbach et al 2008). ARFI shear wave tracking has obtained quantitative
estimates of the shear wave velocity, which is proportional to Young’s modulus, within regions
of interest (ROI) in hepatic malignancies and in healthy tissue (Kapoor et al 2011, Palmeri
et al 2008). Supersonic shear imaging (SSI) and two-dimensional transient elastography have
successfully been used to quantify Young’s modulus in breast malignancies (Bercoff et al
2003, Tanter et al 2008) and in healthy liver tissue (Muller et al 2009), and electrode vibration
elastography has quantified shear wave velocity within radiofrequency ablations (DeWall et al
2011). These techniques are exciting advances in elastography and could aid in diagnosing
hepatic malignancies.

Imaging studies have been promising in quantifying the elasticity in hepatic malignancies,
but mechanical testing will help corroborate results. Many studies have investigated the
mechanical properties of normal liver tissue in animal models. The strain-rate-dependent
behaviour of bovine liver tissue has been investigated (Pervin et al 2011, Roan and Vemaganti
2011). In a porcine model, the effects of perfusion on liver tissue mechanics have been studied
(Kerdok et al 2006), and one-dimensional transient elastography stiffness estimates have been
compared to DMA (Chatelin et al 2011). Dynamic compression testing has also been used
to quantify the viscoelastic properties of normal and ablated canine hepatic tissue (Kiss et al
2004, 2009).

However, few studies have estimated the mechanical properties of human liver tissue via
mechanical testing. An aspiration device has been developed to quantify liver stiffness on the
liver surface during open surgery (Mazza et al 2007). Other studies have quantified the stiffness
of the human liver based on the fibrosis score (Kusaka et al 2000, Yeh et al 2002), as well as
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Table 1. Liver pathologies mechanically tested.

Fibrosis score

Pathology lesion N F0 F1 F2 F3 F4 Fatty liver steatosis

Colon metastases 6 5 0 1 0 0 2
Hepatocellular carcinoma 4 2 0 1 0 1 1
Cholangiocarcinoma 3 3 0 0 0 0 1
Gastrointestinal stromal metastases 1 1 0 0 0 0 0
Neuroendocrine metastases 1 1 0 0 0 0 1
Adenoma 1 1 0 0 0 0 0
Total: 16 13 0 2 0 1 5
Additional backgrounds: – 1 0 0 0 1 1
Cumulative total: 16 14 0 2 0 2 6

the stiffness of cancers, namely a cholangiocarcinoma and a focal nodular hyperplasia (Yeh
et al 2002). However, only these two human hepatic lesions were tested, and only simple cyclic
testing was performed. The viscoelastic properties of hepatic malignancies have been poorly
studied via mechanical testing, and few different types of cancers have been investigated.

To gain insights into possible correlations between the mechanical properties of human
hepatic malignancies and cancer type, more work is necessary. In this study, we quantify the
mechanical properties of human primary and secondary malignancies and their corresponding
background tissue using dynamic compression testing through a range of precompressional
loads and testing frequencies. In addition, we investigate the effects of strain-hardening on
hepatic malignancies and background tissue through a broad compression range using ramp
testing. Background tissue samples are compared based on fibrosis grade or steatosis to
determine differences in the viscoelastic properties based on the pathological state of the
tissue.

2. Methods

2.1. Experiment

Malignant and background hepatic tissue samples from 18 patients were obtained from
the University of Wisconsin Pathology Laboratory. Each sample came from a patient who
underwent a surgical resection, and all surgeries were performed at the University of Wisconsin
Hospital and Clinics (Madison, WI). Following surgery, the liver section was brought to the
Surgical Pathology Laboratory. Approximately, 1 cm3 of the lesion and 1 cm3 of the background
were removed, placed in saline and transported to our laboratory for dynamic compression
testing. For two of the cases, only background tissue was obtained and tested (i.e. 16 lesions
and 18 backgrounds were tested). Pathology types are listed in table 1. Samples were typically
tested within 2 h of acquisition and were refrigerated until testing. Before testing, samples were
raised to room temperature. If necessary, samples were further shaped to make them square.
The dimensions of all sides were measured multiple times and averaged. All protocols and
procedures for this study were approved by the University of Wisconsin Institutional Review
Board for studies on excised tissue specimens.

2.2. Dynamic compression testing

To quantify the viscoelastic properties of the benign, malignant and background tissue,
dynamic compression tests were performed. This testing has been previously described (Kiss
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et al 2006, DeWall et al 2010). Briefly, an acrylic platen induces a sinusoidal displacement,
or strain, on the tissue sample, resulting in a sinusoidal force, or stress, phase shifted by an
angle δ. The complex modulus (E∗) is the ratio of the stress to the strain, which can be divided
into the energy stored per cycle, or storage modulus (E′), and the energy lost per cycle, or
loss modulus (E′′). The ratio of these two quantities is often referred to as tan δ, or viscous
damping (Lakes 1999):

tan δ = E ′′

E ′ . (1)

All samples were dynamically tested using an EnduraTEC ELF 3220 (Bose Corporation,
EnduraTEC Systems Group; Minnetonka, MN). The samples and testing platens were coated
with a thin layer of mineral oil to minimize tissue desiccation and friction at the contact
surfaces. The upper platen was lowered until just touching the upper surface of the tissue
sample. After contact was established, the sample was dynamically tested with sinusoidal
compressions over a range of compressions and frequencies.

The system was controlled using the ElectroForce (ELF) DMA software. Each sample was
tested from 1% to 6% precompression with a compression amplitude of 2%. For example, a
sample tested at 1% precompression was sinusoidally tested from 1% to 3% compression with
a mean compression of 2%. For each precompression level, samples were dynamically tested at
1, 10, 20 and 30 Hz. In order to precondition the tissue (Fung 1993), several compression cycles
occurred before data collection. There was a 15 s hold between testing frequencies. During
this time, the sample was held at the mean strain value (e.g. 2% for 1%–3% compression test).
For each testing frequency, the DMA software measured the force amplitude, displacement
amplitude and phase lag at the peak frequency and output |E∗|, E′’, E′′ and tan δ. The DMA
software assumes that the area of the sample faces remains the same. Because tissue is nearly
incompressible, a correction factor was applied to account for the changes in sample face size
with compression.

During the course of this study, it was observed that the tumour-to-background contrast
changed little in the 1%–6% precompression range. Simple ramp testing was added to the
protocol to investigate strain-hardening at higher levels of compression. After dynamic testing,
samples were compressed up to 20% precompression at a strain rate of 0.1% s–1. Three cycles
of data were collected to precondition the tissue (Fung 1993). The sample face area changes
because the tissue is nearly incompressible. This must be accounted for in the calculation of
stress and strain. Material stretch is defined as

λ = h

h0
. (2)

The Cauchy stress is

σ = F

A0
λ (3)

and the Almansi strain is

ε = 1

2

(
1 − 1

λ2

)
. (4)

2.3. Statistics

The significance of the overall changes in E′, E′′ and tan δ over the precompression range and
the frequency range was assessed using a one-way analysis of variance (ANOVA; p < 0.001).
Tukey multiple comparisons were used to compare E′, E′′ and tan δ at each precompression
level or frequency to E′, E′′, and tan δ at 1% precompression or 1 Hz frequency, respectively
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(a) (b)

(c) (d)

Figure 1. Viscoelastic properties of background tissue based on fibrosis score. The storage modulus
(a) increased with increasing fibrosis score. The storage modulus normalized to F0 grade (b) was
roughly four times higher in F4 cases. Tan δ (c) remained relatively constant regardless of fibrosis
grade. There was little difference among fibrosis grades when tan δ was normalized to F0 (d).

(∗, p < 0.05; ∗∗, p < 0.001). Significance between groups (e.g. malignant versus background
tissue) at each precompression level or frequency was also tested (†, p < 0.05; ‡, p < 0.001).
All results are presented as mean ± standard deviation.

3. Results

Background tissue stiffness was compared by grouping samples based on fibrosis grade or
steatosis. Figure 1 shows background tissue broken down into F0 (n = 14), F2 (n = 2) and F4
(n = 2) fibrosis grades. The F4-graded liver tissue storage modulus was significantly higher
than that of F0 tissue, with a ratio of approximately 4:1. In figure 2, samples were grouped as
steatotic or normal, excluding the cirrhotic (F4-graded) samples. Steatotic tissue exhibited an
elevated storage modulus with respect to normal tissue, but was not significantly so, except for
the 3% compression level. The loss modulus was also elevated but was not significantly so.

The effect of precompression on hepatic tissue viscoelastic properties was investigated
in benign and malignant lesions and the surrounding background tissue. Figure 3 shows
dynamic compression testing data from hepatocellular carcinomas (HCCs, n = 4), a primary
cancer. There was a trend of increasing stiffness with increasing precompression in figure 3(a).
The storage modulus of the background was more variable than that of the HCCs tested. The
tumour-to-background contrast was broken down by fibrosis grade in figure 3(b) and decreased
from 1.5:1 at F0 to 0.5:1 at F4. Tan δ changed little with increasing precompression. In
figure 4, the storage modulus of colon metastases (n = 6), a secondary cancer, was significantly
higher than the background tissue and was more variable. The tumour-to-background contrast
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(a) (b)

(c)

Figure 2. Effects of precompression on normal (n = 10) and steatotic (n = 6) liver tissue.
The storage modulus (a) of steatotic liver was not significantly higher than normal tissue for all
compression levels but 3% (†, p < 0.05; ‡, p < 0.001), although the mean stiffness was slightly
elevated with respect to normal. The loss modulus (b) in steatotic tissue was elevated with respect
to normal tissue but not significantly so. The tan δ of steatotic or normal tissue (c) was relatively
constant with increasing precompression.

was relatively constant at 10:1 for the F0 background and was approximately 1.25:1 for the
one F2 background that was tested. As with HCCs, tan δ changed little with precompression.
In figure 5, the storage modulus of cholangiocarcinomas (n = 3), another secondary cancer,
was highly variable, but not so in the background tissue. The tumour-to-background contrast
was approximately 10:1, and tan δ was relatively constant. A benign adenoma (n = 1),
gastrointestinal stromal metastasis (n = 1) and neuro-endocrine metastasis (n = 1) are
presented in figure 6. All exhibited an increase in stiffness with increasing precompression
and the tumour-to-background contrast ranged from 1.5 to 2.5 for all lesions.

Malignant and background liver tissue also exhibited frequency-dependent behaviour.
Figure 7 presents the storage modulus and tan δ in HCCs and their corresponding background
for the 1%–3% and 6%–8% compression levels. The storage modulus in HCCs and background
tissue increased with precompression, although not significantly. Tan δ increased significantly
with increasing frequency in both the background and malignant tissues. The storage modulus
contrast and tan δ contrast remained relatively constant across frequencies. In figure 8, the
stiffness of colon metastases was significantly higher than the background tissue for all
frequencies at the 1%–3% and 6%–8% compression levels. The storage modulus tended to
increase with increasing frequency, although not significantly so. Tan δ significantly increased
with increasing frequency in the background tissue. As with HCCs, the tumour-to-background
contrast was relatively constant.
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(a) (b)

(c) (d)

Figure 3. Viscoelastic properties of hepatocellular carcinomas (HCCs) and surrounding
background tissue (n = 4). The storage modulus (a) for HCCs and background tissue increased with
increasing precompression. The background tissue was highly variable because of different fibrosis
grades. The tissue contrast (b) remained relatively constant with compression, but decreased with
increasing fibrosis grade (F0, n = 2; F2, n = 1; F4, n = 1). Tan(δ) (c) and tan(δ) tumour-to-
background contrast (d) remained relatively constant with increasing compression.

Ramp loading up to 20% compression was used to investigate strain-hardening in HCCs
and colon metastases when compared to the surrounding background. The background of
all samples that were tested had a fibrosis grade of F0. Interestingly, the background strain-
hardened faster than the HCC that was tested, as shown in figure 9. In figure 10, all colon
metastases (n = 4) strain-hardened faster than the surrounding background, but the rate and
extent of strain-hardening were quite variable.

4. Discussion

We have quantified differences in tissue stiffness contrast based on cancer type or the
background tissue disease state. Few studies have quantified tissue mechanics in human hepatic
malignancies via mechanical testing (Yeh et al 2002, Kusaka et al 2000). This work provides
mechanical testing estimates of the viscoelastic properties of specific cancer types that are
currently absent from the literature. HCCs, a primary tumour, were approximately of the same
stiffness as the surrounding background and interestingly exhibited lower contrast with large
compressions. Metastases, or secondary cancers, were stiffer than the surrounding background.
Secondary tumours also strain-hardened faster than their corresponding background liver
tissue. Cirrhotic F4-graded tissue was significantly stiffer than F0-graded tissue, and mean
values of the graded sample groups were comparable to estimates obtained via elastography
(Sandrin et al 2003). Steatotic tissue was only slightly stiffer than normal tissue but generally
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(a) (b)

(c) (d)

Figure 4. Viscoelastic properties of colon metastases (n = 6). The storage modulus (a) of the
malignant tissue was much higher in colon metastases and exhibited higher variability than the
surrounding background tissue (†, p < 0.05; ‡, p < 0.001). The storage modulus contrast (b) was
relatively constant, as were tan(δ) (c) and tan(δ) contrast (d).

not significantly so, as shown in a prior study on liver tissue in rats (Salameh et al 2009).
These results provide insights that may prove useful in diagnosing hepatic malignancies using
quantitative stiffness imaging modalities.

The background tissue samples were divided into groups based on fibrosis score or the
presence or absence of steatosis. F4-graded cirrhotic tissue was significantly stiffer than normal
background tissue, and results were comparable to those previously reported (Sandrin et al
2003, Palmeri et al 2008). The variability of tissue stiffness increased with fibrosis grade, likely
an increase in tissue heterogeneity with the pathological state. Elastography modalities such as
SSI and MRE can partially circumvent the increase in dispersion resulting from heterogeneity
by averaging the stiffness in a large ROI. This was not possible with our system, because
the testing platens could not accommodate a sample larger than 1 cm3. However, the mean
elastic moduli were comparable to imaging studies. Steatotic tissue was stiffer than normal
tissue, but not significantly so, as reported in prior studies (Yeh et al 2002). ARFI shear wave
imaging has also shown that stiffness increases with steatosis in a chicken model (Guzman
Aroca et al 2010). The loss modulus was also elevated, but not significantly. This differs from
observations in a rat model of steatosis (Salameh et al 2009). However, in that study, the level
of steatosis was approximately 30%, while the level of steatosis observed in this study was
only 5%–10%.

We tested four HCCs, primary cancers, over the course of this study. The storage modulus
in the tumours was approximately of the same stiffness as that in the corresponding background.
One study reported that testing an HCC was impossible because it was too soft (Yeh et al
2002); we did not find this to be the case, but the HCCs were relatively soft compared to
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(a) (b)

(c) (d)

Figure 5. Viscoelastic properties of cholangiocarcinomas (n = 3). The storage modulus (a) was
higher and more variable in the malignant tissue than the F0 background. The storage modulus
contrast (b) was relatively constant, as were tan(δ) (c) and tan(δ) contrast (d).

(a) (b)

Figure 6. Effects of precompression on a benign adenoma (n = 1), gastrointestinal stromal (GIST)
metastasis (n = 1), and neuroendocrine (Neuro) metastasis (n = 1). The lesion and normal tissue
storage modulus (a) increased with increasing precompression. An increase in the contrast (b) with
increasing precompression was observed in the adenoma and the neuroendocrine metastasis.

the background when compared to other tissue types. This may be explained by the fact that
HCCs primarily occur in patients with liver fibrosis, which results from a variety of diseases
or conditions including hepatitis B and C, diabetes mellitus, alcoholism and fat accumulation
(Bruix et al 2001). Damage to the liver leads to a progressive replacement of normal tissue
with scar tissue, increasing the inherent stiffness of the liver. Of our samples, two were graded
F0, one was graded F2 and one was graded F4, which is reflected in the variability of the
background tissue. In figure 3(b), the contrast is broken down based on fibrosis grade. The
tumour-to-background contrast is relatively low and decreases with increasing fibrosis grade,
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(a) (b)

(c) (d)

Figure 7. Effects of testing frequency on hepatocellular carcinoma (HCC) and surrounding
background viscoelastic properties (n = 4). Graphs present the storage modulus (a), modulus
contrast (b), tan(δ) (c) and tan(δ) contrast (d) for the 1%–3% and 6%–8% compression ranges.
Increases in frequency increased the storage modulus and tan(δ) (∗, p < 0.05; ∗∗, p < 0.001). The
storage modulus and tan (δ) contrast remained relatively constant with increases in frequency. Note
that symbols to the left of the asterisks indicate statistical significance only i.e. they are not actual
data points.

with the tumour being softer than the surrounded background (0.5:1) for F4-graded tissue.
Low contrast or tumours softer than the surrounding background may be a useful indicator
of primary hepatic cancer. Interestingly, tan δ values and variability were similar for both
malignant and background tissue, similar to those previously reported in healthy animal tissue
(Chatelin et al 2011, Kiss et al 2004).

Secondary tumours were in general stiffer than their corresponding background. Colon
metastases were significantly stiffer and much more variable than the background tissue. The
same behaviour was observed for cholangiocarcinomas. The variability may reflect different
levels of tumour progression, patient variability (e.g. health, diet) or tissue heterogeneity
resulting from the pathological state of the tissue. Ideally, we would have globally tested the
entire tumour or spatially mapped the tissue stiffness via dynamic indentation (DeWall et al
2012). However, due to the finite amount of tissue available and the pathology lab’s need to
analyse tissue for pathological diagnosis, we could not acquire entire tumours. In addition, for
our compression testing protocol, it is infeasible to test tumours at the same level of progression
in human studies, as treatment strategies are started soon after tumour detection. Interestingly,
the background tissue storage modulus estimates were very consistent across the secondary
tumours tested, which reflects the fact that the tumour was metastasized from another site.
That is, the liver did not have an underlying disease or condition that caused the cancer: of
the colon metastases (n = 6) and cholangiocarinomas (n = 3) tested, eight were graded F0
and one was graded F2. Tan δ estimates and variability were again comparable, indicating that
viscous damping may not hold any diagnostic value.
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(a) (b)

(c) (d)

Figure 8. Effects of frequency on colon metastases and surrounding background viscoelastic
properties (n = 6). Graphs present the storage modulus (a), modulus contrast (b), tan(δ) (c) and
tan(δ) contrast (d) for the 1%–3% and 6%–8% compression ranges. The storage modulus of
colon metastases was significantly higher than the background for all precompression levels at all
frequencies (†, p < 0.05; ‡, p < 0.001). Increases in frequency increased the storage modulus and
tan(δ) (∗, p < 0.05; ∗∗, p < 0.001). The storage modulus and tan (δ) contrast in colon metastases
remained relatively constant with increases in frequency. Note that symbols to the left of the
asterisks indicate statistical significance only i.e. they are not actual data points.

Figure 9. Third ramp testing cycle of a hepatocellular carcinoma and surrounding F0 background
tissue compressed up to 20%. Interestingly, the background tissue strain-hardened faster than the
primary tumour.

We acquired only one of several types of the lesions that were tested, including a benign
adenoma, gastrointestinal stromal tumour metastasis, and neuroendocrine metastasis. All three
were comparably stiff, which may suggest that some tumours are difficult to differentiate based
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(a) (b)

(c) (d)

Figure 10. Third ramp testing cycle of colon metastases and surrounding F0 background tissue
compressed up to 20% (n = 4). There was significant variability in the strain-hardening of the
colon metastases that were tested (a–d). However, in all cases, the secondary tumour hardened
faster than the background tissue.

on stiffness information. However, only one sample was obtained for each case, which makes
generalized conclusions difficult. Acquiring more samples would have been ideal, but the
probability of acquiring more of these less common cancer types was low; only one of these
cancer types was acquired over the duration of this three and a half year study.

Both HCCs and colon metastases showed similar frequency-dependent behaviour. The
storage modulus and tan δ increased with increasing frequency, following the expected trend.
However, the stiffness of the tumour and background tissue at all frequencies remained
relatively constant, having little effect on the observed contrast. This may not be true of higher
testing frequencies, which is applicable to radiation-force-based elastography approaches that
operate in the range of 50–400 Hz (Muller et al 2009, Sandrin et al 2003). We did not
estimate the viscoelastic tissue properties at higher frequencies through the course of this
study. Future studies should investigate what, if any, effect higher frequencies have on the
tumour-to-background contrast.

The tumour-to-background contrast for all tumour types changed little up to 6%
precompression. Ramp testing elucidated the strain-hardening behaviour of the tissue at higher
levels of compression. Interestingly, the contrast decreased in the HCC that was tested. That is,
it became softer relative to the background, which is likely the result of the stiff fibrotic tissue
in the background. Colon metastases were all strain-hardened faster than the corresponding
background but at different rates. Strain-hardening may be useful to increase the tumour-to-
background contrast in secondary tumours, but achieving a high enough level of compression
may be difficult in a clinical setting. Additionally, the compression will strain-harden the
overlying layers of tissue, which may obscure rather than clarify the image. Adding a specified
amount of compression by hand is also difficult to control or quantify, decreasing the value of
the quantitative stiffness estimates obtained.
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There are inherent limitations to ex vivo experiments. Some have shown differences
between ex vivo and in vivo measurements, which may result from tissue degradation over
time (Chatelin et al 2011). However, in this study, we tested tissue samples soon after removal
from the patient, which minimized this effect. In vivo tissue is also actively perfused, which
has been shown to affect the observed tissue stiffness (Kerdok et al 2006), but perfusing the
small tissue samples (∼1 cm3) that we obtained would have been impossible. These two factors
should be considered, but both the lesion and background absolute stiffness may change at the
same rate. That is, the tumour-to-background contrast may be the same regardless of whether
the stiffness was measured ex vivo or in vivo, despite absolute differences in the tumour and
background tissue. In future studies, it would be beneficial to use a quantitative stiffness
imaging modality to quantify tumour and background stiffness before resection, followed by
ex vivo dynamic testing after resection. However, during the course of this study, these systems
were not available to us.

We have characterized the viscoelastic properties of human primary and secondary cancers
via mechanical testing, which few previous studies have quantified. The tumour-to-background
contrast was much lower in primary than in secondary cancers. This observation may prove
beneficial if stiffness maps of hepatic malignancies can be visualized in a repeatable manner.
With the advent of new imaging modalities that can quantify the elasticity in tumour and
background tissue noninvasively, this may soon be a clinical reality.
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