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Microscopic structural alterations of liver tissue induced by freeze-thaw cycles give rise to palpable prop-
erty changes. However, the underlying damage to tissue architecture is difficult to quantify histologically,
and published data on macroscopic changes in biophysical properties are sparse.
To better understand the influence of hepatic cells and stroma on global biophysical parameters, we

studied rat liver specimens freshly taken (within 30 min after death) and treated by freeze-thaw cycles
overnight at either �20 �C or –80 �C using diffusion-weighted imaging (DWI) and multifrequency mag-
netic resonance elastography (MRE) performed at 0.5 T in a tabletop MRE scanner. Tissue structure
was analyzed histologically and rheologic data were analyzed using fractional order derivatives concep-
tualized by a called spring-pot component that interpolates between pure elastic and viscous responses.
Overnight freezing and thawing induced membrane disruptions and cell detachment in the space of

Disse, resulting in a markedly lower shear modulus l and apparent diffusion coefficient (ADC)
(l[�20 �C] = 1.23 ± 0.73 kPa, l[�80 �C] = 0.66 ± 0.75 kPa; ADC[–20 �C] = 0.649 ± 0.028 lm2/s, ADC
[�80 �C] = 0.626 ± 0.025 lm2/s) compared to normal tissue (l = 9.92 ± 3.30 kPa, ADC = 0.770 ± 0.023
lm2/s, all p < 0.001). Furthermore, we analyzed the springpot-powerlaw coefficient and observed a reduc-
tion in �20 �C specimens (0.22 ± 0.14) compared to native tissue (0.40 ± 0.10, p = 0.033) and �80 �C speci-
mens (0.54 ± 0.22, p = 0.002), that correlated with histological observations of sinusoidal dilation and
collagen distortion within the space of Disse. Overall, the results suggest that shear modulus and water dif-
fusion in liver tissue markedly decrease due to cell membrane degradation and cell detachment while
viscosity-related properties appear to bemore sensitive to distorted stromal andmicrovascular architecture.

� 2019 Published by Elsevier Ltd.
1. Introduction

Liver parenchyma is a cell-rich tissue whose major functions are
determined by the interaction of hepatocytes, microvasculature,
and extracellular matrix (ECM). Hepatocytes are organized in hep-
atic plates separated by sinusoids. The structure between a hepato-
cyte and a sinusoid is called the space of Disse. The sinusoidal
vessels are irregular spaces between the hepatic plates, which
are lined by sinusoidal endothelial cells (SEC), Kupffer cells, and
collagen-based reticulin fibers. Alterations in sinusoidal vessels
can precede fibrosis and promote hepatic stellate cell activation
(Natarajan et al., 2017).

Magnetic resonance elastography (MRE) and water diffusion-
weighted imaging (DWI) are two magnetic resonance imaging
(MRI) methods that provide quantitative and microstructural
information (Sack and Schaeffter, 2018). While MRE measures
shear viscoelasticity, DWI quantifies the mean free path length
traveled by water molecules in soft tissues (Hirsch et al., 2017).

Studies have correlated in vivo elastography data with histolog-
ical markers to identify biophysical patterns associated with speci-
fic pathologies (Lupsor et al., 2008; Sack et al., 2013; Sandrini et al.,
2014). For example, collagen accumulation leads to an increase in
the liver shear modulus by an order of magnitude suggesting that
elastography is sensitive to ECM remodeling (Georges et al., 2007;
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Reiter et al., 2014; Venkatesh et al., 2013). Complementarily, the
DWI signal sensitively changes when the permeability of cell
membranes is affected (Le Bihan, 2013). However, effects of cellu-
lar changes on viscoelastic parameters or effects of ECM alterations
on the DWI signal require further study (Sack and Schaeffter, 2018;
Van Beers et al., 2015).

The liver’s microstructure can also be modulated by freeze-
thaw cycles, which result in cell dehydration and disruption of cell
membranes (Bakhach, 2009; Bischof et al., 1993; Li et al., 2018; Lu
et al., 2014; Wex et al., 2014). Temperatures below 4 �C can already
induce significant structural distortions such as SEC detachment
from the space of Disse (Jain et al., 2004; Natarajan et al., 2017).

Although freezing-thawing of liver tissue induces palpable
mechanical property changes, the underlying microscopic changes
are difficult to quantify by conventional histological methods. Pub-
lished data on freezing-induced mechanical property changes in
liver tissue are sparse and partially conflicting (Lu et al., 2014; Lu
Fig. 1. Unstained cryosections of liver tissue of 5-mm thickness imaged with phase-contr
their light diffraction properties (arrows). Liver frozen-thawed at �20 �C (b, b.1) shows s
c.1) shows similar patterns as seen in native tissue (a, a.1). All scale bars correspond to
and Untaroiu, 2013; Wex et al., 2014). Therefore, we combine
MRE, DWI, and histological analysis to study fresh liver specimens
from rats subjected to different freezing scenarios.
2. Materials and methods

Overall, 46 liver specimens from Wistar rats (3–4 months old)
were investigated: native tissue (n = 11, MRE; n = 6, DWI),
�20 �C-frozen/thawed tissue (n = 11, MRE; n = 6, DWI), �80 �C-
frozen/thawed tissue (n = 6, MRE; n = 6, DWI). Cylindrical samples
measuring 8 mm in height and diameter were chopped from the
freshly harvested livers and investigated within 30 min or frozen
overnight by temperature shock (approx. 12 h) at �20� or �80 �C
and investigated after being fully thawed (approx. 2 h) at room
temperature. Of note, both freezing procedures were identical in
terms of sample sizes and freezing time. To avoid tissue deteriora-
ast microscopy. ECM molecules such as collagen and elastin fibers are identified by
ignificant distortions of tissue architecture and ECM while liver frozen at �80 �C (c,
50 mm.
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tion between successive measurements, each specimen was exam-
ined by either MRE or DWI.
2.1. Magnetic resonance elastography

A 0.5-T compact tabletop MRI device (Pure Devices GmbH,
Würzburg, Germany) was used for all MRE and DWI examinations.
For MRE, a customized spin-echo imaging sequence and piezoelec-
tric driver were used as detailed in (Braun et al., 2018) and in Sup-
plementary Materials.

For each driving frequency of 300, 400, 500, 600, 700, 800, 1000
and 1200 Hz, the acquired phase data were unwrapped and
Fourier-transformed in time to extract complex-valued wave
images. Wave images were fitted by an analytical solution based
on Bessel functions prescribed in a z-infinite cylinder (Braun
Fig. 2. H&E-stained liver sections of 5-mm thickness showing purple-blue cell nuclei, p
�20 �C (b, b.1) shows dilated sinusoids ( � � � �) in comparison with samples frozen at�
from the space of Disse after freezing at either temperature (�20 �C and �80 �C) while na
H (hepatocytes), SEC (sinusoidal endothelial cells), S (sinusoids), CV (central vein), PV (po
figure legend, the reader is referred to the web version of this article.)
et al., 2018). The viscoelastic springpot model, which is a two-
parameter fractional element, was fitted on shear-wave-speed over
frequency, yielding a frequency-independent shear modulus l and
powerlaw exponent a (Braun et al., 2018),

cðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l1�agaxa

q

s
1

cos p
4 a
� � ð1Þ

with specific viscosity g ¼ 1 Pa � s and the tissue’s density
q ¼ 1 kg=L. Of note, the springpot fit has been applied to shear
wave speed data over frequency to derive a surrogate of the shear
modulus dispersion function similar to the method proposed by
Testu et al. (2017). While l represents the shear modulus or ‘stiff-
ness’ of a material (in kPa), the dimensionless parameter a relates
to the slope of the viscoelastic dispersion function.
ink cell cytoplasm, and light pink sinusoids. Liver tissue after freezing-thawing at
80 �C (c, c.1) and native samples (a. a-1). SEC nuclei appear roundish when detached
tive samples typically show elongated cell nuclei. All scale bars correspond to 50 mm.
rtal vein), EC (endothelial cells). (For interpretation of the references to color in this
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2.2. Diffusion-weighted imaging

For DWI a customized spin-echo sequence with one pair of split
diffusion gradients was applied to minimize long-term eddy cur-
rents while ensuring high b-values (Reese et al., 2003). Five b-
values were sampled (50, 175, 300, 550, 675 and 800 s/mm2) with
diffusion weighting in the phase-encoding direction.

Detailed information on statistical analysis and histological
characterization including microscopy and staining with hema-
toxylin and eosin (H&E), Masson’s trichrome (MT), and pricosirius
red (SR) are given in the Supplementary Material.
Fig. 3. Liver sections of 5-mm thickness stained with Masson’s trichrome showing brigh
collagen. Frozen-thawed tissue sections frozen at �20 �C (b, b.1) and �80 �C (c, c.1) show
a light pink color are observed at �20 �C only (b.1). The visible content of collagen surrou
50 mm. (For interpretation of the references to color in this figure legend, the reader is r
3. Results

3.1. Histological characterization

Our histological analysis revealed five principal effects of the
freezing procedures on tissue microarchitecture:

(i) Architectural distortion of liver stroma. Phase microscopy as
shown in Fig. 1 demonstrated increased tortuosity of sinu-
soidal structures, indicating stromal distortion at larger scale
in tissue frozen at �20 �C.
t orange cell cytoplasm, black nuclei, orange-yellow erythrocytes, and green-blue
altered coloration indicating cell membrane disruption. Dilated sinusoids filled with
nding vessel walls (arrows) is decreased due to freezing. All scale bars correspond to
eferred to the web version of this article.)
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(ii) Detachment of sinusoidal endothelial cells. H&E stains as
shown in Fig. 2 revealed detached endothelial cells (outside
the space of Disse) and SEC (inside the space of Disse) by
demonstrating rounded nuclei in frozen-thawed livers com-
pared to more elongated nuclei in native livers.

(iii) Sinusoidal dilation. Fig. 2 demonstrates that sinusoids are
enlarged in –20 �C specimens compared to �80 �C
specimens.

(iv) Disruption of hepatocyte membranes. Differential uptake of
MT dyes as shown in Fig. 3 indicates compromised mem-
brane integrity of hepatocytes in samples treated with either
freezing procedure. This is reflected by an altered coloration
of hepatocytes (orange in native livers, dark pink in �20 �C
livers and yellow in –80 �C livers).
Fig. 4. SR-stained liver sections of 5-mm thickness for collagen detection. Collagen appe
collagen surrounding vessel walls is well preserved in the frozen-thawed liver samples. H
freezing in comparison with native tissue (a, a.1). No sinusoidal collagen is detectable in
�80 �C (c, c.1). (For interpretation of the references to color in this figure legend, the re
(v) Disruption of sinusoidal collagen. Fig. 3 demonstrates absence
of signals associated with collagen in vessel walls suggesting
conformational distortions of collagen chains in frozen liver
tissue samples. However, collagen near vessels walls became
visible under fluorescent light in SR-stained samples as
shown in Fig. 4, while collagen in the space of Disse
remained absent in specimens frozen at –20 �C and
appeared reduced in –80 �C samples.

Taken together, stromal architecture and sinusoidal integrity
were preserved better at �80 �C than �20 �C. However, membrane
disruption of hepatocytes, detachment of SEC, and collagen disrup-
tion in the space of Disse showed that both freezing procedures lar-
gely disrupt the cellular lattice between parenchyma (hepatocytes)
ars red against a green background in fluorescence microscopy. It is apparent that
owever, the visibility of intercellular collagen in the space of Disse is reduced due to
–20 �C samples (b, b.1) while little sinusoidal collagen is visible in livers frozen at

ader is referred to the web version of this article.)
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and nonparenchymal cells (space of Disse). Our histological find-
ings are summarized in Table 1.

3.2. MRE and DWI

A marked reduction of shear wave speed, averaged over vibra-
tion frequency, was measured in the frozen and then thawed tissue
samples (native: 2.73 ± 0.26 m/s, �20 �C: 1.26 ± 0.20 m/s, –80 �C:
1.27 ± 0.16 m/s, all p < 1 � 10�9). The full group-averaged disper-
sion functions of shear wave speed (c) are shown in Fig. 5. The
marked reduction in c by freezing-thawing is reflected in springpot
Table 1
Major findings of histological analysis, MRE, and DWI in liver tissue after freezing-thawing a
The significance level of histological observations was qualitatively assessed and is indicate
increase; +++: very pronounced and significant increase) while MRE and DWI values w
(– : decrease p < 0.05, —: decrease p < 0.001).

Method Observation/parameter

Phase microscopy Architectural distortion of liver str
Hematoxylin and eosin (H&E) Sinusoidal dilation

Detachment of SEC
Masson’s trichrome (MT) Collagen distortions in vessel wall

Disrupted hepatocyte membrane
Sirius red (SR) Collagen distortions at vessel wall

Collagen distortions in space of Di
MRE Elasticity (springpot l)
MRE Viscous dispersion (springpot a)
DWI ADC

Fig. 5. Quantification of MRE and DWI in rat liver specimens in a native state (fresh tissu
�80 �C directly after explant. (a) Group-mean values of shear wave speed over frequenc
group values of MRE according to Eq. (1) and DWI. MRE-derived powerlaw coefficient a an
dispersion behavior and elastic properties, respectively. The apparent diffusion coefficie
shear modulus m (native: 9.92 ± 3.30 kPa, �20 �C: 1.23 ± 0.73 kPa,
�80 �C: 0.66 ± 0.75 kPa, all p < 1 � 10�7). The powerlaw exponent
a was smaller in �20 �C specimens (0.22 ± 0.14) than in �80 �C
specimens (0.54 ± 0.22, p = 0.002) and native livers (0.40 ± 0.10,
p = 0.033) while there was no difference in a between �80 �C sam-
ples and native livers. Note, the higher relative change of l com-
pared to c relates to the square root function in Eq. (1) as well as
the power of a in l and x. Group values and statistics are shown
in Fig. 5.

The DWI-derived ADCwas significantly reduced after freezing at
�20 �C (0.649 ± 0.028 lm2/s) andat�80 �C (0.626 ± 0.025 lm2/s) in
t �20 �C and at �80 �C in comparison with native specimens (non-frozen, fresh livers).
d by plus signs (ns: not significant, no change; +: minor increase/trend; ++: significant
ere statistically analyzed using the Kruskal-Wallis test with Bonferroni correction

�20 �C vs. native �80 �C vs. native

oma ++ ns
+++
+++

+
+++

s ns
++

ns
++

s
sse

ns
+++

ns
+

— —
– ns
— —

e investigated within 30 min post mortem) and shock-frozen overnight at �20� and
y. Error bars correspond to group standard deviations. (b) Frequency-independent
d shear modulus l of the viscoelastic springpot model represent the tissue’s viscous
nt (ADC) is derived from DWI.



Table 2
Mean values and standard deviation of MRE and DWI parameters.

Sample c in m/s+ a m in kPa ADC in mm2/s

Native 2.73 ± 0.26 0.4 ± 0.1 9.92 ± 3.3 0.770 ± 0.023
�20 �C 1.26** ± 0.20 0.22*,++± 0.14 1.23* ± 0.73 0.649** ± 0.028
�80 �C 1.27** ± 0.16 0.54 ± 0.22 0.66** ± 0.75 0.626** ± 0.025

** p < 0.001 vs. native.
* p < 0.05 vs. native.

++ p < 0.01 vs. �80 �C.
+ Averaged over the entire frequency range.
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comparison with native liver (0.770 ± 0.023 lm2/s). However, dif-
ferences between the two freezing protocols were not significant
(Fig. 5). All MRE and DWI values are summarized in Table 2.
4. Discussion

Water diffusion and viscoelasticity are complementary bio-
physical parameters that can be measured by MRI. Our study is
the first to use compact MRI tailored for viscoelasticity and diffu-
sion quantification in soft tissue samples for investigating
microstructural changes in liver specimens induced by freezing-
thawing cycles.

Our histological findings can readily be correlated with our
macroscopically measured parameters by summarizing two key
points: (i) cellular distortion such as disruption of membranes
and reduced cellular adhesion is induced by freezing at both
�80 �C or –20 �C, and (ii) stromal architectural distortion such as
SEC detachment and sinusoidal dilation were induced mainly by
�20 �C freezing. While (i) is mirrored by marked reductions of l
and ADC on the orders of 90% and 16%, respectively, (ii) is more
subtle and is only reflected by a change in a while l and ADC
are not affected.

ADC is known to be sensitive to extracellular water and the per-
meability of cell membranes in our range of b-values of up to 1000
s/mm2 (Le Bihan, 2013). The first consequence of ice crystal forma-
tion in the extracellular space is a change in chemical composition
with an increase in ion concentration of the extracellular liquid. A
concentration gradient therefore forms between the intra and the
extracellular spaces, causing solutes to enter the cell and water
to leave it (Bakhach, 2009). However, with shock temperature –
as in our study – the flow of water into the extracellular medium
is relatively low and intracellular crystallization predominates
(Bakhach, 2009). This has major consequences for DWI and MRE:
(i) The increase of ion concentration in the extracellular space
reduces the mobility of water molecules and potentially lowers
ADC (ii) Formation of intracellular ice crystals exerts a mechanical
stress on cell membranes leading to disruption and detachment of
hepatocytes (Mazur, 1977). Disruption of cell membranes poten-
tially increases ADC-values by release of intracellular water (Li
et al., 2018) while it decreases shear modulus. The reduction of
ADC observed in our study points towards (i) or, alternatively,
reflects deteriorations of fresh tissue (<30 min post-mortem) over
time in addition to freezing. Irrespective the underlying nature of
reduced water mobility, the observed reduction in ADC combined
with our histological analysis suggests the dominant role of cellu-
lar integrity for the macroscopic shear modulus in normal rat
livers.

However, it is important to mention that this conclusion applies
to the dynamic range of 300–1200 Hz used in our experiments.
Despite the fact that our springpot-derived parameters are, in prin-
ciple, independent of frequency, viscous dispersion of shear wave
speed or complex shear modulus in biological tissues is always
sensitive to the velocity with which tissue elements are displaced,
since actual biological tissue viscoelasticity differs from a perfect
powerlaw function (Klatt et al., 2010). Therefore, we expect that
sensitivity of viscous dispersion-related parameters (such as our
parameter a) to ECM interactions might differ from our observa-
tions when measured in a different frequency range. Nonetheless,
our principal findings might be extrapolated to the frequency
range of in vivo elastography given the reported powerlaw behav-
ior of liver specimens in overlapping frequency ranges between 25
and 1200 Hz (Reiter et al., 2014; Riek et al., 2011).

A further limitation of our study is that we only analyzed nor-
mal rat livers characterized by a relatively low ECM volume frac-
tion (Blouin et al., 1977). When fibrotic liver is examined, in
which the amount of ECM is significantly larger, our MRE and
DWI values might be less markedly affected by cellular contribu-
tions. It would be interesting to see how shear modulus and water
diffusion in fibrotic livers change due to freezing-thawing cycles.
We expect that freezing fibrotic livers has less effect on l and
ADC than freezing normal livers, while a is expected to be more
sensitive to freezing when the amount of ECM is pathologically
increased. In future studies, analysis of fibrillar organization of
ECM components could be improved by label-free microscopy
exploiting second harmonic generation (Couture et al., 2015; Liu
et al., 2017), spatial light interference microscopy or quantitative
phase imaging (Majeed et al., 2017). In any case, combining bio-
physically based quantitative MRI with histological analysis in fro-
zen tissues provides a wealth of information that is relevant for the
interpretation of clinical in vivo imaging markers in health and
disease.

In summary, compact tabletop MRI and histological analyses
were combined to investigate the cellular and extracellular contri-
butions to macroscopic shear modulus and water diffusion in nor-
mal rat liver specimens treated by freezing-thawing cycles. We
found that deterioration of cell membranes and SEC detachment
reduced the macroscopic shear modulus and water diffusion coef-
ficient. Distortion of sinusoidal collagen and sinusoidal dilation
after �20 �C freezing were associated with reduction of the viscous
dispersion-related springpot-powerlaw coefficient in the fre-
quency range of 300–1200 Hz. Our study contributes to the under-
standing of how the microarchitecture of liver tissue influences
macroscopic shear elastic and shear viscous tissue properties and
facilitates the interpretation of quantitative biophysical MRI mark-
ers in future diagnostic applications.
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