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Abstract
Fat accumulation during liver steatosis precedes inflammation and fibrosis in 
fatty liver diseases, and is associated with disease progression. Despite a large 
body of evidence that liver mechanics play a major role in liver disease progres-
sion, the effect of fat accumulation by itself on liver mechanics remains unclear. 
Thus, we conducted ex vivo studies of liver mechanics in rodent models of sim-
ple steatosis to isolate and examine the mechanical effects of intrahepatic fat 
accumulation, and found that fat accumulation softens the liver. Using a novel 
adaptation of microindentation to permit association of local mechanics with 
microarchitectural features, we found evidence that the softening of fatty liver 
results from local softening of fatty regions rather than uniform softening of the 
liver. These results suggest that fat accumulation itself exerts a softening effect 
on liver tissue. This, along with the localized heterogeneity of softening within 
the liver, has implications in what mechanical mechanisms are involved in the 
progression of liver steatosis to more severe pathologies and disease. Finally, the 
ability to examine and associate local mechanics with microarchitectural features 
is potentially applicable to the study of the role of heterogeneous mechanical mi-
croenvironments in both other liver pathologies and other organ systems.
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1   |   INTRODUCTION

Liver steatosis is the accumulation of fat within the liver 
and is associated with progression to more severe pathol-
ogies including steatohepatitis, fibrosis, cirrhosis, and 
hepatocellular carcinoma.1,2 Steatosis affects over 32% of 
adults in the United States3 and is among the first patho-
logical changes in both alcoholic and non-alcoholic fatty 
liver disease, preceding inflammation and fibrosis and 
often preceding symptoms.1,4,5 As such, understanding 
the contributions of fat accumulation is critical to under-
standing the mechanisms involved in the development of 
fatty liver diseases at their earliest stages.

The effect of fat accumulation itself on disease progres-
sion in the absence of fibrosis or inflammation is, however, 
relatively poorly understood. In particular, despite the 
well-documented connection between liver stiffness and 
fibrosis,6–8 the effect of isolated steatosis on the mechan-
ical properties of the liver has yet to be defined. Previous 
investigations in other tissues have shown that fat accu-
mulation in tissues alters tissue mechanics, but whether 
it exerts a softening or stiffening effect has been variable 
and tissue specific.9–12 Most studies of liver mechanics 
during fatty liver disease have focused on later stages of 
the disease, during which inflammation and fibrotic re-
modeling may obscure the contribution of fat accumula-
tion.12–14 Furthermore, past work was largely carried out 
in vivo,15–19 where changes in fluid pressure presented a 
confounding factor.20–22 Thus, the impact of fat accumula-
tion in isolation on liver mechanics is not known.

In addition, fatty liver disease is histologically hetero-
geneous at the sub-millimeter (meso) scale,4,23 which is 
the scale most relevant to mechanosensing.24–26 This local 
variation in fat accumulation may cause changes in the 
mechanical microenvironment of liver cells in ways dis-
tinct from that of whole organ mechanics. Due to limita-
tions in methodology, previous work has been unable to 
link mesoscale architecture and mechanics in the fatty 
liver. The resolution of ultrasound-based methods such as 
transient elastography is poor at sub-millimeter scales,27,28 
while atomic force microscopy (AFM) is best at the nano-
scale.29 Microindentation provides accurate mechanical 
measurements at the relevant scale, but it has been diffi-
cult to correlate mechanics and architecture.29 As a result, 
although there is histological evidence of local heteroge-
neity in fat accumulation in liver, how this heterogeneity 
affects the mechanical microenvironment at cell-relevant 
scales has not been explored.

In this work, we address these questions by determin-
ing the effects of simple steatosis, without inflammation 
or fibrosis, on the mechanics of both the whole liver and 
heterogeneous regions of fat accumulation within the tis-
sue. Using the ob/ob mouse as a genetic model of simple 

steatosis, we measured whole liver mechanics by rheome-
try. The liver was studied ex vivo to avoid confounding from 
fluid pressure. To determine whether local differences in 
fat accumulation cause local changes in tissue mechanics, 
we used a new method to measure local stiffness values by 
microindentation and to demarcate the measured regions 
for subsequent correlation with lipid droplet staining and 
other microarchitectural studies. With this new combined 
approach, we determined that fat accumulation softens 
the liver at both whole organ and meso scales. This may 
have important implications for understanding the pro-
gression of fatty liver disease.

2   |   MATERIALS AND METHODS

2.1  |  Animal studies

All animal work was carried out in strict accordance with 
the recommendations in the Guide for the Care and Use of 
Laboratory Animals of the National Institutes of Health. 
Animal protocols were approved by the Institutional 
Animal Care and Use Committee of the University of 
Pennsylvania (protocol #804031). Ob/ob mice were ob-
tained from the Jackson Laboratories (strain #000632) 
and were housed in a temperature-controlled environ-
ment with appropriate enrichment, ad libitum feeding 
of standard rodent chow and water, and 12 h light/dark 
cycles. Euthanasia was carried out by CO2 inhalation fol-
lowed by exsanguination. Whole livers were harvested 
from ob/ob mice and wild type littermates at 8, 12, and 
36 weeks and stored in PBS at 4°C for up to 5 h until just 
before being analyzed; rodent livers are adequately pre-
served under these conditions and rheological properties 
are maintained.30,31

2.2  |  Tissue staining and quantification

Samples from each liver were snap frozen in OCT and 
sectioned with a cryostat before staining with 10 μM 
BODIPY 493/503 (D3922, Thermo Fisher) and 1 μg/
mL DAPI (D1306, Thermo Fisher) for 30 min at room 
temperature. The degree of steatosis was quantified 
by measuring the area of BODIPY staining in multiple 
500 × 500 μm regions randomly selected throughout the 
liver. Additional liver samples were formalin fixed and 
paraffin embedded before staining with either hematoxy-
lin and eosin or picrosirius red (S2365, Poly Scientific R&D 
Corp). Immunohistochemical staining was performed 
as described previously32 with rabbit monoclonal anti-
myeloperoxidase (MPO) antibody (1:1000, Abcam, Cat# 
ab208670, RRID: AB_2864724) as the primary antibody.33 

https://scicrunch.org/resolver/RRID: AB_2864724
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The degree of inflammation was quantified as the number 
of MPO-positive inflammatory cell foci in 500 × 500 μm 
regions randomly taken throughout the liver, while the 
degree of fibrosis was quantified by measuring the area of 
picrosirius red staining in multiple 300 × 300 μm regions 
between adjacent central veins and portal triads.

2.3  |  Shear rheometry

Shear rheometry was performed as described previously.30 
Briefly, liver samples were prepared using an 8 mm punch 
(MP0144, Alabama R&D) with all punches taken in the 
same orientation from the same lobe. The height of the 
slices ranged from 2.0 to 3.9 mm in the uncompressed 
state. Samples were kept hydrated during all experiments 
with PBS. Parallel plate shear rheometry was carried out 
on a Kinexus PRO rheometer (Kinexus series, Malvern 
Instruments) at room temperature. Samples were at-
tached to rheometer platforms with fibrin glue by ap-
plying 5 μL each of 20 mg/mL bovine plasma fibrinogen 
(341,573, Sigma-Aldrich) and 100 U/mL bovine thrombin 
(T4648, Sigma-Aldrich) to both the top and bottom sides 
of the sample. The upper platen was quickly lowered until 
0.02 N of nominal initial force was applied to ensure adhe-
sive contact of the sample with the metal surfaces of the 
rheometer, and the sample was allowed to sit for 10 min to 
allow the fibrin glue to polymerize fully before perform-
ing measurements. The fibrin glue does not affect the me-
chanics of the system.30 Mechanics were measured with a 
dynamic time sweep test (2% constant strain, oscillation 
frequency 1 rad/s, measurements taken for 120 s). These 
measurements were carried out first uncompressed, then 
with increasing uniaxial tension (10% and 20%), then 
uncompressed, then with increasing uniaxial compres-
sion (10, 15, 20, and 25%). Tension and compression were 
applied by changing the gap between the platform and 
upper platen of the rheometer. The following correction 

was applied to account for the change in cross-sectional 
area during testing under the assumption that total tissue 
volume is conserved, where G′ is the storage modulus and 
λ is axial strain:

A similar correction was applied to the loss modulus 
G″ and normal stress δ. Young's modulus E was deter-
mined by calculating the slope of stress (Pa) versus axial 
strain.30 Young's modulus E at zero compression was de-
termined by the slope of stress versus axial strain between 
−10% and 10% compression.

2.4  |  Microindentation and 
demarcation of microindented regions

Microindentation was performed as described previ-
ously,29 with additional modifications to permit the de-
marcation and visualization of mesoscale features within 
the microindented regions of the tissue (Figure 1). Briefly, 
the microindentation device consists of a stepping motor 
(L4018S1204-M6, Nanotec) attached to a μN-resolution 
tensiometric probe adapted from the surface tension 
measurement apparatus of a Langmuir monolayer trough 
(MicroTrough X, Kibron Inc.), consisting of a 0.510 mm 
diameter blunt-ended cylindrical tungsten alloy wire 
hung from a digital microbalance. The force-displacement 
relationship was found to behave as a Hookean spring 
with force linearly related to displacement, and the 
spring constant was calibrated before each measurement 
(kprobe ~ 4.5 N/m).

Liver samples 3 mm thick were prepared from liver 
tissue cores obtained using an 8 mm punch, removing 
the liver capsule. A ring of Parafilm was prepared using 
a 2 mm disposable biopsy punch and placed around a 
randomly selected region of interest on top of the liver 
sample. Samples were then manually positioned under 

G�
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F I G U R E  1   Schematic of technique combining microindentation with visualization of tissue features. After removing livers from mice 
and generating liver core slices (step 1), parafilm rings were placed around randomly-selected regions of interest on each slice (step 2), and 
microindentation was performed on the region within each ring (step 3). After measuring local mechanics, the indenter was lowered to 
fully indent the microindented region and a stain was locally applied within the parafilm ring around the microindenter (step 4). Afterward, 
the tissue slices were stained for lipid using Oil red O (step 5) and inverted on an epifluorescent microscope to visualize lipid accumulation 
within each locally-stained region (step 6).
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the free-hanging probe, followed by downward displace-
ment of the probe until contact occurred between the 
probe and the sample in the center of the Parafilm ring. 
Following establishment of contact between probe and 
sample, the probe was translated downward at a contin-
uous rate of 0.0125 mm/s. These translations resulted in 
decreases in measurable force from the probe, which were 
converted into local Young's modulus as described previ-
ously.29 After the probe was fully indented into the sample 
(as determined by the absence of measurable force from 
the probe), 0.5 μL of 100 μg/mL DAPI (D1306, Invitrogen) 
solution was pipetted around the probe and allowed to se-
lectively stain tissue within the Parafilm ring for 15 s before 
the sample was washed with PBS. Multiple measurements 
were obtained per liver sample using this approach. After 
microindentation and demarcation, liver samples were 
stored in PBS at 4°C for up to 5 h before being stained and 
imaged for lipid accumulation.

2.5  |  Visualization and quantification  
of lipid accumulation of microindented  
regions

Liver samples were stained for lipid using an adaptation 
of whole mount Oil red O staining.34 All incubation steps 
were performed at room temperature on a shaker. Briefly, 
samples were incubated with 0.5% Tween 20 (#170–6531, 
Bio-Rad) in PBS for 15 min, changing the solution every 

5 min, before incubating with 0.5% Oil red O in propyl-
ene glycol (D1306, Poly Scientific R&D Corp) for 15 min. 
Afterward, the samples were washed once with Tween so-
lution before incubating with Tween solution for 15 min, 
changing the solution every 5 min. Whole mount Oil red 
O staining of liver slices served as a rapid and easy tech-
nique to visualize the heterogeneous distribution of lipid 
on the surface of liver tissue samples (Figure 2A).

Visualization of lipid accumulation in microindented 
regions was performed using whole mount epifluores-
cence microscopy on a Nikon Eclipse Ti widefield mi-
croscope equipped with a 4x/0.31 N.A. PlanFluor dry 
objective lens and motorized stage. Lipid,35 DAPI demar-
cation, and liver autofluorescence were visualized using 
Cy3, DAPI, and FITC filters, respectively. Using this ap-
proach, it was possible to visualize both the microindented 
regions and local lipid accumulation in the same regions 
(Figure 2B). Using autofluorescence, it was also possible to 
identify microscale anatomical features on the surface of 
the tissue such as intrahepatic blood vessels (Figure 2C). 
Quantification of lipid accumulation within demarcated 
DAPI rings was performed by simple thresholding of the 
Cy3 channel after shading correction in ImageJ.

2.6  |  Statistical analysis

The statistical significance of differences between strain-
dependent shear rheometry curves (G′, G″, and E) of ob/

F I G U R E  2   Whole mount fluorescent staining and microscopy shows features of ob/ob livers. (A) Whole mount epifluorescence microscopy 
images of autofluorescence (left) and intracellular lipid accumulation in hepatocytes show spatial heterogeneity of lipid accumulation at the 
submillimeter scale of 12 weeks ob/ob livers. (B) Whole mount epifluorescence microscopy images of a 12 weeks wt liver showing DAPI (blue) 
demarcating the microindented region (left), autofluorescence (green), and heterogeneous lipid accumulation using Oil red O (red, middle), and 
the three channels merged (right) showing low lipid in the indented region (white dashed line). (C) Epifluorescent composite image of a 12 weeks 
ob/ob liver with region of indentation from a 1 mm indenter marked with DAPI and stained for lipid accumulation (DAPI, blue; autofluorescence, 
green; lipid, red). *indicates an intrahepatic blood vessel within the indented region (white dashed line). Scale bars = 500 μm.
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ob mice and wild type mice was determined using two-
way ANOVA.30 Statistical significance of the decreasing 
monotonic trend between increasing local lipid accumu-
lation and local stiffness within sub-mm regions of the 
ob/ob and wild type mouse liver was determined using 
Spearman's rank correlation coefficient.36 Statistical 
significance of histological metrics was assessed using 
Student's t-test corrected for multiple comparisons using 
Holm-Sidak. For all statistical analyses, a P value of ≤0.05 
was considered significant.

3   |   RESULTS

3.1  |  Simple steatosis is associated with 
liver softening

To determine the effect of fat accumulation on the solid 
mechanical properties of the liver without influence from 
other effects such as variations in perfusion, we compared 
steatotic and non-steatotic mouse livers ex vivo by parallel 
plate rheometry. We used ob/ob mice as a model of liver 
steatosis without inflammation or fibrosis, with wild-type 
littermates as controls. Livers were removed at 8, 12, and 
36 weeks of age and showed an increase in lipid droplets in 
ob/ob mice at all ages compared to controls (Figure 3A,C). 
Ob/ob mice at 36 weeks of age, however, showed decreased 
lipid accumulation compared to ob/ob mice at 12 weeks 
of age. The degree of inflammation was similarly low in 
ob/ob and control livers (Figure 3D and Figure S1), and 
picrosirius red staining for collagen showed little to no fi-
brosis in both ob/ob and control livers at 8 and 12 weeks, 
with collagen accumulation being lower in ob/ob livers 
compared to control livers at 36 weeks (Figure 3B,E and 
Figure S2).

Shear rheometry was performed on liver cores7 to de-
termine the Young's modulus E, showing that livers from 
ob/ob mice were significantly softer and had less pro-
nounced stiffening under physiologically relevant degrees 
of compression30 than those from age-matched controls 
(Figure 3F). E at zero compression was extrapolated from 
the curve, and was found to be significantly softer in ob/
ob mice at 8 and 12 weeks than those from age-matched 
controls (1.50 ± 0.20 vs. 0.98 ± 0.07 kPa for 8 weeks and 
2.78 ± 0.28 vs. 1.36 ± 0.30 kPa for 12 weeks, p < 0.05 for 8 
and 12 weeks by Student's t-test). However, there was no 
significant difference between E at zero compression at 
36 weeks, when the differences in lipid accumulation were 
reduced between livers of ob/ob mice and age-matched 
controls (1.59 ± 0.14 vs. 1.09 ± 0.20 kPa for 36 weeks, no 
significance by Student's t-test). These results suggest that 
the degree of steatosis, rather than the duration of steato-
sis or age, is associated with liver softening.

The liver is subject to shear in addition to compres-
sive forces in vivo,30 and so shear rheometry was used to 
determine the shear storage modulus G′ and shear loss 
modulus G″ of ob/ob and wild-type liver cores. Although 
the liver was viscoelastic for all conditions, G″ was always 
significantly lower than G′ and contributed minimally to 
the complex shear modulus. With the exception of livers 
at 36 weeks under zero compression or tension, all liv-
ers from ob/ob mice had significantly lower moduli and 
less-pronounced compression stiffening than those from 
age-matched controls (Figure 4). Thus, ex vivo mechan-
ical characterization of ob/ob and wild type mouse livers 
demonstrates that steatosis is associated with overall liver 
softening.

3.2  |  Association of microindentation 
with visualization of histological features

Shear rheometry measures the overall mechanics of tissue 
cores which are millimeters in diameter, and thus is lim-
ited to measuring stiffness on the same spatial scale as con-
ventional clinical ultrasound and MRE approaches.27,28 
These measurements do not capture variations in stiffness 
due to features at the micron scale. For example, fat ac-
cumulation is heterogeneous in liver steatosis, preferen-
tially localizing to regions around the central veins.23 We 
therefore developed a technique to determine whether 
localized lipid accumulation is associated with localized 
softening.

We adapted a previously described ex vivo microin-
dentation technique29 to add the capability of associating 
cell and tissue structures such as lipid droplets to stiffness 
measurements within the same submillimeter regions of 
interest (Figure 1). DAPI was applied to liver cores after 
maximal indentation, staining around but not under the 
indenter, resulting in a ring demarcating the region where 
stiffness was measured. After release of the indenter, 
whole mount Oil red O staining was used to label lip-
ids. We found that epifluorescence microscopy could be 
used to simultaneously capture the ring of demarcation 
by DAPI, lipid accumulation, and liver autofluorescence 
(Figure 2A,B). Liver autofluorescence was used to avoid 
measurements over regions with large blood vessels. 
(Figure 2C).

3.3  |  Localized fat accumulation is 
associated with local softening

We used this adapted microindentation technique to de-
termine the relationship between local lipid accumula-
tion and local stiffness measured ex vivo in ob/ob and 
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wild type mouse livers in the absence of other influ-
ences such as fluid perfusion. The amount of fat within 
the demarcated regions was greater in ob/ob livers than 
controls, and there was marked variation between dif-
ferent demarcated regions in ob/ob livers (Figure  5A). 
We quantified the amount of lipid staining in the de-
marcated microindented regions and found a significant 
inverse correlation between fat content and local stiff-
ness through Spearman's rank correlation across all ages 
(Figure 5B). The 12 weeks samples, which had the high-
est lipid accumulation, demonstrated a plateau (percola-
tion threshold) at approximately 50%–60% lipid, beyond 
which no further softening was observed. Thus, local 
regions of simple steatosis in rodent livers resulted in as-
sociated local softening.

4   |   DISCUSSION

In this study, we examined the effect of isolated lipid ac-
cumulation on liver tissue solid stiffness in the absence 
of complicating influences in fatty livers such as fibrosis, 
inflammation, or variations in blood flow.14,20–22 Using ex 
vivo approaches to measure the stiffness of steatotic and 
normal mouse livers at the millimeter and sub-millimeter 
length scales, we showed that the liver softens substan-
tially in simple steatosis. Furthermore, we developed a 
technique to visualize local histology in regions of mi-
croindentation and used it to demonstrate that the local 
accumulation of lipid droplets within steatotic livers is 
associated with local softening. Together, these results 
show that intrahepatic fat causes liver softening and that 

F I G U R E  3   Simple steatosis is associated with lower Young's modulus in ob/ob mice. (A) Representative H&E stains of livers from ob/
ob mice and wild type littermates taken at 8, 12, and 36 weeks of age. (B) Representative picrosirius red stains of ob/ob and wt livers taken 
under polarized light microscopy. Scale bar = 250 μm. (C) Steatosis as a percent of total area, (D) frequency of myeloperoxidase (MPO)-
positive inflammatory cell foci in 500 × 500 μm regions, and (E) fibrosis as a percent of total area of livers from ob/ob mice and wild type 
littermates taken at 8, 12, and 36 weeks of age. n ≥ 30 measurements of regions from three animals for each condition. Error bars indicate 
standard error. **p < 0.005, and ****p < 0.00005 by Student's t-test. (F) Young's modulus E of ob/ob (blue) and wt (black) livers at 8, 12, and 
36 weeks under varied tension and compression. Ob/ob livers were significantly softer than wt livers. n ≥ 4 animals for each condition. Error 
bars indicate standard error. **p < 0.005 for differences between curves by two-way ANOVA.
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its uneven distribution in livers with simple steatosis gen-
erates a mechanically heterogeneous environment at the 
sub-millimeter scale.

A major advantage of this study is the ex vivo charac-
terization of liver mechanics without confounding from 
perfusion. Liver steatosis can cause decreased liver per-
fusion22,37–39 and increased transhepatic pressures21,40—
both of which can influence measured stiffness in 
clinical elastography approaches.20,41 This has led to 
conflicting literature on whether steatosis softens or 
stiffens liver tissue during in vivo studies, although re-
cent elastography on patients suggest that livers with 
simple steatosis are not stiffer and may be softer than 
normal livers.42,43 Additionally, changes in stiffness and 
fluid pressures present different mechanical stimuli to 
cells, which then cause cells to mount different respons-
es.44–46 As such, characterizing the stiffness in isolation 
is important to understanding what stimuli are present 
in steatosis, and in the development of models to inves-
tigate the mechanical role of fat accumulation in fatty 
liver disease progression.

Steatosis-associated softening at the whole liver level 
did not automatically mean that steatotic regions would 
be soft—an alternative hypothesis was that softening oc-
curred preferentially in non-fatty regions of the steatotic 
liver, possibly due to ECM remodeling.47 Our new demar-
cated microindentation-microscopy technique was cru-
cial in determining that localized fat accumulation caused 

local softening in the lipid-laden regions. The technique 
also enabled us to determine that there was a maximum 
threshold of local fat content at which softening pla-
teaued, as predicted by computational models of systems 
with two phases of differing mechanical properties.48,49 
The demarcated microindentation-microscopy technique 
will be applicable to the study of other microarchitectural 
features in fatty liver disease23 such as local regions of 
inflammation or ECM remodeling, as well as studies of 
microarchitectural and mechanical heterogeneity in other 
tissue systems and pathologies.

The fat-associated liver softening we observed could 
result from a variety of biophysical changes in fatty liver 
tissues and cells. Fat accumulation may induce changes in 
collagen crosslinking7 or ECM composition.30 Changes in 
the size or number of lipid droplets could also affect the 
mechanical properties of steatotic cells.42 Lipid accumula-
tion causes hepatocytes to swell even before ballooning,50 
potentially decreasing stiffness and the compression-
stiffening response by reducing the proportion of ECM in 
a given volume of liver. Additionally, cell membrane area 
has been hypothesized to contribute to strain stiffening in 
normal and fibrotic livers by impeding fluid movement 
and thus hepatocyte swelling may decrease strain stiff-
ening by reducing cell membrane surface area per given 
volume.30

Fat-associated liver softening may have important 
ramifications for the progression of fatty liver diseases. 

F I G U R E  4   Simple steatosis is associated with lower shear elastic and loss moduli in ob/ob mice. Shear elastic modulus G′ (top) and loss 
modulus G″ (bottom) of ob/ob (blue) and wt (black) livers at 8, 12, and 36 weeks under varied tension and compression. Ob/ob livers had 
significantly lower shear elastic and loss moduli than wt livers and less compression stiffening. n ≥ 4 animals for each condition. Error bars 
indicate standard error. **p < 0.005 for differences between curves by two-way ANOVA.
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Changes in substrate stiffness and other mechanical cues 
influence cell behaviors such as migration, alignment, 
and ECM remodeling, all of which could play key roles 
in the response to steatosis and progression to inflam-
mation and fibrosis.51–53 Additionally, local transitions 
in and of themselves can serve as mechanical stimuli 
and cause changes in cell behavior.25,46,54,55 It is also pos-
sible that liver softening exerts a protective effect against 
potential pro-fibrotic cues such as stiffening from sinu-
soidal pressure and arterial waves, and thus contributes 
to the variable stiffness and speed of progression in fatty 
liver disease.56

There are some limitations to this study. All measure-
ments were obtained using a genetic model of simple 
steatosis, and additional models of simple steatosis such 
as those from increased dietary sucrose could be stud-
ied to determine whether underlying differences in the 
models result in differences in cell and tissue response.57 
Additionally, the mechanics of the fatty liver in some 
models might vary as a result of differences in the compo-
sition of lipid droplets compared to droplet composition 
in ob/ob mice.58

In summary, we show that fat accumulation is as-
sociated with both global and local liver softening, a 
finding that may have significant implications for un-
derstanding the progression of early-stage fatty liver dis-
ease. The ability to correlate submillimeter-scale stiffness 

measurements with histological features can be used to 
study the mechanical contributions of microarchitectural 
changes during the progression of fatty liver disease, and 
to investigate development and disease in other tissues 
and organ systems.
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100 μm. (B) Scatter plots of Young's modulus E versus lipid accumulation within microindented regions of ob/ob (blue) and wt (black) livers 
taken at 8, 12, and 36 weeks. Submillimeter regions of ob/ob livers with greater local steatosis had lower local stiffness at all tested ages. 
n ≥ 11 measurements from ≥3 animals for each condition. **rs < −0.7 and p < 0.005 by Spearman's rank correlation.
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