ORIGINAL RESEARCH

Real-Time Tissue Elastography to Evaluate Hepatic
Hypoxic-Ischemic Injury Caused by Brain Death
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Abstract: This study aimed to explore the potential of real-time tissue
elastography (RTE) in evaluating hepatic hypoxic-ischemic injury
caused by brain death. We performed RTE and biopsy for 50 donated
liver. Hematoxylin-eosin staining was used to observe hepatocyte aci-
dophilic change. Liver grafts were divided into 2 groups, one
nonacidophilic change (n = 7) and the other with acidophilic change
(n = 43). Correlation and difference analysis were performed for
hematoxylin-eosin staining results and RTE parameters. The result in-
dicated that 4 of the 11 RTE parameters, namely, the area of low strain
within the region of interest (%AREA), contrast (CONT), inverse dif-
ference moment (IDM), and correlation (CORR) were related to hepa-
tocytes acidophilic change (» = 0.284, P = 0.046; » = 0.349, P=0.013;
r=-0.444, P=0.001; » = —0.381, P = 0.00). Whereas %AREA and
CONT of the nonacidophilic change group were lower than that of
the acidophilic change group (P < 0.05), IDM and CORR in
nonacidophilic change group were higher than that of the acidophilic
change group (P < 0.05); the remaining parameters were not statisti-
cally different between 2 groups (P > 0.05). Analysis of receiver oper-
ating characteristic curve indicated that the area under the curve of %
AREA, CONT, IDM, and CORR were 0.75, 0.79, 0.81, and 0.77, re-
spectively. Based on this, we concluded that the quantitative analysis pa-
rameters of RTE could preliminary assess hepatic hypoxic-ischemic
injury caused by brain death.
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onor from brain death (DBD) is the predominant source of
donated organ for liver transplantation in China' and ac-
counts for more than 80% of organ transplantation.” However,
brain death is a complicated dynamic pathophysiological
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process directly affecting the morphology and function of the
organ.>* Experimental and clinical studies have indicated that,
compared with living donor liver transplantation, livers from
DBD exhibit a more severe ischemia-reperfusion injury and a
higher chance of acute rejection, leading to a large risk of initial
liver dysfunction and primary graft nonfunction.”® Therefore,
brain death is often considered an independent risk factor for
graft injury.

Studies have suggested increased hepatocytes apoptosis
as the major cause of liver injury in DBD." In addition, it also
plays an important role in the nonfunction of the graft after
transplantation.” Hepatocyte acidophilic change is a common
form of apoptosis induced by viral hepatitis. However, it can
also occur when hepatocytes are damaged because of severe is-
chemia and hypoxia in the state of brain death,® where the de-
generation of cytoplasm enhances its acidophilic staining and
causes dehydration and concentration of the cytoplasm, as well
as shrinking of hepatocyte, thereby affecting single or multiple
hepatocytes that are scattered around the hepatic lobules. At
present, the accurate evaluation of hepatocyte acidophilic change
heavily relies on biopsy, the major disadvantage of which is its
invasiveness. The use of conventional imaging techniques (in-
cluding 2-dimensional ultrasound, computed tomography, and
magnetic resonance imaging) for its evaluation has not been re-
ported yet, besides the fact that the latter two cannot be performed
at bedside. Therefore, it is necessary to find an alternative nonin-
vasive and objective evaluation method for the same.

Real-time tissue elastography (RTE) is a functional ultra-
sound elastography technique, developed based on the concept
that all biological tissues will experience a certain degree of de-
formation or displacement, when facing an external force, be-
cause of elasticity or hardness. Real-time tissue elastography
collects the echo signals from the tissue before and after appli-
cation of the external force and converts them into real-time
color images to demonstrate tissue hardness.”'' Furthermore,
the new-generation RTE is equipped with a quantitative analy-
sis software. It can not only directly observe tissue elasticity dis-
tribution via color coding but also extract and analyze the
characteristics of tissue images,'? allowing the acquisition of
quantitative analysis parameters to describe tissue elasticity in-
formation in three aspects (deformation, color histogram, and
texture).'* Compared with conventional ultrasound techniques,
RTE can provide diagnostic information independent of patient
anatomy and perfusion.'*'® Its use in the quantitative evalua-
tion of donor kidney injury in an animal model with brain death
has already been verified in a previous study.'®
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TABLE 1. Basic Characteristics of Brain-Dead Donors

Year 43.30 + 12.21
Sex (female/male) n=>5mn=45
Causes of brain death
Cerebral hemorrhage n=29
Brain trauma n=16
Cerebral infarction n=2
Hypoxic-ischemic encephalopathy n=1
Other brain disease n=2

In this study, we used RTE technique to quantitatively
evaluate donor liver injury due to acidophilic change in the state
of hypoxic-ischemic caused by brain death, so as to investigate
its application value in the assessment of hepatic histological in-
jury in the state of brain death.

MATERIALS AND METHODS

Patients

Fifty livers from brain-dead donors were performed from
May 2017 to January 2018, and their clinical and pathological
data were collected. There were 45 males and 5 females, whose
average + SD age was 43.30 + 12.21 years, ranging from 17 to
66 years. The cause of brain death included cerebral hemor-
rhage (n = 29), brain trauma (n = 16), cerebral infarction
(n = 2), hypoxic-ischemic encephalopathy (n = 1), and other
brain disease (n = 2) (Table 1). For the inclusion criterion, only
brain-dead donor grafts were included. Seriously infected pa-
tients who cannot conduct RTE were excluded. The criterion
of brain death was adopted in reference to “Criteria for brain
death” (Adult) (Revision) (brain death criteria drafting group,
Ministry of Health, China) in 2009'” and “Criteria and technical
specifications for brain death (Adult version)” (brain death
criteria drafting group, China) in 2013.'® Family of the donor
had signed the relevant informed consent form with Red Cross
workers as witness. Information of the donor was reported to
China organ transplant response system. The donor was exam-
ined for vital signs in the intensive care unit, and physiological
conditions were monitored by the relevant imageology and lab-
oratory examination. This study was approved by the ethics
committee of Tianjin First Central Hospital.

Real-Time Tissue Elastography

1. Equipment: HITACHI Noblus portable color Doppler ultra-
sound diagnostic instrument (Hitachi Noblus, Tokyo, Japan)
was used, and it was equipped with a C5—1 convex probe
(1-5 MHz) for RTE examination.

2. Image acquisition: Ultrasonic examination was done after
the confirmation of brain-dead state and before organ

procurement. The instrument was adjusted to have the
clearest image under 2-dimensional condition, opening liver
elastography mode. A real-time dual-amplitude RTE image
was manifested for measurement. The region of interest
(ROI) of the RTE image for analysis was defined, and the po-
sition of the ROI was under the surface of the liver at least
1 cm and away from large vessels or shadows from ribs.
The external driving force was originated from cardiac im-
pulse.'> At the RTE image, there was a curve at the bottom
of the image, which represented the degree of the stress; peak
was in the state of tissue compression, and trough was in the
state of tissue relaxation. The values at the trough were ob-
tained for analysis. We totally recorded the value of 5 RTE
images obtained from 5 different cardiac cycle for each pa-
tient, and the average of these 5 image parameters was used
in analysis. Eleven quantitative parameters were totally ob-
tained for each patient, including average relative strain value
in the ROI (MEAN), standard deviation of relative strain
value within the ROI (SD), area ratio of low-strain region
(%AREA), complexity (COMP), kurtosis (KURT), skew-
ness (SKEW), contrast (CONT), entropy (ENT), inverse dif-
ference moment (IDM), the angular second moment (ASM),
and correlation (CORR).'*! Depending on the differences
in characterizing RTE image, the obtained 11 quantitative
parameters for the image were divided into 3 types: parame-
ters to describe color histogram (MEAN, SD, KURT, and
SKEW), those for deformation (% AREA and COMP), and
those for image texture (include CONT, ENT, IDM, CORR,
and ASM).

Histopathological Examination

In the process of donor procurement, tissue samples were
taken for pathological examination. Hematoxylin-eosin (HE)
staining was performed to evaluate acidophilic change in hepa-
tocytes. Acidophilic change was identified as enhanced eosino-
philic staining in cytoplasm, the volume of hepatocytes
decreased, the surface of it shrunken, and the water in the cyto-
plasm decreases and concentrates.” If the structure of hepato-
cytes was normal and have no change in HE staining, it would
be defined as nonacidophilic change. Forty-three cases had aci-
dophilic change, whereas 7 cases did not.

Statistical Analysis

SPSS version 23.0 (IBM, Armonk, NY) was used for sta-
tistical analysis. First, K-S normality test was used for data nor-
mality test. Those normally distributed variables were expressed
by mean value + SD, and group comparisons were undertaken
using 2 independent samples ¢ test. Variables not consistent with
normal distribution were expressed as median (25% quantile,
75% quantile), and differences were tested using rank sum test.

TABLE 2. Correlation Between RTE Parameters and Donor Liver Hepatocyte Acidophilic Change

Histogram Deformation Texture
Mean SD KURT SKEW % Area COMP CONT ENT IDM CORR
r —0.222 0.241 0.003 0.163 0.284 0.169 0.349 0.146 —0.444 —0.381
P 0.121 0.091 0.982 0.259 0.046 0.241 0.013 0.313 0.001 0.006
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TABLE 3. Comparison of RTE Parameters Between 2 Groups (Mean Value £ SD) / M (Q25, Q75)

Nonacidophilic Change (7 Cases) Acidophilic Change (43 Cases) vz P
Histogram MEAN 128.23 £8.9 123.07 +7.88 1.57 0.121
SD 3822+79 43.7+7.84 -1.72 0.09
KURT 2.79 (2.54-2.99) 2.79 (2.63-2.93) 0.000 1.000
SKEW —0.04 +0.19 0.05+0.20 —1.142 0.259
Deformation %AREA 3.18+2.48 6.98 +£4.76 —2.051 0.046
COMP 15.23 (7.33-16.04) 2.79 (2.54-2.99) -1.356 0.184
Texture CONT 141.27 + 56.6 236.55+94.43 —2.581 0.013
ENT 347+0.14 3.54+0.16 —-1.020 0.313
IDM 0.11 (0.10-0.14) 0.09 (0.08-1.10) —2.859 0.003
CORR 0.95 (0.94-0.96) 0.94 (0.93-0.95) —2.646 0.010
ASM 0.00 + 0.00 0.00 £ 0.00 0.00 >0.05

Results of ultrasonic elasticity parameters correlating with HE
staining was analyzed using Spearman correlation analysis. Re-
ceiver operating characteristic curve was established, and the
cutoff value for each parameter was determined.

RESULTS

Correlation Between RTE Parameters and
Donated Liver Acidophilic Change

According to the Spearman rank correlation analysis, the
RTE image parameter of %AREA, CONT, IDM, and CORR
were related to hepatocyte acidophilic change of donated liver,
positively correlated with %AREA and CONT (r = 0.284,
P=0.046; r=0.349, P=0.013), and negatively correlated with
IDM and CORR (r = —0.444, P = 0.001; r = —0.381,
P =10.000) (Table 2).

Comparison of RTE Parameters Between the Two
Groups of Donated Liver, With or Without
Hepatocyte Acidophilic Change

The values of %AREA, CONT, IDM, and CORR were
different between the 2 groups, with and without acidophilic

e CE—
Str. Histo °
MEAN 1213 23
1 KURT 284 i SKEW 209
000

424 em2

A B

Str. Histo

%AREA
CONT
CORR 08

change groups, whereas the remaining parameters failed to
show significant difference between the 2 groups. Specifically,
the values of %AREA and CONT were higher in acidophilic
change group (%AREA, 698 + 4.76 vs 3.18 + 248,
P = 0.046; CONT, 236.55 + 9443 vs 141.27 + 56.6,
P=0.013), and those of IDM and CORR were higher in without
acidophilic change group (IDM, 0.11 (0.10, 0.14) vs 0.09 (0.08,
1.10), P=0.003; CORR, 0.95 (0.94, 0.96) vs 0.94 (0.93, 0.95),
P =0.01) (Table 3; Figs. 1, 2).

ROC Analysis of the 4 Correlated Parameters, %
AREA, CONT, IDM, and CORR

The meaningful quantitative parameters of RTE for eval-
uating hepatocyte acidophilic change of donated liver, including
%AREA, CONT, IDM, and CORR, were analyzed by ROC
curve. Each parameter showed moderate evaluation perfor-
mance. Especially, the %AREA and CONT had relative high
positive predictive value (Table 4, Fig. 3).

DISCUSSION

In the state of brain death, liver damage is mainly caused
by ischemia, hypoxia, and release of inflammatory factors in
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FIGURE 1. Real-time tissue elastography of donated liver from brain death donor. A, The RTE image of donated liver without
hepatocyte acidophilic change by HE staining, gray scale image cannot find some abnormality. Furthermore, on RTE map of the RO, it
was mainly a plain green area. B, The RTE image of donated liver with hepatocyte acidophilic change by HE staining, gray scale image
also cannot find some abnormality. However, on RTE map of the RO, it was revealed that the blue area gradually increased.
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FIGURE 2. Hematoxylin-eosin staining of donated liver from brain death donor. A, The HE staining of donated liver without hepatocyte
acidophilic change (by 40 x 10 times). B, The HE staining of donated liver with hepatocyte acidophilic change (by 40 x 10 times).

hepatocytes, which may often cause irreversible damage to he-
patocytes. Acidophilic change of hepatocyte is a pathological
change in the early stage of liver injury after brain death, which
can accurately reflect on the degree of hepatocyte damage.”>**
After brain death, the level of catecholamine surges initially,
causing increased vascular resistance of body. Later, the level
of it declines below the standard, leading to cardiovascular col-
lapse due to hypovolemia.?> In facing of deteriorating hemody-
namics, a compromised abdominal organ perfusion and reduced
oxygenation become evident.?>*® Under the influence of hypo-
perfusion and hypotension, microcirculation changes are begin-
ning in the liver, stimulating hepatocyte inflammatory reaction
and immune activation. This seems to be the pathological basis
of hepatocytes acidophilic change, indicating early stage of liver
function damage and liver quality decline.>® Therefore, it is
clear that a quick identification of hepatocyte acidophilic
change is crucial. Liver biopsy has traditionally been used for
evaluating graft histological injury. However, its usefulness is
limited by its invasiveness, being time-consuming, and associ-
ated sampling error.?” Applications of routine imaging (including
2-dimensional ultrasound, computed tomography, and magnetic
resonance imaging) have not been reported in this field, and the
latter two are inapplicable at the bedside. Therefore, an optimal,
noninvasive, objective, and simple method is urgently required
for assessing hepatocyte acidophilic change.

Real-time tissue elastography was a strain elastography
based on the elasticity or hardness properties of biological tis-
sue, which is a quantitative method for measuring the tissue de-
formation generated by cardiac impulse.'? Tissue deformation
recognized by ultrasound equipment is converted into a real-
time color image. It can quantitatively evaluate tissue features
by analyzing the strain histogram and texture of the image.'”
and can provide independent diagnostic information of anatomy

and perfusion of the target organ.'*!> The provided 11 quantita-
tive elastic parameters are divided into 3 categories according to
the different description feature of image, namely, the strain his-
togram, deformation, and image texture.

In this study, DBD liver grafts were evaluated by both
RTE and traditional HE staining method to verify the ability
of RTE to predict hepatocyte acidophilic change. Results
showed that the parameters describing deformation and texture
of the image were correlated with the occurrence of hepatocyte
acidophilic change, including %AREA, CONT, IDM, and
CORR (r = 0.284, P = 0.046; r = 0.349, P = 0.013;
r=-0.444, P=0.001; »=—0.381, P=0.006); the remaining pa-
rameters have no correlation. The results also showed that,
among the 11 parameters, the values of %AREA, CONT,
IDM, and CORR showed significant difference between the 2
groups (P=0.046, P=0.013, P=0.003, P=0.01). Specifically,
the values of %AREA and CONT were higher in acidophilic
change group, and IDM and CORR were higher in without ac-
idophilic group. The ROC curve indicated that each parameter
showed moderate evaluation performance (the area under the
ROC curve of %AREA, CONT, IDM, and CORR was 0.75,
0.79, 0.81, and 0.77, respectively), and the % AREA and CONT
had relative high positive predictive value.

Three of the 4 meaningful parameters describe the image
texture. CONT was the contrast, which is the amount of local
variations present in an image. The greater the resolution, the
greater the contrast.'® IDM was inverse difference moment,
which reflects the homogeneity of image texture. The larger
the value gets, the lesser image texture changes. This is inverse
difference between 2 groups. CORR was correlation and is a
measure of gray-tone linear dependencies in the image. If the
matrix element values are evenly distributed, the value of
CORR will be large.”®?° Texture is a common concept for

TABLE 4. Results of Receiver Operating Characteristic Curve

Cut-off Value Area Under the Curve Sensitivity, % Specificity, % PPV, % NPV, % LR+ LR-
%AREA 6.53 0.75 535 100 100 63.6 — 0.46
CONT 186.85 0.79 76.7 85.7 97.6 75.0 5.37 0.27
IDM 0.095 0.81 85.7 69.7 96.7 31.6 2.83 0.20
CORR 0.945 0.77 71.4 74.4 94.1 313 2.79 0.38

LR+, positive likelihood ratio; LR-, negative likelihood ratio; NPV, negative predictive value; PPV, positive predictive value.
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FIGURE 3. Receiver operating characteristic curves of %AREA, CONT, IDM, and CORR for evaluating hepatocyte acidophilic change of
brain death donor. A, The ROC curve of %AREA and CONT. B, The ROC curve of IDM and CORR.

describing images feature, and different objects have different
textures. However, compared with the computer, human eyes
had obvious limitations in distinguishing texture differences in
an image. Therefore, with the help of a computer, quantitative
analysis of image texture can mine more subtle and rich infor-
mation. Real-time tissue elastography quantitative analysis
technique provides quantitative parameters for image texture
analysis based on the principle of gray-tone spatial-
dependence matrices,”®* and this study confirmed that it can
quantitatively analyze liver histological damage in brain death
state. The RTE image of hepatocytes acidophilic change in the
brain death state is characterized by the following: (1).image
definition: hepatocyte acidophilic change destroys the internal
structure of hepatocytes, resulting in increased and disordered
acoustic interface in the liver parenchyma, enlarging the differ-
ence of acoustic impedance. Therefore, the CONT is increased.
(2) Image uniformity: the acidophilic change hepatocyte is ran-
dom and uneven in the parenchyma, and the ultrasonic image tex-
ture changes from fine uniformity to rough unevenness, and the
parameters IDM and CORR also decrease.

Another meaningful parameter is %AREA that describes
the area ratio of low-strain region of the image. The larger the
value got, the harder the tissue was. It indicates that water in
the hepatocyte is lost, resulting in their shrinkage and weakened
elasticity after hepatocyte acidophilic change in the state of
brain death. When pressed by a force, the degree of deformation
is weakened, the hardness is increased, and area of the blue re-
gion in the image is increased. However, sensitivity of it is rel-
ative lower, just a value of 53.5%. In addition, the data in this
work showed that the parameters in the strain histogram have
no significant difference between the 2 groups. This may relate
to the small sample.

In conclusion, the RTE parameters can quantitatively
evaluate the histological damages due to hepatocyte acidophilic
change in the state of brain death and can be an alternative eval-
uation method for liver quality, especially the parameters to de-
scribe image texture. However, the number of cases enrolled in
this study was small, and most of the patients (86%, 43/50) had
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hepatocyte acidophilic change, which could lead to a bias in the re-
sult. The 2-week postoperative follow-up of recipient who was do-
nated from the 50 brain death donors has indicated that the liver
functions of all the recipients are recovering well. Long-term
follow-up and data collection are currently in progress.
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