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Background: The presence of hepatic steatosis (HS) is a crucial histological parameter for evaluating the 
suitability of liver transplantation. However, to date, no studies have used contrast-enhanced ultrasonography 
(CEUS) to diagnose and grade HS in brain-dead donors. This study aimed to detect and quantify hepatic 
microcirculatory perfusion in brain-dead donors using CEUS and to assess the utility of CEUS in the 
diagnosis and grading of HS.
Methods: This prospective study enrolled 88 livers from brain-dead donors (44 with HS and 44 without 
HS) aged ≥18 years between June 2020 and January 2024. The donors had a mean age of 45.42±9.59 years, 
and 70 were male (79.5%). CEUS was conducted on the livers of the brain-dead donors 24 h before organ 
procurement, and time-intensity curves were generated. The main measures included the arrival time, 
time-to-peak, peak intensity of the hepatic artery (PIHA), peak intensity of the portal vein (PIPV), and 
peak intensity of the liver parenchyma (PILP), and hepatorenal index (HRI). Logistic regression analyses 
were used to identify the significant factors associated with HS, and the areas under the curve (AUC) of the 
receiver operating characteristic curves were used to evaluate diagnostic performance.
Results: The PIHA (P<0.001), PIPV (P<0.001), and PILP (P=0.001) were significantly shorter in the 
steatosis group than the non-steatosis group. The one-way analysis of variance revealed significant decreases 
in the PIHA (P<0.001), PIPV (P<0.001), and PILP (P<0.001) as HS grades increased. The multivariate 
regression analysis indicated that the PIHA was an independent factor for both HS [odds ratio (OR) =0.97, 
95% confidence interval (CI): 0.94–0.99, P=0.01] and moderate-to-severe HS (OR =0.96, 95% CI: 0.93–0.99, 
P=0.009). The AUC values of the PIHA and HRI for diagnosing moderate-to-severe HS were 0.88 and 
0.69, respectively. The optimal cut-off value of the PIHA for diagnosing moderate-to-severe HS was 173.04, 
with a sensitivity of 92.9% (13 of 14 livers), specificity of 68.9% (51 of 74 livers), and positive and negative 
predictive values of 36.1% and 98.1%, respectively.
Conclusions: CEUS showed promising results in the diagnosis and grading of HS in brain-dead donors. 
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Introduction

Liver transplantation (LT) is a curative treatment option 
for end-stage liver disease (1). With the introduction 
of new immunosuppressive agents, enhanced surgical 
techniques, and advances in perioperative management (2), 
the indications for LT continue to broaden, leading to an 
increasing demand for grafts amid a significant shortage of 
donor livers. In response to this critical shortage, transplant 
centers are adopting strategies to expand the pool of 
potential donors for LT by easing the eligibility criteria 
and using higher-risk donor organs (referred to as marginal 
livers) (3). With the rising prevalence of obesity and non-
alcoholic fatty liver disease (NAFLD), fatty liver has 
emerged as a common type of marginal liver.

The presence of hepatic steatosis (HS) serves as a crucial 
histological parameter for evaluating the feasibility of 
LT. Previous studies have reported associations between 
moderate-to-severe HS, characterized by macrosteatosis 
≥30%, primary graft non-function, early allograft 
dysfunction, and decreased 1-year graft survival rates 
(4,5). Hence, the timely and reliable detection of HS in 
donors and the diagnosis of moderate-to-severe HS in 
the screening of suitable donor livers are of paramount 
importance.

Histological analysis of liver biopsy specimens remains 
the gold standard for diagnosing and grading HS (6). 
However, biopsy has several limitations, such as invasiveness 
and high sampling variability (7,8). Conventional ultrasound 
is the most common imaging modality for the subjective 
assessment of HS. Despite its advantages, including 
portability, real-time capability, and relatively low costs, 
gray-scale ultrasound is less sensitive in detecting mild HS 
due to its subjective nature, which results in relatively low 
inter-observer agreement (9).

In recent years, quantitative ultrasound parameters, 
including the hepatorenal index (HRI), attenuation 
coefficient, controlled attenuation parameter, and shear 
wave elastography, have been developed for the diagnosis 

and quantification of HS (10-14). However, their use in 
clinical practice is limited, as their accuracy and sensitivity 
have yet to be fully validated.

Contrast-enhanced ultrasonography (CEUS) is a 
valuable technique that uses microbubbles to enhance the 
detection of tissue perfusion at the microvascular level, 
providing better visualization of blood perfusion in both 
normal and diseased tissues. It significantly improves 
the discriminatory power, sensitivity, and specificity of 
ultrasound-based diagnosis, and has found widespread use 
across various clinical specialties. Numerous clinical and 
experimental studies have shown that CEUS can be used to 
assess microcirculation in different liver lesions (15-17).

Pandit et al. (15) successfully established and illustrated 
the use of CEUS in mouse models to quantify the 
progression of fatty liver disease and accurately determine 
the extent of steatohepatitis. The echo intensity and 
hepatic/renal ratio on B-mode ultrasound cannot reliably 
identify early HS; however, CEUS can sensitively detect 
early HS using peak intensity (PI), the washout rate, and 
the washout-perfusion index, and can better reflect the 
degree of HS progression in the liver parenchyma (LP) 
through representative blood flow changes. Additionally, 
the sensitivity of CEUS has been shown to approach that of 
histopathologic analysis.

To date, no studies have used CEUS to diagnose and 
grade HS in brain-dead donors. Hence, the purpose of this 
study was to detect and quantify hepatic microcirculatory 
perfusion in brain-dead donors using CEUS and to explore 
the utility of CEUS in the diagnosis and grading of HS. 
We present this article in accordance with the STARD 
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-24-1004/rc).

Methods

Study design and sample

This prospective study recruited liver donors aged ≥18 years  
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managed by the Organ Procurement Organization of 
Zhongshan City People’s Hospital between June 25, 
2020 and January 6, 2024 (Figure 1). Donors treated with 
extracorporeal membrane oxygenation (ECMO) and those 
with histological biopsy results suggestive of cirrhosis after 
liver procurement were excluded from the study. All donors 
underwent CEUS within 24 h of organ procurement. In 
total, 94 donor livers were examined.

Compliance with ethical standards

The protocol for this prospective, single-center study 
was approved by the Ethics Committee of Zhongshan 
City People’s Hospital (No. K2022-075). The study was 
conducted in accordance with the Declaration of Helsinki (as 
revised in 2013). The families of the donors were informed 
about the procedure and potential risks 24 h before the 
examination, and they provided written informed consent. 
Additionally, all recipients provided written informed 
consent.

Ultrasound and CEUS

CEUS was conducted for all livers within 24 h of organ 
procurement. Each donor was positioned in a supine 
position for the ultrasound examinations using a machine 
(EPIQ5; Philips Corp., Reedsville, PA, USA) equipped 
with a convex transducer C5-1 ultrasound probe. Two 

radiologists, each with over 10 years of experience in CEUS 
(Y.X. and Xiaozhen Liu), analyzed the ultrasound images. 
Prior to CEUS, the same radiologists performed standard 
ultrasound and color Doppler examinations to assess the 
liver size, portal vein (PV) diameter and velocity, peak 
systolic velocity, end-diastolic velocity, and resistive index of 
the hepatic artery (HA).

The focal zone was adjusted to be inside or deeper than 
the liver and kidney to measure the HRI. Only images that 
clearly visualized the liver and right kidney were analyzed 
(Figure 2A). The primary gain, machine index, focus 
position, temporal gain compensation, and other preset 
values were maintained constant during CEUS. The first 
hepatic hilar was selected as the fixed section for CEUS 
(Figure 2B).

Following the preparation of the contrast agent 
(SonoVue; Bracco Imaging B.V., Amsterdam, Netherlands), 
2.4 mL of the agent was injected through the cephalic 
vein, and 5 mL of saline was used to flush the tube after 
each injection. After the injection of SonoVue, the donors 
were disconnected from the ventilator for 45–60 s to 
eliminate the effect of breathing, and a 3-min CEUS video 
was recorded in digital imaging and communications in 
medicine (DICOM) format for subsequent analysis. The 
entire procedure was conducted with the assistance of 
intensive care unit doctors and nurses.

HRI and TIC analyses

HRI measurements and time-intensity curve (TIC) analyses 
were conducted using an offline personal computer and 
image analysis software (ImageJ, National Institutes of 
Health, Bethesda, MD, USA). Images stored in DICOM 
format were decompressed into uncompressed audio video 
interleave (AVI) files or Joint Photographic Experts Group 
(JPEG) files for analysis.

First, the JPEG files were examined. A circular region of 
interest (ROI) with a diameter of 10 mm was positioned on the 
LP, while a ROI of the same diameter was placed on the kidney 
cortex at the same depth as the ROI on the LP (Figure 2A).  
The ROIs on the LP excluded large bile ducts and blood 
vessels, while the ROIs on the kidneys encompassed only 
the kidney cortex. To eliminate artifacts, the ROIs were 
positioned at the depth of the focal area or superficial 
depth. Intensity values were automatically measured using 
ImageJ, and each pixel had an intensity value ranging from 
a minimum of 0 to a maximum of 255. The liver intensity 
was divided by the kidney intensity to derive the HRI. 

Figure 1 Flowchart of donor liver selection. CEUS, contrast-
enhanced ultrasonography; ECMO, extracorporeal membrane 
oxygenation.

Pre-procurement CEUS in 
brain-dead donor livers (n=94)

Included livers in study (n=88)

Excluded Donor livers (n=6)
•	Maintained with ECMO (n=4)
•	Pathology suggestive of 

cirrhosis (n=2)

Non-steatosis group 
(n=44)

Steatosis group (n=44)
•	Mild steatosis (n=30)
•	Moderate steatosis (n=9)
•	Severe steatosis (n=5)
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Measurements were obtained at different depths to acquire 
a total of three HRIs, which were averaged to yield the final 
HRI.

In each uncompressed AVI file, the interval between 
each frame was 1/12 of a second. Twelve gray-scale images 
per second were processed using ImageJ software. Contrast 
images were examined frame by frame, and the time of 
the first echogenic microbubble observed in the HA was 
designated as the initial time. Subsequently, a circular ROI 
with a diameter of 5 mm was placed on the first branch of 
the HA or PV. Following this, another ROI with a diameter 
of 10 mm was positioned on the LP, avoiding vessels, and 
at the same depth as the other ROIs (Figure 2B). After 
measuring the intensity values of the ROIs, a TIC with 
a duration of 30 s was generated using Excel (Microsoft, 
Redmond, WA, USA), commencing from the arrival of 
the contrast agent at the HA; the arrival time (AT) was 
also recorded (Figure 2C). Time-to-peak (TTP) and PI 
were assessed based on the TIC. All TIC parameters were 
measured two times for each donor to investigate the intra-
observer variability. Further, the TIC parameters of all 
donors were successively evaluated by two radiologists to 
analyze inter-observer variability.

Pathological assessment

Pathological specimens were obtained from the donor 
livers. Histological examination of hematoxylin- and 
eosin-stained frozen or permanent sections was conducted 
by a pathologist to confirm the extent of HS and fibrosis, 
and biopsy lengths and PV counts were documented. The 
NAFLD activity scoring system was employed to grade 
HS (18,19). This system comprises the following four 
grades for HS based on the proportion of steatogenic 
hepatocytes: S0, non-steatosis = ≤5%; S1, mild = 5–33%; 
S2, moderate = 34–66%; and S3, severe = >66%. All 
histological specimens specifically collected for the 
study underwent independent review and evaluation by 
the same pathologist (at the Department of Pathology, 
Zhongshan City People’s Hospital), who had over 10 years 
of experience in this field.

Statistical analysis

Depending on the distribution of variables, the numerical 
data were presented as the mean with standard deviation, or 
the median with the 25th–75th percentiles. Differences in 
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Figure 2 Representative measurements of the HRI and intensities of the HA, PV, and LP obtained using ImageJ software. These values 
were used to construct the TICs. (A) The HRI was determined by selecting a ROI at the same depth in the kidney and the adjacent liver 
parenchyma. (B) ROIs were selected in the first hepatic hilum: red circle, HA; green circle, PV; blue circle, LP. (C) Schematic diagram 
depicting the TIC parameters. TTP, time-to-peak, indicating the duration from the first appearance of the contrast agent in the HA to 
the time of PI. PI, peak intensity; HRI, hepatorenal index; LP, liver parenchyma; PV, portal vein; HA, hepatic artery; TICs, time-intensity 
curves; ROI, region of interest.
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clinical characteristics and CEUS parameters between the 
steatosis and non-steatosis groups were analyzed using the 
Student t-test or the Mann-Whitney U test as appropriate. 
The categorical variables were expressed as the number with 
the percentage, and differences in categorical parameters 
between the steatosis and non-steatosis groups were assessed 
using the Pearson chi-squared test or the Fisher exact test. 
Changes in the CEUS parameters with the HS grades were 
evaluated by one-way analysis of variance (ANOVA). If the 
global ANOVA was significant, a post-hoc analysis with 
Bonferroni correction was conducted between the grades. 
Intra- and inter-observer agreement were assessed by 
calculating the intraclass correlation coefficients. Univariate 
and multivariate logistic regression analyses were employed 
to identify the factors associated with HS and moderate-to-
severe HS. Receiver operating characteristic (ROC) curves 
were generated, and the areas under the curve (AUCs) 
were calculated to determine the predictive performance 
of the CEUS parameters for HS and moderate-to-severe 
HS. A two-sided P value <0.05 was considered statistically 
significant. The statistical analyses were performed using 
Prism (version 9.4.0, GraphPad Software), or R (version 
4.1.2, R Foundation for Statistical Computing) language 
and associated data packages.

Results

Demographic and clinical characteristics

In total, 94 brain-dead donor livers were initially included 
in the study. However, four livers were excluded due to 
maintenance with ECMO, while two were excluded due 
to pathological findings suggestive of cirrhosis. Thus, 
ultimately, 88 livers were included in the statistical analysis. 
The study participants were categorized into the steatosis 
group (n=44) and non-steatosis group (n=44) based on 
the pathological findings provided by the Pathology 
Department. The clinical background information, and 
ultrasound, HRI, and CEUS parameters for both the 
steatosis and non-steatosis groups are summarized in Table 1.  
The donors had a mean age of 45.42±9.59 years, and  
70 were male (79.5%). Additional information about the 
baseline characteristics of the donors and the most recent 
laboratory data before procurement are presented in  
Table S1. Among the 88 livers included, 44 had steatosis, 
which was quantified according to the NAFLD scoring 
system, of which, 30 were categorized as mild, 9 as 
moderate, and 5 as severe. Significant differences in age 

(P=0.007) and body mass index (BMI) (P=0.028) were 
observed between the steatosis and non-steatosis groups.

Comparison of ultrasound, HRI, and CEUS parameters

Among the conventional ultrasound parameters, the 
steatosis group exhibited a significantly higher thickness of 
the left lobe of the liver [6.72 (6.05–7.40) vs. 5.99 (5.42–6.62) 
cm, P<0.001] and maximum oblique diameter of the right 
lobe of the liver (14.33±1.37 vs. 13.51±1.39 cm, P=0.006) 
compared to the non-steatosis group. However, there were 
no significant differences in the HA hemodynamics and 
velocity in the PV between the steatosis and non-steatosis 
groups. Additionally, there was no significant difference in 
the HRI [1.06 (0.82–1.27) vs. 0.96 (0.82–1.09), P=0.131] 
between the two groups.

In relation to the CEUS parameters, the peak intensity 
of the hepatic artery (PIHA) [163.24 (128.79–186.05) vs. 
199.44 (176.95–213.88), P<0.001], the peak intensity of 
the portal vein (PIPV) [137.59 (119.96–177.79) vs. 185.12 
(157.87–208.35), P<0.001], and the peak intensity of the 
liver parenchyma (PILP) [110.63 (75.88–139.93) vs. 143.72 
(120.27–157.51), P=0.001] were significantly shorter in 
the steatosis group than the non-steatosis group (Figure 3). 
However, there were no significant differences in the other 
TIC parameters between the steatosis and non-steatosis 
groups. As reported in our previous studies (20,21), the 
intraclass correlation coefficient analysis showed good 
intra- and inter-observer agreement for the CEUS and TIC 
parameters.

Factors independently associated with steatosis

The univariate regression analysis revealed that age 
[odds ratio (OR) =1.07, 95% confidence interval (CI): 
1.02–1.12, P=0.01], BMI (OR =1.23, 95% CI: 1.05–1.45, 
P=0.011), the thickness of the left lobe of the liver (OR 
=1.58, 95% CI: 1.02–2.46, P=0.041), the maximum 
oblique diameter of the right lobe of the liver (OR =1.56, 
95% CI: 1.12–2.2, P=0.01), the PIHA (OR =0.97, 95% 
CI: 0.95–0.98, P<0.001), the PIPV (OR =0.97, 95% CI: 
0.96–0.99, P<0.001), and the PILP (OR =0.98, 95% CI: 
0.97–0.99, P=0.002) were significantly associated with HS. 
Subsequently, the multivariate regression analysis indicated 
that the PIHA (OR =0.97, 95% CI: 0.94–0.99, P=0.01) was 
the only independent factor significantly associated with 
steatosis (Table 2). ROC curves were generated with the 
HRI and HS as the independent factors. The AUC values 

https://cdn.amegroups.cn/static/public/QIMS-24-1004-Supplementary.pdf
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for the PIHA and HRI for the diagnosis of HS were 0.79 
and 0.59, respectively (Table 3). The optimal cut-off value 
of the PIHA for the diagnosis of HS was 190.56, with a 
corresponding sensitivity, specificity, positive predictive 
value, and negative predictive value of 61.4% (27 of 
44 livers), 88.6% (39 of 44 livers), 84.4%, and 69.6%, 
respectively.

Changes in CEUS parameters with HS grade

The one-way ANOVA revealed that the PIHA (P<0.001) 
(Figure 4A), PIPV (P<0.001) (Figure 4B) and PILP (P<0.001) 
(Figure 4C) decreased significantly as HS grade increased. 
In the post-hoc analysis, the moderate-to-severe steatosis 
group had significantly lower PIHA [123.58 (97.22–156.01) 
vs. 178.38 (148.51–187.64), P<0.001], PIPV [115.22 (93.97–
136.60) vs. 158.44 (128.26–182.22), P<0.001], and PILP 
[74.88 (61.89–119.86) vs. 119.78 (88.37–145.64), P=0.01) 

than the mild steatosis group. Moreover, the severe steatosis 
group had significantly lower PIHA (P=0.007) (Figure S1A), 
PIPV (P<0.001) (Figure S1B), and PILP (P=0.01) (Figure S1C)  
than the mild steatosis group. Additionally, the PIHA (P<0.001) 
and PIPV (P<0.001) were significantly lower in the moderate 
steatosis group than the mild steatosis group. However, 
there were no statistically significant differences in the PIHA 
(P=0.99), PIPV (P=0.34), and PILP (P=0.15) between the 
moderate and severe steatosis groups (Figure S1).

Factors independently associated with moderate-to-severe HS

The univariate regression analysis identified the ultrasound 
and CEUS parameters associated with moderate-to-
severe HS. The results revealed that the maximum oblique 
diameter of the right lobe of the liver (OR =1.69, 95% CI: 
1.08–2.63, P=0.021), TTP in the PV (OR =0.88, 95% CI: 
0.78–0.98, P=0.025), PIHA (OR =0.96, 95% CI: 0.94–0.98, 

Table 1 Clinical and ultrasound characteristics of donor livers

Characteristics Total (n=88) Non-steatosis (n=44)
Steatosis (n=44)

P value
Mild (n=30) Moderate (n=9) Severe (n=5)

Age*, years 45.42±9.59 42.70±11.18 48.50±6.54 45.67±8.12 50.40±5.81 0.007

Sex, male 70 (79.5) 36 (81.8) 22 (73.3) 7 (77.8) 5 (100.0) 0.792

BMI*, kg/m2 22.49 (20.96–24.20) 22.46 (20.73–23.56) 22.67 (22.10–26.82) 23.44 (20.76–24.22) 27.28 (24.22–27.68) 0.028

LL thickness*, cm 6.43 (5.72–7.03) 5.99 (5.42–6.62) 6.62 (5.94–7.30) 6.95 (6.52–7.39) 7.80 (7.50–7.81) <0.001

LL length, cm 7.78±1.16 7.74±1.22 7.62±1.06 8.15±1.17 8.44±1.20 0.757

Maximum oblique 
diameter of RL*, cm

13.92±1.43 13.51±1.39 14.13±1.31 14.19±1.32 15.78±1.18 0.006

Velocity in the PV, 
cm/s

18.70 (15.50–21.50) 18.10 (15.50–19.73) 19.40 (14.20–22.20) 18.50 (15.50–24.10) 19.00 (15.00–21.10) 0.399

HARI 0.57 (0.53–0.63) 0.57 (0.53–0.63) 0.57 (0.53–0.63) 0.55 (0.52–0.62) 0.62 (0.60–0.65) 0.913

HRI 1.00 (0.82–1.19) 0.96 (0.82–1.09) 1.00 (0.79–1.27) 1.18 (1.07–1.27) 1.10 (0.89–1.22) 0.131

ATHA, s 9.78 (8.42–11.94) 9.41 (8.15–11.45) 10.20 (8.42–11.83) 9.93 (8.84–13.54) 11.34 (9.08–11.42) 0.352

TTPHA, s 5.53 (4.52–7.28) 5.38 (4.47–7.87) 5.68 (4.54–6.69) 6.90 (5.52–7.22) 5.38 (3.02–5.80) 0.735

TTPPV, s 15.61 (11.88–21.93) 16.84 (12.22–23.42) 15.45 (11.49–21.06) 12.70 (9.83–15.39) 16.63 (11.26–18.14) 0.094

TTPLP, s 21.82 (16.02–25.57) 22.58 (15.21–27.51) 21.82 (16.13–24.77) 22.76 (16.40–23.52) 19.07 (18.73–20.16) 0.565

PIHA*† 183.18 (154.96–206.64) 199.44 (176.95–213.88) 178.38 (148.51–187.64) 125.40 (76.79–165.09) 121.75 (99.64–145.66) <0.001

PIPV*† 169.83 (135.80–194.55) 185.12 (157.87–208.35) 158.44 (128.26–182.22) 136.01 (109.42–138.39) 97.83 (92.68–108.67) <0.001

PILP*† 126.26 (89.78–153.66) 143.72 (120.27–157.51) 119.78 (88.37–145.64) 109.38 (71.37–138.79) 69.02 (59.52–71.54) 0.001

Values represent the mean ± standard deviation, median (25th–75th percentiles), or number of patients (%). *, a statistically significant difference 
between the steatosis and non-steatosis groups; †, a statistically significant difference in the one-way analysis of variance. BMI, body mass index; 
LL, left lobe of the liver; RL, right lobe of the liver; HARI, hepatic artery resistive index; HRI, hepatorenal index; HA, hepatic artery; PV, portal vein; 
LP, liver parenchyma; AT, arrival time; TTP, time-to-peak; PI, peak intensity.
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P<0.001), PIPV (OR =0.96, 95% CI: 0.95–0.98, P<0.001), 
and PILP (OR =0.97, 95% CI: 0.96–0.99, P=0.002) were 
associated with moderate-to-severe HS. The subsequent 
multivariate regression analysis revealed that the maximum 
oblique diameter of the right lobe of the liver (OR =2.13, 
95% CI: 1.02–4.45, P=0.044) and PIHA (OR =0.96, 95% 
CI: 0.93–0.99, P=0.009) were independently associated 
with moderate-to-severe HS (Table 4). ROC curves were 
constructed for the HRI and the independent factors 
associated with moderate-to-severe HS. The AUC values 
for the PIHA, maximum oblique diameter of the right lobe 
of the liver, and HRI for the diagnosis of HS were 0.88, 0.71, 
and 0.69, respectively (Table 3). The optimal cut-off value of 
the PIHA for the diagnosis of moderate-to-severe HS was 
173.04, with a corresponding sensitivity, specificity, positive 
predictive value, and negative predictive value of 92.9% (13 
of 14 livers), 68.9% (51 of 74 livers), 36.1%, and 98.1%, 
respectively.

Discussion

In this prospective study, we employed CEUS and a TIC 
analysis for the first time to assess the microcirculation 

perfusion of 88 livers from brain-dead donors. Our 
investigation aimed to evaluate the efficacy of CEUS in 
the diagnosis and grading of HS. Our findings revealed a 
significant reduction in microcirculation blood perfusion 
in donor livers with HS compared to those without 
HS. Additionally, we observed a gradual decline in 
microcirculation perfusion as the HS grade increased. 
Notably, the CEUS-derived intensity parameter, the PIHA, 
was found to be a real-time, non-invasive index capable of 
diagnosing both HS and moderate-to-severe HS. Further, 
the PIHA showed high diagnostic accuracy for moderate-
to-severe HS [AUC =0.88, sensitivity =92.9% (13 of 14 
livers)]. These findings indicate the potential usefulness of 
CEUS in assessing microcirculatory perfusion in brain-dead 
donor livers, and in diagnosing and grading HS.

The hepatic microcirculatory unit encompasses all 
intrahepatic vessels, including the PV, HA, hepatic 
sinusoids, hepatic veins, and lymphatics vessels (22). 
CEUS employs a microbubble contrast agent (SonoVue), 
which is intravascular. Its hemodynamic alterations closely 
resemble those of erythrocytes, facilitating its penetration 
into the microvascular organs. This characteristic enables 
CEUS to capture images that quantify microvascular blood 

Figure 3 TICs in non-steatosis (A), mild steatosis (B), moderate steatosis (C), and severe steatosis (D). The PI of the HA (P<0.001), PV 
(P<0.001), and LP (P=0.001) were significantly lower in the steatosis group than the non-steatosis group. HA, hepatic artery; PV, portal vein; 
LP, liver parenchyma; TICs, time-intensity curves; PI, peak intensity.
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Table 2 Factors associated with steatosis by univariate and multivariate regression models

Characteristics
Univariate analysis Multivariate analysis

OR (95% CI) P value OR (95% CI) P value

Age†, year 1.07 (1.02–1.12) 0.01 1.04 (0.98–1.1) 0.207

Sex (male/female) 1.32 (0.47–3.75) 0.598

BMI†, kg/m2 1.23 (1.05–1.45) 0.011 1.04 (0.84–1.29) 0.709

LL thickness†, cm 1.58 (1.02–2.46) 0.041 1.19 (0.8–1.77) 0.393

LL length, cm 1.06 (0.74–1.52) 0.754

Maximum oblique diameter of RL†, cm 1.56 (1.12–2.2) 0.01 1.38 (0.85–2.25) 0.191

Velocity in the PV, cm/s 1.05 (0.97–1.14) 0.258

HARI 0.27 (0–26.43) 0.579

HRI 3.24 (0.7–15.01) 0.133

ATHA, s 0.99 (0.89–1.1) 0.903

TTPHA, s 0.93 (0.8–1.07) 0.298

TTPPV, s 0.94 (0.87–1.01) 0.086

TTPLP, s 0.99 (0.92–1.06) 0.749

PIHA‡ 0.97 (0.95–0.98) <0.001 0.97 (0.94–0.99) 0.01

PIPV† 0.97 (0.96–0.99) <0.001 1 (0.98–1.02) 0.947

PILP† 0.98 (0.97–0.99) 0.002 1 (0.98–1.01) 0.614
†, significant factor by univariate analysis only. ‡, significant factor by both univariate and multivariate analyses. OR, odds ratio; CI, 
confidence interval; BMI, body mass index; LL, left lobe of the liver; RL, right lobe of the liver; HARI, hepatic artery resistive index; HRI, 
hepatorenal index; HA, hepatic artery; PV, portal vein; LP, liver parenchyma; AT, arrival time; TTP, time-to-peak; PI, peak intensity.

Table 3 ROC outcomes for the accuracy of hepatic steatosis and moderate-to-severe hepatic steatosis diagnosis

Parameters Cut-off AUC Sensitivity (%) Specificity (%) PPV (%) NPV (%) P value

HS

PIHA 190.56 0.79 (0.70–0.89) 61.4 (47.0–75.8) 
[27/44]

88.6 (79.3–98.0) 
[39/44]

84.4 (71.8–97.0) 
[27/32]

69.6 (57.6–81.7) 
[39/56]

<0.001

HRI 1.09 0.59 (0.47–0.72) 77.3 (64.9–89.7) 
[34/44]

47.7 (33.0–62.5) 
[21/44]

59.6 (46.9–72.4) 
[34/57]

67.7 (51.3–84.2) 
[21/31]

0.935

Moderate-to-severe HS

PIHA 173.04 0.88 (0.78–0.97) 92.9 (79.4–100.0) 
[13/14]

68.9 (58.4–79.5) 
[51/74]

36.1 (20.4–51.8) 
[13/36]

98.1 (94.3–101.8) 
[51/52]

<0.001

HRI 1.07 0.69 (0.48–0.95) 71.4 (54.0–99.8) 
[10/14]

66.2 (55.4–77.0) 
[49/74]

28.6 (13.6–43.5) 
[10/35]

92.5 (85.3–99.6) 
[49/53]

0.014

Maximum oblique 
diameter of the RL

14.35 0.71 (0.56–0.87) 78.6 (58.1–100.0) 
[11/14]

68.9 (58.4–79.5) 
[51/74]

32.4 (16.6–48.1) 
[11/34]

94.4 (88.3–100.6) 
[51/54]

0.006

Data in parentheses are the 95% confidence interval, with the number of patients in brackets. ROC, receiver operating characteristic; 
AUC, area under the curve; NPV, negative predictive value; PPV, positive predictive value; PIHA, peak intensity of hepatic artery; HRI, 
hepatorenal index; HS, hepatic steatosis; RL, right lobe of the liver.
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Figure 4 Comparison of the PIHA (A), PIPV (B), and PILP (C) in different grades of HS. The PIHA (P<0.001), PIPV (P<0.001), and PILP 
(P<0.001) decreased significantly as the HS grade increased. In the post-hoc analysis, the moderate-to-severe HS group had a significantly 
lower median PIHA [123.58 (97.22–156.01) vs. 178.38 (148.51–187.64), P<0.001], PIPV [115.22 (93.97–136.60) vs. 158.44 (128.26–182.22), 
P<0.001], and PILP [74.88 (61.89–119.86) vs. 119.78 (88.37–145.64), P=0.01] than the mild HS group. PIHA, peak intensity of hepatic 
artery; PIPV, peak intensity of portal vein; PILP, peak intensity of liver parenchyma; HS, hepatic steatosis.

Table 4 Factors associated with moderate-to-severe steatosis by univariate and multivariate regression analyses

Characteristics
Univariate analysis Multivariate analysis

OR (95% CI) P value OR (95% CI) P value

Age, years 1.03 (0.96–1.1) 0.41

Sex (male/female) 0.6 (0.12–2.98) 0.536

BMI, kg/m2 1.19 (0.99–1.44) 0.064

LL thickness, cm 1.42 (0.95–2.14) 0.088

LL length, cm 1.56 (0.91–2.68) 0.103

Maximum oblique diameter of RL‡, cm 1.69 (1.08–2.63) 0.021 2.13 (1.02–4.45) 0.044

Velocity in the PV, cm/s 1.01 (0.91–1.12) 0.851

HARI 1.21 (0–590.48) 0.952

HRI 2.86 (0.55–14.94) 0.213

ATHA, s 1.04 (0.91–1.19) 0.541

TTPHA, s 0.97 (0.8–1.18) 0.753

TTPPV
†, s 0.88 (0.78–0.98) 0.025 0.88 (0.75–1.03) 0.11

TTPLP, s 0.98 (0.89–1.08) 0.703

PIHA‡ 0.96 (0.94–0.98) <0.001 0.96 (0.93–0.99) 0.009

PIPV† 0.96 (0.95–0.98) <0.001 1.01 (0.97–1.04) 0.761

PILP† 0.97 (0.96–0.99) 0.002 0.99 (0.96–1.02) 0.577
†, significant factor by univariate analysis only; ‡, significant factor by both univariate and multivariate analyses. OR, odds ratio; CI, 
confidence interval; BMI, body mass index; LL, left lobe of the liver; RL, right lobe of the liver; PV, portal vein; HARI, hepatic artery resistive 
index; HRI, hepatorenal index; HA, hepatic artery; PV, portal vein; LP, liver parenchyma; AT, arrival time; TTP, time-to-peak; PI, peak 
intensity.
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volume and flow in the body’s vital organs. By assessing 
hemodynamic and microcirculatory perfusion changes, 
CEUS aids in understanding organ function (23).

In this study, we observed significant reductions in the 
PIHA, PIPV, and PILP in the livers with HS compared 
to those without HS. PI reflects the maximum value of 
SonoVue reaching the ROI, and enables the perfusion of the 
ROI to be visualized. The notable decrease in PI suggests a 
significant reduction in hepatic microcirculatory perfusion, 
which can be attributed to compromised microcirculation 
in fatty livers.

HS is characterized by the presence of large and small fat 
sacs, primarily containing triglycerides, which accumulate 
in hepatocytes (24). This accumulation leads to an increase 
in cell volume and a consequent reduction of approximately 
50% in the hepatic sinusoidal space compared to that in 
a normal liver (25). Such reduction may result in partial 
or complete obstruction of the sinusoidal space, thereby 
impairing blood flow and microcirculation within the liver.

In a previous study, Seifalian et al. (26) investigated 
alterations in hepatic microcirculation in donors with HS 
using laser Doppler flowmetry, and observed a significant 
reduction in microcirculatory perfusion, particularly in 
terms of decreased liver parenchymal perfusion, in livers 
affected by HS compared to non-steatotic livers. In our 
study, we not only noted a decrease in liver parenchymal 
perfusion but also observed reductions in perfusion within 
the HA and PV.

Another significant finding in our study was the notable 
decrease in the PIHA, PIPV, and PILP in livers with 
moderate-to-severe HS compared to those with mild HS. 
We also observed a further decrease in the PIHA, PIPV, and 
PILP in livers with severe HS compared to those with mild 
HS. Additionally, the PIHA and PIPV were significantly 
lower in the livers with moderate HS than those with mild 
HS. These findings indicate a correlation between hepatic 
microcirculatory perfusion and the severity of HS whereby 
microcirculatory perfusion gradually decreases as the 
severity of HS increases (Figure 5).

A previous experimental study conducted in rabbits 
with varying grades of HS reported a negative correlation 
between the degree of fatty infiltration and total hepatic 
blood flow and hepatic parenchymal microcirculation, 
which corroborates our findings (27). However, our study 
did not reveal any statistically significant differences in 
the hemodynamics of the HA and PV when comparing 
non-steatotic livers to those with different grades of HS; 
however, this might be due to the relatively small sample 

size in our study.
HS is frequently encountered during organ procurement 

surgery, and is a major factor leading to donor liver 
rejection, graft dysfunction, and transplantation related 
complications (28). To date, the use of non-invasive 
techniques for quantifying and diagnosing HS has been 
limited. Magnetic resonance spectroscopy and magnetic 
resonance imaging proton density fat fraction have been 
recognized as highly accurate non-invasive methods for 
quantifying HS (29). However, these techniques are costly 
and may not be readily available in all clinical settings.

In our study, the multifactorial logistic regression 
analysis revealed that the PIHA, a CEUS-derived intensity 
parameter, was an independent risk factor for both HS and 
moderate-to-severe HS. We found that the PIHA exhibited 
a high diagnostic performance for moderate-to-severe HS 
[AUC =0.88, sensitivity =92.9% (13 of 14 livers)]. The 
presence of HS in LT significantly affects postoperative 
allograft function and prognosis; however, most studies have 
concluded that mild HS, defined as <30% macrovesicular 
steatosis, is not a contraindication to LT (5,30,31).

Due to its higher sensitivity, CEUS could be used to 
exclude more donor livers with moderate-to-severe HS, 
which in turn could facilitate the screening of more donor 
livers with mild or no HS. This could ultimately enhance 
the utilization of donor livers and broaden the donor pool.

Additionally, we found that the PIHA had a superior 
AUC compared to two-dimensional ultrasound parameters, 
such as the HRI and maximum oblique diameter of the right 
lobe of the liver, for diagnosing both HS and moderate-
to-severe HS. HRI has been validated as an effective non-
invasive ultrasound tool for screening HS (12,13). However, 
unlike the HRI, which only assesses HS, CEUS can also be 
used to evaluate the overall microcirculatory perfusion of 
donor livers. This comprehensive assessment provided by 
CEUS may contribute to a more nuanced understanding 
of liver health and function during the organ procurement 
process, thus helping transplant surgeons decide whether to 
accept or reject livers.

Limitations

This study had several limitations. First, this single-
center study included a relatively small sample size; thus, 
the results need to be validated in larger prospective 
clinical studies or multicenter investigations. Second, as 
CEUS is operator-dependent, measurement variability 
is inherent, although efforts were made to minimize this 
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Figure 5 CEUS perfusion imaging of the liver in a donor without steatosis (A), donor with mild steatosis (B), donor with moderate steatosis 
(C), and donor with severe steatosis (D). The arrows indicate regions of interest. ATHA, arrival time of hepatic artery; PV, portal vein; LP, 
liver parenchyma; TTP, time-to-peak; CEUS, contrast-enhanced ultrasonography.
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by employing fixed ROI locations. Third, CEUS assessed 
only a single scanning plane, which limited our ability 
to comprehensively visualize liver microcirculation. 
Finally, the effect of factors such as brain death and donor 
maintenance procedures on hepatic microcirculation could 
not be fully assessed. These limitations underscore the 
need for further research to corroborate and expand upon 
our findings.

Conclusions

Our findings suggest that CEUS holds promise in the 
diagnosis and grading of HS in brain-dead donors. The 
CEUS-derived parameter, the PIHA, has potential for 
diagnosing moderate-to-severe HS. As the demand for LT 
increases, CEUS may become a standard tool for evaluating 
donor liver microcirculatory perfusion and organ quality 
assessment, potentially reducing the need for liver biopsies. 

Nonetheless, further research is warranted to address 
remaining uncertainties surrounding this approach.
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