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Background  At least 20% of the future liver remnant must function properly after liver tumor resection 
to avoid post-hepatectomy liver failure (PHLF). [99mTc]Tc-mebrofenin scintigraphy and SPECT are 
unique noninvasive, quantitative methods for evaluating liver function via hepatocellular bilirubin 
clearance.
Aim  To evaluate the value of dynamic [99mTc]Tc-mebrofenin SPECT/CT parameters for predicting 
clinically relevant PHLF according to the ISGLS criteria.
Methods  Thirty-five patients underwent dynamic [99mTc]Tc-mebrofenin SPECT/CT imaging to 
determine the FLR volumetric rate, functional volume rate, total liver filtration and FLR filtration. On 
the same day, two-dimensional ultrasound shear wave elastography (2D-SWE) was used to assess 
parenchymal fibrosis in the FLR. The quantitative dynamic SPECT parameters were compared with the 
relevant clinical scores and ICG.
Results  The total liver filtration was inversely correlated with the ICG-R15 and MELD-Na score. 
Twenty-four patients underwent major liver resection due to an adequate FLR rate and did not die 
within 90 days after the procedure. ROC analysis revealed that the FLR filtration was a significant 
predictor of PHLF. The best cutoff value for FLR filtration was 2.72%/min/m2.
Conclusion Dynamic [99mTc]Tc-mebrofenin SPECT/CT is an essential tool for selecting patients at risk 
of clinically relevant PHLF after liver resection.
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Liver resection is commonly performed and can potentially cure a variety of primary and secondary hepatic 
malignancies. Currently, post-hepatectomy liver failure (PHLF) is a serious complication of major hepatectomy, 
with a reported incidence ranging from 9 to 30% in cases of extended resection1.

The cause of PHLF can be primary or secondary. Intrinsic liver factors and the surgery itself are considered 
primary causes, whereas postoperative complications and systemic factors (e.g., systemic infections, respiratory 
complications, and adverse effects of pre- or postoperative drug use) are considered secondary causes2.

An insufficient future liver remnant (FLR) is considered one of the main causes of primary PHLF. To prevent 
or reduce the incidence of liver complications following hepatectomy, accurate assessments of preoperative liver 
function and FLR volume are essential. Additionally, precise delineation of hepatectomy indications and careful 
selection of patients who are most likely to benefit from parenchyma modulation techniques, such as portal vein 
embolization (PVE), portal vein ligation (PVL) or associated liver partition and portal vein ligation for staged 
hepatectomy (ALPPS), are also important1.

Total liver function can be assessed via the indocyanine green (ICG) clearance test and several other 
laboratory and clinical tests3. While these methods offer insight into the global functional status of the liver, they 
are limited in providing detailed information about the function of individual liver segments. This limitation is 
particularly relevant in understanding the function of individual future remnant liver segments before resection. 
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Furthermore, two-dimensional ultrasound shear wave elastography (2D-SWE) can diagnose liver fibrosis as well 
as predict complications4, but it cannot provide volumetric information.

Currently, FLR volume is measured via computed tomography (CT) volumetry, which is a well-established 
method. However, the extent of resection margins varies depending on parenchymal status and factors related 
to liver function. In most medical centers, patients with a normal liver parenchyma need a FLR volume of at 
least 25% following major resection, whereas patients with a disease affecting the liver parenchyma need an 
FLR volume greater than 30%. For individuals presenting with cirrhosis, FLR volumes greater than 40% usually 
mandate major resection5–10.

Functional volumetry can be assessed via [99mTc]Tc-mebrofenin hepatobiliary scintigraphy with SPECT, 
which has been proven reliable for predicting PHLF and measuring not only overall liver function but also 
regional distribution within the liver. This is particularly important in cases of inhomogeneous distribution of 
function, such as after liver parenchyma modulation strategies (for example, PVE and ALPPS), and in patients 
with cirrhosis1,11,12.

Dynamic SPECT imaging allows the visualization of radiopharmaceutical changes in 3D over time13. To our 
knowledge, dynamic three-dimensional (SPECT) methods have not yet been used in the quantitative assessment 
of future liver remnant function.

Furthermore, methods to determine clinically relevant PHLF in the preoperative period are limited14.

Objective
The objective of our prospective study was to assess the functional parameters derived from dynamic [99mTc]
Tc-mebrofenin SPECT/CT using our new methodology, with a focus on determining global liver function, FLR 
function, and the FLR functional rate. Furthermore, the goal is to predict clinically relevant PHLF on the basis 
of the criteria established by the International Study Group of Liver Surgery (ISGLS).

Materials and methods
From January 2022 to August 2023, 35 patients were recruited for this prospective study, which was conducted 
in the Department of Surgery at our University. The inclusion criteria were as follows: patients scheduled for 
major liver resection (characterized by the removal of three or more continuous Couinaud segments), with 
clinically confirmed compensated liver function (based on the MELD-Na score, APRI, Child‒Pugh-Turcotte 
score, and ICG-R15)3 and no anesthesia-related contraindications for surgery. Patient demographics, tumor 
type, and procedural details were collected prospectively.

Evaluation of total liver function
The APRI, MELD-Na score, Child‒Turcotte‒Pugh classification and indocyanine green (ICG) clearance test 
results were assessed prior to major liver resection3. Assessments of the laboratory parameters relevant for 
calculating the previously mentioned scores, ICG measurement, and dynamic [99mTc]Tc-mebrofenin SPECT/
CT scan were conducted in the same week.

Liver fibrosis measurement: two-dimensional shear wave elastography (2D-SWE)
The liver fibrosis grade was assessed via 2D-SWE. On the day of the dynamic [99mTc]Tc-mebrofenin SPECT/
CT examination, ultrasound shear wave elastography (SWE) with a LOGIQ E9 device (GE HealthCare, USA) 
was used to measure the elasticity of the FLR to determine the degree of parenchymal fibrosis and the Metavir 
score. In 2D-SWE, a perpendicular stress force is applied to the liver tissue to induce shear, after which the 
shear wave velocity is measured. The assessment was deemed successful if there were at least ten successful 
measurements and if the interquartile range (IQR) did not exceed 30% of the median. Patients were assessed 
in the supine position with the right arm positioned above the head. During the measurement, patients were 
instructed to maintain semi-restrained breathing, avoiding both the Valsalva maneuver and deep inhalation. 
The elastic imaging box was carefully positioned over a homogeneously isoechoic part of the liver parenchyma, 
which was located at least 2 cm deep to the liver capsule, to avoid blood vessels, bile ducts, and tumor tissues. 
After the elastic imaging box was completely and evenly filled with color, the area of interest (2 cm in diameter) 
was plotted, and measurements were taken according to the manufacturer’s recommendation. The values are 
expressed in meters per second (m/s).4,15 Among the 35 patients included in the study, 31 patients were able to 
measure liver elasticity according to the criteria mentioned above.

Dynamic [99mTc]Tc-mebrofenin SPECT/CT imaging and data acquisition
All 35 patients were required to fast for 4 h before the scan, and the radiopharmaceutical was always prepared 
onsite on the day of SPECT imaging16,17. All scans were performed on a three-headed integrated SPECT/CT 
system with a low-energy, high-resolution parallel-hole collimator (Mediso AnyscanTRIO, Mediso Medical 
Imaging Systems Ltd., Budapest, Hungary) 360°; 96 projections, 6  s/frame, matrix 128 × 128, reconstructed 
pixel size 4.22 mm. The energy window was positioned on the photon peak of 99mTc (140 keV) at 20%. Low-
dose CT was performed for anatomical mapping and attenuation correction (120 kV and 70 mA·s). During the 
examination, patients were in the supine position with a field-of-view (FOV) over the liver and heart regions. 
The FOV included the heart, liver and bile ducts up to the choledochus in all patients. The radiopharmaceuticals 
were administered intravenously with the arm positioned outside the FOV to prevent interference.

Acquisition
Dynamic SPECT imaging was performed after intravenous administration of [99mTc]Tc-mebrofenin 300 
MBq with a 192-second frequency acquisition time in continuous mode according to the Mediso basic setup. 
Immediately after the radiotracer was injected and tracer inflow was detected in the aorta, continuous successive 

Scientific Reports |        (2024) 14:30305 2| https://doi.org/10.1038/s41598-024-81331-z

www.nature.com/scientificreports/



3D (SPECT) scans were performed to continuously monitor the radiotracer. In this way, the dynamic SPECT 
scans include the liver uptake phase, which involves the extraction of the tracer from the blood into hepatocytes, 
the subsequent accumulation of the tracer in hepatocytes, and the biliary excretion phase with continuous data 
acquisition. The values obtained from continuous 3D acquisition are used to fit the time‒activity curve, which 
can be determined from the VOIs accurately determined via SPECT. During the examination, a total of 20 
SPECT scans were performed from the time of radiopharmaceutical administration. (Fig. 1).

Imaging analysis
On the SPECT scan, the volume of interest (VOI) was manually drawn around the heart and large vessels in the 
mediastinum (serving as the blood pool, BP), liver, FLR and total field-of-view (FOV). The VOI was carefully 
positioned around the blood pool and liver regions to avoid overlap and incorrect summation of hepatic and 
cardiac activity. To delineate the VOI around the blood pool, the scattering caused by the left lobe of the liver 
should be considered and there should be no plotting in the right ventricle. The VOI of the liver was manually 
edited by the user on a slice-by-slice basis to correct for over- or underestimation. This ensures that only 
functional hepatocyte activities are included in the liver VOI and the FLR VOI. The total FOV, which includes 
the definition of total body activity, was automatically drawn. (Fig. 1).

Time–activity curves (TACs) were generated for each source organ: blood pool, whole liver, future liver 
remnant (FLR), and total field-of-view (FOV) (Fig. 1). TACs were generated by fitting biexponential functions 
via nonlinear least-squares minimization with the Levenberg‒Marquardt algorithm, as implemented via the 
open-source fitting package lmfit (version 1.2.2)18.

Total liver filtration (TL-F, %/min) and future liver remnant filtration (FLR-F, %/min) were calculated from 
the generated time‒activity curves at time intervals between 150 and 350 s post injection according to Ekman’s 
formula19. Total liver filtration and future liver remnant filtration (FLR-F) were normalized to body surface area 
(BSA, %/min/m2) to account for individual metabolic rates and were calculated via the Mosteller formula20.

Determine FLR-functional volume rate (FLR-FV%) and FLR-volume rate (FLR-V%)
In the early, purely parenchymal phase SPECT scan, where biliary excretion did not appear, the FLR functional 
volume rate (FLR-FV%) was calculated as the ratio of the sum of the voxel counts of the future liver remnant 
(FLR-C) to the sum of the voxel counts of the total liver (TL-C) and expressed as a percentage after multiplying 
by 100. No biliary tracer activity was visible on these SPECT images during this period. The future liver residual 

Fig. 1. Dynamic [99mTc]Tc-mebrofenin SPECT/CT results.
a: Coronal slices of the total field of view. First 5 SPECT scans.
b: Coronal slice of the total field of view with the VOI regions in the parenchymal phase.
c: Representative transverse SPECT/CT image of a liver with a liver VOI in the parenchymal phase.
d: Representative transverse SPECT/CT image of a liver with the FLR VOI in the parenchymal phase.
e: Time‒activity curves according to the VOI regions. The time intervals marked in yellow are used to 
determine filtration.
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volume fraction (FLR-V%) was calculated as the ratio of the FLR volume (FLR-V) to the tumor-free total liver 
volume (TL-V) and expressed as a percentage after multiplication by 100.

All patients had previously undergone a contrast-enhanced CT or MRI scan as a part of the staging 
examination. For accurate determination of the liver resection line, a previous (within 2 weeks) contrast-
enhanced CT or MRI scan was used as a reference for the SPECT/CT images.

Different cutoff values were used to determine the rate of FLR sufficient to perform the planned liver 
resection. In healthy livers, the FLR rate was considered adequate to proceed with planned hepatectomy higher 
than 25%; in patients having received chemotherapy, the FLR rate was > 30%; and in patients with cirrhosis, the 
sufficient FLR rate was higher than 40%1. In addition to the volumetric ratio, the functional FLR ratio was the 
decisive value. The FLR filtration values were not used in the decision, as this was determined according to a new 
method (from 3D dynamic SPECT data).

Control dynamic [99mTc]Tc-mebrofenin SPECT/CT
In thirteen of the 35 patients involved, according to the first dynamic [99mTc]Tc-mebrofenin SPECT/CT 
examination, the FLR ratio was less than the desired value, and a parenchymal modulation procedure was 
performed to perform the surgery, followed by a control study (dynamic [99mTc]Tc-mebrofenin SPECT/CT) 
using the same acquisition parameters.

After parenchymal modulation, the control examination was as follows: 6–8 weeks after portal vein 
embolization (PVE) or portal vein ligation (PVL) and 10–14 days after associating liver partition and portal vein 
ligation for staged hepatectomy (ALPPS).

Definition of post-hepatectomy liver failure (PHLF)
The established method for measuring postoperative outcomes is the determination of the PHLF grade according 
to the International Study Group of Liver Surgery (ISGLS)21. Grade A PHLF is characterized by abnormal 
postoperative laboratory parameters that do not require changes in the clinical management of the patient. 
Grade B PHLF requires deviation from the regular clinical management but no need for invasive treatment. 
Grade C PHLF requires invasive treatment. Grades B and C were considered clinically relevant liver failure in 
our study14.

Patients having received chemotherapy
The term -patients having received chemotherapy- refers to patients who have received at least 3–6 months 
of intensive preoperative chemotherapy (oxaliplatin-based chemotherapy or irinotecan-based chemotherapy). 
Liver resection was performed 4–6 weeks after the last cycle of chemotherapy, which according to the literature 
significantly increases the risk of PHLF22.

Morbidity
Morbidity was assessed according to the Clavien‒Dindo classification of surgical complications23.

Mortality
Mortality was defined as death from any cause during the 90-day postoperative period.

Statistical analyses
For the continuous variables, the median and interquartile range (IQR) were used as measures of central 
tendency, as these variables mostly followed a right-skewed distribution.

To assess the relationships between continuous variables, we employed Spearman’s rank correlation analysis, 
the results of which are expressed in terms of the ρ correlation coefficient. Spearman’s correlation analysis was 
chosen because most variables did not exhibit a normal distribution. For the variables showing significant 
correlation, the relationship was illustrated via scatterplots, to which a locally estimated scatterplot smoothing 
(LOESS) function was fitted to visualize the nonparametric relationship.

The Wilcoxon signed-rank test was used to evaluate changes in continuous variables before and after 
parenchymal modulation. For unpaired measurements, the Mann‒Whitney test was used.

In the receiver operating characteristic (ROC) analyses, the predictive efficiency of each variable was 
characterized by sensitivity, specificity, positive/negative predictive values, and the area under the curve (AUC), 
along with the corresponding standard error (SE) and 95% confidence interval (95% CI). The optimal cutoff 
value was determined using the Youden index.

A p value < 0.05 indicated statistical significance. Statistical analyses were performed using RStudio 
(2023.12.0 + 369) (ggplot2, ggpubr, cowplot, and dplyr packages).

Results
The demographic and perioperative characteristics of the enrolled patients are summarized in Table 1.

Correlation with total liver function parameters in enrolled patients
We began by assessing the validity of the functional parameters derived from our dynamic SPECT/CT 
methodology. In order to do this, we analyzed the correlations between total liver filtration values obtained from 
dynamic [99mTc]Tc-mebrofenin SPECT/CT and traditional liver function tests, such as the MELD-Na score, 
APRI, Child‒Turcotte‒Pugh classification, and ICG-R15. This step was crucial to determine whether our new 
imaging-based parameters align with established measures of liver function, thereby validating their clinical 
relevance.
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Total liver filtration (measured by dynamic [99mTc]Tc-mebrofenin SPECT/CT) was significantly negatively 
correlated with the MELD-Na score (rho = -0.42 P = 0.04) and the ICG-R15 (rho = -0.48, P = 0.018). The APRI 
score was not correlated with the ICG-R15, total liver filtration, or MELD-Na score. CTP was correlated with the 
MELD-Na score (ρ = 0.38, P = 0.046) and the ICG-R15 (rho = 0.64, P = 0.001) (Fig. 2).

Cases of sufficient FLR when major liver resection was performed as planned
Next, we focused on patients who had a sufficient FLR volume and function to proceed with the planned 
major liver resection. By evaluating postoperative outcomes in these patients, we aimed to assess the predictive 
accuracy of our dynamic SPECT/CT measurements for postoperative liver function and complications. This 
analysis helps in understanding how preoperative FLR assessments can guide surgical decision-making and 
predict patient outcomes.

In 32/35 patients, the volumetric and/or functional ratio of the FLR was sufficient to perform the planned 
major liver resection. In 22 patients, the FLR was sufficient according to the first dynamic [99mTc]Tc-mebrofenin 
SPECT/CT examination, and in 10 patients, the FLR after parenchymal modulation met the criteria for resection.

Among the 25/32 patients who underwent major liver resection, one patient died intraoperatively due to 
acute hemodynamic failure. We assessed the postoperative outcomes in the remaining 24 patients. Twelve 
patients did not develop PHLF, and 8 patients had Grade A PHLF and did not require further intervention. 
Among those without PHLF, four patients had not received preoperative chemotherapy, eight patients received 
preoperative chemotherapy, no patients had cirrhosis, and 1 patient experienced postoperative bleeding, which 
required reoperation. Among the patients with Grade A PHLF, two had cirrhotic livers, and two had previously 
received chemotherapy.

Four patients developed clinically relevant PHLF according to the ISGLS criteria: two patients with Grade B 
PHLF and two patients with Grade C PHLF.

Variable Value

Basic demographics Patients (n = 35)

Sex (M/F) 21/14

Age (years, median, IQR) 66.70 (53.4–78.20)

BMI (kg/m², median, IQR) 27.80 (24.97–31.14)

Preoperative clinical scores

MELD-Na (median, IQR) 8.00 (6.00–10.00)

APRI (median, IQR) 0.40 (0.20–0.70)

CTP (median, IQR) 5.00 (5.00–5.00)

ICG-R15 (median, IQR) 5.9 (3.05–7.95)

Patients having received chemotherapy (%) 26 (74%)

Patients with Oxaliplatin-based chemotherapy 20

Patients with Irinotecan-based chemotherapy 6

Patients with Cirrhosis (%) 4 (11%)

FLR Metavir Score by ultrasound 2D-SWE Patients (n = 31)

F0 9

F1 1

F2 13

F3 4

F4 4

Tumor Patients (n = 35)

Neuroendocrine tumor metastasis (%) 1 (2.9%)

Colorectal carcinoma metastasis (%) 13 (37.1%)

HCC (%) 8 (22.8%)

IHCC (%) 6 (17.1%)

Renal cell carcinoma metastasis (%) 1 (2.9%)

Squamous cell carcinoma metastasis (%) 2 (5.7%)

Gallbladder carcinoma (%) 2 (5.7%)

Hemangioma (%) 1 (2.9%)

Pancreatic carcinoma metastasis (%) 1 (2.9%)

Table 1. Demographic and perioperative characteristics of the included patients. n: number, IQR: interquartile 
range, BMI: body mass index, MELD-Na score: model for end-stage liver disease, APRI score: AST-to-platelet 
ratio index, CTP score: Child–Turcotte–Pugh score, ICG-R15: indocyanine green retention rate at 15 min, 
FLR: future liver remnant, 2D-SWE: two-dimensional shear wave elastography, Metavir score: meta-analysis of 
histological data in viral hepatitis, HCC hepatocellular carcinoma, IHCC: intrahepatic cholangiocarcinoma.
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Two patients (2/24) presented with grade B PHLF following right hemihepatectomy. One patient had 
previously undergone chemotherapy. In these two patients, preoperative parenchymal modulation was not 
performed because the FLR-V% and FLR-FV% were sufficient.

In another two patients (2/24), Grade C PHLF developed after right trisectionectomy. These two patients 
experienced the following postoperative complications: segmental hepatic artery occlusion of the remnant 
liver and heart failure due to postoperative Takotsubo cardiomyopathy. Patient characteristics are shown in 
Supplementary Table 1.

According to the results of the ROC analysis, FLR filtration was found to be a significant predictor for 
clinically relevant PHLF (PHLF B + C), with an excellent AUC value (AUC = 0.947, P = 0.006). On the basis of 
the Youden index values, the optimal cut-off value was 2.72%/min/m2 (Fig. 3). Some variables showed promising 
results, such as FLR-FV% (AUC = 0.810) and FLR-V% (AUC = 0.800); however, their efficacy was significant on 
the basis of the present data set: p = 0.052 and 0.063, respectively. In addition, among the patients who underwent 
major resection, 21 patients underwent 2D-SWE measurements. FLR stiffness was not a significant predictor of 
clinically relevant PHLF.

Cases of sufficient FLR when major liver resection was not performed as planned
For 7/32 patients, the preoperative treatment plan was changed despite sufficient FLR-V% and FLR-FV% 
values. In one patient, intraoperative bisegmentectomy was sufficient according to oncological criteria. Five 
patients were inoperable due to tumor spread. In one patient, the hemangioma was managed via embolization 
instead of right hemihepatectomy. Within 90 days, 1/7 patients died because of sepsis, despite the resolution of 
postoperative biliary leakage. Patient characteristics are shown in Supplementary Table 2.

Patients for whom the planned therapeutic intervention had to be changed due to 
insufficient FLR
For 3/35 patients, the original surgical plan was changed because the FLR-V% and FLR-FV% values were below 
the safe limits. However, these patients underwent parenchymal modulation. Thus, two patients were deemed 
inoperable; one patient underwent segmentectomy combined with thermoablation. The characteristics of the 3 
patients are shown in Supplementary Table 3.

The results of the investigation protocol are summarized in Fig. 4.

Effect of parenchymal modulation
Recognizing the importance of parenchymal modulation techniques (such as PVE, PVL, and ALPPS) in 
increasing FLR, we evaluated their impact on both volumetric and functional liver parameters. By comparing 
pre- and post-modulation measurements, we aimed to determine the efficacy of these interventions in enhancing 
liver function as assessed by our dynamic SPECT/CT methodology. This analysis is critical for optimizing 
preoperative strategies to improve surgical outcomes.

In 13/35 patients without cirrhosis, preoperative parenchymal modulation was performed because of an 
inadequate FLR after preoperative dynamic [99mTc]Tc-mebrofenin SPECT/CT. Among these patients, three 
patients underwent the ALPPS procedure, nine patients underwent portal vein embolization, and one patient 
underwent portal vein ligation for portal vein occlusion, as it was the chosen parenchymal modulation strategy. 
Nine of these patients received chemotherapy prior to the parenchymal modulation procedure.

Before parenchymal modulation, the median total liver filtration was 4.99%/min/m2 (IQR: 4.37–6.14%/min/
m2). After parenchymal modulation, there was a marginal increase of 5.21%/min/m2 (IQR: 4.76–6.19%/min/m2) 

Fig. 2. Correlation matrix for total liver function. a: Heatmap showing the Spearman’s rank correlation 
coefficients (ρ) between total liver filtration and preoperative clinical parameters. The color intensity indicates 
the strength and direction of the correlation. b: Scatterplots of the significantly correlated variables with a 
locally estimated scatterplot smoothing function.
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Fig. 3. ROC analyses of liver volumetric and functional parameters to predict clinically relevant PHLF. a: Total 
liver filtration, b: FLR volume%, c: FLR functional volume%, d: FLR filtration, e: ICG-R15, f: FLR stiffness 
value. AUC: area under the curve; SE: standard error of the AUC; 95% CI: 95% confidence interval for the 
AUC; P: P value; sens: sensitivity; spec: specificity.
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in the median filtration. This increase did not appear to be consistent; the IQR regions overlapped significantly, 
and the difference between the two groups was not significant (P = 0.88) (Fig. 5A).

Before modulation, the median FLR-V% was 31.51% (IQR: 24.45–36.60%), whereas after modulation, 
the median FLR-V% was 46.37% (IQR: 41.01–54.63%). This substantial increase was statistically significant 
(P < 0.0001) (Fig. 5B).

At baseline, the median FLR-FV% was 29.23% (IQR: 21.62–34.23%). Following modulation, a consistent 
increase to 53.32% (IQR: 46.11–65.25%) was observed. The pronounced increase was statistically significant 
(P < 0.0001) (Fig. 5C).

FLR filtration also increased significantly from a median value of 1.42 (IQR: 0.99–1.77) %/min/m2 to 2.79 
(IQR: 2.30–3.90) %/min/m2 (Fig. 5D).

Finally, after modulation, the median FLR stiffness (measured by ultrasound) increased from 1.37 m/s (IQR: 
1.30–1.49 m/s) to 1.47 m/s (IQR: 1.37–1.58 m/s), but the difference was not statistically significant (P = 0.44) 
(Fig. 5E).

In 10/13 patients, the FLR-V% and FLR-FV% increased to a level sufficient to undergo planned hepatectomy, 
whereas in 3/13 patients, the FLR-V% and FLR-FV% did not increase sufficiently despite parenchymal 
modulation.

Morbidity and mortality
Twenty-four patients underwent major liver resection, none of whom died within 90 days after surgery. Four 
patients (4/24 = 17%) had clinically relevant PHLF (Grade B/C), three of whom had not received previous 
chemotherapy (75%). Patients with Grade C PHLF also experienced postoperative complications.

In general, 35 major morbidities (≥ Clavien–Dindo 3a) occurred in only 5 patients. Two patients developed 
Grade C PHLF after right trisectionectomy. One patient died intraoperatively, one patient died of sepsis despite 
resolution of the postoperative biliary leak, and one patient experienced hemorrhaging after right hepatectomy. 
Two of 35 patients (5.7%) died within 90 days.

Discussion
In our study, functional data were collected during dynamic SPECT acquisition to determine total liver filtration, 
FLR filtration and FLR functional rates via our new method. Our method makes it possible to detect the 
distribution of radiopharmaceuticals in 3 dimensions from the beginning of the study. The functional fraction 
of FLR was determined in the pure parenchymal phase at the same time interval as FLR filtration was calculated. 
This finding suggests that the functional fraction of FLR determined using this approach may prove to be 
more accurate than the methodology used in hepatobiliary scintigraphy, which acquires SPECT data later, so 
intrahepatic and extrahepatic biliary tract activity in the liver should be subtracted11.

Fig. 4. The results of the investigation protocol. FLR-FV%: future liver remnant functional volume%, FLR-V%: 
future liver remnant volume%, PVE: portal vein embolization, PVL: portal vein ligation, ALPPS: associating 
liver partition and portal vein ligation for staged hepatectomy.
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The safe resection limit for the FLR volume fraction depends largely on the presence of any underlying 
liver disease, so determining total liver function is desirable in preoperative planning. Several liver function 
tests have been described in the literature. To our knowledge, this was the first study to correlate total liver 
filtration with several clinical scores and ICG testing. In our study, the Model for End-Stage Liver Disease 
(MELD)-Na score and the ICG-R15 were significantly negatively to moderately correlated with total liver 
filtration, as measured by dynamic [99mTc]Tc-mebrofenin SPECT/CT. The MELD score is based on laboratory 
parameters (the international normalized ratio (INR), serum creatinine level and serum bilirubin level). The 
MELD score has been shown to be useful in predicting surgical risk, outcome, and nontransplant surgical 
mortality24. Dynamic [99mTc]Tc-mebrofenin SPECT/CT and ICG are dynamic functional methods. ICG is a 
water-soluble dye that, like mebrofenin, is selectively taken up by liver cells and excreted without metabolism. 
Several studies have investigated ICG clearance before hepatectomy and revealed that it is a good predictor of 
global liver function25,26. However, the ICG clearance test measures only total liver function, not segmental 
function; therefore, no conclusions can be drawn from this measurement about the quality of the FLR, which 
is a prerequisite for safe major liver resection27. ICG measurement is associated with high drug and equipment 
costs and is not recommended for patients with thyrotoxicosis28. Mebrofenin is an inexpensive, widely available 
radiopharmaceutical, but only a few centers use it for preoperative planning before major liver resection1.

In our study, total liver filtration was not significantly correlated with the Child‒Pugh-Turcotte score 
(CTP). The CTP score was used to identify high-risk patients in our study, who were selected preoperatively 
according to the inclusion criteria29. The CTP score may remain within normal limits in HCC patients without 
cirrhosis, despite the presence of significant liver parenchymal disease30. There was no significant correlation 
between the APRI score and the ICG-R15, total liver filtration, or Meld-Na score in our study. The aspartate 
aminotransferase-to-platelet ratio index (APRI) score was first described by Wai et al. as a noninvasive marker 
to assess hepatic fibrosis in patients with chronic hepatitis C virus (HCV) infection. This score is calculated from 
the AST level and platelet count31. The APRI score indicates the probability of fibrosis without measuring the 
functional capacity of the liver, which can be modeled via dynamic liver function tests.

Fig. 5. Effect of parenchymal modulation on various volumetric and functional parameters. In the boxplot, 
measurement pairs before and after parenchyma modulation are connected by lines. The boxplot is labeled 
with the median of the measurements and the first and third quartiles. a: Total liver filtration, b: FLR volume%, 
c: FLR functional volume%, d: FLR filtration, e: FLR stiffness.
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Preventing mortality from PHLF after major resection is essential. PHLF can have both primary and 
secondary causes. It is important to preserve adequate functional liver tissue after planned surgery to avoid 
one of the causes of primary post-hepatectomy liver failure. In this study, resectability was assessed using our 
algorithm on the basis of the volume and functional fraction of the FLR. In our study, none of the patients who 
underwent major liver resection died of postoperative liver failure. To our knowledge, this was the first study to 
use dynamic [99mTc]Tc-mebrofenin SPECT to determine a functional parameter (FLR filtration) that predicts 
clinically relevant PHLF (PHLF Grades B + C). The cutoff value for FLR filtration was 2.72%/min/m2, which 
was almost identical to the cutoff value previously established in the literature on hepatobiliary scintigraphy11. 
Our results are valuable for confirming the findings of previous studies based on hepatobiliary scintigraphy. 
Patients with Grade A PHLF do not require relevant postoperative clinical care, and they may benefit from the 
curative effect of resection21. Our results revealed that Grade B PHLF patients had lower FLR filtration values 
than the cut-off value, so parenchymal modulation in these patients could have increased the value of FLR 
filtration. However, they did not die within 90 days. Both patients with Grade C PHLF underwent parenchymal 
modulation. In one of the patients with Grade C PHLF, the FLR filtration value was nearly equivalent to the 
cutoff value (2.69%/min/m2), but segmental hepatic artery occlusion occurred and could therefore be considered 
multifactorial PHLF. In the other patient with Grade C PHLF, the FLR filtration value was 2.21%/min/m2, which 
was below the cutoff value; furthermore, she developed postoperative Takotsubo cardiomyopathy, so she also 
had multifactorial causes of liver failure. Patients with Grade C PHLF have postoperative complications, so 
a secondary cause of PHLF may also be involved32. In our study, the FLR-FV% value was a near-significant 
marginal value in predicting Grades B and C PHLF, although this value represents a functional fraction. The 
inclusion of the FLR filtration value in the decision algorithm may allow a more accurate selection of patients 
who warrant parenchymal modulation. In our study, the ICG-R15 and total liver filtration value did not have 
significant cutoff values for the prediction of clinically relevant PHLF. This is because it does not include the FLR 
fraction of the liver in addition to total liver function. There was no significant cut-off value for FLR stiffness 
measured by two-dimensional ultrasound shear-wave elastography (2D-SWE) for the prediction of clinically 
relevant PHLF in the present study. Qiu et al. compared the use of 2D-SWE and indocyanine green (ICG) 
clearance in the preoperative prediction of PHLF in patients undergoing major liver resection in a retrospective 
study. 2D-SWE could more accurately predict PHLF than the ICG clearance test could33. Our results showed 
that since 2D-SWE cannot measure the ratio of the FLR to the total liver, it might be less suitable for predicting 
clinically relevant PHLF.

In the case of an insufficient FLR functional ratio, it is possible to increase the FLR via parenchymal 
modulation procedures1. We investigated the effect of parenchymal modulation preoperatively. In our study, 
total liver filtration was not significantly different after parenchymal modulation, so global liver function was not 
reduced by the intervention. The FLR stiffness value was not significantly changed by parenchymal modulation, 
suggesting the absence of development of a fibrotic process in the FLR. It has previously been shown that 
2D-SWE is able to detect fibrosis of the liver parenchyma34. However, the present study revealed that FLR-V%, 
FLR-FV%, and FLR-filtration were significantly altered, indicating the success of modulation and predicting the 
ability of the liver to regenerate. Parenchymal modulation procedures resulted in a significant increase in FLR 
volume and functional fraction. W. de Graaf et al. reported that the functional increase in the FLR may be more 
pronounced than the volume increase following PVE35. Furthermore, Olthof et al. reported that the ALPPS 
procedure results in a greater increase in liver volume than in functional growth, with no parallel change in the 
volume-to-function ratio36. In our study, the volumetric and functional changes also significantly differed. We 
looked at the effects of three different parenchymal modulation procedures (ALPPS, PVE, and PVL), but we 
did not examine the volumetric and functional changes according to the different procedures. In ten patients, 
the increase exceeded the threshold for operability without deterioration in overall liver function, and major 
liver resection was possible. However, in three patients, parenchymal modulation was unsuccessful: they had 
insufficient FLR-V% and FLR-FV%, indicating a low regenerative capacity of the liver. For this reason, a change 
in therapeutic strategy is needed in these patients. Our results suggest that it may be worthwhile to perform 
functional volumetry prior to parenchymal modulation to gain insight into the dynamic changes that predict 
the ability to regenerate after surgery.

Limitations of our study include the following: first, the number of patients included in the study was small, 
and patients with and without liver parenchymal disease were included as well. Second, the shortest possible 
SPECT acquisition time in our study was 192 s. Using the list mode or values calculated from the shorter SPECT 
acquisition time, a more accurate fit of the time‒activity curve can be obtained, from which even more accurate 
values can be calculated. Prospective comparative studies with planar hepatobiliary scintigraphy are needed to 
confirm our results. Further studies are also needed in the future to determine the cutoff for total liver filtration 
to define normal and impaired liver function. Third, several intraoperative and postoperative factors (hepatic 
artery thrombosis and Takotsubo syndrome) influence the development of postoperative liver failure, supporting 
the multifactorial causes of PHLF. Furthermore, only a small proportion of patients were required to undergo 
future liver remnant modulation.

Conclusion
Total liver filtration, as determined by dynamic [99mTc]Tc-mebrofenin SPECT/CT, was correlated with global 
liver function parameters. Determination of future liver remnant filtration by dynamic [99mTc]Tc-mebrofenin 
SPECT/CT is the most useful parameter for predicting clinically relevant post-hepatectomy liver failure. This 
parameter is useful in the selection of liver parenchyma modulation cases. Determining liver fibrosis alone by 
ultrasound shear-wave elastography does not provide enough information to safely plan major liver resection.
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Data availability
All data generated or analyzed during this study are included in this published article and its supplementary 
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