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Purpose: The purpose of this study is to identify functional dose-volume parameters based on image biomarker derived from dynamic
contrast-enhanced magnetic resonance imaging (DCE-MRI) for predicting poststereotactic body radiation therapy (SBRT) liver
function deterioration (LFD) in patients with hepatocellular carcinoma.
Methods and Materials: Forty-eight patients treated with SBRT were retrospectively included. All patients underwent gadoxetate-
enhanced DCE-MRI before treatment. Equivalent uniform dose, absolute dose-volume parameters including Dxcc and VxGy(cc) were
calculated in 3 liver volumes: the anatomic volume (AV), the high-functional volumes (HFV) defined based on DCE-MRI derived
function map, and the low-functional volume (LFV = AV − HFV). The primary endpoint of this study was the LFD as indicated by
Δalbumin-bilirubin ≥ 0.5 at 1-month post-SBRT. Dose-volume parameters in patients with and without LFD were compared.
Univariate logistic regression models were built to assess the ability of dose-volume parameters to distinguish between LFD and non-
LFD cases.
Results: Of the 48 patients, 12 (25%) had LFD (Δalbumin-bilirubin ≥ 0.5). The dose-volume parameters in the AV and LFV were not
statistically different in patients with and without LFD (P > .005), while D300cc, D400cc, and V10Gy(cc) of the HFV were significantly
higher in patients with LFD than in the non-LFD group (P < .005). For distinguishing LFD and non-LFD cases, the mean area under
curves (AUCs) for D300cc of AV, LFV, and HFV are 0.60, 0.50, and 0.78, respectively. The mean AUCs for D400cc of AV, LFV, and
HFV are 0.62, 0.50, and 0.78, respectively. The mean AUCs for V10Gy of AV, LFV, and HFV are 0.63, 0.48, and 0.77, respectively.
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Conclusions: The dose-volume parameters derived from HFV were linked to the risk of post-SBRT LFD. These functional parameters
derived based on DCE-MRI could be useful to guide more personalized SBRT planning to protect liver function.
© 2025 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Hepatocellular carcinoma (HCC) is the most prevalent
form of primary liver cancer and ranks fourth in cancer-
related mortality worldwide.1 The global 5-year survival
rate for patients with HCC is estimated to be between 5%
and 30%.2,3 While hepatectomy and liver transplantation
are the standard treatments, over 70% of patients with
HCC have liver dysfunction, making them unsuitable for
surgical interventions.4,5 Stereotactic body radiation ther-
apy (SBRT) has emerged as an alternative, offering 1-year
local control rates of 65% to 100% for HCC6 and 90% to
100% for oligometastases.7 However, SBRT can be associ-
ated with significant toxicity in certain settings, particu-
larly if critical factors such as baseline liver function and
proximity to organs at risk are not rigorously considered.
Reported toxicities include grade ≥3 events in up to 38%
of patients,6 deaths from liver failure in up to 13%, and
high-grade luminal toxicities in up to 11% of patients.8

These risks underscore the importance of careful patient,
target, and dose selection.

Current radiation therapy planning relies on anatomic
dose-volume constraints to mitigate radiation-induced
liver toxicity (RILT), where a uniform hepatic function is
simplistically assumed.9-11 However, in patients with HCC,
the regional distribution of hepatic function can be hetero-
geneous due to underlying liver diseases such as inflamma-
tion, fibrosis, and cirrhosis. Under the current SBRT
planning protocol, RILT is observed in 10% to 30% of
patients with HCC within 1 to 3 months posttreatment.12

To reduce the risk of RILT, functional liver-image guided
hepatic therapy has been proposed. Examples of functional
liver-image guided hepatic therapy include the use of sin-
gle-photon emission computed tomography,13,14 positron
emission tomography,15 dual-energy computed tomogra-
phy (DECT),16 and contrast-enhanced magnetic resonance
imaging (MRI)17 for the delineation of functional volume
and function avoidance planning, aiming for a better-pre-
served functional liver volume without compromising the
planning target volume (PTV) coverage and organ-at-risk
(OAR) sparing. However, the definition of functional liver
tissue is variable across different studies, and no consensus
has been reached regarding the dose constraints for delin-
eated functional volumes. In addition, no correlation has
been established between the dose-volume parameters of
functional volume and posttreatment outcomes.

Dynamic contrast-enhanced magnetic resonance
imaging (DCE-MRI) is routinely used in clinics for quali-
tative and quantitative evaluation of the HCC and liver
parenchyma regions.18 Previous studies have primarily
focused on deconvolution analysis and pharmacokinetic
tissue-compartment modeling to assess the tumor
microenvironment.19,20 More recent research has demon-
strated a statistically significant correlation between the
accumulation of signal intensity on gadoxetate DCE-MRI
and fibrosis staging as well as liver function status.21,22

And a successful correlation between gadoxetate DCE-
MRI and post-SBRT liver functional changes has been
established,23 suggesting DCE-MRI’s potential in guiding
function avoidance planning for SBRT.

Given its quantitative and accessible nature, identifying
DCE-MRI-derived image biomarkers for function preser-
vation following SBRT could potentially lead to improved
treatment outcome. However, there is currently a lack of
data that establishes a correlation between the incidence
of RILT and SBRT dose-volume parameters specific to
patients with HCC. In this retrospective study, we
attempted to bridge this gap by examining the association
between post-SBRT liver function deterioration (LFD)
and dose-volume parameters derived from functional
mapping on DCE-MRI.
Methods and Materials
Study design and patient data

This is a single-center study aimed to identify dose-vol-
ume parameters based on DCE-MRI functional mapping
for post-SBRT liver function preservation. This study was
ethically and scientifically reviewed and approved by the
institutional review board committee. A total of 48 patients
who were treated with SBRT between July 2016 and June
2020 were retrospectively analyzed. All patient data have
been anonymized with identical information eradicated
before reception. The inclusion criteria included: (1) age
between 18 and 80 years old; (2) pathologically confirmed
unresectable HCC based on the American Association for
the Study of Liver Diseases practice guideline 2010; (3)
lesion diameter between 5 and 15 cm; (4) number of lesions
≤3; (5) Child−Pugh score A5-B7; (6) liver minus gross-tar-
get-volume>700 cc.
Radiation therapy details

All patients received a total dose of 30 Gy to 50 Gy in 5
fractions, based on the OAR constraints with intervals of
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24 to 72 hours between fractions. The total treatment
course was completed within 5 to 10 days. The average
and maximum intensity projection volumes were recon-
structed via the sorted 4-dimensional CT phases. The
internal target volume (ITV) was delineated on maximum
intensity projection series to account for tumor motion.
The PTV was determined by expanding the ITV in supe-
rior and inferior direction. The liver OAR was defined as
the volume of liver parenchyma minus the ITV. Varian
External Beam Planning Software, Eclipse (Varian Medi-
cal Systems) was used for treatment planning. Dose con-
straints to abdominal OARs followed the international
guidelines.24 Liver SBRT was performed on Varian True-
Beam linear accelerator using 6 MV or 10 MV photon
beams with the respiratory motion monitored by the real-
time position management gating system. Cone beam CT
image guidance was used to confirm the tumor position
before each treatment.
DCE-MRI acquisition

The pretreatment DCE-MRI was acquired with gadox-
etic acid as the contrast agent using 1.5 Tesla Signa system
(GE Healthcare) or 3 Tesla Achieva system (Philips Health-
care) with a 12- or 16-channel phased-array body coil. The
acquisition followed the sequential trans-arterial chemoem-
bolization and stereotactic body radiotherapy followed by
immunotherapy and liver imaging reporting and data sys-
tem ver.2017 protocols with the following parameters: slice
thickness = 3mm, field-of-view= 360 to 400mm2, slice
number = 140 to 152 slices, and voxel size = 0.625£ 0.625£
3mm3, all in the transverse plane. The time window
between DCE-MRI acquisition and simulation CT was 24
to 48 hours. The acquisition of DCE-MRI starts at the pre-
contrast phase as a baseline followed by gadoxetic acid diso-
dium (Gd-EOB-DTPA) injection into the cubital vein with
a dose of 0.1mL/kg using a power injector. The infusion
flow rate was set to 1mL/s, which was followed by normal
saline at the same flow rate. Subsequently, the arterial phase
was acquired, followed by the portal-venous phase, 3-min-
ute delayed phase, 10-minute delayed phase, and the hepa-
tobiliary phase at 15 to 20 minutes after injection. Each of
the three-dimensional image volumes was acquired within
a single breath-hold.
Image postprocessing and analysis

DCE-MRI volumes of different phases were coregis-
tered to the corresponding planning CT using a deform-
able image registration method with the Elastix toolbox.25

The registration accuracy was visually inspected to ensure
the distance difference between CT and DCE-MRI for the
liver and gross-target-volumes did not exceed the TG132
recommendation of 3 mm.26 The ITV and OAR contours
were manually delineated by a clinical oncologist (with
>15 years of experience) on the axial planning CT. SBRT
dose distributions were resampled to match the same size
of planning CT for further processing. The delineated
liver parenchyma minus PTV region was selected as the
region of interest.

For each patient, the liver signal intensities were normal-
ized by the average signal intensity of a selected spleen sub-
region to obtain the normalized signal intensity (nSI) for
each voxel. Quantitative indices derived from the deformed
DCE-MRI included the relative liver enhancement (RLE),
the initial area under curve (iAUC), and the maximum
enhancement (Emax). RLE is defined as the relative nSI
increasement of time t comparing to the nSI before contrast
injection: RLEt ¼ ðnSIt � nSIpreÞ=nSIpre. iAUC is calcu-
lated as the accumulated nSI from time t0 to a given time t:
iAUCt ¼

R t
t0
nSIðtÞdt. Emax is the maximum enhancement

across all phases: Emax ¼ maxðnSIðtÞÞ. The Pearson corre-
lation analysis was used to examine the relationship between
these DCE-MRI-derived indices and the liver function as
indicated by albumin-bilirubin (ALBI) scores. The iAUC-
20 min was selectively used to determine a threshold value
for distinguishing high-functional liver volumes from low-
functional volumes (LFVs).
Clinical endpoint

The clinical endpoint of the study was acute LFD at 1
month post-SBRT, defined as an increase in the ALBI
score of ≥0.5 from baseline. The threshold of DALBI ≥
0.5 was selected based on a prior clinical validation study
which demonstrates this magnitude of change has signifi-
cant prognostic value for hepatic toxicity.27 This was eval-
uated retrospectively using biochemical tests conducted 1
month after SBRT. The 1-month post-SBRT timepoint
was chosen to capture early biochemical changes during
the window of acute radiation hepatopathy onset and
peak transaminitis, leverage the validated prognostic value
of early ALBI score changes, and minimize confounding
by later events like tumor progression or systemic thera-
pies. Patients were initially categorized into 3 groups
based on their baseline ALBI score: grade I (≤ �2.60),
grade II (�2.60 to �1.39), and grade III (>�1.39), indi-
cating worsening liver impairment. They were further
classified by liver function changes: improved (ΔALBI ≤
�0.5), stable (�0.5 < ΔALBI < 0.5), and deteriorated liver
function (ΔALBI ≥ 0.5) for subsequent analysis.
Statistical analysis

The dose-volume parameters used to predict post-
SBRT LFD includes: (1) equivalent uniform dose, (2) dose
received by x cc of the total volume (Dxcc, x = 100-800),
and (3) volumes (in cc) receiving xGy of dose (VxGy,
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x = 5-30). These dose-volume parameters were calculated
in 3 liver volumes: the conventional anatomic volume
(AV), the high-functional liver volumes defined on DCE-
MRI derived function map (HFV), and the LFV
(LFV = AV-HFV). The primary endpoint of this study
was the LFD as indicated by ΔALBI ≥0.5 worsening at 1-
month posttreatment. For each of the dose-volume
parameters studied, a Wilcoxon test was employed to
assess the statistical difference between treatment
response (ie, LFD or non-LFD) of these parameters. The
Bonferroni correction was applied to all the analyses to
account for the increase of familywise error rate caused
by multiple analyses.28 Parameters with P values of <.005
were considered statistically significant. Univariate logistic
regression models were built with the area under the
receiver operating curves (AUC) calculated to assess the
predictive abilities of dose-volume parameters in distin-
guishing between LFD and non-LFD cases. As a result of
the small sample size, multivariate statistical testing was
not conducted. All statistical analysis was performed
using MATLAB R2021b.
Results
Patient characteristics

Between July 2016 and June 2020, 48 patients with pri-
mary (n = 24), recurrent (n = 22), and metastatic (n = 2)
HCC were included in this retrospective study. The demo-
graphics, clinical, and SBRT prescription details are out-
lined in Table 1. Of these, 12 patients were grouped as LFD
(11 male; median age 69 [IQR, 60-76]) and 36 as non-LFD
(23 male; median age 68 [IQR, 64-74]). Cirrhosis was con-
firmed in 34 patients. Twenty-one out of the 22 recurrent
patients had received prior liver-directed therapies, includ-
ing transarterial chemoembolization, high-intensity focused
ultrasound, radiofrequency ablation, wedge resection, sec-
tionectomy, and hepatectomy. The nontumor-bearing liver
absolute volume and the corresponding functional subvo-
lumes (HFV and LFV) showed no statistically significant
difference between LFD and non-LFD groups. The baseline
ALBI grades of the patients were 21 grade I, 25 grade II, and
2 grade III. The median international normalized ratio of
the patients was 1.2 (IQR, 1.1-1.3). Median platelet counts
were 58 (IQR, 51-113) for LFD and 128 (IQR, 95-162) for
non-LFD patients. Four, 8, 6, 13, and 17 patients received 5
fractions of 6 Gy each, 7.5 Gy each, 8 Gy each, 9 Gy each,
and 10 Gy each, respectively.
Quantitative DCE-MRI indices as indicators
of liver function

Three quantitative indices were derived from multi-
phase DCE-MRI: RLE (relative signal increase), iAUC
(signal accumulation), and Emax (maximum enhancement).
Figure 1 shows the Pearson correlation between these indi-
ces and liver function (ALBI scores). Low correlations were
observed for RLE-3 min, RLE-10 min, and RLE-20 min.
Moderate correlations appeared in iAUC-3 min and
iAUC-10 min, while high correlations were found in
iAUC-20 min and Emax. Among these, iAUC-20 min had
the highest correlation with ALBI scores, followed by Emax.

Figure 2 illustrates the distribution of 3 selected DCE-
MRI indices across different ALBI grades. For RLE-20 min,
no significant difference was found between ALBI grade I
and grades II/III (1.45 vs 1.09, P = 0.134). However, Emax

and iAUC-20 min were significantly higher in ALBI grade I
compared to grades II/III: Emax (3.19 vs 2.55, P = 2.01e�4)
and iAUC-20 min (49.34 vs 41.73, P = 2.17e-4). Based on
these results, iAUC-20 min, which showed the highest cor-
relation with liver function, was used to determine a thresh-
old for distinguishing high-functional from low-functional
liver volumes. A threshold value of 46 was established,
stratifying the 75th percentile of ALBI grade II/III (45.74)
and the 25th percentile of ALBI grade I (46.58) in the
iAUC-20 min distributions (Fig. 2C).
Functional dose-volume parameters as
predictors for post-SBRT liver function
change

Using the iAUC-20 min threshold, liver parenchyma is
divided into subregions based on functionality: HFV
(iAUC-20 min ≥ 46), LFV (iAUC-20 min < 46), and the
conventional AV (AV = HFV + LFV). Dose distribution
comparisons between patients with LFD and those with-
out are shown in Fig. 3A. DVH distributions for LFV and
AV were similar across groups, but differences were
observed in HFV.

Figure 3B presents boxplots of functional dose-volume
parameters for patients with improved (ΔALBI < �0.5),
stable (�0.5 ≤ ΔALBI < 0.5), or deteriorated (ΔALBI ≥
0.5) liver function post-SBRT. Supporting documents
include additional parameters like mean liver dose
(MLD), Dx% (dose received by x% of total volume), and
VxGy (relative volumes receiving xGy of dose). Median
D300cc, D400cc, and V10Gy in LFV and AV showed no
statistical difference between groups. However, these indi-
ces were significantly higher in HFV for LFD patients:
D300cc (10.98Gy vs 5.86Gy, P = .0044), D400cc (7.61Gy
vs 2.23Gy, P = .0039), and V10Gy (327.45cc vs 194.83cc,
P = .0050). The equivalent uniform dose of HFV was also
higher in patients with LFD, though a P value of .04 sug-
gests limited statistical significance.

Figure 4 displays receiver operating curves assessing
the ability of functional dose-volume parameters to dis-
tinguish patients with LFD. Parameters include D300cc,
D400cc, and V10Gy(cc) for HFV, LFV, and AV. AUCs



Table 1 Patient, tumor, prior liver-directed therapy, baseline liver characteristics, and SBRT prescription of the analyzed
cohort (48 patients)

Patient and tumor characteristics Total* (n = 48) Deteriorated* (n = 12) Improved/stable* (n = 36) P valuey

Age (y) 68 (62-74) 69 (60-76) 68 (64-74) .91

Male sex 34 (71%) 11 (92%) 23 (64%) .07

Cirrhosis 34 (71%) 8 (67%) 26 (72%) .73

Cancer type .95

Primary 24 (50%) 6 (50%) 18 (50%)

Recurrent 22 (46%) 6 (50%) 16 (44%)

Metastasis 2 (4%) 0 (0%) 2 (6%)

Prior liver-directed therapy
(for recurrent patients only)z

TACE 14 (29%) 3 (25%) 11 (31%)

HIFU 3 (6%) 1 (8%) 2 (6%)

Radiofrequency ablation 6 (13%) 1 (8%) 5 (14%)

Wedge resection 5 (10%) 0 (0%) 5 (14%)

Hepatectomy/sectionectomy 4 (8%) 2 (17%) 2 (6%)

Liver volume (cc)

AV 1271 (1107-1441) 1302 (1232-1485) 1261 (1030-1422) .41

HFV 779 (618-936) 817 (663-1031) 766 (602-932) .51

LV 493 (333-631) 485 (327-643) 495 (341-630) .51

Baseline liver biomarkers

ALBI grade .05

1 (≤�2.60) 21 (44%) 3 (25%) 18 (50%)

2 (�2.60 to �1.39) 25 (52%) 9 (75%) 16 (44%)

3 (>�1.39) 2 (4%) 0 (0%) 2 (6%)

INR 1.2 (1.1-1.3) 1.25 (1.20-1.38) 1.1 (1.0-1.2) <.01

Platelet count (per nanoliter blood) 119 (64-144) 58 (51-113) 128 (95-162) <.01

SBRT dose .06

30 Gy 4 (8%) 2 (17%) 2 (5%)

37.5 Gy 8 (17%) 3 (25%) 5 (14%)

40 Gy 6 (13%) 2 (17%) 4 (11%)

45 Gy 13 (27%) 3 (25%) 10 (28%)

50 Gy 17 (35%) 2 (17%) 15 (42%)

Abbreviations: ALBI = albumin-bilirubin; AV = anatomic volume; HFV = high function volume; HIFU = high-intensity focused ultrasound;
INR = international normalized ratio; LFD = liver function deterioration; LFV = low function volume; SBRT = stereotactic body radiation therapy;
TACE = transarterial chemoembolization.
*The values listed are median (IQR) or number (%).
yP value < .05 indicates statistical significance between patients with/without LFD.
zSome patients underwent multiple therapies.
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for D300cc are 0.60 (AV), 0.50 (LFV), and 0.78 (HFV); for
D400cc, 0.62 (AV), 0.50 (LFV), and 0.78 (HFV); for
V10Gy(cc), 0.63 (AV), 0.48 (LFV), and 0.77 (HFV). For
all 3 dose-volume parameters, the models built on HFV
show better predictive ability than the ones derived from
LFV and AV.
Figure 5 provides images of 2 patients with HCC
treated with SBRT. Figure 5A shows a 68-year-old male
(patient A) with improved liver function post-SBRT
(ALBI score: �1.16 to �2.60), where HFV was spared
from high-dose irradiation. Figure 5B shows a 50-year-
old male (patient B) with deteriorated liver function



Figure 1 Scatterplots showing the correlation between dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI)-
derived indices and liver function representation (albumin-bilirubin [ALBI] scores). The DCE-MRI derived indices include: (A)
initial area under curve (iAUC)-3 min (r = �0.50; P < .001), (B) iAUC-10 min (r = �0.57; P < .001), (C) iAUC-20 min
(r = �0.63; P < .001), (D) Emax (r = �0.61; P < .001), (E) relative liver enhancement (RLE)-3 min (r = �0.22; P = .14), (F) RLE-
10 min (r = �0.18; P = .23), and (G) RLE-20 min (r = �0.18; P = .21).

6 Y. Ni et al Advances in Radiation Oncology: November 2025
(ALBI score: �2.67 to �2.15), where HFV received higher
doses compared to LFV.
Discussion
In this retrospective study, we explored the correlation
between DCE-MRI-derived indices and liver function sta-
tus, measured by the ALBI score. Figure 1 shows strong
correlations between ALBI score and iAUC-20 min
(r = �0.63; P < .001) and Emax (r = �0.61; P < .001),
highlighting the potential of low-time-resolution DCE-
MRI for liver function assessment. We also examined the
link between post-SBRT liver function decline and dose-
volume parameters from DCE-MRI functional mapping,
finding that functional parameters are more effective than
anatomic ones in predicting post-SBRT liver function
decline. To our knowledge, this study is the first to corre-
late DCE-MRI functional mapped dose-volume parame-
ters with acute post-SBRT liver function decline.

The ALBI score, an objective measure of liver function,
is increasingly used for monitoring therapeutic outcomes
in chronic liver disease patients. Unlike the subjective
Child−Pugh score, the ALBI score is based on albumin
and bilirubin levels. It correlates strongly with overall
survival,29,30 tumor relapse,31 and liver failure32,33 in
patients undergoing curative treatments. It is also an inde-
pendent predictor of survival, toxicity, and liver failure in
radiation therapy patients.34,35 Establishing a correlation
between routine imaging modalities and the ALBI score
bridges the gap between qualitative radiography and liver
function assessment. DCE-MRI indices have proven use-
ful for liver function monitoring.21,22 Our study found
higher correlations between ALBI score and iAUC-
20 min and Emax compared to previous studies.21

Current HCC SBRT treatment planning relies on ana-
tomic liver volumes without considering functional het-
erogeneity.9-11 International guidelines recommend MLD
not exceed 22 Gy and V10Gy be less than 68%.24 A sys-
tematic review suggested a stricter MLD constraint of 15
Gy for SBRT plans.12 However, patients who developed
posttreatment LFD in our study had an MLD well below
these thresholds (MLD = 11.56 Gy [IQR, 8.83-13.33 Gy])
and the observed mean V10Gy(%) (47.36% [IQR,
36.62%-52.98%]) is also below the recommended 68%.
Thus, delivering hypofractionated high dose to the
patients with HCC without considering functional preser-
vation might lead to suboptimal treatment outcomes. In
our analysis, the absolute nontumor-bearing liver vol-
umes showed no significant difference between LFD and
non-LFD groups (Table 1). While we recognize that abso-
lute volumes provide important context, we maintain that
the functional subvolumes (HFV/LFV) may offer more
clinically actionable information for predicting radiation
tolerance, as they account for interpatient variability in
total liver size.

Consistent with standard clinical practice, all treatment
plans in our study incorporated the constraint of sparing
≥700 cc of nontumor-bearing liver from receiving >15
Gy. Our dosimetric analysis confirms successful



Figure 2 Box plots indicate the distribution of 3 selected dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI)
derived indices in patients with different albumin-bilirubin (ALBI) grades. The lower and upper borders of the plotted boxes are
the 25th and 75th percentiles. The red lines within the boxes are the median values of each group. (A) relative liver enhancement
(RLE)-20 mins, (B) Emax, (C) initial area under curve (iAUC)-20 mins. The threshold value was determined to stratify the 75-
percentile of ALBI grade II/III (blue curve) and the 25-percentile of ALBI grade I (red curve) in the iAUC-20 mins distributions.
* indicates P < = .05, *** indicates the difference is significant at alpha level corrected by the Bonferroni method. Abbreviation:
NS = not statistically significant.
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implementation of this constraint, with the mean dose to
700 cc of spared liver volume being 3.1 Gy for patients
with LFD and 2.3 Gy for patients without LFD (Fig. 3A),
both substantially below the threshold. Additional
analysis further revealed that while V15Gy to LFV and
AV showed no significant differences between groups,
HFV V15Gy was significantly lower in patients without
LFD compared to patients with LFD (P < .05; Fig. E6).



Figure 3 Dose-volume histogram (DVH) comparison between patients with and without liver function deterioration (LFD)
calculated in absolute high function volume (HFV) (A.1), absolute low function volume (LFV) (A.2), absolute anatomic volume
(AV) (A.3). And the corresponding boxplots indicating the distribution of dose-volume parameters in patients with improved,
stable, or deteriorated liver functions post-stereotactic body radiation therapy (SBRT). The dose-volume parameters include:
(B.1) D300cc of HFV, (B.2) D300cc of LFV, (B.3) D300cc of AV; (B.4) D400cc of HFV, (B.5) D400cc of LFV, (B.6) D400cc of
AV; (B.7) V10Gy of HFV, (B.8) V10Gy of LFV, (B.9) V10Gy of AV; (B.10) equivalent uniform dose (EUD) of HFV, (B.11) EUD
of LFV, (B.12) EUD of AV. The P values were calculated between LFD (deteriorated) and non-LFD (improved + stable) patient
groups. The P values in red indicate the difference is significant at alpha level corrected by the Bonferroni method.

Figure 4 The receiver operating curves with mean area under curves (AUCs) and IQRs to assess the ability of (1) D300cc, (2)
D400cc, and (3) V10Gy of high function volume (HFV), low function volume (LFV), and anatomic volume (AV) to distinguish
between patients with and without liver function deterioration.
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Figure 5 From left to right: contrast-enhanced magnetic resonance imaging (MRI) at hepatobiliary phase (HBP), color-coded
initial area under curve (iAUC)-20 min maps, dose distribution in high function volume (HFV), and dose distribution in low
function volume (LFV) in 2 participants with hepatocellular carcinoma (HCC) treated with stereotactic body radiation therapy
(SBRT). Color scale indicated the magnitude of iAUC-20 min (unitless) or dose (Gy), with blue representing lower magnitudes
and red representing higher magnitudes. (A) Patient A with improved liver function after SBRT. (B) Patient B with deteriorated
liver function after SBRT. Abbreviation: DCE-MRI = dynamic contrast-enhanced magnetic resonance imaging.
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This finding supports our hypothesis that radiation dose
to HFV may be particularly relevant for predicting post-
SBRT hepatotoxicity risk. While other studies reported a
higher MLD in patients who developed RILT,36,37 our
study found no statistical significance for MLD of AV and
HFV in predicting posttreatment LFD.

Efforts to reduce RILT from SBRT have led to safer
treatment strategies. A liver function-based adaptive radi-
ation therapy regime completed a phase II trial with 90
patients, showing a 95% local control rate of HCC with
an 8% incidence of RILT.38,39 This strategy features the
adoption of radiation dose based on baseline and mid-
treatment liver function measurement of 15-min indocya-
nine retention (ICGR15). Even though an improved liver
toxicity was observed, this strategy considers only the
global liver function without taking liver function hetero-
geneity into account. Other functional avoidance methods
include using static contrast-enhanced MRI for liver func-
tional area delineation. One publication in 2017 stated the
feasibility of functional avoidance based on static con-
trast-enhanced MRI without compromising PTV cover-
age and the sparing of other OARs.17 Nevertheless, no
correlation has been established between dose-volume
parameters of functional volume and posttreatment out-
comes. The dosimetric analysis of our study may shed
light on such correlations (as shown in Fig. 3B): unlike
LFV and AV, the HFV-derived dose-volume parameters
were significantly higher in patients with posttreatment
LFD than the non-LFD group (P < .005).

Our study has several limitations. First, it was a single-
institutional retrospective study with a small sample size
(n = 48). The lack of standardized archives has hindered
the spatial analysis of prior liver-directed therapies rela-
tive to functional liver subvolumes and potential con-
founding factors for LFD. While we established a
correlation between post-SBRT LFD and dose-volume
parameters from DCE-MRI functional mapping, larger
multi-institutional studies are needed to generalize these
findings. Second, liver parenchyma signal intensity nor-
malization relied on manual region of interest selection of
the spleen, which could introduce interobserver variabil-
ity. We addressed this by visually inspecting each image
volume and minimized MR and CT registration errors
through manual quality checks. Additionally, RILT was
defined by ALBI score changes without considering clini-
cal factors like ascites, fatigue, and abdominal pain. Future
studies should adopt a prospective design with closer
monitoring of these factors. Lastly, although functional
imaging techniques like single-photon emission com-
puted tomography, positron emission tomography, and
dual-energy computed tomography have been proposed
for liver SBRT planning,13-16 no correlation between their
dose-volume parameters and treatment outcomes has
been established. Comparing DCE-MRI with these
modalities in future research could be valuable.
Conclusions
In this study, we identified an image biomarker based
on DCE-MRE-derived index map (ie, iAUC-20 min) for
differentiating high and lower liver function volumes. We
assessed the correlation between dose-volume parameters
derived from DCE-MRI functional mapping and post-
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SBRT LFD. The functional parameters derived from
DCE-MRI surpass standard anatomic dose-volume
parameters in pinpointing the risk of post-SBRT LFD.
They possess significant potential in guiding functional
liver avoidance radiation therapy planning to better pre-
serve the liver functions. To further implement this clini-
cally, a more extensive study cohort and interventional
trials are required.
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