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Abstract

Aim: A critical need for hepatocellular carcinoma (HCC) management is understanding how the
liver recovers following radiotherapy (RT). We hypothesized that functional liver imaging with
99mMTc_sulfur colloid (SC) SPECT/CT provides additional information on liver injury and recovery
after RT compared to conventional imaging.

Methods: The liver function of patients with HCC was assessed using 99MTc-SC SPECT/CT
imaging before and after definitive RT. The anatomical liver volume (ALV) was segmented on
CT imaging. Liver function was measured as the total liver function (TLF) encompassing 30% of
maximum SC uptake. Changes in ALV and TLF were compared to clinical characteristics.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License (https://creativecommons.org/
licenses/by/4.0/), which permits unrestricted use, sharing, adaptation, distribution and reproduction in any medium or format, for any
purpose, even commercially, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

Correspondenceto: Dr. Smith Apisarnthanarax, Department of Radiation Oncology, University of Washington, 1959 NE Pacific
itreet Seattle, Seattle, WA 98195, USA. apisarn@uw.edu.
Authors contributed equally.
Authors’ contributions
Designed research: Zaki P, Apisarnthanarax S, Bowen SR, Nyflot MJ
Conducted the study: Zaki P, Thonglert K, Apisarnthanarax S, Nyflot MJ
Analyzed the data and interpreted the results: Zaki P, Thonglert K, Apisarnthanarax S, Grassberger C, Bowen SR, Tsai J, Sham JG,
Chiang BH, Nyflot MJ
Wrote the first draft: Zaki P, Nyflot MJ
Reviewed and approved the final version of the paper: Zaki P, Thonglert K, Apisarnthanarax S, Grassberger C, Bowen SR, Tsai J,
Sham JG, Chiang BH, Nyflot MJ

Availability of data and materials
The data are stored securely at our institution in order to respect patient privacy. Further details that support the findings of this study
may be available from the corresponding author upon request.

Conflicts of interest
Smith Apisarnthanarax is a Guest Editor of Hepatoma Research. The other author declares that there are no conflicts of interest.

Ethical approval and consent to participate
Approval was provided by the Institutional Review Board of the University of Washington (#9081361 and 9600). Patient consent for
this study was not required and waived by the institutional IRB 362 due to the retrospective nature of the study.


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zaki et al. Page 2

Results: Of 31 patients with evaluable post-RT SC SPECT/CT scans (total of 32), 23 had
pre-treatment Child-Pugh (CP)-A and 9 had CP-B/C scores. The median follow-up post-RT was
57 days. The median change in ALV was —1.7% with no significant difference between CP-A

and CP-B/C patients (P = 0.26) or between short- (32-99 days) and long-term (271-1120 days)
follow-up imaging groups (P = 0.28). The median change in TLF post-RT was —24% and was
significantly different between short- and long-term groups (-39% vs. 2%, £=0.001) and between
CP-A and CP-B/C patients (-19% vs. —=57%, P=0.002). TLF significantly decreased following
treatment at all radiation dose levels, with the decline correlating with the dose (£ < 0.001).

Conclusion: Functional imaging provides additional information regarding liver injury and
recovery following RT that conventional imaging cannot reveal. Patients with CP-A liver status
showed less decline following RT and most had liver function near or above pre-treatment levels.

Keywords
HCC,; child-pugh; SPECT,; IMRT; SBRT; proton therapy; recovery; reirradiation

INTRODUCTION

Understanding how the liver recovers following radiation therapy (RT) for hepatocellular
carcinoma (HCC) patients is critical. The majority of patients with HCC have cirrhosis,
which places them at risk for potentially life-threatening complications from liver-directed
treatment[1-3]. While liver regeneration after surgical resection is well described[6-14] little is
known about liver recovery following RT. Unlike hepatic resection, where part of the liver is
removed and an increase in volume thereafter can be appreciated with conventional imaging
(e.g., CT or MRI), changes in volume, if any, following RT are more difficult to measure.
Therefore, functional imaging may be beneficial to assess liver regeneration following RT.

Comprehending liver recovery following RT is of vital importance due to the high
sensitivity of the normal liver to RT which can lead to potentially life-threatening radiation-
induced liver disease (RILD)[X518], This is especially relevant when considering courses

of reirradiation. The results of this study would be important to multidisciplinary teams
including hepatobiliary surgical oncologists, medical oncologists, and radiation oncologists.
The findings can provide insight into potential treatment-related toxicity to help guide
decision making regarding the optimal, personalized management of each patient with HCC.

Various functional imaging methods to measure liver function have been reported(17-191,
99mTc-sulphur colloid (SC) single photon emission tomography (SPECT/CT) is well-
established as a method for assessing liver functionl19-26], Our research group has
experience in using SC SPECT/CT to spatially and semi-quantitatively analyze liver
function before and after RT[19.20.25.26] SC s processed by the Kupffer cells of the
reticuloendothelial system in the liver, and SC uptake can be quantified using SPECT/CT
[19-22] The purpose of this study was to assess the utility of longitudinal SC SPECT/CT
imaging in describing functional liver changes at different time intervals following RT for
HCC. Our hypothesis was that utilizing SC SPECT/CT offers insights into the dynamics

of liver injury and the subsequent recovery post-RT that complement conventional imaging.
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These dynamics may then inform liver function dose-response models, dose tolerances, and
reirradiation guidelines.

METHODS

A retrospective chart review was performed to identify a cohort of patients with HCC

who were treated with definitive RT at our institution between 2013 and 2023. Patients
were included if they received SC SPECT imaging before and after the RT course to

assess liver function. Patients received 30-67.5 Gy in 5-15 fractions with either photon- or
proton-based RT. Clinical liver status [cild-Pugh (CP) score] was obtained from the medical
record. Anatomical and functional liver metrics were assessed on SPECT/CT before and
after treatment. Pre-treatment SPECT/CT scans were typically conducted within 4 weeks of
starting RT. As there was a natural separation, scans 32-99 days post-treatment were labeled
as short-term and those 271-1120 days post-treatment were categorized as long-term.

The anatomic liver volume (ALV) was segmented on CT for attenuation correction imaging
obtained at the time of SPECT/CT. Rigid image registrations were performed and metrics
obtained using MIM 7.1.4 (MIM Software Inc, Cleveland, OH, USA). Radiation dose maps
were converted to equivalent dose in 2 Gy fractions, presuming an EQD2,gy(a/B of 3).
Dose subvolumes were generated on CT for volumes receiving 1-10 Gy, 10-20 Gy, 20-30
Gy, and 30+ Gy. Liver function was measured with total liver function (TLF) as described
previouslyl20.26]. Briefly, the TLF is the product of the mean liver-to-spleen uptake ratio and
the ratio of the functional liver volume encompassing 30% of maximum uptake divided by
the ALV. Conceptually, TLF takes into account both the density and volumetric extent of
liver function in patients, similar to the future liver remnant(20l. Additional details on this
calculation were previously published, and the 30% was previously determined to be the
optimal TLF cutoff for overall survival prediction and CP classification [20.26]. Changes in
liver size and function were compared to clinical characteristics including CP score. This
study was approved by the institutional IRB.

Statistical analysis

ALV and TLF were assessed as functions of CP class before and after RT as well as time
from initiation of RT. For post-RT SC SPECT/CTs, time from initiation of RT was noted and
dichotomized into short- vs. long-term. Changes in ALV and TLF were assessed using non-
parametric tests and analyzed for potential associations among different groups [e.g., CP
class, short- vs. long-term, RT modality, and planning target volume (PTV)-to-liver volume
ratio] using Wilcoxon rank-sum tests. Changes in ALV and TLF were analyzed for both

the whole liver and radiation dose-level groups. Changes in ALV and TLF were compared
among different dose levels using Kruskall-Walis test. Correlation between changes in ALV
and TLF was assessed using Spearman rank correlation tests. The use of non-parametric
tests was a conservative approach because there were too few patients to clearly determine
if the distribution was normal. Furthermore, non-parametric tests are more robust to outliers,
which is particularly important when the groups are small. To ensure robust results, the
analyses were repeated with parametric statistics and the results were robust, showing
similar differentiation between groups. Statistical calculations were performed using R
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v4.3.2 (R foundation for statistical computing, Vienna, Austria) with P-values based on two-
sided hypothesis tests[27]. Graphs were made using Stata v17 (StataCorp, College Station,
TX, USA).

RESULTS

Clinical and imaging data

There were a total of 31 patients with available treatment plans as well as pre- and post-RT
SC SPECT/CT. There were 23 patients with short-term scans, 9 with long-term scans, and
one with both short- and long-term scans. In total, 63 SPECT/CT images were analyzed.
The median interval of short-term SC SPECT/CT was 54 days (range 32-99 days) following
initiation of RT and the median interval of long-term SC SPECT/CT was 434 days (range
271-1120 days). Regarding baseline liver function status, 23 cases had CP-A5/6, 8 had
CP-B7/8, and 1 had CP-C10 scores. Median follow-up post-RT was 57 days (range 32-1120
days). The median PTV was 106 cc (range 22-802 cc). Eighteen cases received proton
therapy while 14 underwent photon-based (SBRT or IMRT) therapy.

ALV change after RT

The median pre-treatment ALV was 1525 cc (range 810-2749 cc) with no significant
difference in ALV between CP-A and B/C patients (1534 vs. 1279 cc, A= 0.4) or short-

and long-term groups (1545 vs. 1442 cc, P= 0.5). When evaluating change following RT,
the median change in ALV was —1.7% (range —29% to 23%) with no significant difference
between CP-A and CP-B/C patients (-1.8% vs. 3.3%, respectively, P= 0.26) or between
short- and long-term groups (—2% vs. —4%, £ = 0.28). There was no correlation between the
increase or decrease in ALV and the change in TLF (P=0.19). Changes in ALV were not
associated with RT modality (P=0.5) or PTV-to-liver volume ratio (P= 0.6).

TLF change after RT

Pre-treatment median TLF was 0.79 (range 0.26-1.73) with no significant difference
between short- and long-term groups (0.79 vs. 0.79, £=0.3). TLF was significantly greater
in CP-A compared to CP-B/C patients (0.93 vs. 0.58, £< 0.001). The median change in
TLF was —24% (range —83% to 69%). The median TLF change was significantly different
between short- and long-term groups (-39% vs. 2%, £=0.001) and between CP-A and
CP-B/C patients (-19% vs. —=57%, P=0.002) [Figures 1 and 2]. When analyzing only
patients with CP-A status, median TLF change was still significantly different between the
short- and long-term groups, (—28% vs. —9%, £ = 0.02), suggesting an initial decline and the
ability of well-compensated livers to functionally regenerate [Figure 3]. TLF change was not
associated with RT modality (i.e., protons or photons, 2= 0.26) or PTV-to-liver volume ratio
(P=0.06).

Dose-level relationship to changes in ALV and TLF

Change in ALV did not significantly vary before and after RT or with radiation dose levels
(P=0.76). The median decline in ALV was -2.5%, —12%, —12%, and —6.9% for dose
levels of 1-10 Gy, 10-20 Gy, 20-30 Gy, and > 30 Gy, respectively [Table 1]. ALV overall
and within each sub-volume did not significantly differ between CP-A and CP-B/C groups.
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In terms of short- vs. long-term groups, ALV did not significantly vary overall but was
significantly different for the 20-30 Gy and > 30 Gy dose levels.

TLF decreased significantly at all dose levels following treatment, and the median decline
was greater at higher dose levels (-19%, —38%, —60%, and —76%, respectively, P <
0.001) [Table 2 and Figure 2]. When looking at dose-level groups, the change in TLF was
significantly different between short- and long-term groups for overall TLF and dose > 20
Gy, but this dose-level specific difference was not significant when comparing only short-
and long-term CP-A patients (data not shown). For all dose levels, patients with CP-B/C
status had a greater decline in median TLF than patients with CP-A status.

When comparing pre- and post-RT changes between ALV and TLF, no significant change
was seen in ALV, whereas significant change was seen in TLF [Figure 4]. When analyzing
individual dose sub-volumes, there were modest changes in ALV only at higher dose levels
(> 10 Gy), whereas TLF showed decline even in the 1-10 Gy dose sub-volume. Figure 5
further stratifies change in TLF by CP status and shows that patients with CP-B/C scores had
a more significant decline in TLF even at low dose levels of 1-10 Gy.

DISCUSSION

Sulfur colloid SPECT/CT is a useful tool for liver functional imaging that is correlated to
markers of liver function and can be used to guide the application of external beam RT. Our
study found that functional liver imaging with SC SPECT/CT can yield additional insights
into liver injury and recovery following RT that are not apparent on conventional imaging
with CT.

Firstly, SC SPECT/CT was consistently able to detect spatial functional changes in the

liver shortly (e.g., approximately one month) following RT, which cannot be appreciated by
volume changes on radiographic analysis alone. Secondly, patients with well-compensated
(CP-A status) liver function had less functional decline than CP-B/C patients following

RT. CP-B/C patients had significant functional decline even in areas with low-dose (1-10
Gy) exposure. Thirdly, the regenerative capability of the liver was seen in areas receiving
different radiation dose levels, with the most recovery in areas receiving the least radiation
dose (< 10 Gy) and progressive impairment in regions receiving higher doses of radiation.
Lastly, our limited data suggest that in some patients, there is the potential for long-term
liver recovery at near or above pre-treatment function following RT. Together, these findings
can help guide clinical decision making, particularly when personalizing a RT plan for HCC
patients who may have cirrhosis and prior liver-directed treatments, including prior external
beam RT.

In the current study, ALV as visualized on CT imaging was overall unchanged in the short-
and long-term groups. The post-RT ALV was approximately only about 10% less than the
pre-RT ALV for dose sub-volumes > 10 Gy, although more apparent in the long-term group
[Table 1 and Figure 4]. This observation can potentially be explained by a gradual decrease
in both tumor size and the volume of adjacent normal liver tissue, which may be negligible
relative to the total liver volume or could be counterbalanced by the compensatory growth of
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non-irradiated liver tissue. Prior research supports this theory of compensatory liver growth
following RT[18.28.29] For example, Rim et al. assessed 77 patients with HCC who received
RT. At a median follow-up of 50 days, patients with right hepatic lobe tumors showed no
significant change in total liver volume; there was a decrease in tumor volume with an
increase in non-tumor liver volume and future liver remnant hypertrophy[28]. However, not
all patients experienced compensatory liver growth. Patients with left hepatic lobe tumors
also showed no significant change in total liver volume and decrease in tumor volume, but
conversely, no increase in nontumor liver volume or future liver remnant hypertrophy. The
authors attributed this difference to the possibility that the right hepatic lobe is typically
larger and may be sufficient to perform liver functions. Our study did not assess if ALV or
TLF changes were related to the location of the liver tumor since the right or left liver lobes
could not be reliably identified without intravenous contrast, which was not performed with
SPECT/CT imaging. Similar to our study, the study by Rim et a/. found a further decrease
in total liver volume in the long term (median of approximately 400 days), although only
statistically significant in subgroups of patients[28l. While some volumetric changes may be
noted in these studies, there remain limited data from conventional imaging to formulate an
understanding of the functional changes of the liver post-RT.

In contrast to the lack of significant change in total ALV, overall TLF significantly changed
with RT. Post-RT TLF was significantly less than pre-RT TLF, ranging from about —20% at
doses < 10 Gy to about —80% at doses > 30 Gy [Table 2 and Figure 4]. The median TLF
change was significantly different between short- and long-term groups, suggesting more
functional liver recovery in the long term following RT. The current study also found that
baseline liver status affects functional loss following RT. Overall, most CP-A patients had
less decline in TLF than CP-B patients and experienced more recovery of liver function
near or above baseline [Figure 1]. For CP-B/C patients, even low RT doses (1-10 Gy) led to
large reductions (approximately 50%) in liver function, in contrast to CP-A patients [Table 2
and Figure 5]. These findings provide insight into the functional liver changes following RT
which would not have been appreciable with conventional imaging alone.

Prior studies have investigated the use of functional liver imaging in surgical patients.

For example, Bennink et al. assessed 9°™Tc-labeled mebrofenin hepatobiliary scintigraphy
scans of 15 patients before, 1 day after, and 3 months after surgery[7l. Similar to

our study, Bennink et a/. found that functional imaging provides additional information
regarding baseline liver function and regeneration than volumetric and laboratory

analysis [indocyanine green (ICG) clearance] alone, particularly when liver function is
inhomogeneous [17]. In another study of 55 patients, De Graaf et a/. further found

that 99™Tc-labeled mebrofenin hepatobiliary scintigraphy scans could estimate the risk

of postoperative liver failurel3%] Studies have shown that the timing for functional liver
recovery after surgery appears to begin as early as 1 day postoperatively, with the majority
of the recovery occurring within 2-3 months!10.11.17.311 ' As previously mentioned, data exist
describing the longitudinal nature of liver hypertrophy in non-irradiated liver as measured by
size measurements on conventional imagingl28l. The timing of functional liver regeneration
following RT, however, is less clear. Our study does not address this important topic, as we
did not routinely perform multiple longitudinal SC SPECT/CT scans on individual patients,
but it will be a focus of future studies in our group.
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Following treatment, the liver may regenerate through various mechanisms. For surgical
patients, the liver regeneration process, although not fully elucidated, is thought to include
both hyperplasia and hypertrophy of mature hepatocytes and is mediated by both internal
liver and extrinsic factors[810-14] Various studies have found autocrine, endocrine, and
paracrine signals, liver microenvironment (e.g., endothelial cells, intrahepatic lymphocytes,
and Kupffer cells), and vascularity all to play a role in regenerationl1214.32] _imited data
are available regarding mechanisms of liver regeneration after liver RT. Adachi et a/’s study
delivered partial liver irradiation of 60 Gy to the anterior hepatic lobes with sparing of the
posterior lobes. The study demonstrated progressive atrophy and significant fibrosis in the
anterior lobes as detected by a standard laboratory test, while the posterior lobes exhibited
hypertrophy without impaired liver function[29]. The study also noted a significant decrease
in Ki-67 positive cells in the irradiated lobes early post-RT, with a significant increase in
non-irradiated lobes, indicating compensatory liver growth through hyperplasia. In regards
to the potential effects of baseline liver function on liver regeneration, Liu et a/. harvested
primary hepatocytes for repopulation experiments from normal rats and from rats with
compensated or decompensated cirrhosis[33]. Interestingly, the study found that hepatocytes
from rats with normal liver or compensated cirrhosis were immediately able to regenerate
in a normal microenvironment while hepatocytes from rats with decompensated cirrhosis
initially did not expand or show signs of function. However, after two months in the normal
recipient liver, their function was re-established.

One limitation of our study is knowledge of the potential long-term liver recovery of
patients with CP-B/C status following RT, as all the patients with long-term SC SPECT/CT
in our study had CP-A liver status, which is understandable considering CP-A patients

have a better prognosis?®. It is unclear if the greater radiosensitivity of CP-B/C cirrhotic
livers also translates to greater impairment of functional liver recovery after RT. Another
limitation of this study is that clinical outcomes such as possible changes in clinical

status, recurrence, and survival were not investigated. Endogenous markers related to liver
function were not collected in this study. The sulfur colloid literature to date has focused
primarily on correlations with histopathologic markers such as fibrosis, and correlation with
new endogenous markers could elucidate the underlying mechanisms of liver damage and
recovery following RT. However, TLF, akin to the concept of future liver remnant, has been
correlated with albumin and bilirubin values, and associated with CP classification as well as
overall survival prediction[29261. Although image registrations and structures were reviewed,
anatomy can change with time following treatment and during respiration; thus, limitations
of rigid registration may have affected TLF calculations within radiation dose sub-volumes.
The application of deformable registration for longitudinal SC SPECT/CT" response would
enable voxel-wise modeling of dose response and liver function and is an area of future
investigation. Other limitations of our study include those intrinsic to retrospective design
and relatively limited sample size. Further validation, including in prospective and external
cohorts, is necessary.

There may be opportunities to exploit the findings of this study for RT planning. A
correlation between liver recovery and CP status was observed, and the use of SC
SPECT/CT" scans in our study provided spatial visualization of normal liver, which is
particularly advantageous over standard laboratory tests when there is inhomogeneous liver
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function. A radiation oncologist may use this information to preferentially spare part of

the liver when designing an RT plan or deciding on a preferred treatment modality. For
instance, for well-compensated (CP-A) patients, a radiation oncologist may choose to use

a technique such as volumetric modulated arc therapy which would not be able to avoid
low-dose scatter in the surrounding liver, but for decompensated (CP-B/C) patients, one
may prioritize minimizing liver exposure to even low-dose scatter by utilizing protons with
specific beam angles, thereby mimicking the surgical concept of sparing the future liver
remnant with capacity to hypertrophy[34351. In this study, 7 of the 8 CP-B/C cases received
proton therapy whereas 11 of the 24 CP-A cases received protons. Logically, the decline in
TLF for CP-B/C patients may have been more significant if protons were used less often.
The current study showed that TLF change was associated with CP status but not associated
with RT modality. In addition to the above findings, this study showed less liver recovery

in regions with higher doses of radiation. Therefore, radiation oncologists are encouraged to
reasonably minimize the volume of normal liver exposed to higher doses of radiation. While
more research is needed, our study provides further insight into the timing of liver recovery
after RT which would be relevant to clinicians when considering additional liver-directed
therapies for patients.

In conclusion, functional imaging metrics reveal unique information about the potential
functional reserve of irradiated livers compared to anatomic measurements. SC SPECT/CT
is a sensitive marker of functional change following RT and reveals patterns of liver
function that are not visible on anatomic CT at early time points. These data imply that
functional liver imaging may more accurately assess the regenerative potential of irradiated
and non-irradiated volumes of liver, which may be useful in scenarios when prediction of the
remaining function of the liver after treatment becomes critical. Patients with better baseline
liver status (CP-A) had less decline in liver function than CP-B/C patients overall and at

all dose levels. In particular, CP-A patients had preserved liver function in low-dose regions
(1-10 Gy), while even low doses caused a significant decline of function in CP-B/C patients.
In a limited subset of patients with long-term imaging follow-up (9+ months), our data
suggest that many well-compensated (CP-A) cirrhotic patients may recover nearly full liver
function following RT. Further studies are needed to evaluate the dynamics and magnitude
of liver recovery following RT, particularly in less compensated livers.
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Change in liver function as measured by TLF as a function of time post-RT and CP status.
CP-A patients showed less decrease in TLF than CP-B/C patients and a subset of CP-A
patients showed a sizeable increase in TLF following RT. TLF: Total liver function; RT:

radiotherapy; CP: child-pugh.
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Figure 2.
Visualization of spatial functional liver loss with SC SPECT/CT. 1st row (A-C): CP-A

patient; 2nd row (D-F): CP-B patient; 1st column (A and D): radiation treatment plans with
isodose lines; 2nd column (B and E): radiation treatment plans overlaid with pre-treatment
SC SPECT/CT scans; 3rd column (C and F): radiation treatment plans overlaid with post-RT
SC SPECT/CT scans demonstrating a higher threshold for function liver loss for the CP-A
patient at 30 Gy and above (C) compared to the CP-B patient at 10 Gy and above (F). SC:
Sulfur colloid; CP: child-pugh; RT: radiotherapy.
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Figure 3.
Functional liver recovery as imaged by serial longitudinal SC SPECT/CT in a CP-A patient

who received multiple prior liver-directed therapies (chemoembolization, radiofrequency
ablation, ethanol injection). (A) Radiation treatment isodose lines overlaid with pre-
treatment SC SPECT/CT scan; (B) 2 months post-RT showing functional liver loss at 20

Gy and above; (C) 3 years post-RT showing functional liver recovery in regions that received
10-30 Gy. SC: Sulfur colloid; CP: child-pugh; RT: radiotherapy.
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Figure 4.

Dose Subvolumes

Changes in ALV and TLF after RT (A and B) and as a function of radiation dose levels (C
and D). Median, interquartile range, and range are depicted. *£< 0.05; **P< 0.01; ***P<
0.001; ALV: anatomical liver volume; TLF:total liver function; RT: radiotherapy.
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Figure5.

Dose Subvolumes

Changes in TLF as a function of radiation dose levels between CP-A patients (A) and
CP-B/C patients (B). Median, interquartile range, and range are depicted. *£< 0.05; **P<
0.01; ***P< 0.001; TLF: total liver function; CP: child-pugh.
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Change in ALV for the whole liver was similar between short- and long-term follow-ups, with only

Table 1.

Page 16

significantly different changes in the higher dose region. Change in ALV was similar between CP-A and CP-
B/C patients for the whole liver and across all dose sub-volumes

Wholeliver

1-10 Gy

>10-20 Gy

> 20-30 Gy

>30Gy

All patients -1.7%
(—29% to 23%)

Short-term (n=23) -2%
(-29% to 23%)

Long-term (7=19) -4%
(-21% to 18%)

P-value 0.28
CP-A (n=23) -1.8%

(-29% to 18%))
CP-B/C (n=9) 3.3%

(-12% to 23%)
P-value 0.26

-2.5%
(~53% to 20%)

-3%
(~53% to 20%)

-9%
(~34% to 16%)

0.93

-1.7%
(~53% to 20%)

-3.3%
(~35% to 9%)

0.84

~12%
(~42% to 66%)

-5%
(~33% to 66%)

-18%
(~42% to 9%)

0.12

-12%
(~42% to 66%)

-4.8%
(~33% t0 6.7%)

0.64

-12%
(~51% to 49%)

-8%
(~46% to 49%)

-24%
(-51% to —1%)

0.01%

-13%
(~51% to 49%)

-11%
(~46% to 19%)

0.91

-6.9%
(~54% to 39%)

-2%
(~28% to —39%)

-31%
(-54% to —1%)

<0.001™*

-7.1%
(~54% to 39%)

-0.4%
(~28% to 11%)

0.28

Median and range are provided. *P< 0.05; **P< 0.01; CP: child-pugh; ALV: anatomical liver volume.
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Table 2.
Change in TLF was significantly greater at long-term imaging over the whole liver with trends toward greater

recovery in individual higher-dose sub-volumes
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Wholeliver 1-10 Gy >10-20 Gy > 20-30 Gy >30Gy
All patients -24% -19% -38% -60% -76%

(-83% to 69%) (-76% to 151%)  (-82% to 62%)  (—96% to 46%) (-99% to 38%)
Short-term (n=23) -39% -24% -44% -64% -91%

(-83% to 2%) (-76%to 61%)  (-82% to 30%) (-96% to 16%) (-99% to —34%)
Long-term (n=19) 2% 15% -13% -20% -37%

(~36% to 69%)

(~31% to 151%)

(=73% to 62%)

(~80% to 46%)

(~88% to 38%)

Prvalue 0.001™ 0.06 0.05 0.004™ 0.01”
CP-A (n=23) -19% ~11% -26% -48% -62%

(-58% 10 69%)  (-63% to 151%) (-73% to 62%) (-89% to 46%)  (-98% to 38%)
CP-B/C (n=9) -57% —47% -69% -83% -95%

(-83% 10 -21%) (-76%102%)  (-82% 10 14%) (-96% to -49%) (~99% to ~70%)
Prvalue 0.002™ 0.008 ™ 0.002™ <0.001*** 0.003 ™

Note: all nine patients in the long-term cohort were well-compensated (CP-A). Change in TLF was significantly greater for CP-A status for the
whole liver and all dose sub-volumes. Median and range are provided. *P< 0.05; **P< 0.01; ***P < 0.001; TLF: total liver function; CP:

child-pugh.
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