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Abstract

Background: Traditional constraints specify that 700 cc of liver should be spared a hepatotoxic dose when delivering liver-directed
radiotherapy to reduce the risk of inducing liver failure. We investigated the role of single-photon emission computed tomography
(SPECT) to identify and preferentially avoid functional liver during liver-directed radiation treatment planning in patients with pre-
served liver function but limited functional liver volume after receiving prior hepatotoxic chemotherapy or surgical resection.

Methods: This phase I trial with a 3+ 3 design evaluated the safety of liver-directed radiotherapy using escalating functional liver
radiation dose constraints in patients with liver metastases. Dose-limiting toxicities were assessed 6-8 weeks and 6 months after
completing radiotherapy.

Results: All 12 patients had colorectal liver metastases and received prior hepatotoxic chemotherapy; 8 patients underwent prior
liver resection. Median computed tomography anatomical nontumor liver volume was 1584 cc (range = 764-2699 cc). Median SPECT
functional liver volume was 1117 cc (range = 570-1928 cc). Median nontarget computed tomography and SPECT liver volumes below
the volumetric dose constraint were 997 cc (range = 544-1576 cc) and 684 cc (range = 429-1244 cc), respectively. The prescription dose
was 67.5-75 Gy in 15 fractions or 75-100 Gy in 25 fractions. No dose-limiting toxicities were observed during follow-up. One-year in-
field control was 57%. One-year overall survival was 73%.

Conclusion: Liver-directed radiotherapy can be safely delivered to high doses when incorporating functional SPECT into the radia-
tion treatment planning process, which may enable sparing of lower volumes of liver than traditionally accepted in patients with
preserved liver function.

Trial registration: NCT02626312.

When treating liver tumors with high-dose ablative radiotherapy,
we traditionally spare at least 700 cc of noncirrhotic nontumor
liver from a hepatotoxic dose per the experience of prior studies
with the aim of reducing the risk of radiation-induced liver dis-
ease (1). However, this anatomic liver volume is usually esti-
mated with computed tomography (CT) alone without
accounting for underlying liver function. This is an important
distinction when treating patients who have received prior

hepatotoxic chemotherapy or undergone liver resection, as some
liver volume that is uninvolved by tumor may not have normal
function (2-5).

Technetium-99m sulfur colloid single-photon emission CT
(SPECT) is a US Food and Drug Administration—-approved diagnos-
tic tracer that images the reticuloendothelial (Kupffer) cells of
the liver and has been shown to correlate with chronic liver dis-
ease severity and function (6-8). Several studies have shown it
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may be possible to use SPECT to identify and preferentially
avoid functional liver volume during radiation treatment plan-
ning (9-11). Additionally, functional liver metrics derived from
SPECT have shown promise for clinical outcome prediction and
dose-response modeling (12-14).

Kirichenko et al. (15) investigated the role of SPECT in radia-
tion treatment planning for patients with hepatocellular carci-
noma and Child-Pugh B or C cirrhosis who were treated with
liver ablative radiotherapy. No patients developed radiation
induced liver disease or accelerated Child-Pugh class migration.

The aim of this study was to evaluate the safety of liver-
directed ablative radiotherapy for patients with preserved liver
function but low functional liver volume after prior hepatotoxic
chemotherapy or surgical resection.

We hypothesized that incorporating functional liver SPECT
into the radiation treatment planning process would allow safe
delivery of ablative radiotherapy in patients with limited liver
volume.

Methods

A phase 1 trial with a 3+ 3 design was conducted to evaluate the
safety of comprehensive ablative radiotherapy to liver disease
using more aggressive functional nontarget liver radiation dose
constraints with each level. Eligibility criteria included 1) a diag-
nosis of hepatocellular carcinoma, intrahepatic cholangiocarci-
noma (ICCA), or liver metastasis (LM); 2) prior treatment with
irinotecan or oxaliplatin chemotherapy or liver resection; and 3)
a minimum functional liver volume of 400cc as estimated by
SPECT using a threshold of 40% maximum intensity (16,17).
Patients with cirrhosis, prior liver-directed radiotherapy, or prior
Yttrium-90 therapy were excluded. Patient demographics includ-
ing age and self-reported sex were recorded.

Preplanning and simulation procedures

For treatment planning purposes, a CT scan was obtained in the
treatment position. For reproducibility, a custom immobilization
device was created. Deep inspiration breath hold was preferred.
Patients unable to hold their breath reliably were simulated with
a 4 dimensional CT (4DCT) scan and treated free breathing with
an internal target volume to encompass internal movement dur-
ing all phases of the respiratory cycle. A technetium-99m sulfur
colloid SPECT scan was obtained for each patient in the treat-
ment position with their custom immobilization device. A
nuclear medicine physician estimated functional liver per SPECT
based on a 40% maximum intensity threshold of uptake within
the liver, excluding the spleen. This threshold has been estab-
lished for estimating functional liver volume in prior studies
(16,17). A contour of the functional liver was generated and regis-
tered to the treatment planning CT scan (see Figure 1).

Treatment planning

The prescription dose was 67.5-75 Gy in 15 fractions or 75-100 Gy
in 25 fractions. The volumetric dose constraint for the registered
functional nontarget liver per SPECT receiving less than 24 Gy for
15 fractions or less than 27 Gy for 25 fractions was determined by
the dose level of trial enrollment (see Table 1). Level 0 was at
least 400 cc, and level +1 was at least 300cc. A level -1 (>500 cc)
was included if needed. Standard 15 and 25 fraction dose con-
straints were used for other organs at risk.

Follow-up

During treatment, patients were seen weekly by the treating radi-
ation oncologist with lab work including blood counts, albumin,
aspartate transaminase, alanine transaminase, alkaline phos-
phatase, blood urea nitrogen, creatinine, calcium, phosphorus,
total bilirubin, total protein, electrolytes, and prothrombin time
and international normalized ratio to monitor for dose-limiting
toxicities, which were graded according to the Common
Terminology Criteria for Adverse Events version 4.0. Patients
were subsequently evaluated 6-8weeks after completion of
radiotherapy with a follow-up visit, physical exam, lab work, and
imaging with abdominal CT or magnetic resonance imaging.
Patients were seen every 3-4months for follow-up for 2years.
The MD Anderson Symptom Inventory for Gastrointestinal
Cancer was completed at the baseline consultation visit, weekly
during treatment, and at each follow-up visit. The following
dose-limiting toxicities were assessed 6-8 weeks and 6months
after completing radiotherapy: grade 3 hypoalbuminemia
(<2g/dL), increase in prothrombin time and international nor-
malized ratio (>2.5 x upper limit of normal or >2.5 x baseline if
on anticoagulation), increase in bilirubin (>3.0 to 10.0 x upper
limit of normal), ascites, or grade 4 hepatic failure or any
radiation-related toxicity.

Study design

This was a prospective phase [ study with a standard (3+3)
design under a protocol approved by our institutional review
board (2015-0052). The trial was registered at ClinicalTrials.gov
under identifier NCT02626312. All patients signed informed con-
sent. The primary objective of this trial was to determine the
maximum dose constraints for the volume of functional liver in
patients who have preserved liver function but low functional
liver volume after receiving hepatotoxic chemotherapy or under-
going prior liver resection. Maximum dose constraint was defined
as the highest dose constraint level at which no more than 1
patient experienced dose-limiting toxicities in 6 patients treated
at that dose constraint. The first 3 patients were treated at dose
level O (see Table 1) per either a 15-fraction regimen or 25-frac-
tion regimen based on the ability to meet the dose constraints for
the liver and other organs. If 0 of these 3 patients experienced
dose-limiting toxicities, treatment was escalated to dose level +1
(see Table 1). If 1 or more of the patients in the group experienced
dose-limiting toxicities, dose escalation would be stopped, and
patients would be treated at the next lower dose level until 6
were treated at that dose constraint.

Statistical analysis

Descriptive statistics were computed for variables of interest.
The Kaplan-Meier method was used to estimate 1-year in-field
control rate and 1-year overall survival from the date of radio-
therapy completion to date of progression, death, or last follow-
up. Analyses were done in Python (version 3.10).

Results

Patient characteristics

A total of 12 patients enrolled between February 2016 and June
2022 (Table 2). The median age was 52years (range = 34-
74years). Seven (58%) patients were male, and 5 (42%) patients
were female. All 12 had liver metastases from colorectal cancer;
3 (25%) patients had a KRAS mutation; and 10 (83%) patients had
a TP53 mutation.
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Figure 1. Functional liver contour per single-photon emission computed tomography (SPECT) (A-B) registered to the treatment planning computed
tomography (CT) for incorporation into the treatment planning workflow (C-D). Liver volume spared below threshold dose constraint: 544 cc anatomic
volume per CT and 466 cc functional volume per SPECT (C) and 578 cc anatomic volume per CT and 429 cc functional volume per SPECT (D).

Table 1. Dose constraint levels®

Dose constraint level Dose constraint

-1 >500 cc functional liver per SPECT receives
less than threshold dose

0 >400 cc functional liver per SPECT receives
less than threshold dose

1 >300 cc functional liver per SPECT receives

less than threshold dose

a

Threshold dose for 15-fraction regimen was 24 Gy. Threshold dose for 25-
fraction regimen was 27 Gy. SPECT = single-photon emission computed
tomography.

All patients received prior hepatotoxic chemotherapy with
either oxaliplatin or irinotecan. Eight (67%) patients underwent
prior liver resection. One (8%) patient received prior transarterial
chemoembolization.

Radiation treatment volumes

As shown in Table 3, of the patients, 9 (75%) were treated with
photon intensity modulated radiation therapy (IMRT), while 3
(25%) were treated with proton therapy at the discretion of the

treating radiation oncologist. The median gross tumor volume
was 36 cc (range = 2-651cc). The median CT anatomical nontu-
mor liver gross tumor volume was 1584 cc (range = 764-2699 cc),
and the median SPECT functional liver volume was 1117 cc
(range = 570-1928 cc), with a Pearson correlation coefficient of
0.98 (P <.001) (Figure 2). The median nontarget CT liver volume
below the volumetric dose constraint was 997 cc (range = 544-
1576 cc). The median nontarget SPECT functional liver volume
below the volumetric dose constraint was 684 cc (range = 429-
1244 cc) (Figure 3). The mean dose to nontarget liver ranged
from 7.2 to 28.8 Gy (median = 16.3 Gy). The mean dose to nontar-
get functional liver ranged from 7.5 to 23.9Gy (median =
15.5Gy). The median volume of the gross tumor volume receiv-
ing 95% of the prescribed dose was 99.85% (range = 80%-100%).
The number of lesions treated ranged from 1 to 7 (Table 3).

Dose-limiting toxicities

None of the 3 patients treated in dose level 0 and none of the 9
patients treated in dose level +1 (see Table 1) experienced any
dose-limiting toxicities at 6-8 week and 6 month follow-up. The
median peak total bilirubin after radiotherapy was 0.9mg/dL
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Table 2. Patient characteristics®

Patient enroll- Prior oxaliplatin Prior liver

ment number Age,y  Sex Pathology KRAS mutation = TP53 mutation or irinotecan resection

1 41 M Colorectal adenocarcinoma No Yes Oxaliplatin Yes

2 73 M Colorectal adenocarcinoma Yes Yes Oxaliplatin Yes

3 56 F Colorectal adenocarcinoma No No Oxaliplatin No

4 73 M Colorectal adenocarcinoma No Yes Oxaliplatin Yes
Irinotecan

5 48 F Colorectal adenocarcinoma No Yes Oxaliplatin Yes
Irinotecan

6 43 M Colorectal adenocarcinoma No Yes Oxaliplatin Yes
Irinotecan

7 46 F Colorectal adenocarcinoma Yes Yes Oxaliplatin No
Irinotecan

8 34 M Colorectal adenocarcinoma No No Oxaliplatin Yes
Irinotecan

9 64 M Colorectal adenocarcinoma Yes Yes Oxaliplatin Yes
Irinotecan

10 46 M Colorectal adenocarcinoma No Yes Oxaliplatin Yes
Irinotecan

11 56 F Colorectal adenocarcinoma No Yes Oxaliplatin No
Irinotecan

12 68 F Colorectal adenocarcinoma No Yes Irinotecan No

& F=female; M = male.
Table 3. Tumor, liver, and radiation treatment volumes®
Nontarget
liver vol- Nontarget
Liver- ume liver Mean dose
gross Functional below volume below Mean dose to nontar-
Dose, Gross tumor liver threshold threshold to nontar- get Gross Number

Patient Gyor  tumor volume volume dose dose con- get functional  tumor of

enrollment Treatment Gy volume, perCT, perSPECT, constraint straint liver, Gy  liver,Gyor volume lesions

number modality  (RBE) cc cc cc perCT,cc  per SPECT,cc  or Gy(RBE) Gy(RBE) V95, %  treated

1 IMRT 100 20 1895 1407 1576 1244 15.4 13.7 97.3 1

2 IMRT 75 2 1337 1051 1251 934 7.2 7.5 100.0 1

3 IMRT 100 163 2699 1928 936 660 20.5 17.3 100.0 6

4 IMRT 67.5 33 1685 1177 1175 707 19.7 21.5 100.0 1

5 IMRT 75 13 764 570 544 466 13.9 13.1 100.0 2

6 IMRT 67.5 51 2132 1635 1451 1133 20.8 19.8 100.0 2

7 Protons 75 23 1483 984 578 429 10.7 10.4 99.7 7

8 Protons 67.5 38 1317 1056 1156 850 10.7 11.3 100.0 1

9 IMRT 67.5 44 906 641 756 552 12.8 11.7 96.2 2

10 IMRT 75 11 2373 1532 782 554 28.8 239 98.9 6

11 IMRT 67.5 651 1736 1210 1057 741 23.4 22.2 80.0 1

12 Protons 67.5 76 1287 937 879 522 17.1 18.8 99.6 3

a

CT = computed tomography; IMRT = intensity modulated radiation therapy; RBE = relative biological effectiveness; SPECT = single-photon emission

computed tomography; V95 = percent volume that received at least 95% of the prescription dose.

(range = 0.5-1.7 mg/dL) vs baseline median 0.7 mg/dL (range =
0.4-1.9mg/dL).

Disease response and survival

At the time of initial restaging, imaging showed a response in the
treated liver disease in 9 patients, stable liver disease in 1 patient,
out-of-field liver progression in 4 patients, and distant progres-
sionin 5 patients.

Median follow-up was 20 months (range = 8-60 months). Eight
patients ultimately developed an in-field recurrence, 5 patients
developed an out-of-field liver recurrence, and 9 patients devel-
oped a distant recurrence. Distant recurrences occurred in the
lungs (n=7), lymph nodes (n=3), peritoneum (n=23), and adre-
nal gland (n=1). Eight patients have died as of December 15,
2023.

The 1-year in-field control rate was 57% (95% confidence
interval [CI] = 35% to 94%), and 1-year overall survival was 73%
(95% CI = 52% to 100%) (Figure 4).

Discussion

In this prospective phase I study, liver-directed radiotherapy was
safely delivered to high doses when incorporating functional
SPECT into the radiation treatment planning process for patients
with preserved liver function but low functional liver volume
after receiving prior hepatotoxic chemotherapy or undergoing
prior liver resection. There were no dose-limiting toxicities.
Furthermore, even when using more aggressive radiation dose
constraints compared with traditional liver constraints, no
patients experienced radiation induced liver disease.
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Although liver volume per SPECT was strongly correlated with
liver volume per CT in our cohort (Pearson correlation coefficient
of 0.98; P<.001), the additional benefit of SPECT is that it pro-
vides a spatial mapping of functional liver that can be directly
incorporated into personalized radiation treatment planning and
preferentially spare healthy tissue.

Specifically, in our clinical practice, we have found that SPECT
provides further reassurance in patients with smaller liver

volumes in whom we are unable to spare at least 700 cc of ana-
tomic liver volumes per CT from a hepatotoxic dose of radiother-
apy. Conventionally, these patients would not be candidates for
liver-directed radiotherapy.

Up to 70% of total liver volume (standardized to body surface
area) in patients previously treated with chemotherapy can be
safely resected without inducing liver failure (18). Although it has
been estimated that 500 cc liver may be spared (assuming 25% of
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Figure 4. Kaplan-Meier curves for in-field control (A) and survival (B).

an average volume of 2000 cc), Rusthoven et al. (1) used a more
conservative constraint sparing 700cc of normal liver from a
hepatotoxic dose in a phase I-1I trial of stereotactic body radio-
therapy for liver metastases.

However, our experience suggests there is potential ability to
be more aggressive with our constraints when treating with liver-
directed radiotherapy. Two patients in this study were spared
hepatotoxic doses to 544 cc and 578 cc of anatomic liver per CT
and 466 cc and 429 cc of functional liver per SPECT (Figure 1) and
did not experience any dose-limiting toxicities or develop
radiation-induced liver disease. The use of SPECT guidance in
these cases where the spared CT-based anatomic liver volume is
below 700cc provides additional reassurance that may allow
expansion of eligibility for liver-directed radiotherapy. Notably,
in this study, 5 patients received high-dose radiation to treat liver
metastases and large volumes of nontumor liver because they
were unable to undergo 2-stage hepatectomy (19) (examples in
Figure 1). To our knowledge, this is the first prospective demon-
stration of the safety of this approach using SPECT imaging for
radiation treatment planning. Furthermore, this data support the
idea that the liver is a parallel structure. Based on our results and
on prior studies (15), this suggests that sparing a critical volume
of nontumor liver from injury is the primary determinant of liver
toxicity. This finding may have broader applicability for other
liver-directed therapies, including Yttrium-90, hepatic arterial
infusion, and ablation techniques.

Moreover, SPECT would provide additional value if there were
a large discrepancy between anatomic CT-based and functional
SPECT-based liver volumes so that it would appear it was safe to
treat based on CT alone, but in reality, the functional liver vol-
ume was much lower. Further refinement of the definition of
functional liver using SPECT is needed. The 40% maximum inten-
sity threshold per SPECT was selected based on prior studies pub-
lished at the time of protocol development. However, more
recent studies have developed thresholds optimized for Child-
Pugh classification and association with clinical measures of liver
function (12). This trial serves as a basis for further study to more
robustly evaluate the value of SPECT. One approach would be to
stratify patients into risk groups for radiation-induced liver fail-
ure and incorporate SPECT into the radiation treatment planning
process for high-risk patients.

A limitation of this study is the question of generalizability of
the results to other patient populations. The current study was
homogenous in terms of histology as all patients had colorectal
liver metastases, though this is a common indication for the
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study’s inclusion criteria of receiving hepatotoxic chemotherapy.
Among patients with colorectal liver metastases who have been
treated with ablative radiotherapy, the 1-year local control
ranges from 50% to 95%, with a pooled estimate of 67% (1,20-24).
By comparison, the 1-year local control in our study was 57%.
This may potentially be attributed to the high proportion (83%) of
patients with TP53 mutations. Of these patients, 3 had
both TP53 and KRAS mutations, which is associated with worse
oncologic outcomes (25,26). In one prospective study investigat-
ing the role of proton-based ablative radiotherapy for liver
metastases, the 1-year local control was inferior in patients with
KRAS mutations vs those with KRAS wild-type tumors (43% vs
72%, respectively), in patients with TP53 mutations vs those with-
out (46% vs 71%, respectively), and in patients with both
KRAS and TP53 mutations compared with those without (20% vs
69%, respectively) (27). Similar findings were observed in
another cohort of patients with metastatic colorectal cancer who
received liver-directed ablative radiotherapy (28). Notably, target
coverage in our study was excellent while allowing for safe
liver sparing, which suggests that reduced local control may
have been more a product of biology rather than radiation tech-
nique.

As colorectal liver metastases may be more radioresistant, a
multi-institutional analysis suggests that a higher radiation dose
is needed to achieve local control (21). To treat these lesions to a
higher dose, a higher volume of liver may potentially receive a
hepatotoxic dose. The addition of SPECT may serve to optimize
normal liver sparing in these cases. Although the dose and frac-
tionation employed may be more unique to our institution, ster-
eotactic body radiotherapy is now a more commonly used
technique for treating liver oligometastases (29). A similar treat-
ment planning approach incorporating the functional liver vol-
ume per SPECT could be employed in this setting.

Furthermore, the study design did not specify an upper limit
on liver volume as an exclusion criterion, so only 2 patients had a
nontarget liver volume below threshold dose constraint per CT
below 700 cc. Further study is needed to assess generalizability to
patients with severely limited residual liver volume.

Additional caveats to acknowledge include the limited num-
ber of patients in this cohort, challenges of registering the func-
tional liver volume per SPECT obtained during free breathing to
the breath hold treatment planning CT, and subsequent chal-
lenge with calculating the actual accumulated dose to the func-
tional liver, heterogeneity in radiation treatment modality and
only 2 patients having tumors larger than 100 cc.



Our prospective data suggest that liver-directed radiotherapy
can be safely delivered to high doses when incorporating
functional SPECT image guidance into the radiation treatment
planning process, which may enable sparing of lower volumes
of liver than traditionally accepted in patients with preserved
liver function. Additional studies are needed for further valida-
tion.

Data availability

The data underlying this article are available in the article.

Author contributions

Enoch Chang, MD (Conceptualization; Data curation; Formal anal-
ysis; Investigation; Visualization; Writing—original draft; Writing—
review & editing), Ching-wei D. Tzeng, MD (Conceptualization;
Investigation; Writing—review & editing), Robert A. Wolff, MD
(Investigation; Writing—review & editing), Jason A. Willis, MD, PhD
(Investigation; Writing—review & editing), Michael J. Overman, MD
(Investigation; Writing—review & editing), Sunyoung S. Lee, MD,
PhD (Investigation; Writing—review & editing), Bryan K. Kee, MD
(Investigation; Writing—review & editing), Ahmed O. Kaseb, MD
(Investigation; Writing—review & editing), Arvind N. Dasari, MD,
MS (Investigation; Writing—review & editing), Peter C. Park, PhD
(Investigation; Writing—review & editing), Janio Szklaruk, MD, PhD
(Investigation; Writing—review & editing), Lianchun Xiao, MS
(Conceptualization; Formal analysis; Writing—review & editing),
Luis A. Perles, PhD (Investigation; Writing—review & editing), Emil
Schueler, PhD (Investigation; Writing—review & editing), Gabriel
O. Sawakuchi, PhD (Conceptualization; Investigation; Writing—
review & editing), Joshua S. Niedzielski, PhD (Investigation;
Writing—review & editing), Rachael M. Martin-Paulpeter, PhD
(Investigation; Visualization; Writing—review & editing), Sam
Beddar, PhD (Investigation; Writing—review & editing), Maria J.
Rodriguez, MBA, RN (Data curation; Investigation; Writing—review
& editing), Cullen M. Taniguchi, MD, PhD (Investigation; Writing—
review & editing), Grace L. Smith, MD, PhD, MPH (Investigation;
Writing—review & editing), Sonal S. Noticewala, MD, MAS
(Investigation; Writing—review & editing), Bruce D. Minsky, MD
(Investigation; Writing—review & editing), Ethan B. Ludmir, MD
(Conceptualization; Investigation; Writing—review & editing),
Albert C. Koong, MD, PhD (Conceptualization; Investigation;
Writing—review & editing), Emma B. Holliday, MD (Investigation;
Writing—review & editing), MD, MS, MPH
(Conceptualization; Investigation; Writing—review & editing),
William D. Erwin, MS (Investigation; Writing—review & editing),
Beth A. Chasen, MD (Investigation; Writing—review & editing),
Franklin C.L. Wong, MD, PhD, JD (Investigation; Writing—review &
editing), Jean-Nicolas Vauthey, MD (Investigation; Writing—review
& editing), and Eugene J. Koay, MD, PhD (Conceptualization; Data
curation; Formal analysis; Funding acquisition; Investigation;
Methodology; Project administration; Resources; Supervision;
Visualization; Writing—original draft; Writing—review & editing).

Prajnan Das,

Funding

This work was supported by GE Healthcare, Philips Healthcare,
and the National Institutes of Health (grant numbers
RO1CA221971, P01CA261669-01)

E.Changetal. | 7

Conflicts of interest

GOS reports research grants/contracts from Artios Pharma, CRnR,
Alpha Tau Medical, National Cancer Institute, Department of
Defense; non-paid member of joint steering committee of Intra-
Op-MD Anderson Alliance. EJK reports grants from National
Institutes of Health, Stand Up 2 Cancer, MD Anderson Cancer
Center, Philips Healthcare, Elekta, and GE Healthcare; personal
fees from RenovoRx and Taylor and Francis; and a consulting/
advisory role with AstraZeneca and Augmenix. The Philips and GE
Healthcare grants partially supported the work. Otherwise, all
reported conflicts are outside of the submitted work.

Acknowledgements

The funder did not play a role in the design of the study; the
collection, analysis, and interpretation of the data; the writing of
the manuscript; and the decision to submit the manuscript for
publication.

Preliminary data were presented at the American Society for
Radiation Oncology Annual Meeting 2023.

References

1. Rusthoven KE, Kavanagh BD, Cardenes H, et al. Multi-institu-
tional phase I/II trial of stereotactic body radiation therapy for
liver metastases. ] Clin Oncol. 2009;27(10):1572-1578.

2. Zorzi D, Laurent A, Pawlik TM, et al. Chemotherapy-associated
hepatotoxicity and surgery for colorectal liver metastases. Br |
Surg. 2007;94(3):274-286.

3. Morris-Stiff G, Tan YM, Vauthey JN. Hepatic complications fol-
lowing preoperative chemotherapy with oxaliplatin or irinote-
can for hepatic colorectal metastases. Eur J Surg Oncol. 2008;34
(6):609-614.

4. Schindl MJ, Redhead DN, Fearon KC, et al.; Edinburgh Liver
Surgery and Transplantation Experimental Research Group
(eLISTER). The value of residual liver volume as a predictor of
hepatic dysfunction and infection after major liver resection.
Gut. 2005;54(2):289-296.

5. SiuJ, McCall ], Connor S. Systematic review of pathophysiologi-
cal changes following hepatic resection. HPB (Oxford). 2014;16
(5):407-421.

6. Hoefs JC, Wang F, Kanel G. Functional measurement of nonfi-
brotic hepatic mass in cirrhotic patients. Am ] Gastroenterol.
1997;92(11):2054-2058.

7. Groshar D, Slobodin G, Zuckerman E. Quantitation of liver and
spleen uptake of (99m)Tc-phytate colloid using SPECT: detec-
tion of liver cirrhosis. ] Nucl Med. 2002;43(3):312-317.

8. Zuckerman E, Slobodin G, Sabo E, et al. Quantitative liver-
spleen scan using single photon emission computerized tomog-
raphy (SPECT) for assessment of hepatic function in cirrhotic
patients. ] Hepatol. 2003;39(3):326-332.

9. Gayou O, Day E, Mohammadi S, et al. A method for registration
of single photon emission computed tomography (SPECT) and
computed tomography (CT) images for liver stereotactic radio-
therapy (SRT). Med Phys. 2012;39(12):7398-7401.

10. Bowen SR, SainiJ, Chapman TR, et al. Differential hepatic avoid-
ance radiation therapy: Proof of concept in hepatocellular carci-
noma patients. Radiother Oncol. 2015;115(2):203-210.

11. Toya R, Saito T, Kai Y, et al. Impact of (99m)Tc-GSA SPECT
image-guided inverse planning on dose-function histogram
parameters for stereotactic body radiation therapy planning for



8

12.

13.

14.

15.

16.

17.

18.

19.

| JNCI Cancer Spectrum, 2024, Vol. 8, No. 3

patients with hepatocellular carcinoma: a dosimetric compari-
son study. Dose Response. 2019;17(1):1559325819832149.

Bowen SR, Chapman TR, Borgman J, et al. Measuring total liver
function on sulfur colloid SPECT/CT for improved risk stratifica-
tion and outcome prediction of hepatocellular carcinoma
patients. EENMMI Res. 2016;6(1):57.

Price RG, Apisarnthanarax S, Schaub SK, et al. Regional radia-
tion dose-response modeling of functional liver in hepatocellu-
lar carcinoma patients with longitudinal sulfur colloid
SPECT/CT: a proof of concept. Int J Radiat Oncol Biol Phys. 2018;
102(4):1349-1356.

Schaub SK, Apisarnthanarax S, Price RG, et al. Functional liver
imaging and dosimetry to predict hepatotoxicity risk in cirrhotic
patients with primary liver cancer. Int ] Radiat Oncol Biol Phys.
2018;102(4):1339-1348.

Kirichenko A, Uemura T, Liang Y, et al. Stereotactic Body
Radiation Therapy (SBRT) for Hepatocellular Carcinoma (HCC)
With Single Photon Emission Computed Tomography (SPECT)
functional treatment planning in patients with advanced hep-
atic cirrhosis. Adv Radiat Oncol. 2023;9(2):101367. doi:10.1016/j.
adro.2023.101367:101367.

Kavanagh GJ, Kavanagh JT, Kavanagh PB, et al. Automated vol-
ume determination of the liver and spleen from Tc-99m colloid
SPECT imaging. Quantification of the liver functional and non-
functional tissue in disease. Clin Nucl Med. 1990;15(7):495-500.
Jansen PL, Chamuleau RA, van Leeuwen D], et al. Liver regener-
ation and restoration of liver function after partial hepatectomy
in patients with liver tumors. Scand ] Gastroenterol. 1990;25(2):
112-118.

Shindoh J, Tzeng CW, Aloia TA, et al. Optimal future liver rem-
nant in patients treated with extensive preoperative chemo-
therapy for colorectal liver metastases. Ann Surg Oncol. 2013;20
(8):2493-2500.

Colbert LE, Cloyd JM, Koay EJ, et al. Proton beam radiation as
salvage therapy for bilateral colorectal liver metastases not

© The Author(s) 2024. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/
), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

JNCI Cancer Spectrum, 2024, 8, 1-8
https://doi.org/10.1093/jncics/pkae037
Article

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

amenable to second-stage hepatectomy. Surgery. 2017;161(6):
1543-1548.

Lee MT, Kim JJ, Dinniwell R, et al. Phase I study of individualized
stereotactic body radiotherapy of liver metastases. J Clin Oncol.
2009;27(10):1585-1591.

Chang DT, Swaminath A, Kozak M, et al. Stereotactic body
radiotherapy for colorectal liver metastases: A pooled analysis.
Cancer. 2011;117(17):4060-4069.

McPartlin A, Swaminath A, Wang R, et al. Long-term outcomes
of phase 1 and 2 studies of SBRT for hepatic colorectal metasta-
ses. IntJ Radiat Oncol Biol Phys. 2017;99(2):388-395.

Scorsetti M, Comito T, Clerici E, et al. Phase II trial on SBRT for
unresectable liver metastases: long-term outcome and prog-
nostic factors of survival after 5 years of follow-up. Radiat Oncol.
2018;13(1):234.

Petrelli F, Comito T, Barni S, et al. Stereotactic body radiother-
apy for colorectal cancer liver metastases: a systematic review.
Radiother Oncol. 2018;129(3):427-434.

Kawaguchi Y, Lillemoe HA, Panettieri E, et al. Conditional
recurrence-free survival after resection of colorectal liver meta-
stases: persistent deleterious association with RAS and TP53 co-
mutation. ] Am Coll Surg. 2019;229(3):286-294 e1.

Chun YS, Passot G, Yamashita S, et al. Deleterious effect of RAS
and evolutionary high-risk TP53 double mutation in colorectal
liver metastases. Ann Surg. 2019;269(5):917-923.

Hong TS, WoJY, Borger DR, et al. Phase II study of proton-based
stereotactic body radiation therapy for liver metastases: impor-
tance of tumor genotype. J Natl Cancer Inst. 2017;109(9):djx031.
doi:10.1093/jnci/djx031

Jethwa KR, Jang S, Mullikin TC, et al. Association of tumor
genomic factors and efficacy for metastasis-directed stereotac-
tic body radiotherapy for oligometastatic colorectal cancer.
Radiother Oncol. 2020;146:29-36.

Uhlig J, Lukovic J, Dawson LA, et al. Locoregional therapies for
colorectal cancer liver metastases: options beyond resection.
Am Soc Clin Oncol Educ Book. 2021:41:133-146.


https://doi.org/10.1016/j.adro.2023.101367:101367
https://doi.org/10.1016/j.adro.2023.101367:101367
https://doi.org/10.1093/jnci/djx031

	Active Content List
	Methods
	Results
	Discussion
	Data availability
	Author contributions
	Funding
	Conflicts of interest
	Acknowledgements
	References


