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Fibroblast activation protein contributes to immunosuppression and
resistance to immunotherapies. This study aimed to compare baseline
68Ga-labeled fibroblast activation protein inhibitor (68Ga-FAPI)
PET/CT and 18F-FDG PET/CT in response and survival prediction in
unresectable hepatocellular carcinoma (uHCC) patients treated with
the combination of programmed cell death 1 (PD-1) inhibitor and len-
vatinib. Methods: In this prospective cohort study, 22 patients with
uHCC who underwent baseline 18F-FDG and 68Ga-FAPI PET/CT and
soon began taking a combination of PD-1 inhibitor and lenvatinib
were recruited. Semiquantitative indices of baseline PET/CT were
measured as 18F-FDG SUVmax, metabolic tumor volume, total lesion
glycolysis, 68Ga-FAPI SUVmax,

68Ga-FAPI–avid tumor volume (FTV),
and total lesion fibroblast activation protein expression (TLF). The pri-
mary endpoint was durable or nondurable clinical benefit after treat-
ment, and the secondary endpoints were progression-free survival
(PFS) and overall survival (OS). Results: The overall response rate of
the combination therapy was 41% (9/22). Fifty percent of patients
had durable clinical benefit. Median PFS and OS were 4.8 and
14.4mo, respectively. Patients with nondurable clinical benefit
showed a significantly higher FTV and TLF than those with durable
clinical benefit, whereas 18F-FDG parameters overlapped. A higher
68Ga-FAPI–avid tumor burden (FTV . 230.46 cm3 or TLF . 961.74
SUVbody weight�cm3) predicted both shorter PFS (4.0 vs. 13.5mo, P 5

0.016) and shorter OS (7.8mo vs. not reached, P 5 0.030). Patients
with a higher metabolic tumor burden (metabolic tumor volume .

206.80 cm3 or total lesion glycolysis . 693.53 SUVbody weight�cm3)
showed a shorter OS although the difference did not reach statistical
significance (P5 0.085). In multivariate analysis, a higher 68Ga-FAPI–a-
vid tumor burden (hazard ratio [HR], 3.88 [95% CI, 1.26–12.01]; P 5

0.020) and macrovascular invasion (HR, 4.00 [95% CI, 1.06–15.14]; P
5 0.039) independently predicted a shorter PFS, whereas a higher
68Ga-FAPI–avid tumor burden (HR, 5.92 [95% CI, 1.19–29.42]; P 5

0.035) and bone metastases (HR, 5.88 [95% CI, 1.33–25.93]; P 5

0.022) independently predicted a shorter OS. Conclusion: Volumetric
indices on baseline 68Ga-FAPI PET/CT were potentially independent

prognostic factors to predict durable clinical benefit, PFS, and OS in
uHCC patients treated with a combination of PD-1 and lenvatinib.
Baseline 68Ga-FAPI PET/CT may facilitate uHCC patient selection
before combination therapy.
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Pharmaceutical advances have changed the therapeutic land-
scape of unresectable hepatocellular carcinoma (uHCC) (1). In
particular, the combination of immune checkpoint blockade (ICB)
and multikinase inhibitors has gained remarkable successes in
clinical settings (2).
However, only a subportion of patients with uHCC could benefit

from ICB therapies (3,4). Reliable predictors for response and
patient selection before such combination therapy remained a chal-
lenge because of the complexity of the cancer cell metabolism and
tumor microenvironment components. Characterization of hepato-
cellular carcinoma (HCC) by 18F-FDG PET was linked with glyco-
lytic enzymatic activity and differentiation grade, with suboptimal
sensitivity in intrahepatic HCC lesions (5). 18F-FDG uptake in
HCC and metastasis is significantly associated with recurrence and
outcome after curative surgical resection or targeted therapies
(6–8). Nevertheless, it is not a reliable marker to predict disease
response to systemic therapy.
Tumor microenvironment plays an important role in tumor pro-

gression and influences therapeutic response to ICB. Cancer-
associated fibroblasts represent the most prominent component of
the tumor microenvironment and are composed of different subpo-
pulations exerting distinct functions (9). Fibroblast activation protein
(FAP)–positive cancer-associated fibroblasts contribute to immuno-
suppression in the tumor microenvironment by recruiting inhibitory
immune populations such as regulatory T cells and subsets of mye-
loid cells and are found indicative of primary resistance to immu-
notherapies (9). In clinical practice, the utility of biomarkers based
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on tumor tissue is hindered by spatial heterogeneity. PET allows for
noninvasive, quantitative, and sensitive whole-body detection of
molecular targets. 68Ga-labeled FAP inhibitor (68Ga-FAPI) provided
localization and quantification for FAP-positive HCC tumors in our
previous studies (10). Particularly, 68Ga-FAPI was superior to 18F-
FDG for the detection of primary HCC, allowing improved delinea-
tion of whole-body tumor burden (11).
In this prospective study, we aimed to evaluate and compare

in vivo tumor metabolism and cancer-associated fibroblast activa-
tion using 68Ga-FAPI and 18F-FDG PET/CT for prediction of ther-
apeutic response and survival in uHCC patients treated with a
combination of programmed cell death 1 (PD-1) inhibitor and
multikinase inhibitor lenvatinib.

MATERIALS AND METHODS

Study Design and Patient Recruitment
This was a prespecified subgroup analysis of a prospective cohort

study evaluating the role of 68Ga-FAPI PET/CT in liver and biliary
cancer patients and was approved by the Institutional Review Board
of Peking Union Medical College Hospital (protocol ZS-1050) and
registered at ClinicalTrials.gov (NCT 05662488).

In total, 29 patients with suspected uHCC scheduled to begin
receiving PD-1 inhibitor at Peking Union Medical College Hospital
were consecutively recruited from July 2020 to April 2022. The diag-
nosis of uHCC was confirmed by 2 or more experienced hepatobiliary
surgeons using the National Comprehensive Cancer Network guide-
lines. The flowchart of patient enrollment is shown in Figure 1. Clini-
cal, laboratory, and imaging evaluations (contrast-enhanced CT or
MRI of the abdomen) were done at enrollment. Previous treatment
was recorded. The inclusion criteria were HCC pathologically con-
firmed or indicated by imaging criteria (12,13); lack of suitability for
curative surgery or regional therapy alone, or disease progression after
previous therapy; preserved liver function (Child–Pugh class A or B);
an Eastern Cooperative Oncology Group performance status score of
0–2; no prior immunotherapy; and no regional therapy within 2 wk.

After enrollment, written informed consent was obtained from each
patient. Patients were referred for 18F-FDG and 68Ga-FAPI PET/CT
performed no more than 3 d apart. Combination therapy with PD-1
inhibitor (camrelizumab, toripalimab, tislelizumab, or pembrolizumab)
and lenvatinib was initiated within 2 wk later. We excluded 7 patients
with baseline PET/CT who were later diagnosed with intrahepatic
cholangiocarcinoma or combined hepatocellular-cholangiocarcinoma,
showed resectability on PET/CT and underwent surgery, did not receive
PD-1 inhibitor, or began taking PD-1 inhibitor more than 2 wk after
PET/CT. The remaining 22 patients were included in the current study.

PET/CT
The 68Ga-FAPI-04 was radiolabeled manually before injection

according to previously published procedures (14). Briefly, 68Ga was
chelated after pH adjustment with sodium acetate. The reaction mix-
ture was heated to 100�C for 10 min, and the completeness of the
reaction was checked by thin-layer chromatography. 18F-FDG was
synthesized in house. All PET/CT scans were performed with a dedi-
cated PET/CT scanner (Polestar m660; SinoUnion) from the tip of the
skull to the middle of the thigh (2 min/bed position). Unenhanced
low-dose CT scans were obtained for attenuation correction and ana-
tomic positioning. For 18F-FDG PET/CT, the patients fasted for at
least 6 h, and blood glucose levels were monitored (,11.0 mmol/L)
before injection of 18F-FDG (5.55 MBq/kg). The PET/CT images
were acquired with an uptake time of 57–105 min. 68Ga-FAPI
PET/CT was performed with an uptake time of 42–90 min after injec-
tion (2.22–2.96 MBq/kg). The acquired data were reconstructed using
ordered-subset expectation maximization (2 iterations, 10 subsets,
gaussian filter, image size of 192 3 192).

Image Analysis
Two nuclear medicine physicians (both with 4 y of experience in

PET/CT reading) reviewed the PET/CT images and recorded focal
accumulations not explained by physiologic uptake or inflammation.
The physicians were in consensus for image interpretation. Semiquan-
titative analysis of the PET/CT data was performed on a MIM Work-
station (version 6.6.11; MIM Software). The whole-body metabolic

tumor burden was measured as metabolic tumor
volume (MTV) and total lesion glycolysis
(TLG). The whole-body 68Ga-FAPI–avid tumor
burdenwasmeasured in the sameway as the 18F-
FDG parameters—as 68Ga-FAPI–avid tumor
volume (FTV) and total lesion FAP expression
(TLF). A cuboid volume of interest was drawn
including all focal lesions in each scan. The tumor
contours were semiautomatically segmented with
an SUV cutoff of 2.5. The contours were checked
and adjusted manually to exclude physiologic or
inflammatory uptake. If tracer uptake in the liver
with a normal appearance on contrast-enhanced
CT or MRI was diffusely elevated and above an
SUV of 2.5, a manual contour was applied to
enclose hepatic HCC lesions with uptake higher
than background. 18F-FDG SUVmax, MTV,
TLG, 68Ga-FAPI SUVmax, FTV, and TLF were
automatically generated from the final volumetric
extraction.

Follow-up and Clinical Endpoint
All 22 patients were followed up regularly

every 2–3 cycles of PD-1 inhibitors (median,
2.1 mo; range, 1.4–3.1 mo) with clinical, lab-
oratory, and imaging examinations (contrast-
enhanced CT or MRI). The treatmentFIGURE 1. Flowchart of patients’ enrollment, treatment, and follow-up.BOR5 Best objective response.
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response (complete response, partial response, stable disease, or pro-
gressive disease) and objective response were evaluated with modified
RECIST (15). Durable clinical benefit (DCB) was defined as either the
patient’s being alive, without next-line systemic treatment and without
progressive disease at 6 mo since the first infusion of PD-1 inhibitor,
or the patient’s experiencing prominent disease downstaging followed
by conversion surgery within 6 mo. Nondurable benefit (NDB) was
defined as progressive disease or death within 6 mo. Progression-free
survival (PFS) and overall survival (OS) were measured from the first
PD-1 inhibitor infusion. Treatment regimen, response to therapy, dis-
ease progression, and death were recorded. Patients without an event
were censored at the time of the last clinical assessment, on December
29, 2022.

Statistical Analysis
The Wilcoxon signed-rank test was applied to test the difference

between 18F-FDG and 68Ga-FAPI SUVmax, between MTV and FTV,
and between TLG and TLF for each patient, whereas the Spearman
correlation coefficient was applied to test correlation for each pair.
Patients were divided into DCB and NDB groups. The characteristics
of the 2 groups were compared using the Fisher exact test for discrete
variables and the Student t test or Mann–Whiney U test for continuous
variables. Receiver-operating-characteristic curves were analyzed to
estimate the best cutoffs for 18F-FDG SUVmax, MTV, TLG, 68Ga-
FAPI SUVmax, FTV, and TLF between the 2 groups with the maxi-
mum Youden index. The Kaplan–Meier method was used to estimate
survival curves, which were compared by the log-rank test. Univari-
able and multivariable analyses using Cox proportional-hazards re-
gression models were performed for PFS and OS. All statistical
analyses were done with SPSS (version 25.0; IBM). P values of less
than 0.05 denoted statistical significance.

RESULTS

Baseline Clinical Characteristics and Dual-Tracer PET Imaging
In total, 22 patients with uHCC who received combination ther-

apy with a PD-1 inhibitor and lenvatinib (19 male and 3 female
patients; median age, 62.0 y) were included. Nineteen patients
were classified as Barcelona Clinic Liver Cancer stage C. Ten and
5 patients had prior regional or molecular targeted therapy, respec-
tively. All patients had at least 1 lesion with an SUVmax above 2.5
on both PET/CT scans. FTV was significantly higher than MTV
(Z 5 22.808, P 5 0.005), whereas differences between 68Ga-
FAPI and 18F-FDG SUVmax or between TLG and TLF were not
significant. The 3 paired indices all showed medium correlation.
The baseline clinical characteristics and PET parameters are sum-
marized in Table 1.

Treatment Efficacy
After baseline assessment, combination therapy with PD-1 inhib-

itor and lenvatinib began (median interval between PET/CT and ini-
tiation of treatment, 4.0 d). Nine, 6, 5, and 2 patients received
camrelizumab, toripalimab, tislelizumab, and pembrolizumab,
respectively. The choice of PD-1 inhibitor was based on various fac-
tors, including the stage of the disease, the line of treatment, individ-
ual patient preferences, and the insurance coverage of the drug.
The median duration of follow-up was 16.5mo (range, 8.0–

28.2mo). All 22 patients had complete radiologic evaluations.
During the initial combination therapy, the overall response rate
was 41% (9/22): a complete response was achieved in 1 patient, 8
patients had a partial response, 4 patients had stable disease, and
9 patients experienced progressive disease. Eleven (50%) patients
had DCB; 4 of them with prominent disease downstaging

underwent conversion surgeries. The other 11 (50%) patients
had NDB.
At the time of the analysis, 19 patients discontinued the

original combination therapy because of radiologically confirmed

TABLE 1
Baseline Characteristics of uHCC Patients (n 5 22)

Characteristic Data

Median age (y) 62.0 (range, 35–76)

Age . 65 y 7 (32%)

Sex

Female 3 (14%)

Male 19 (86%)

Hepatitis B surface antigen
A–positive

18 (82%)

Ascites 6 (27%)

Cirrhosis 13 (59%)

ECOG PS

0 or 1 19 (87%)

2 3 (14%)

Child–Pugh class

A 15 (68%)

B 7 (32%)

a-fetoprotein . 200 ng/mL 9 (41%)

Macrovascular invasion 16 (73%)

Extrahepatic spread 12 (53%)

Metastases to distant organs 7 (32%)

Bone metastases 3 (14%)

Barcelona Clinic Liver
Cancer stage for HCC

B 3 (14%)

C 19 (86%)

Prior regional treatment 10 (45%)

Partial resection 3 (14%)

Transarterial
chemoembolization/
radioembolization

8 (36%)

Radiofrequency ablation 2 (9%)

Radiotherapy for bone
metastasis

1 (5%)

Prior targeted therapy 5 (23%)

Median 18F-FDG SUVmax 6.7 (IQR, 4.5–10.9)

Median MTV (cm3) 157.4 (IQR, 18.3–365.3)

Median TLG (SUVbw�cm3) 534.8 (IQR, 58.9–1599.5)

Median 68Ga-FAPI SUVmax 8.9 (IQR, 6.7–10.9)

Median FTV (cm3) 312.6 (IQR, 106.4–525.4)

Median TLF (SUVbw�cm3) 1,274.8 (IQR, 323.8–1,840.1)

ECOG PS 5 Eastern Cooperative Oncology Group performance
status; IQR 5 interquartile range.

Data are number followed by percentage in parentheses, unless
indicated otherwise.
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progressive disease (n 5 15), intolerable adverse events (n 5 3),
or complete response (n 5 1). DCB patients tended to receive
more cycles of PD-1 inhibitors than NDB patients (median, 12
[interquartile range, 9–14] vs. 3 [interquartile range, 2–5]; P 5

0.13). Fewer DCB patients than NDB patients experienced pro-
gressive disease (7/11 vs. 11/11, P 5 0.09), with a longer time to
progression (13.1mo [interquartile range, 7.5–15.6mo] vs. 3.6mo
[interquartile range, 2.8–4.3mo], P , 0.01). Two (18%) patients
in the DCB group died after 13.4 and 14.4mo, respectively. Nine
(82%) patients in the NDB group died, with a median OS of
7.3mo; the follow-up time of the 2 surviving patients was 9.0 and
12.6mo, respectively. For the entire cohort, the median PFS was
4.8mo (95% CI, 1.5–8.5mo) and the median OS was 14.4mo
(95% CI, 12.2–16.6mo).

Comparison of Imaging and Clinical Factors Between DCB
and NDB Groups
Potential predictive factors were compared between patients

with DCB and NDB, as shown in Table 2. Patients with DCB
had a significantly lower FTV and TLF than patients with NDB
(P , 0.01). The difference in 18F-FDG SUVmax, MTV, TLG, and

68Ga-FAPI SUVmax between the 2 groups was not significant. A
comparison of the 6 PET indices is shown in Figure 2. Representa-
tive baseline 68Ga-FAPI and 18F-FDG PET/CT images of patients
with DCB and NDB are shown in Figures 3–5.
More NDB patients than DCB patients had cirrhosis (P 5 0.08)

and Child–Pugh class B (P 5 0.06), though statistical significance
was not reached. No significant difference was found in other clin-
ical factors between patients with DCB and NDB (P . 0.1).
To determine the best cutoff of 18F-FDG SUVmax, MTV, TLG,

68Ga-FAPI SUVmax, FTV, and TLF for survival analyses, receiver-
operating-characteristic analysis was performed (Fig. 6). The thresh-
olds selected as the optimal cutoffs for predicting NDB were a TLF
of more than 961.74 SUVbody weight (SUVbw)�cm3 (area under the
receiver-operating-characteristic curve [AUC], 0.85; sensitivity, 1.00;
specificity, 0.73), an FTV of more than 230.46 cm3 (AUC, 0.86; sen-
sitivity, 1.00; specificity, 0.73), a 68Ga-FAPI SUVmax of more than
7.04 (AUC, 0.61; sensitivity, 0.91; specificity, 0.45), a TLG of more
than 693.53 SUVbw�cm3 (AUC, 0.62; sensitivity, 0.55; specificity,
0.82), an MTV of more than 206.80 cm3 (AUC, 0.60; sensitivity,
0.55; specificity, 0.82), and an 18F-FDG SUVmax of more than 6.69
(AUC, 0.50; sensitivity, 0.63; specificity, 0.64). To note, a TLF of

TABLE 2
Comparison of Potential Predictors Between Patients with DCB and NDB

Characteristic DCB (n 5 11) NDB (n 5 11) P

Age . 65 y 3 (27%) 4 (36%) 1.000

Male 8 (73%) 11 (100%) 0.214

Hepatitis B surface antigen A–positive 8 (73%) 10 (91%) 0.586

Ascites 1 (9%) 5 (45%) 0.149

Cirrhosis 4 (36%) 9 (82%) 0.080

ECOG PS 0.214

0 7 (64%) 4 (36%)

1 4 (36%) 3 (27%)

2 0 (0%) 3 (27%)

Child–Pugh class B 1 (9%) 6 (55%) 0.063

a-fetoprotein . 200ng/mL 5 (45%) 4 (36%) 1.000

Macrovascular invasion 7 (64%) 9 (82%) 0.635

Extrahepatic spread 6 (55%) 6 (55%) 1.000

Metastases to distant organs 3 (27%) 4 (36%) 1.000

Bone metastases 1 (9%) 2 (18%) 1.000

Barcelona Clinic Liver Cancer stage C 9 (82%) 10 (91%) 1.000

Prior regional treatment 7 (64%) 3 (27%) 0.198

Prior targeted therapy 4 (36%) 1 (9%) 0.311

Median 18F-FDG SUVmax 5.7 (IQR, 5.0–10.2) 6.9 (IQR, 3.3–13.0) 1.000

Median MTV (cm3) 154.2 (IQR, 16.1–200.7) 212.9 (IQR, 21.6–463.5) 0.438

Median TLG (SUVbw�cm3) 492.2 (IQR, 57.2–693.5) 693.5 (IQR, 62.3–3701.0) 0.365

Median 68Ga-FAPI SUVmax 8.8 (IQR, 6.0–10.7) 8.9 (IQR, 8.3–11.5) 0.401

Median FTV (cm3) 121.3 (IQR, 35.6–337.0) 436.1 (IQR, 289.1–838.9) 0.003

Median TLF (SUVbw�cm3) 359.2 (IQR, 120.0–1,344.5) 1,514.3 (IQR, 1,266.8–4,150.3) 0.004

ECOG PS 5 Eastern Cooperative Oncology Group performance status; IQR 5 interquartile range.
Data are number followed by percentage in parentheses, unless indicated otherwise.
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more than 961.74 SUVbw�cm3 and an FTV of more than 230.46 cm3

separated the same groups with 14 patients in the higher 68Ga-
FAPI–avid tumor burden group and 8 patients in the lower group; a

TLG of more than 693.53 SUVbw�cm3 and an MTV of more than
206.80 cm3 also separated the same groups with 8 patients in the
higher metabolic tumor burden group and 14 in the lower group.

Prognostic Factors for PFS and OS
As shown in Figure 7A, patients with a higher 68Ga-FAPI–avid

tumor burden demonstrated a significantly shorter PFS (median PFS,
4.0mo [95% CI, 3.1–4.8mo] vs. 13.5mo [95% CI, 11.5–15.6mo];
P 5 0.016). Stratification by 18F-FDG SUVmax, MTV/TLG, or 68Ga-
FAPI SUVmax did not exhibit a different PFS. In univariate analysis,
cirrhosis, an Eastern Cooperative Oncology Group performance status
of 2, macrovascular invasion, and a higher 68Ga-FAPI–avid tumor bur-
den were significantly associated with poor PFS (P , 0.1, Table 3).
In multivariate analysis, a higher 68Ga-FAPI–avid tumor burden
(hazard ratio [HR], 3.88 [95% CI, 1.26–12.01]; P 5 0.020) and
macrovascular invasion (HR, 4.00 [95% CI, 1.06–15.14]; P 5
0.039) were significant independent predictors for a shorter PFS.
As shown in Figure 7B, patients with a higher metabolic tumor

burden showed a shorter OS, though significance was not reached
(median OS, 7.8mo [95% CI, 5.9–9.6mo] vs. not reached; P 5
0.085); patients with a higher 68Ga-FAPI–avid tumor burden
showed a significantly shorter OS (median OS, 7.8mo [95% CI,
5.2–10.4mo] vs. not reached; P 5 0.030). In univariate analysis,
Child–Pugh B, bone metastases, a higher metabolic tumor burden,

and a higher 68Ga-FAPI–avid tumor burden
were associated with poor OS (P , 0.1,
Table 3). In multivariate analysis, bone
metastases (HR, 5.88 [95% CI, 1.33–25.93];
P 5 0.022) and a higher 68Ga-FAPI–avid
tumor burden (HR, 5.92 [95% CI,
1.19–29.42]; P 5 0.035) independently pre-
dicted a shorter OS.

DISCUSSION

The ever-growing novel ICB therapies in
uHCC have shown distinct efficacies.
Therefore, reliable noninvasive biomarkers
for response prediction to ICBs are urgently
needed to improve patient selection and
management. Classic pathologic biomarkers
have been evaluated to predict response to
PD-1/programmed death ligand 1 inhibitors
in HCC patients but have presented contra-
dictory outcomes across studies (1,4). In the
current study, we found that the molecular
burden of 68Ga-FAPI–avid tumor (FTV and
TLF) determined by 68Ga-FAPI PET/CT
was strongly associated with a shortened
PFS and OS and with NDB in uHCC
patients treated with PD-1 inhibitor and len-
vatinib. The combination of a high 68Ga-
FAPI–avid tumor burden and macrovascular
invasion is associated with a shorter PFS,
whereas an increased tumor 68Ga-FAPI bur-
den coupled with bone metastases predicted
poor OS.
The communication is complicated be-

tween tumor metabolism and heterogeneous
stromal components in the tumor micro-
environment. Previous studies showed that
68Ga-FAPI PET uptake and distribution

FIGURE 3. Representative baseline 68Ga-FAPI and 18F-FDG PET/CT images of patients with DCB.
(A) A 63-y-old woman with multiple hepatic HCC, portal vein invasion, and lung metastases showing
low 68Ga-FAPI avidity and high metabolic tumor burden. (B) A 47-y-old woman with right-lobe HCC,
portal vein invasion, and lymph node metastases showing low 68Ga-FAPI avidity and metabolic
tumor burden. Patients in A and B reached partial response and underwent conversion surgery. (C) A
40-y-old man with multiple intrahepatic lesions, portal vein invasion, lymph node metastases, and
bone metastases. (D) A 50-y-old man with right-lobe HCC and portal vein invasion. Patients in C and
D had low 68Ga-FAPI avididy and metabolic tumor burden, with stable disease for .6mo. All 4
patients had OS. 12mo. wb5 whole body.

FIGURE 2. Comparison of 18F-FDG SUVmax, MTV, and TLG and of
68Ga-FAPI SUVmax, FTV, and TLF between DCB and NDB patients.
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strongly correlated with FAP expression characterized by immuno-
histochemistry in tumor tissues (10,16). FAP-positive cancer-
associated fibroblast subsets contribute to immunosuppression
through multiple pathways, including assisting differentiation of
monocytes to M2-like macrophages, secreting chemokine (C-X-C
motif) ligand 12, enhancing recruitment of myeloid-derived suppres-
sor cells, and promoting generation of regulatory T cells (17–20).
The current study showcased the potential of 68Ga-FAPI quantifica-
tion and stromal FAP expression to predict response to ICB in

uHCC. The role of FAP-positive cells in
HCC immune response is to be further
elucidated.
In HCC characterization, 18F-FDG

PET/CT is limited by low uptake in well-
differentiated HCC and background physi-
ologic activity in the liver. However, a
strong correlation between 18F-FDG up-
take by primary HCC and tumor differen-
tiation makes 18F-FDG PET/CT valuable
in survival prediction. Previous studies
found a significant association between
pretreatment 18F-FDG uptake or tumor
metabolic burden and poor survival in
HCC patients treated with transplantation,
regional therapy, or targeted therapy (6–8).
In this study, we also found that tumor
metabolic burden is a prognosticator of
OS, extending the prognostic value of 18F-
FDG PET in uHCC patients treated with
ICB. Importantly, 2 patients (Figs. 4A and
4C) with negligible 18F-FDG–avid lesions
and substantial 68Ga-FAPI uptake showed
poor survival of less than 6mo. FTV was
higher than MTV in this cohort because
more lesions were detected with 68Ga-
FAPI PET. The improved sensitivity of
intrahepatic lesion detection over 18F-FDG
PET can facilitate a better representation of
HCC tumor quantification.
The utility of PET/CT in HCC manage-

ment has been limited. 68Ga-FAPI PET has
brought additional value for not merely

FIGURE 4. Representative baseline 68Ga-FAPI and 18F-FDG PET/CT images of patients with NDB.
(A) A 63-y-old man with diffuse HCC. (B) A 69-y-old man with multiple intrahepatic HCC, portal vein
invasion, and lung and bone metastases. (C) A 69-y-old man with diffuse right-lobe HCC, portal vein
invasion, and lymph node metastases. Patients in A–C showed high 68Ga-FAPI avidity and low meta-
bolic tumor burden. (D) A 71-y-old man with diffuse right-lobe HCC and portal vein invasion showing
high 68Ga-FAPI avidity and metabolic tumor burden. All 4 patients progressed on first evaluation after
2–3 cycles of PD-1 inhibitor and had OS of,6mo. wb5 whole body.

FIGURE 5. Axial PET, CT, and PET/CT images of patients in Figures 3A
(left) and 4A (right).

FIGURE 6. Receiver-operating-characteristic analysis curve for 18F-FDG
SUVmax, TLG, and MTV and for 68Ga-FAPI SUVmax, TLF, and FTV for
predicting NDB.
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primary diagnosis, staging, and restaging but also response and sur-
vival prediction for HCC, regardless of tumor differentiation. The
value of 68Ga-FAPI PET should be further investigated in phase 3
uHCC clinical trials.

Our study had several limitations. First,
the study was limited to a small cohort
and different PD-1 regimens. Second, pre-
vious treatment for HCC was applied in
half the cohort and could potentially have
impacted the imaging results and clinical
outcomes. Third, regional treatment was
incorporated as a combination regimen in
some patients. Conversion surgery was
applied in 4 patients. The heterogeneous
treatment strategies may affect response
assessment and outcomes. Only a subset
of patients underwent biopsy before com-
bination therapy because of the invasive
nature of biopsy. In clinical practice, the
sequence of local, regional, and systemic
therapies for HCC can significantly differ
depending on tumor size and stage and on
the patient’s condition, making evaluation

of the impact of a single treatment option difficult. The indepen-
dent value of 68Ga-FAPI PET in patient prognosis should be fur-
ther investigated in prospective clinical trials. Last, elevated
background liver 68Ga-FAPI was found in some patients with

FIGURE 7. Kaplan–Meier curves for PFS (A) and OS (B) in uHCC patients stratified by optimal
cutoffs for 18F-FDG SUVmax, MTV/TLG, 68Ga-FAPI SUVmax, and FTV/TLF.

TABLE 3
Cox Proportional-Hazards Regression Analysis for PFS and OS

PFS OS

Univariable Multivariable Univariable Multivariable

Predictor HR P HR P HR P HR P

Age . 65 y 1.01 (0.35–2.91) 0.99 1.85 (0.54–6.41) 0.33

Male 2.24 (0.50–9.96) 0.29 6.42 (0.23–30.40) 0.36

HBsAg (1) 1.90 (0.54–6.74) 0.32 2.64 (0.34–20.80) 0.36

Ascites 1.66 (0.58–4.79) 0.35 2.66 (0.76–9.24) 0.12

Cirrhosis 2.96 (1.03–8.49) 0.038 2.27 (0.62–8.28) 0.22 1.66 (0.48–5.69) 0.42

ECOG PS 2 4.34 (1.01–18.6) 0.046 2.83 (0.66–12.21) 0.16 2.91 (0.57–14.72) 0.20

Child–Pugh class B 1.98 (0.71–5.51) 0.19 3.45 (1.02–11.66) 0.054 1.43 (0.35–5.79) 0.62

AFP . 200 ng/mL 1.46 (0.56–3.74) 0.43 1.27 (0.39–4.19) 0.69

Macrovascular invasion 3.60 (1.01–12.85) 0.048 4.00 (1.06–15.14) 0.039 2.17 (0.46–10.16) 0.33

Extrahepatic spread 0.71 (0.27–1.86) 0.49 1.22 (0.37–4.02) 0.75

Distant-organ metastases 0.93 (0.32–2.66) 0.89 2.07 (0.63–6.83) 0.23

Bone metastases 2.21 (0.60–8.21) 0.24 4.27 (1.05–17.25) 0.037 5.88 (1.33–25.93) 0.022

BCLC stage C 1.48 (0.34–6.49) 0.61 1.63 (0.21–12.78) 0.64

Prior regional treatment 0.58 (0.23–1.50) 0.26 0.74 (0.22–2.42) 0.61

Prior targeted therapy 0.39 (0.11–1.37) 0.14 0.25 (0.03–1.96) 0.19
18F-FDG SUVmax . 6.69 1.39 (0.55–3.52) 0.49 1.94 (0.57–6.66) 0.29

MTV . 206.80 cm3

or TLG . 693.53
SUVbw�cm3

1.81 (0.69–4.76) 0.23 2.74 (0.83–9.07) 0.10 2.80 (0.83–9.42) 0.10

68Ga-FAPI SUVmax . 7.04 1.36 (0.53–3.45) 0.52 1.55 (0.45–5.30) 0.49

FTV . 230.46 cm3

or TLF . 961.74
SUVbw�cm3

3.54 (1.20–10.45) 0.015 3.88 (1.26–12.01) 0.020 4.83 (1.02–22.88) 0.048 5.92 (1.19–29.42) 0.035

HBsAg (1) 5 hepatitis B surface antigen A–positive; ECOG PS 5 Eastern Cooperative Oncology Group performance status; AFP 5

a-fetoprotein; BCLC 5 Barcelona Clinic Liver Cancer.
Data in parentheses are 95% CIs.
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cirrhosis, and manual contours were carefully applied. The value
of cirrhosis-mediated FAP activity in HCC prognosis warrants
further investigation (21).

CONCLUSION

Volumetric indices on baseline 68Ga-FAPI PET/CT were poten-
tially independent prognostic factors to predict DCB, PFS, and OS
in uHCC patients treated with a combination of PD-1 inhibitor and
lenvatinib. Baseline 68Ga-FAPI PET/CT may facilitate selection of
uHCC patients for the combination of ICB and targeted therapy.
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KEY POINTS

QUESTION: Can baseline 68Ga-FAPI PET predict response and
survival in uHCC patients treated with ICB-based combination
therapy?

PERTINENT FINDINGS: Volumetric indices on baseline
68Ga-FAPI PET/CT can potentially predict DCB, PFS, and OS in
uHCC patients treated with a combination of PD-1 inhibitor and
lenvatinib.

IMPLICATIONS FOR PATIENT CARE: Baseline 68Ga-FAPI
PET/CT may facilitate uHCC patient selection for the combination
of ICB and targeted therapy.
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