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Abstract
Background and Aims  18F-fluorocholine positron emission tomography/computed tomography (18F-FCH PET/CT) is an 
emerging functional imaging technique in the diagnosis and management of hepatocellular carcinoma (HCC). The aim of 
this study was to assess the ability of a pre- and post-treatment 18F-FCH PET/CT to predict prognosis and treatment response 
in early-stage HCC.
Methods  Patients with early- or intermediate-stage HCC planned for locoregional therapy were prospectively enrolled. 
Baseline demographic and tumor information was collected and baseline and post-treatment 18F-FCH PET/CT performed. 
Maximum standardized uptake values (SUVmax) were determined for each HCC lesion, and the difference between baseline 
and post-treatment SUVmax values were compared with progression-free survival outcomes.
Results  A total of 29 patients with 39 confirmed HCC lesions were enrolled from a single clinical center. Patients were 
mostly men (89.7%) with hepatitis C or alcohol-related cirrhosis (65.5%) and early-stage disease (89.7%). Per-patient and 
per-lesion sensitivity of 18F-FCH PET/CT was 72.4% and 59.0%, respectively. A baseline SUVmax < 13 was associated with 
a superior median progression-free survival compared with an SUVmax of > 13 (17.7 vs. 5.1 months; p = 0.006). A > 45% 
decrease in SUVmax between baseline and post-treatment 18F-FCH PET/CT (“responders”) was associated with a superior 
mean progression-free survival than a percentage decrease of < 45% (“non-responders,” 36.1 vs. 11.6 months; p = 0.034).
Conclusions  Baseline and post-treatment 18F-FCH PET/CT predicts outcomes in early-stage HCC undergoing locoregional 
therapy. This technique may identify patients with an objective response post-locoregional therapy who would benefit from 
further therapy.
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EASL	� European Association for the Study of 
the Liver

AFP	� Alpha fetoprotein
mRECIST	� Modified Response Evaluation Crite-

ria in Solid Tumors
SIRT	� Selective internal radiotherapy
18F-FDG	� 18F-fluorodeoxyglucose
AASLD	� American Association for the Study of 

Liver Diseases
BCLC	� Barcelona Clinic Liver Cancer
TACE	� Transarterial chemoembolization
SBRT	� Stereotactic body radiotherapy
MRI	� Magnetic resonance imaging
CT	� Computed tomography
VOI	� Volume of interest
95% CI	� 95% confidence interval
NAFLD	� Nonalcoholic liver disease

Introduction

Primary liver cancer, of which hepatocellular carcinoma 
(HCC) is the most common type, is responsible for the sec-
ond greatest number of cancer deaths worldwide per year [1, 
2]. Diagnosis and management are complex and require a 
multidisciplinary approach, multiple imaging and diagnostic 
techniques, and both locoregional and systemic therapies 
[3]. Despite many recent advances in the management of 
HCC, median survival remains between 9 and 12 months in 
developed nations [4–6], and less than 5% 5-year survival 
in the developing world [7].

Recent European Association for the Study of the Liver 
(EASL) guidelines have identified refinement of prognosis 
evaluation as an area for improvement in the management 
of HCC [8]. Well-established prognostic markers include 
both patient (performance status, Child–Pugh status) and 
tumor characteristics (size and number, degree of differen-
tiation, vascular invasion, alpha fetoprotein level {AFP}). 
Tumor differentiation, presence of microvascular invasion, 
and AFP have an emerging role in selecting ideal patients 
for liver transplantation; however, they are limited due to 
the requirement for a liver biopsy and low sensitivity of 
AFP [9, 10]. Treatment response to both locoregional and 
systemic therapies is an important predictor of prognosis. 
The modified Response Evaluation Criteria in Solid Tumors 
(mRECIST) assessment tool has been developed specifically 
for use in HCC due to the unique response of these tumors 
to treatment [11]. A meta-analysis of seven trials assess-
ing survival post-locoregional therapy for HCC confirmed 
that objective response by mRECIST (complete response or 
partial response) is a strong predictor of superior survival 
compared with non-response (stable disease or progressive 
disease) [12]. However, application of the mRECIST criteria 

may be challenging in certain groups such as heterogenous 
tumors and after selective internal radiotherapy (SIRT) [13, 
14]. In addition, it requires longitudinal assessments, pre-
cluding it from stratifying treatment intensity.

Positron emission tomography/computed tomography 
(PET/CT), typically with 18F-fluorodeoxyglucose (18F-
FDG), has wide oncological applications [15, 16] but has 
historically had a limited role in HCC owing primarily to 
its poor sensitivity [17, 18]. Routine clinical use of 18F-
FDG PET/CT is not recommended in HCC guidelines [8], 
although it may be useful in selecting liver transplantation 
patients due to its ability to detect poorly differentiated 
tumors [19]. Alterations in choline metabolism are common 
in cancer, and associated enzymes have been proposed as 
novel targets for cancer therapy [20]. PET/CT with 18F-fluo-
rocholine (18F-FCH) has demonstrated sensitivity approach-
ing 90% in HCC [21, 22] and more recently been shown 
to accurately detect extrahepatic disease [23], and improve 
staging and treatment allocation [24]. It therefore represents 
an attractive imaging technique for further study in HCC.

The aims of this pilot study were to (1) assess the prog-
nostic ability of baseline 18F-FCH PET/CT in early- and 
intermediate-stage HCC and (2) examine the utility of base-
line and post-treatment 18F-FCH PET/CT in predicting treat-
ment response by mRECIST criteria and progression-free 
survival following locoregional therapy.

Methods

Study Design and Patient Selection

We performed an investigator-driven, prospective, single-
center, pilot study of the utility of 18F-FCH PET/CT in prog-
nosis and treatment response prediction in early- or interme-
diate-stage HCC treated with locoregional therapy. The study 
was approved by the Sir Charles Gairdner Hospital Human 
Research Ethics Committee, and all enrolled patients provided 
written informed consent. Sir Charles Gairdner Hospital pro-
vides Western Australia’s only liver transplant service and 
is a quaternary referral center for the management of HCC. 
All patients with HCC are managed via a weekly multidisci-
plinary team meeting consisting of transplant hepatologists, 
interventional radiologists, radiation oncologists, and hepa-
tobiliary and liver transplant surgeons. Patients with a new 
HCC, as defined by American Association for the Study of 
Liver Diseases (AASLD) radiological criteria [25], or with a 
histological confirmation of diagnosis were eligible for inclu-
sion if they had early- or intermediate-stage disease as defined 
by the Barcelona Clinic Liver Cancer criteria (BCLC 0, A 
or B), had three or less lesions, were 18 years or over, were 
able to give written consent, and were planned for locore-
gional therapy (ablation, transarterial chemoembolization 
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{TACE}, SIRT, or stereotactic body radiotherapy {SBRT; 
CyberKnife}). Patients with a history of HCC with recurrent 
disease were eligible if the original lesion(s) had ongoing evi-
dence of complete devascularization and were remote from 
the new lesions. All patients had magnetic resonance imaging 
(MRI) at baseline and post-treatment. Staging CT of the thorax 
and a bone scan were also performed; confirmed metastatic 
disease was an exclusion criterion. All MR scans were per-
formed on a 1.5T (Siemens Magnetom Aera) with diffusion-
weighted spin echo planar, in- and out-of-phase gradient echo 
T1, ultra-fast spin echo T2, fat-suppressed T2-weighted, and 
volume-interpolated T1 gradient echo imaging before and 
following gadolinium (Gadovist) administration with tim-
ing for arterial, portal venous, and delayed phases at 3, 5, and 
7 min. Response to treatment was assessed on post-treatment 
MR images using mRECIST criteria [11]. Baseline 18F-FCH 
PET/CT was performed within 4 weeks of the MRI scan. A 
prospectively planned two-stage recruitment was undertaken, 
with an initial cohort of patients in phase 1 having only base-
line 18F-FCH PET/CT performed (15 of the eventual 29 total 
patients enrolled across both phases), with the aim of confirm-
ing 18F-FCH activity at sites of HCC. Subsequently, phase 2 
of the study commenced, which involved patients undergo-
ing both baseline and post-treatment 18F-FCH PET/CT (14 
patients) performed within 1 week of the post-treatment MRI, 
which as per our institution protocol was 6 weeks after abla-
tion, TACE, or SBRT and 12 weeks after SIRT. Patients from 
both phases 1 and 2 of the study were used for calculating 
sensitivity of baseline 18F-FCH PET/CT in diagnosing HCC. 
Baseline patient clinical and demographic data were collected, 
and HCC staging was performed using the BCLC classifica-
tion. Patients undergoing ablation had a biopsy of the target 
lesion performed concurrently if possible. Treatment strategy 
was determined in the multidisciplinary team meeting. Patients 
were followed until death, liver transplant, or date of last clinic 
visit, whichever came first. Follow-up ceased at August 30, 
2018. Overall survival was defined as time from treatment 
initiation to death from any cause. Time to site progression 
was defined as the time between treatment and disease recur-
rence or progressive disease at the site of treatment for each 
individual lesion (herein referred to as progression-free sur-
vival). Across the study period, approximately 200 patients 
who underwent locoregional therapy at our institution were 
screened and offered enrollment if they met inclusion criteria.

18F‑FCH PET/CT Technique and Analysis

18F-FCH was synthesized in-house. No carrier-added 18F 
fluoride was produced by 18 MeV proton irradiation of 
18O-enriched water using an IBA Cyclone 18/9 medical 
cyclotron (IBA Molecular). 18F-FCH was produced on a 
GE TRACERLab MX synthesizer (GE Healthcare), using 

commercial cassettes and reagents (ABX GmbH). Patients 
were fasted for 6 h and administered 4 MBq/kg of 18F-FCH 
intravenously 10 min prior to image acquisition on a Sie-
mens Biograph 16 PET/CT camera (CTI Inc., Knoxville, 
TN). PET/CT images were acquired using 3D mode, with 
6–7 bed positions at 3 min per bed position and covering a 
field of view of vertex to proximal thighs. A low-dose non-
contrast CT was performed for anatomical localization and 
attenuation correction. PET, fusion PET/CT, and CT images 
were displayed in 5-mm slices. 18F-FCH PET/CT studies 
were read independently by two experienced nuclear medi-
cine physicians who were aware of patient clinical history 
and correlative imaging. 18F-FCH PET/CT was considered 
visually positive when uptake in the HCC lesion was higher 
than background liver activity. Unexpected extrahepatic 
uptake was recorded and investigated with imaging and if 
required, with biopsy. If there was disagreement in PET/CT 
interpretation between the 2 physicians, a consensus reading 
was reached. Semi-quantitative analysis was undertaken by 
drawing a volume of interest (VOI) over the lesion using the 
PET manufacturer’s standard software (Siemens SyngoVia), 
to determine 18F-FCH maximum intensity of uptake (SUV-
max). For the purpose of the second phase of the study, if a 
previously 18F-FCH PET/CT positive lesion was undetect-
able on the post-treatment scan then the SUVmax of that 
lesion was considered as zero.

Statistical Analysis

All statistical analysis was performed with SPSS version 
25.0 (IBM Corporation, Armonk, NY). p < 0.05 was con-
sidered statistically significant. Categorical variables were 
presented as number (percentage) and continuous variables 
as median (minimum–maximum or 95% confidence interval 
{95% CI}). Sensitivity of 18F-FCH PET/CT to detect HCC 
compared to MRI or histology as the reference was calcu-
lated per patient and per lesion. Predictors of pre-treatment 
18F-FCH PET/CT positivity were assessed by Fisher’s exact 
tests and Student’s t tests. Continuous variables were trans-
formed into categorical variables based upon clinical signifi-
cance, laboratory reference ranges, or medians. Univariate 
predictors of progression-free survival were compared by 
the Kaplan–Meier method followed by multivariable analy-
sis using the Cox proportional hazard model.

Results

A total of 29 patients were enrolled across the study period 
from May 2013 to November 2016 (Fig. 1). Patient char-
acteristics are presented in Table 1. Patients were mostly 
male (89.7%) with a median age of 62 years. The dominant 
underlying liver disease was hepatitis C and/or alcoholic 
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cirrhosis (65.5%) followed by nonalcoholic liver disease 
(NAFLD) (20.7%). The majority of patients had well-com-
pensated cirrhosis (Child–Pugh A, 89.0%) and early- (BCLC 
A, 89.7%) or intermediate-stage HCC (BCLC B, 10.3%), 
and all patients had good performance status (ECOG 0, 
100.0%). Nineteen patients had one lesion, and 10 patients 
had two lesions making a total of 39 lesions with a median 
maximum diameter of 32 mm (range 10–140 mm). Seven-
teen (43.6%) lesions had tissue available for histopathologi-
cal assessment. Sixteen of these lesions (94.1%) were well 
or moderately well differentiated, and only one was poorly 
differentiated. Just over half the patients underwent local 
ablation (51.7%) with the remainder being treated with SIRT 
(20.7%), TACE (13.8%), SBRT (6.9%) and ablation plus 
TACE (6.9%). Fourteen patients (48.3%) were enrolled in 
the second phase of the study and underwent both baseline 
and post-treatment 18F-FCH PET/CT. Ten patients died dur-
ing the follow-up period, and 22 patients had progressive 
disease. Median overall survival was 35 months (95% CI 
27.3–42.7 months), and median progression-free survival for 
the 39 lesions was 14.5 months (95% CI 10.0–19.0 months).

Pre‑treatment 18F‑FCH PET/CT Sensitivity

Per-patient 18F-FCH PET/CT sensitivity in detection of 
HCC was 72.4% (21/29). In the remaining patients (8/29), 
5 had HCC lesions with activity similar to background 
liver and 3 with activity lower than background liver. 
These lesions were considered 18F-FCH PET/CT nega-
tive as they could not be reliably identified or assessed 
for treatment response. In the per-lesion analysis, 23 of 
39 lesions were positive on 18F-FCH PET/CT (sensitiv-
ity 59.0%). The only significant predictor of a positive 
pre-treatment 18F-FCH PET/CT on a per-lesion basis was 
AFP > 20 compared with AFP < 20 (p = 0.02). Of the 16 
well or moderately well-differentiated tumors, 11 had a 
positive 18F-FCH PET/CT (68.8%) and 5 were negative 
(31.1%) (Table  2). There was no association between 
overall survival or progression-free survival and a posi-
tive pre-treatment 18F-FCH PET/CT. Two patients had 
unexpected extrahepatic activity at 18F-FCH PET which 
was not found to be metastatic HCC. One patient had an 
asymptomatic brain abscess identified with 18F-FCH PET/

Fig. 1   Study flowchart. Twenty-nine patients were enrolled in the 
study and underwent baseline 18F-FCH PET/CT prior to treatment 
commencing. Of these 29 patients, 14 patients underwent both base-
line and post-treatment 18F-FCH PET/CT, and 3 of these patients had 

a negative baseline 18F-FCH PET/CT and were not included in the 
survival analyses. 18F-FCH PET/CT, 18F-fluorocholine positron emis-
sion tomography/computed tomography
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CT which was treated successfully with a craniotomy, 
evacuation of the abscess, and antibiotics [26], and one 
patient had a previously undetected small lung adeno-
carcinoma identified which was managed with a partial 
lobectomy. Both patients were alive and disease-free at 
the end of follow-up.

Table 1   Patient and tumor characteristics

Categorical data presented as number (percentage), continuous data 
as median (minimum–maximum), and survival data as median (95% 
CI)
HCV Hepatitis C virus; NAFLD nonalcoholic liver disease; HH 
hereditary haemochromatosis; HBV hepatitis B virus; ECOG eastern 
cooperative oncology group; BCLC Barcelona Clinic Liver Cancer; 
MELD Model for End-Stage Liver Disease; AFP alpha fetoprotein; 

Variable Patients (n = 29)

Age, years 62.1 (51.0–88.3)
Gender
 Male 26 (89.7)
 Female 3 (10.3)

Liver disease
 HCV 7 (24.1)
 Alcohol 6 (20.7)
 HCV + Alcohol 6 (20.7)
 NAFLD 6 (20.7)
 HH 1 (3.4)
 HBV 1 (3.4)
 None 1 (3.4)

ECOG
 0 29 (100%)

Cirrhosis
 Yes 26 (89.7)
 No 3 (10.3)

Child–Pugh class
 A 20 (69.0)
 B 9 (31.0)

BCLC stage
 A 26 (89.7)
 B 3 (10.3)

MELD, value 9 (6-17)
AFP
 ng/ml 12 (2–1500)
 < 20 17 (58.6)
 > 20 12 (41.4)

Number of lesions
 1 19 (65.5)
 2 10 (34.5)

Lesion size, mm 32 (10-140)
Previous treatment
 Yes 6 (20.7)
 No 23 (79.3)

Treatment
 Ablation 15 (51.7)
 TACE 4 (13.8)
 SIRT 6 (20.7)
 SBRT 2 (6.9)
 Ablation + TACE 2 (6.9)

Pre- and post-18F-FCH PET/CT scans
 Yes 14 (48.3)
 No 15 (51.7)

Median overall survival, months 35.0 (27.3–42.7)
Median progression-free survival (per-lesion analysis, 

n = 39)
14.5 (10.0–19.0)

TACE transarterial chemoembolization; SIRT selective internal radi-
otherapy; SBRT stereotactic body radiotherapy; 18F-FCH PET/CT 
18F-fluorocholine positron emission tomography/computed tomogra-
phy; 95% CI 95% confidence interval

Table 1   (continued)

Table 2   Per-lesion predictors of a positive pre-treatment 18F-FCH 
PET/CT

Categorical data presented as number (percentage) and continuous 
data as median (minimum–maximum)
18 F-FCH PET/CT 18F-fluorocholine positron emission tomography/
computed tomography; BCLC Barcelona Clinic Liver Cancer; MELD 
Model for End-Stage Liver Disease; AFP alpha fetoprotein

Variable Pre-Treatment 18F-FCH PET/CT

Positive Negative P

Age
 Years, median 63.2 65.7 0.448
 <60 10 (66.7%) 5 (33.3%) 0.517
 >60 13 (54.2%) 11 (45.8%)

Gender
 Male 22 (61.1%) 14 (38.9%) 0.557
 Female 1 (33.3%) 2 (66.7%)

Child–Pugh
 A 15 (60.0%) 10 (40.0%) 1
 B 8 (57.1%) 6 (42.9%)

BCLC
 A 22 (66.7%) 11 (33.3%) 0.033
 B 1 (16.7%) 5 (83.3%)

MELD
 Median 10.17 10.06 0.895
 <10 12 (57.1%) 9 (42.9%) 1
 >10 11 (61.1%) 7 (38.9%)

Lesion size
 mm, median 38.2 27.6 0.202
 <30 11 (47.8%) 12 (52.2%) 0.111
 >30 12 (75.0%) 4 (25.0%)

AFP
 ng/ml, median 138.6 15.6 0.082
 <20 9 (40.9%) 13 (59.1%) 0.02
 >20 14 (82.4%) 3 (17.6%)

Degree of differentiation
 Well 9 (81.85) 2 (18.2%) 0.188
 Moderately well 2 (40.0%) 3 (60.0%)
 Poor 1 (100.0%) 0 (0.0%)
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Baseline 18F‑FCH PET/CT SUVmax 
and Progression‑Free Survival Analysis

The impact of patient and tumor characteristics, and 18F-
FCH PET/CT SUVmax on progression-free survival is 
presented in Table 3. Only those lesions which were 18F-
FCH PET/CT positive were included in this analysis. The 
only significant predictors of poorer progression-free sur-
vival were larger lesion size (HR 1.02, 95% CI 1.01–1.02; 
p = 0.007), higher baseline 18F-FCH PET/CT SUVmax (HR 
1.12, 95% CI 1.03–1.34; p = 0.02), and a trend toward higher 
baseline AFP (HR 1.001, 95% CI 1.000–1.002; p = 0.064). 
In the multivariable model, lesion size (p = 0.527) and base-
line AFP (p = 0.873) were no longer significant, while there 
was a trend to significance of baseline 18F-FCH PET/CT 
SUVmax (HR 1.15 95% CI 0.98–1.36; p = 0.09). Median 
SUVmax was 9.6 (IQR 8.4–13.6). The impact of three cut 
points of the SUVmax (lower quartile, median, and upper 

quartile) on progression-free survival was explored. An 
SUVmax < 13 (equating to the upper quartile) was a sig-
nificant predictor of a superior progression-free survival 
(17.7 months vs. 5.06 months, p = 0.006; Fig. 2) compared 
to SUVmax > 13. Predictors of SUVmax > 13 were a higher 
Model for End-Stage Liver Disease (MELD) (p = 0.037), 
higher AFP (p = 0.02), and a trend to larger lesion size 
(p = 0.076).

Change in 18F‑FCH PET/CT as a Predictor of Response 
and Progression‑Free Survival

Of the 14 patients who underwent baseline and post-treat-
ment 18F-FCH PET/CT in phase 2 of the study, 11 had a 
positive baseline 18F-FCH PET/CT. The baseline and post-
treatment SUVmax values and percentage decrease in the 
SUVmax, baseline AFP, lesion size, treatment applied, 
and mRECIST outcomes are presented in Supplementary 

Table 3   Univariable and multivariable analysis of predictors of disease progression post-locoregional therapy

Categorical data presented as number (percentage), continuous data as median (minimum–maximum), and survival data as median (95% CI)
TTP progression-free survival; BCLC Barcelona Clinic Liver Cancer; MELD Model for End-Stage Liver Disease; AFP alpha fetoprotein; 18F-
FCH PET/CT 18F-fluorocholine positron emission tomography/computed tomography
a Mean presented, median unable to be calculated due to lack of events

Variable Univariable analysis Multivariable analysis

Median TTP, months 
(95% CI)

P Hazard ratio (95% CI) P Hazard ratio (95% CI) P

Age, years 1.005 (0.962–1.050) 0.826
 <60 20.7 (14.0–27.5) 0.545
 >60 13.8 (10.8–16.8)

Child–Pugh
 A 18.2 (7.7–28.6) 0.245
 B 14.1 (9.2–19.0)

BCLC
 A 17.7 (5.4–29.9) 0.242
 B 14.0 (13.8–14.4)

MELD 1.06 (0.91–1.23) 0.483
 <10 18.2 (8.6–27.8) 0.269
 >10 14.1 (3.0–25.1)

AFP (ng/ml) 1.001 (1.000–1.002) 0.064 1.000 (0.998–1.001) 0.873
 <20 20.7 (14.6–26.9) 0.03
 >20 8.7 (3.5–13.9)

Number of lesions
 1 18.1 (NA) 0.085
 2 13.8 (11.1–16.4)

Lesion size, mm 1.02 (1.01–1.03) 0.007 1.01 (0.99–1.02) 0.527
 <30 mm 37.4 (26.6–48.2)a 0.004
 >30 mm 9.2 (0.0–18.5)

18F-FCH PET/CT SUVmax 1.17 (1.03–1.34) 0.02 1.15 (0.98–1.36) 0.09
 <13 17.6 (11.7–23.6) 0.006
 >13 5.1 (2.6–7.5)
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Table 1. There was a significant difference in mean progres-
sion-free survival (median unable to be calculated due to 
lack of events in responders) in those with a > 45% reduction 
in SUVmax (“responders”; representing median percentage 
decrease in SUVmax) compared to a < 45% reduction (“non-
responders”; 36.1 vs. 11.6 months, p = 0.034) (Figs. 3, 4). 
All patients with a > 45% reduction in SUVmax had a com-
plete response by mRECIST, and all patients with a < 45% 
reduction had either a partial response or stable disease.

Discussion

We performed a pilot study exploring the utility of baseline 
and post-treatment 18F-FCH PET/CT to predict prognosis 
and provide treatment response information in early- and 
intermediate-stage HCC. 18F-FCH PET/CT has the potential 
to provide biological information on the status of an HCC 
lesion, information which cannot currently be provided by 
standard of care imaging modalities (CT and MRI), and 
which is currently limited to only one blood-based bio-
marker (AFP) or histopathological assessment, which 
requires a lesion biopsy with its own inherent risks. Our 
findings are novel and provide the impetus for further stud-
ies which may establish 18F-FCH PET/CT as a valuable tool 
in both prognostication and treatment response prediction.

We demonstrated an overall per-patient 18F-FCH PET/
CT sensitivity of 72.4% which is slightly lower than recent 

studies with sensitivities up to 88% demonstrated [22–24]. 
However, we elected to label tumors with lower than back-
ground activity on 18F-FCH PET/CT as negative, whereas 
in recent studies, these were labeled positive. If we were 
to have included these lesions, the sensitivity would have 
been 82.8%; however, a more conservative approach was 
deemed to be more appropriate. For the full worth of the 
18F-FCH PET/CT to be realized, an SUVmax must be able 
to be calculated which requires the lesion to exhibit higher 
than background liver activity, and thus, the per-patient sen-
sitivity in our study was lower. A major and novel finding 
of our study was the correlation of baseline 18F-FCH PET/
CT SUVmax with progression-free survival. We explored 
various cutoff values and identified an SUVmax of > 13 
as highly predictive of a shorter progression-free survival 
compared with an SUVmax of < 13. Critically, in a mul-
tivariable model including traditional prognostic markers 
(AFP and lesion size), there was a trend to SUVmax being 
independently associated with prognosis (HR 1.15, 95% 
CI 0.98–1.36; p = 0.09), while AFP (p = 0.873) and lesion 
size (0.527) were both non-predictive. This finding implies 
that 18F-FCH PET/CT can provide additional prognostic 
information to traditional prognostic markers. It should be 
acknowledged that this pre-treatment variable is only able to 
be used in those with a positive pre-treatment 18F-FCH PET/
CT which therefore reduces the overall power of the test. 
Being able to accurately and confidently predict outcomes 
is critical for choosing the appropriate treatments for the 

Fig. 2   Progression-free survival by baseline 18F-FCH PET/CT SUV-
max. A baseline 18F-FCH PET/CT SUVmax of < 13 (blue line) was 
associated with a superior progression-free survival than a 18F-FCH 
PET/CT SUVmax > 13 (red line) (17.7  months vs. 5.06  months, 

p = 0.006). Survival curves were estimated by the Kaplan–Meier 
method. 18F-FCH PET/CT, 18F-fluorocholine positron emission 
tomography/computed tomography; SUVmax, maximum standard-
ized uptake values
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most appropriate candidates [8]. This is particularly impor-
tant in selecting patients for liver transplantation where there 
is a move away from tumor size and number systems (such 
as the Milan [27] and UCSF criteria [28]), to those which 
incorporate other prognostic markers such as AFP and his-
topathological tumor features [9, 10]. A positive 18F-FCH 
PET/CT has previously been demonstrated to be associated 
with well to moderately well-differentiated tumors [21, 29], 
and thus, the incorporation of a 18F-FCH PET/CT into a liver 
transplant workup may obviate the need for a liver biopsy 
and help select the best candidates and will be an important 
area for future research.

A second novel and important finding was that a decrease 
in SUVmax between baseline and post-treatment 18F-FCH 
PET/CT predicted treatment response and correlated 
with progression-free survival. Responders, with a > 45% 
decrease in SUVmax post-treatment, had a superior pro-
gression-free survival (36.1 months) compared with non-
responders, those with a < 45% decrease in SUVmax from 
baseline (11.6 months, p = 0.034). A preliminary study in 
six patients who underwent baseline and post-treatment 18F-
FCH PET/CT found that treatment response using 18F-FCH 
PET/CT correlated with standard imaging in four cases, and 
demonstrated progressive disease which was not identified 
on standard imaging in one case and was discordant with 
standard imaging in the final case [23]. Our data built on 
these findings by correlating 18F-FCH PET/CT findings 

with mRECIST and progression-free survival, and suggest 
that this functional imaging technique may play a role in 
HCC treatment response prediction. The responder group 
consisted entirely of those with a complete response by 
mRECIST, while the non-responder group consisted of 
those with partial response and stable disease. Objective 
response in HCC is defined as those with a complete or par-
tial response by mRECIST, correlates well with overall sur-
vival, and has been proposed as a surrogate endpoint in HCC 
trials [8, 30]. In two of the four patients who had a partial 
response post-treatment (technically an objective response 
by standard imaging, but demonstrating ongoing biological 
activity on 18F-FCH PET/CT), further locoregional therapy 
was not instituted until there was evidence of disease pro-
gression. Our data suggest that a subgroup of patients with 
an objective response may benefit from further treatment 
(either more locoregional therapy or systemic treatment) 
before waiting for disease progression if there is evidence 
of residual biological activity on 18F-FCH PET/CT. This 
may be particularly important in those treated with SIRT, 
as predicting tumor response by mRECIST is made difficult 
in post-treatment scans due to the effects of SIRT on sur-
rounding tissue. In our cohort, of the 3 patients who were 
treated with SIRT and had a positive pre-treatment 18F-FCH 
PET/CT, 2 were labeled as a partial response and surveil-
lance, as opposed to further imaging was commenced. In 
both cases, the change in 18F-FCH PET/CT was less than 

Fig. 3   Progression-free survival by percentage change in 18F-FCH 
PET/CT SUVmax between baseline and post-treatment. A percent-
age decrease in 18F-FCH PET/CT SUVmax of > 45% (red line) was 
associated with a superior progression-free survival than percentage 
decrease in 18F-FCH PET/CT SUVmax of < 45% (red line) (36.1 

vs. 11.6  months, p = 0.034). Survival curves were estimated by the 
Kaplan–Meier method. 18F-FCH PET/CT, 18F-fluorocholine positron 
emission tomography/computed tomography; SUVmax, maximum 
standardized uptake values
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45% and progression occurred within 6 months. If further 
treatment (either with locoregional or systemic therapy) was 
instituted, the patient outcomes may have been positively 
affected.

Altered choline metabolism has been demonstrated in 
almost all cancers studied; however, the exact mechanisms 
which lead to these alterations and whether these pathways 
are able to be altered, and affect outcomes, have yet to be 
determined [20]. Interestingly, a choline-deficient diet is 
a well-described model of murine liver injury and cancer 
development [31]. Despite this knowledge, further work is 
required to establish the exact link between HCC develop-
ment and choline metabolism. Several other potential appli-
cations and areas for further investigation for functional 
imaging with 18F-FCH PET/CT in HCC merit discussion 
and include: (1) early treatment response assessment instead 
of the standard 6–12 weeks imaging after locoregional ther-
apy; (2) identifying patients for adjuvant immunotherapy in 
the setting of a sub-optimal biological response to locore-
gional therapy (clinicaltrials.gov: NCT03383458); and (3) 
refining current response prediction, stopping and futility 
rules in patients treated with TACE [32, 33].

The study had several notable strengths, in particular the 
prospective enrollment of patients, a rigorously maintained 
patient database allowing accurate outcome assessment, and 
reading of all MRIs and PET/CT by two abdominal inter-
ventional radiologists (who were blinded to the PET/CT 
results) and two nuclear medicine physicians. Limitations 
of our study included its low number of patients, and thus, 
our findings must be replicated in a larger cohort. Addi-
tionally, only patients primarily with early-stage disease 
were included and further studies including more patients 
with intermediate and advanced disease are required. Our 
patient enrollment, while prospective, was non-consecutive 
as the availability of 18F-FCH was limited due to production 
requirements of other clinical PET tracers. The vast majority 
of tumors which had tissue available for histopathological 
assessment were either well or moderately well-differenti-
ated (94.1%) due to the early-stage disease in the majority 
of our patients. The sensitivity of 18F-FCH PET/CT in these 
tumors was 68.8%. The lack of poorly differentiated tumors 
in the study cohort negated the inclusion of tumor differen-
tiation in survival models. This lack of available histology 
is a common weakness of studies of PET/CT in HCC [24]. 

Fig. 4   Two examples of the use of baseline and post-treatment 18F-
FCH PET/CT in treatment response prediction. Patient G was a 
53-year-old male with a 34  mm HCC (a) treated with ablation fol-
lowed by TACE the following day. Baseline 18F-FCH PET/CT SUV-
max was 9.0 (c, e) which reduced by 80.2% to 1.8 post-treatment (d, 
f). By mRECIST, the patient was considered to have had a complete 
response (b) with eventual progression at the site 17.6 months later. 
Patient I was a 59-year-old male with a 50 mm HCC (g) treated with 
SIRT. Baseline 18F-FCH PET/CT SUVmax was 13.6 (i, k) which 
reduced by 44.4% to 7.6 post-treatment (j, l). Post-SIRT MRI was 
difficult to interpret due to typical post-SIRT changes, and it was 
thought the patient had a partial response by mRECIST (h) and the 

patient was placed into 3 monthly surveillances. Progression at the 
site was demonstrated on the following surveillance scan (5 months 
post-SIRT). This represents on example in which the use of a baseline 
and post-treatment 18F-FCH PET/CT may have changed treatment 
strategy (such as further locoregional therapy), despite the patient 
having an objective response by mRECIST. Red arrows indicated 
regions of interest. 18F-FCH PET/CT, 18F-fluorocholine positron 
emission tomography/computed tomography; SUVmax, maximum 
standardized uptake values; SIRT, selective internal radiotherapy; 
mRECIST, modified Response Evaluation Criteria in Solid Tumors. 
HCC, hepatocellular carcinoma
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Finally, due to the lack of data in this area, the cut points of 
18F-FCH PET/CT SUVmax were only identified by explora-
tion of the data and not set before the study began and thus 
must be validated externally in further studies.

In conclusion, baseline and post-treatment 18F-FCH PET/
CT provides important prognostic and treatment response 
prediction information in early-stage HCC patients treated 
with locoregional therapy. Potential applications of this 
functional imaging strategy are broad and should be exam-
ined in a multicenter, prospective fashion to confirm the use-
fulness of adding 18F-FCH PET/CT to the standard of care 
in HCC management.
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