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Abstract: Liver has a complex and unique energy metabolism and plays a major role in glucose homeostasis. Liver 
is the main control center for glycogenesis, glycogenolysis, glycolysis and gluconeogenesis which are essential to 
provide energy for other tissues. Liver meets its own energy need from various sources which is mainly glucose in 
the fed state and fatty acids in the fasting state. In this review article, we will mainly describe the glucose metabo-
lism of the liver, effect of various factors on 18F-fluorodeoxyglucose (FDG) activity/uptake in the normal liver and 
18F- FDG positron emission tomography (PET) uptake patterns in various malignant and benign liver pathologies. 
Brief information on metabolomics profiling analyses in liver disorders will also be provided. 
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Introduction

Liver plays a major role in glucose homeostasis 
by controlling glycogenesis, glycogenolysis, gly-
colysis and gluconeogenesis which are essen-
tial to provide energy for other tissues. 18F- 
fluorodeoxyglucose (FDG) is a radiolabeled glu-
cose analog which is commonly used in posi-
tron emission tomography/computed tomogra-
phy (PET/CT) studies to detect metabolically 
activity tumor or inflammation in various sys-
tems, to demonstrate myocardial viability and 
to determine metabolic alterations in the brain 
in various neuro-psychological disorders. Vari- 
ous PET studies have assessed various param-
eters in normal liver and in liver pathologies. In 
this review article, we aimed to describe glu-
cose metabolism of the liver, various parame-
ters effecting the FDG uptake in the normal 
liver, and FDG PET uptake patterns in various 
benign and malignant liver lesions. We will also 
provide brief information on metabolomics pro-
filing analyses and other PET tracers in liver dis-
orders. As the purpose of this article is glucose 
metabolism and FDG PET imaging, radiological 
imaging patterns of liver diseases will not be 
discussed. 

Liver and glucose metabolism

In the postprandial (fed) state, glucose is stored 
as glycogen (glycogenesis) and/or converted 
into fatty acids or amino acids in the liver. In fed 
state, pancreatic β cells secret insulin, intes-
tines secret fibroblast growth factor 15/19 
(FGF15/19) and both stimulate glycogen syn-
thesis [1, 2]. Insulin stimulates glycogen syn-
thase and expression of glucokinase (GK, also 
termed hexokinase-4) in the liver. Glycogen syn-
thase is a major enzyme that facilitates the 
elongation of glycogen chains [3]. Glucose 
enters hepatocytes via glucose transport pro-
tein-2 (GLUT2) which also mediates glucose 
release from the liver [1]. GK converts glucose 
to glucose 6-phosphate (G6P). G6P acts as a 
precursor for glycogen synthesis and is also 
metabolized via glycolysis and pentose phos-
phate pathway. G6P is an allosteric activator  
of glycogen synthase and allosteric inhibitor of 
glycogen phosphorylase, thus stimulating gly-
cogen synthesis and inhibiting glycogenolysis 
[1, 3]. Unlike the other hexokinase isotypes 
(HKs 1, 2 and 3), GK activity is not allosterical- 
ly inhibited by G6P, thus enabling the liver to 
continuously utilize glucose.
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In fasting state, the liver has a major role in 
generating glucose as a fuel for other tissues 
[3]. In the fasted state, insulin and FGF15/19 
secretion is suppressed and glucagon secre-
tion from pancreatic α cells is stimulated. 
Glucagon activates glycogen phosphorylase 
and inhibits glycogen synthase enzymes. As a 
result, glycogen is hydrolyzed to generate glu-
cose (glycogenolysis) [3]. G6P is dephosphory-
lated by glucose-6-phosphatase (G6Pase) en- 
zyme to release glucose into blood [1]. During 
short-term fasting, liver produces glucose 
mainly via glycogenolysis. During prolonged 
fasting, when the glycogen is depleted, liver 
synthesizes glucose through gluconeogenesis 
using lactate, pyruvate, glycerol, and amino 
acids. These gluconeogenic substrates are 
generated either in the liver or delivered to the 
liver from extrahepatic tissues (muscles and 
adipose tissues). Availability of gluconeogenic 
substrates and the expression and activation 
of gluconeogenic enzymes (e.g. G6Pase and 
cytoplasmic phosphoenolpyruvate carboxyl-
ase/PEPCK-C) determines the rate of gluco- 
neogenesis [1, 3]. Dephosphorylation of G6P  
is a rate-limiting step in both glycogenolysis 
and gluconeogenesis. Gluconeogenesis is also 
controlled/regulated by various transcription 
factors and co-regulators which stimulate the 
expression of PEPCK-C and G6Pase, metabolic 
states (low and high energy states, various 
molecular energy sensors), the circadian clock 
genes, endoplasmic reticulum (positive and 
negative regulation), growth hormone, gluco-
corticoids (counter-regulatory), cytokines, and 
several GI hormones [1, 4, 5]. Insulin suppress-
es gluconeogenesis.

Hepatocytes have various metabolic fuels for 
their own energy needs. Glycolysis is dominant 
in the fed state. In fasted state, hepatocytes 
uses fatty acid (β-oxidation) for energy supply 
[1]. Pyruvate generated through glycolysis is 
oxidized to generate ATP via tricarboxylic acid 
cycle. It is also used for oxidative phosphoryla-
tion and synthesis of fatty acids. G6P is also 
metabolized via the pentose phosphate path-
way to generate NADPH.

Hepatic blood supply and microcirculation

Liver receives approximately 25% of cardiac 
output [6]. Liver has dual blood supply from 
hepatic artery and portal vein which drains the 
blood from the gastrointestinal tract, spleen, 

pancreas, and gallbladder. Portal vein provides 
the majority of hepatic blood supply which is 
approximately 75-80% as compared to 20-25% 
with hepatic artery. Hepatic oxygen require-
ment is provided mainly by hepatic artery but 
also portal vein. Terminal hepatic arterioles 
and terminal portal venules supply blood to the 
hepatic sinusoids which correspond to the cap-
illary bed of the liver and represent the seg-
ment of the microcirculation where nutrients 
are supplied and metabolic products are re- 
moved [7]. Main sinusoids communicate with 
each other through shorter interconnecting 
sinusoids. Hepatic sinusoids have fenestrated 
discontinuous endothelium which allows mix-
ture of blood from hepatic artery and portal 
vein [8]. At the center of the hepatic lobules, 
central venules are found which receive the 
blood mixed in the liver sinusoids and return it 
to hepatic veins (right, left and middle). 

18F-fluorodeoxyglucose PET/CT imaging

Normal liver

18F-FDG is a widely used PET radiotracer to 
measure glucose metabolism in normal and 
abnormal tissues and to detect tumors, vari- 
ous other cardiac, neuropsychological and in- 
flammatory diseases. Similar to glucose, 18F-
FDG is transported through the cell membrane 
via GLUTs. There are various GLUTs (GLUT1-
GLUT13). In liver, GLUT2 is the primary glucose 
transport protein. GLUT2’s affinity for glucose 
is lower than that of GLUT1, but it also trans-
ports other sugars [9]. GLUT1 is expressed in 
all cell types and also upregulated in many 
tumors. GLUT3 has the highest affinity for glu-
cose and is the major form found in neurons. 
GLUT4 is the insulin-sensitive transporter whi- 
ch is mainly found in muscle and adipose 
tissue.

Inside the cells, 18F-FDG undergoes phosphor-
ylation by HK enzyme to form FDG6P. There are 
four HK enzymes. HK-4 (GK) is found in the 
liver, HK-1 in all mammalian tissues, and HK-2 
in various tissues particularly skeletal muscles. 
Further metabolism of FDG6P is limited and it 
is essentially trapped in the cells, except in 
hepatocytes. In hepatocytes, FDG6P is de- 
phosphorylated by G6Pase enzyme back to 
FDG which then leaves the cells and returns to 
circulation. G6Pase enzyme is mainly found in 
the liver and kidneys [10, 11].
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On routine FDG PET images taken after 6 hour 
fasting, liver shows mild diffuse activity which 
is slightly higher than the activity of systemic 
blood pool and spleen (Figure 1A). Normal liver 
SUVmean ranges from 2.0-3.0 and SUVmax 
from 3.0-4.0, although SUVs are affected by 
various factors [12]. Figure 2 shows selected 
frame from dynamic FDG PET image of the liver 
and time-activity curves of normal liver and 
hepatocellular carcinoma (HCC) [13]. As seen  
in the Figure 2, in the first 60 s there is rapid 
increase in normal liver activity which is mainly 
due to arterial and portal perfusion. After 60 s 
there is slower but gradual increase in liver 
activity due to uptake in hepatocytes which 
reaches to peak and becomes stable after 4 
min representing combination of uptake in the 
liver cells and activity in the liver blood pool. To 
understand the effect of liver blood pool activi-
ty on liver FDG activity, Liu et al. proposed a  
corrective method by placing ROIs over liver, 
hepatic artery and portal vein to measure stan-
dardized uptake value (SUV) [14]. Based on % 
total blood volume in the liver, and % contribu-
tions to total blood volume by hepatic artery 
and portal vein, they proposed a formula to  
calculate SUV in liver parenchyma. They found 

(body mass index, BMI). Effect of blood glucose 
on liver SUV can be more accurately assessed 
by using lean body mass normalized SUV (SUL) 
instead of weight normalized SUVs [24, 25]. 
Liver to blood pool SUV ratio can also be used. 
Authors suggesting increased liver FDG uptake 
or SUV with hyperglycemia have proposed that 
this might be due to the fact that the liver is the 
key organ responsible for glucose metabolism 
through gluconeogenesis and glycogen storage 
[15]. Figure shows liver activity in a hyperglyce-
mic patient which appears to be similar to liver 
activity in a normoglycemic case (Figure 1B). In 
a small number of cases, low blood glucose 
(hypoglycemia) seemed to reduce liver SUV as 
compared to normal values [17]. 

The effect of insulin on hepatic FDG uptake  
was also investigated. Insulin and insulin sensi-
tivity on hepatic glucose uptake were assessed 
using FDG PET, graphical analysis and 3-com-
partment modeling by Iozzo et al. [26]. Authors 
have suggested that physiologic hyperinsu-
linemia enhances hepatic glucose uptake and 
that insulin sensitivity is related to the glucose 
phosphorylation-to-dephosphorylation balance 
in the liver. Glucose influx rates were inversely 

Figure 1. FDG PET MIP images in normoglycemic (6.2 mmol/dl) (A) and hy-
perglycemic (14 mmol/dl) (B) patients. Both visually and semiqantitatively, 
liver activity appears to be similar in both cases which is higher than blood 
pool and splenic activity. SUVmax/SULmax in normoglycemic and hypergly-
cemic patients were 3.9/2.3 and 4.3/2.2, respectively. Also note the mark-
edly decreased uptake in the brain due to hyperglycemia with no significant 
effect of hyperglycemia on liver activity. There is also a hypermetabolic lung 
tumor in the left hilar region with a metastatic focus superior to it (B). 

that SUV in liver parenchyma 
was significantly higher than 
liver SUV. 

Relatively low FDG activity in 
normal liver despite being a 
major site for glucose homeo-
stasis is mainly due to de- 
phosphorylation of FDG6P by 
G6Pase enzyme back to FDG 
which then leaves the hepato-
cytes and returns to circula-
tion. In addition, fasting and 
fed state can effect FDG 
uptake in the normal liver. In 
fasting state, G6Pase is acti-
vated, whereas in fed state 
GK is activated. Routine FDG 
PET images are taken at 
approximately 6 hour fasting 
state. In hyperglycemic pa- 
tients, either increased or 
unchanged liver FDG uptake/
SUV was reported in various 
studies [15-23]. SUVs are also 
affected by various other fac-
tors particularly body weight 
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correlated with fasting plasma free fatty acids 
in the same study. In a study by Roy et al. in 
hyperinsulinemic patients, liver FDG uptake 
was lower in patients with muscular uptake 
than those with no muscular uptake [27]. In  
the same study muscular uptake was not cor-
related with injected dose of insulin. Figure 
shows PET images of two patients who were 

which could be artefactual or due to difference 
in FDG activity in hepatocytes and blood pool. 
SUVs are overestimated in overweight and 
obese patients and underestimated in cachec-
tic patients as compared to patients with nor-
mal BMI [24, 25]. Because of variations in 
SUVs, tumor to reference ratios (tumor/liver or 
tumor/blood pool ratios) or SUL are used to bet-

Figure 2. Time activity curves of normal liver and tumor (HCC) from dynamic FDG PET images (image at 30-45 
second). Tumor curves show faster influx and higher peaks than liver tissue (due to increased arterial perfusion), 
followed by slower drop, which reaches non-tumor levels after more than 3 min (green normal liver, red tumor). Re-
printed with permission from from Society of Nuclear Medicine and Molecular Imaging [13].

Figure 3. FDG PET MIP images in two patients who received insulin to reduce 
blood glucose prior to FDG injection. The first patient received 4 IU insulin 
because blood glucose was 225 mg/dl (A). Blood glucose reduced to 158 
mg/dl. SUVmax/SUVmean and SULmax/SULmean of the liver were 3.6/1.5 
and 2.1/0.9, respectively. The second patient received 5 IU insulin because 
blood glucose was 235 mg/dl (B). The blood glucose reduced to 178 mg/dl. 
Liver SUVmax/SUVmean and SULmax/SULmean were 1.9/1.2 and 1.4/0.9, 
respectively. In the 2nd patient there is muscular uptake. Liver activity (visu-
ally and SUV) is lower than normal in both patients. The higher difference 
between SUVmax and SUVmean in the first case as compared to second 
case may be artefactual. Uptakes in chest lesions are seen in both patients.

injected insulin prior to FDG 
injection (Figure 3). To under-
stand whether insulin resis-
tance occurs simultaneously 
in all tissues or in specific  
tissues in diabetic patients, 
Honka et al. measured in- 
sulin-stimulated glucose up- 
take in insulin-sensitive tis-
sues (skeletal muscle, adi-
pose tissue and liver) in dia-
betic patients using FDG PET 
and euglycemic-hyperinsulin-
emic clamp [28]. They sug-
gested that insulin resistance 
measured by glucose uptake 
is partially similar in all in- 
sulin-sensitive tissues, and is 
affected by obesity, age and 
gender. 

Liver SUV is used as a refer-
ence to better assess res-
ponse to treatments in pa- 
tients with various tumors. 
SUVmean or SUVmax of the 
liver is used although SUV- 
mean is more accurate due to 
a slight heterogeneity in FDG 
distribution in normal liver 
with commonly seen mottled 
appearance (tiny hot spots) 
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ter assess response to treatments in oncologic 
cases. As reference, SUVs should be measured 
from the normal parts of the liver. In cases with 
diffuse involvement of the liver with various dis-
eases such as metastases or hepatitis, liver 
should not be used as normal reference.

Studies have also investigated the effect of 
various other parameters on liver SUV. Age had 
a significant and positive impact on SUV of the 
liver in a study, however, another study report-
ed little to no correlation between age and gen-
der on liver SUV [29, 30]. Liver SULmean had 
excellent inter-reader agreement in measure-
ments at the upper, lower, or portal vein levels 
of the right lobe of the liver [31]. In another 
study, the area inferior to the portal vein level 
was reported to be the most reliable location 
for SUV measurements on PET/MR studies 
[32]. Time dependent reduction in SULmean 
was reported in liver with 7-8% reduction at 2  
hr and 15-21% reduction at 4 hr as compared 
to one hour after FDG injection [33].

Summary

Despite being a major site for glucose metabo-
lism, liver shows mild diffuse FDG uptake/activ-
ity which is mainly due to presence of G6pase 
enzyme in the hepatocytes. FDG uptake in the 
liver appears to be not significantly affected or 

atohepatitic, clear cell, fibrolamellar, scirrhous, 
sarcomatoid, lymphoepithelioma-like, granulo-
cyte-colony-stimulating factor producing, and 
macrotrabecular massive carcinomas [34]. 
Based on degree of differentiation (histological 
grades), HCCs are generally classified as grade 
1, 2, 3, 4 or well-differentiated, moderately dif-
ferentiated, poorly differentiated or undifferen-
tiated [35, 36]. Microscopically well- and mod-
erately differentiated HCC resemble normal 
hepatocytes.

In well- and moderately differentiated HCC, 
FDG uptake is usually low or similar to meta-
bolic activity of the normal liver (isometabolic) 
and therefore they may not be identified on  
routine images taken 1 hour after FDG injec- 
tion (Figure 4). Early dynamic FDG PET images 
can demonstrate the arterial hyperperfusion in 
HCC and increase its detectability (Figure 2) 
[13, 37]. Delayed or dual-time point imaging 
(early at 1 hr and delayed at 2 or 3 hours) can 
help detecting well- and moderately differenti-
ated HCCs [38, 39]. With delayed imaging SUV 
of the lesions will increase whereas SUV of the 
normal liver will decrease (increases in target 
to background ratio). Multiple time-point imag-
ing (early dynamic, 1 hr standard and delayed) 
will further increase the detectability and num-
ber of the lesions. FDG uptake is usually high  
in poorly differentiated HCC [40, 41]. In 28 pa- 
tients with HCC, range of SUV was 1.9-6.1 in 

Figure 4. FDG PET/CT images of patients with HCC (selected transaxial PET 
and CT). Well-differentiated HCC with no increased FDG uptake (A). Poorly 
differentiated HCC with focally increased FDG uptake (B). Moderately differ-
entiated HCC with mild to moderately increased FDG uptake (C). Reprinted 
with permission from Society of Nuclear Medicine and Molecular Imaging 
(46).

slightly affected by blood glu-
cose. Effect of insulin on FDG 
uptake in the liver needs to  
be further evaluated. Normal 
liver is used as a reference 
region to assess response to 
treatment in various tumors 
(tumor to liver SUV ratio) as 
tumor SUVs are affected by 
various factors, mainly by BMI. 

FDG PET uptake patterns in 
malignant and benign liver 
lesions 

Hepatocellular cancer

Hepatocellular cancer (HCC)  
is the most common primary 
malignant liver tumor which 
arises from the hepatocytes. 
In addition to conventional 
HCC, there are various other 
subtypes of HCC such as ste-
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well-differentiated HCC, 2.6-10.3 in moderate- 
ly differentiated HCC and 3.6-16.3 in poorly  
differentiated HCC [42]. In the same study, 
GLUT-2 and HK-2 expressions were high in all 
HCCs with no correlation with tumor differen- 
tiation and SUV. GLUT-1 expression was very 
low in all HCCs but was significantly higher in 
poorly differentiated HCC and positively corre-
lated with SUV. G-6-Pase activity was not cor-
related with tumor differentiation and SUV. In 
in-vitro analysis of the same study, low FDG 
uptake was correlated with high expression of 
P-glycoprotein [42]. In a study by Izuishi et  
al. in 20 patients with HCC, low FDG uptake in 
moderately differentiated HCC was result of 
low GLUT1 and high G6Pase expression, where-
as high FDG uptake in poorly-differentiated 
HCC could be result of increased GLUT1 and 
decreased G6Pase expression [40]. The SUV 
correlated with proliferating cell nuclear anti-
gen. In FDG PET dynamic imaging, the k3 and 
SUV of high-grade HCCs were significantly high-
er as compared to low-grade HCCs [41]. The 
G6Pase/HK ratios were significantly lower and 
HK activities were significantly greater in the 

geneous uptake or a peripheral rim activity  
surrounding a cold center (large rapidly grow- 
ing tumor with central necrosis) [41, 46-48]. 
Multifocal uptake can be due to primary multi-
centric tumor or intrahepatic metastases of  
primary HCC. Uptake along the intrahepatic 
branches of portal vein due to invasion by HCC 
was also reported [49]. Diffuse infiltrative HCC 
can be seen as a large area of heterogeneous 
uptake. Figure 4 shows FDG PET images of pri-
mary HCCs with various differentiations. 

FDG PET was reported to have a higher sensi-
tivity in detecting extrahepatic metastasis of 
HCC than detecting primary HCC [50, 51]. 
Detection of metastatic HCC lesions by FDG 
PET is dependent on the grade, differentiation 
and stage of the tumor [50]. Most extrahe- 
patic HCC occurs in patients with advanced 
intrahepatic tumor stage (stage IVA) [52]. Cell- 
ular behavior of metastases or recurrences 
may show differences as compared to primary 
tumor (Figure 5). The other PET tracers, such 
as 11C-acetate and radiolabeled choline have 
higher sensitivity in detecting well-and moder-

Figure 5. FDG PET images of a patient with HCC. Initial study (top, A) shows 
homogenous density and isometabolic activity in the liver lesion seen on MR 
(not shown here). Biopsy showed well-differentiated HCC. Four years later 
after treatment, PET/CT showed heterogeneous density and increased met-
abolic activity due to recurrent tumor (tumor SUVmax: 8.9, liver SUVmean: 
2.5) in the right hepatic lobe (B). PET findings indicate progression of tumor 
from well-differentiation to poor differentiation.

high-grade as compared to 
low-grade HCCs. In a study 
assessing HK1-3 subtypes, 
HK2 was positive in all 7 
cases with HCC (grade 2-3, 
grade 3 and intermediate  
phenotype), whereas GLUT1 
was negative in all HCC  
cases except the case with 
intermediate phenotype [43]. 
Chen et al. suggested that 
higher SUV in patients with 
poorly differentiated HCC as 
compared to well- or moder-
ately differentiated HCC could 
be due to lower fructose 
1,6-bisphosphatase 1 expres-
sion in the former [44]. 
Glypican-3 (GPC3) expression 
in HCC was inversely associ-
ated with glucose metabolism 
[45]. GPC3 is a protein which 
is highly expressed in HCC  
and plays an important role in 
regulating malignant transfor-
mation and growth of tumor. 

Various FDG uptake patterns 
can be seen in FDG avid HCC, 
such as focal uptake, multifo-
cal uptake, an area of hetero-
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Figure 6. FDG PET/CT images of a case with mass forming cholangiocarci-
noma (whole body MIP, selected transaxial contrast enhanced CT, PET, and 
PET/CT fusion images of the liver). CT shows peripheral enhancement and 
PET shows central photopenia with peripheral hypermetabolic activity in a 
large liver mass (tumor SUVmax: 13.5, liver SUVmean: 2.8). An additional 
small focus of tumor is also seen superior to the primary tumor on whole 
body MIP image.

ately-differentiated primary HCC as compared 
FDG PET [46, 53].

Cholangiocarcinoma

Cholangiocarcinoma (CC) is the second most 
common primary hepatic malignancy. CCs can 
arise from intrahepatic, hilar or extrahepatic 
biliary tract. In 26 patients with CC, GLUT1  
was positive in 81%, GLUT2 in 54%, and HK2  
in 77% of the cases [54]. A significant asso- 
ciation between the expression of GLUT1 and 
HK2 with FDG uptake was reported in moder-
ately and poorly differentiated CC as compar- 
ed to well-differentiated CC [54]. In another 
study, HK2 was negative in 6 of 7 cases with 
moderately or poorly differentiated CC, where-
as GLUT1 positive in all 7 cases [43]. FDG 
uptake was reported to be higher in peripheral 
nodular and mass forming than infiltrating, pri-
mary hilar or extrahepatic CC [55, 56]. CC with 
high mucin content and periductal sclerosis 
was generally not FDG avid [57]. Most periph-
eral CCs show ring-shaped FDG uptake due to 

excessive desmoplastic res- 
ponse within the tumor and 
neovascularity [58]. CCs can 
also be seen as an area  
of heterogeneously increased 
uptake, focally increased up- 
take or a linear area of 
increased uptake (intraductal, 
periductal or peribiliary) [57-
59]. Figure shows FDG PET/CT 
images of a case with mass 
forming CC (Figure 6).

Other primary malignant tu-
mors of the liver 

Liver sarcomas are very rare. 
Sarcomas are overall highly 
FDG avid tumors. Increased 
FDG uptake was reported in 
hepatic angiosarcoma [60]. 
Diffusely increased FDG up- 
take in the liver was reported 
in a case with hepatic angio-
sarcoma causing veno-occlu-
sive disease [61]. Figure 
shows FDG PET images of a 
case with primary hepatic sar-
coma (Figure 7). 

Primary (extra-nodal) hepatic lymphoma is very 
rare. Lymphomatous involvement of liver is  
usually secondary. On PET scan, FDG uptake 
patterns of primary lymphoma could be seen 
as a mass with heterogeneous uptake, multifo-
cal uptake or diffusely increased uptake (infil-
trating primary liver lymphoma) [62, 63]. In sec-
ondary lymphoma, diffusely increased uptake 
(diffuse infiltrative) or multifocal uptake are 
common findings. Figure shows involvement of 
liver by diffuse large B-cell lymphoma (Figure 
8).

Liver metastases 

Liver metastases are more common than the 
primary liver tumors. Liver metastases are 
mostly due to colorectal cancer, and various 
other cancers such as breast, lung, gastric, 
pancreatic, and neuroendocrine cancers. Over- 
all, GLUT1 and HK2 expression is high in vari-
ous malignancies including colorectal cancer. 
Liver metastases are usually seen as focal or 
multifocal hypermetabolic activity on FDG PET. 
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Large and rapidly growing metastases of the 
liver usually have a central necrosis (coagula-

Cavernous hemangiomas are the most com-
mon benign tumors of the liver. Hemangiomas 

Figure 7. FDG PET/CT images of a case with primary liver sarcoma (whole 
body MIP, selected transaxial CT, PET, PET/CT fusion images of the liver). CT 
shows a large hepatic mass with heterogeneous density. PET shows marked 
hypermetabolic activity in the tumor (SUVmax: 27.5) and additional smaller 
foci in the liver parenchyma. Foci of mild uptake in the left lung are also 
seen, suspicious for metastases. 

Figure 8. FDG PET/CT images of a case with lymphomatous involvement of 
the liver due to diffuse large B cell lymphoma (body MIP, selected transaxial 
PET and PET/CT fusion images of the liver). Large hypermetabolic masses in 
the liver (SUVmax: 19) with diffuse involvement of the spleen and multiple 
hypermetabolic lymph nodes in the chest and abdomen.

tion necrosis due to tumor 
hypoxia) and these tumors are 
seen as a rim activity sur-
rounding a central cold area 
on PET images. Necrosis  
can also be seen after treat-
ments (chemotherapy, im- 
munotherapy, percutaneous 
ablation, conformal radiother-
apies, 90Y microspheres and 
other embolizations). In com-
plete response to treatments, 
cold areas are seen corre-
sponding to area of necrosis. 
Mild rim activity surrounding a 
cold center after treatments 
could be due to residual tumor 
(partial response), inflamma-
tion [64, 65]. Focal uptake 
adjacent to treated cold area 
raises suspicion for recurrent 
tumor [64]. Liver metastases 
due to tumors with low FDG 
avidity such as colorectal mu- 
cinous cancer or well-differen-
tiated neuroendocrine tumors 
usually show low metabolic 
activity. Somatostatin recep-
tor imaging or 18F-DOPA PET 
has higher sensitivity than 
FDG PET in detecting well-dif-
ferentiated neuroendocrine 
tumors and their metastases 
[66, 67]. Due to normal liver 
activity and limited PET spa- 
tial resolution, subcentimetric 
metastatic lesions may not be 
detected on FDG PET [68]. 
Delayed imaging may incre- 
ase the detectability of small 
and mildly hypermetabolic 
lesions. Metastatic lesions in 
the liver dome may be mis- 
registered into lung base due 
to respiratory diaphragmatic 
motion and mimic lung base 
lesion [69]. Figures 9 and 10 
show liver metastases from 
various cancers.

Cavernous hemangioma
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are hypervascular venous malformations lined 
by endothelial cells with a thin fibrous stroma. 
Their size may range from 1 cm to larger than  
10 cm. In large/giant hemangiomas, a fibrous 
nodule or collagen scar, hemorrhage, thrombo-
sis, extensive hyalinization, and necrosis may 
be seen [70]. FDG PET can show absence of 
uptake or mild heterogonous uptake depend- 
ing on the histopathologic features of the hem-
angioma (Figure 11) [71-73]. 

Focal nodular hyperplasia

Focal nodular hyperplasia (FNH) is the  
second most common benign liver lesion.  
FNH consists of hyperplastic units of hepato-
cytes fixed together with dense fibrous  
tissue which also contains proliferating bile 
ducts and kupffer cells [74]. The most charac-
teristic macroscopic finding in FNH is the cen-
tral scar. 

Figure 9. FDG PET/CT images of liver metastases from various tumors (selected transaxial CT, PET and PET/CT fu-
sion images of the liver). Liver metastases from colorectal cancer (A-C): Focal increased uptake in the liver (SUVmax: 
7.9) (A), multifocal uptake in both lobes of the liver (SUVmax 8.6) (B) and a large centrally photopenic, peripherally 
hypermetabolic mass occupying the right hepatic lobe (SUVmax: 19.1) (primary tumor is seen in the splenic flexure) 
(C). Diffusely and heterogeneously increased uptake in the liver in a case with liver metastasis from gastric cancer 
(SUVmax 19.2) (D). Focal uptake is seen in a part of gastric tumor at gastroesophageal junction.
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In FNH, FDG uptake is usually same or less 
than normal liver activity but hypermetabolic 
FNHs were also reported [75, 76]. FDG avid 
FNH can be mistaken for metastasis or pri- 
mary malignancy. Contrast enhanced dynamic 
FDG PET/CT images of a case with FNH are 
seen in the Figure 12. 

Hepatic adenoma

Hepatic (hepatocellular) adenomas are benign 
liver tumors caused by benign proliferation of 
hepatocytes. There are four subtypes of hepat-
ic adenomas [77]. Hepatic adenomas can be 
solitary or multiple with a risk to undergo ma- 
lignant transformation to HCC.

Hepatic adenomas are usually known as non-
FDG avid lesions. However, HNF1-α subtype of 
hepatic adenomas was reported to be FDG  
avid in 9 patients [78]. Focal and multifocal 
FDG uptake was reported in solitary and multi-
ple adenomas (hepatic adenomatosis) [79,  

80]. FDG avid hepatic adenomas can mimic 
metastasis or primary malignant tumors.

Hepatic abscess

Hepatic abscess are usually caused by bacte-
rial or parasitic infections. Common FDG PET 
finding in hepatic abscess is a peripheral rim 
shaped uptake with photopenic center [81,  
82]. Multifocal FDG uptake was reported in a 
case with multifocal fungal abscesses from 
candidiasis [83]. Hepatic heterogeneous up- 
take with multiple cold lesions with peripheral 
mild metabolism was reported in amoebic ab- 
scesses [84]. FDG uptake due to hepatic ab- 
scess can mimic malignancy and metastases.

Sarcoidosis

Sarcoidosis is a multisystem disease which  
can involve liver with epithelioid non-caseating 
granulomas in majority of the cases with liver 
involvement. Active granulomatous infections 

Figure 10. FDG PET/CT images of liver metastases from various tumors (body MIP images in anterior view and se-
lected transaxial PET/CT fusion images of the liver). A. Poorly-differentiated neuroendocrine breast tumor in a male 
with multiple foci of metastases in the liver (SUVmax: 10.1). B. Invasive ductal breast carcinoma case with diffusely 
(heterogeneous) increased uptake in the liver (SUVmax: 16.2). C. Non-small cell lung cancer case with a large focal 
hypermetabolic liver metastasis (SUVmax 12.7). 



Liver, glucose metabolism and PET

243 Am J Nucl Med Mol Imaging 2021;11(4):233-249

usually show high FDG uptake. Sarcoidosis re- 
lated increased FDG uptake in the liver could 
be multifocal, diffuse or heterogeneous and 
may mimic metastases [85, 86].

Hepatitis

Hepatitis is the inflammation of the liver which 
may be caused by various infectious or non-
infectious conditions. In cases with hepatitis, 
diffusely or heterogeneously increased FDG 
uptake can be seen in the liver [87, 88].  
Degree of FDG uptake is correlated with the 
severity of the inflammation. Multifocal FDG 
uptake in the liver was reported in a case with 
granulomatous inflammation due to tuberculo-
sis [89]. Figure 13 shows diffuse and mark- 
edly increased FDG uptake in the liver due to 
hepatitis as adverse effect of immune check 
point inhibitor treatment (autoimmune reac- 
tion).

nomas, and lymphomatous, granulomatous 
(sarcoidosis) and inflammatory involvement of 
the liver. FDG PET can help detecting malig- 
nant transformation of hepatocellular adeno-
ma to HCC. Due to higher expression of  
G6pase enzyme in well- and moderately differ-
entiated HCC, FDG PET has low sensitivity in 
detecting those tumors. FDG PET has low sen-
sitivity in detecting liver metastases of low 
grade tumors or tumors with low FDG avidity. 
Physiological mild FDG activity in the liver  
limits the detection of sub-centimetric tumors 
and metastases. FDG uptake due to inflamma-
tory or granulomatous lesions may mimic pri-
mary malignant or metastatic liver lesions. 

Metabolomics

Metabolomics is defined as the compre- 
hensive analysis of metabolites in a biologi- 
cal samples or systems. Metabolites include 

Figure 11. Dynamic FDG PET/CT images in a case with FNH (selected trans-
axial frames of the liver). Arterial (A) and venous phase (B) CT shows an 
enhancing mass in the left hepatic lobe. PET in arterial phase shows hyper-
perfusion in the mass (C). PET in venous phase (D) shows some washout, 
and PET in late venous phase (E) shows further washout of activity in the 
mass with only mild activity. Delayed PET at 90 min (F) shows isometabolic 
activity in the region of the mass as compared to normal liver.

Fatty liver (hepatic steatosis)

Fatty liver is abnormal lipid 
deposition in hepatocytes.  
Fat accumulation in the liver 
could be diffuse, focal or dif-
fuse with focal sparing. In fat- 
ty liver, increased or decreas- 
ed FDG uptake can be seen 
[90-92]. Increased FDG up- 
take in fatty liver is likely due 
to presence of inflammation 
whereas decreased uptake is 
due to lack of inflammation 
and presence of fat only. 
Increased FDG uptake was  
in association with elevated 
serum γ-glutamyl transpepti-
dase and triglyceride in pa- 
tients with non-alcoholic fatty 
liver disease [93]. Normal 
uptake in fat sparing areas in 
fatty liver may mimic lesions/
metastases [94].

Summary of FDG PET in liver 
lesions

Overall FDG PET is useful for 
detecting poorly differentiat- 
ed HCC and mass forming CC 
and their metastases and 
recurrences, liver metastases 
of FDG avid tumors such as 
colon, breast and lung carci-
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small molecules and products of various me- 
tabolisms. Metabolome is the complete set of 
metabolites. Mass spectrometry-based tech-
niques are commonly used to measure metab-
olites noninvasively in relevant quantities (liq-
uid chromatography/mass spectrometry, gas 
chromatography/mass spectrometry, fourier 
transform infrared spectroscopy, and nuclear 
magnetic resonance spectroscopy) [95].

Metabolomics reports show different metabol-
ic patterns in various liver disorders. Various 
metabolites have been measured in liver dis-

Liver plays a major role in glucose metabolism. 
In this review article we summarized the glu-
cose metabolism in liver, various factors effect-
ing FDG uptake in normal liver and FDG PET 
uptake patterns in various benign and malig-
nant liver diseases.
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Figure 12. FDG PET/CT images in a case with giant hemangioma in the right lobe of the liver (selected transaxial CT, 
PET and PET/CT fusion images of the liver). CT shows calcification anteriorly, an area of lower attenuation posteriorly 
(scar, liquefaction or necrosis) and some contrast enhancement posterior to it. There is absent FDG uptake in the 
calcified and lower attenuation parts of the hemangioma and mild uptake in the rest of the hemangioma which is 
similar to normal liver activity. 

Figure 13. FDG PET/CT images of a case with hepatitis due to immune check 
point inhibitor treatment (whole body MIP, selected transaxial CT, PET, PET/
CT fusion images of the liver). Diffusely and markedly increased FDG uptake 
in the liver with slight heterogeneity (SUVmax 9.1).

eases in serum and in liver. 
For glycolysis and tricarboxy- 
lic acid-cycle, measured me- 
tabolites were glucose, pyru-
vate, lactate, succinate, fuma-
rate, and citrate. Increased 
lactate, and decreased glu-
cose and glycogen were re- 
ported in HCC [96, 97]. Low-
grade HCC and high-grade 
HCC tumors showed differ- 
ences. The level of lactate  
was higher but levels of glu-
cose and glycogen were lower 
in high-grade HCC than in  
low-grade HCC tumors [96]. 
The serum metabolic profiling 
of cirrhotic patients showed 
decreased levels of glucose 
and lactate [98]. In metabolic 
analysis of liver tissue in ch- 
ronic liver disease, decreased 
glucose and some unsaturat-
ed fatty acids were reported 
[99].

Conclusion
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