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Abstract

Tumor glucose use in patients with non-islet-cell tumors has
been difficult to measure, particularly in hepatoma, because of
hepatic involvement by neoplasm. Westudied a patient with
nonhepatic recurrence of hepatoma after successful liver trans-
plantation. Tumor tissue contained messenger RNAfor insulin-
like growth factor-II (IGF-II), and circulating high molecular
weight components and E-peptide of IGF-II were increased.
Glucose use measured by isotope dilution with 13-3Hjglucose
was 7.94 mg/kg fat-free mass per min, and splanchnic glucose
production was 0.93 mg/kg fat-free mass per min. Glucose up-

take and glucose model parameters were independently mea-

sured in tissues by positron emission tomography with 18F-
fluoro-2-deoxy-D-glucose. Glucose uptake by heart muscle,
liver, skeletal muscle, and neoplasm accounted for 0.8, 14, 44,
and 15%of total glucose use, respectively. Model parameters in
liver and neoplasm were not significantly different, and glucose
transport and phosphorylation were twofold and fourfold
greater than in muscle. This suggests that circulating IGF-II-
like proteins are partial insulin agonists, and that hypoglyce-
mia in hepatoma with IGF-II production is predominantly due
to glucose uptake by skeletal muscle and suppression of glu-
cose production. (J. Clin. Invest. 1992. 89:1958-1963.) Key
words: hypoglycemia - hepatoma * insulin-like growth factor-II
* positron emission tomography - non-islet-cell tumor

Introduction

Primary hepatocellular carcinoma is frequently complicated
by hypoglycemia, which may occur as a terminal event due to
hepatic failure (type A presentation), or in some cases, early in
the course of the disease (type B presentation) (1, 2). The latter
patients have many features in common with other patients
with non-islet-cell tumor hypoglycemia due to mesenchymal
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or epithelial tumors, namely, production of insulin-like growth
factor II (IGF-II)1 protein (3-12). Studies of the mechanism of
hypoglycemia have implicated suppression of splanchnic glu-
cose production and stimulation of peripheral glucose use, as
well as functional growth hormone deficiency (8-10, 13-20).
Use of glucose by the neoplasm is an additional factor that has
been considered and studied in a few cases, but has been diffi-
cult to measure (21-24). Study of hepatic glucose metabolism
in patients with hepatoma is complicated by the possibility of
local effects of the tumor on hepatic function, and has not been
performed using modern techniques.

Wehad the rare opportunity to study a patient with pri-
mary hepatoma who had undergone successful liver transplan-
tation, but who developed hypoglycemia coincident with extra-
hepatic recurrence of the neoplasm. This allowed assessment of
liver glucose metabolism in a patient whose liver was free of
tumor. Weused positron emission tomography (PET) with
fluorodeoxyglucose, a noninvasive technique that has been
used to measure glucose metabolism in normal and neoplastic
tissues (25, 26), in conjunction with measurement of glucose
turnover by isotope dilution to assess the effects of the tumor
on whole body metabolism and the contribution of tumor glu-
cose use to hypoglycemia.

A 33-yr-old black male presented with a bleeding duodenal
ulcer in July 1988. At surgery, the liver was found to be in-
volved with tumor, and biopsy showed hepatocellular carci-
noma. Staging workup showed no evidence of metastases, and
in May 1989 he underwent an orthotopic liver transplant. Re-
gional lymph nodes were negative for metastases. He was
treated with cyclosporin A and prednisone posttransplant, and
did well until December 1989 when he presented with symp-
toms of acute hypoglycemia and a glucose of 1. 12 mM.Chest x
ray showed multiple metastases, and abdominal computerized
tomography (CT) scan showed a large retroperitoneal mass on
the right. Somatostatin analogue was without benefit. The pa-
tient was maintained on a dextrose infusion (150 ml/h of 10%
dextrose), and was treated with six cycles of cytoxan, adriamy-
cin, and vincristine. He responded partially, but continued to
require dextrose infusions. 3 mo after completing this treat-

1. Abbreviations used in this paper: ANOVA,analysis of variance; CT,
computerized tomography; FDG, '8F-2-deoxyglucose; ffm, fat-free
mass; FMR, fractional metabolic rate; GH, growth hormone; IGF-II,
insulin-like growth factor-II; PET, positron emission tomography; Rd,
total glucose use.
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ment, he again presented with hypoglycemia and received two
cycles of cysplatinum and etoposide. Hypoglycemia persisted
and he was referred to the National Institutes of Health (NIH)
for evaluation. On admission, the patient was taking predni-
sone 30 mg/d, cyclosporin A 500 mg/d, and dapsone 100 mg/d.
On physical examination, the patient was 188 cm tall and
weighed 68.2 kg. An irregular mass was palpable in the right
abdomen extending from the costal margin to the iliac crest.
Abdominal CT showed a large retroperitoneal mass on the
right involving the capsule of the liver and the abdominal wall.
Routine liver chemistries were essentially normal during the
period of study.

The patient subsequently died of acute rejection of the liver
transplant. Postmortem examination confirmed that the liver
was essentially free of neoplasm, except for minimal invasion
of the capsule of the right lobe.

Methods

Tumor glucose use was determined by dynamic PETwith '8F-2-deoxy-
glucose (FDG), using a body scanner (Posicam 6.5; Positron Corp.,
Houston, TX). The study was performed after an overnight fast with
20% dextrose in water running continuously to maintain the patient's
blood glucose. The dextrose infusion was continued during the PET
scan. The PET study was initiated by injecting 5 mCi of FDGas an
intravenous bolus over 2 min. Arterial plasma radioactivity was deter-
mined by rapid sampling of arterial blood through an indwelling radial
artery catheter at intervals of 15 s initially, decreasing to 10 min by the
end of the study (120 min). Coincidence data were collected continu-
ously in list mode and were later reformatted and reconstructed to
produce images with in-plane resolution of 9 mm. The PET scan was
registered to a CT scan for the purpose of identifying anatomical re-
gions of interest. PET scans were analyzed using the MIRAGEimage
analysis system (Department of Nuclear Medicine, NIH, Bethesda,
MD). Time activity curves for elliptical regions of interest in heart,
liver, forearm, and paraspinal muscle were analyzed. Fractional FDG
uptake (Klk3/(k2 + k3), inward glucose transport (K1), outward trans-
port (k2), phosphorylation (k3), and dephosphorylation of glucose-6-
phosphate (Q4) were estimated by nonlinear least squares optimization
using a two-compartment model that included the blood pool. Plasma
radioactivity was corrected for metabolites of FDG. Rates of glucose
use were determined from the average plasma glucose during the up-
take period (8.7 mM), fractional metabolic rate for FDG, and lumped
constant, as previously described (25, 27, 28).

The lumped constant is an empirically derived constant that is used
to determine the rate of glucose uptake from the fractional rate of FDG
uptake derived from the PET scans. Weused literature values for the
lumped constant of 0.67 (29) for myocardium and 1.0 for muscle (30),
and assumed that the constant was 1 for liver and for neoplasm. Glu-
cose use was also compared in regions of interest by Patlak analysis
(31, 32).

To determine organ and tumor glucose use, the volume of the neo-
plasm and liver were measured from chest and abdominal CT scans,
using a conversion factor of 0.198 ml/pixel. The neoplasm was 1,487
ml and the liver 2,071 ml. For estimation of tissue weight, the density
was assumed to be 1 g/ml, and the heart was assumed to weigh 325 g.

Glucose turnover was measured by primed (0.3 uCi) continuous
infusion (0.3 uCi/min) of [3-3H]glucose (gift from Dr. C. Bogardus
NIDDK, Phoenix, AZ), and started at the same time as the injection of
FDGfor the PET scan. Glucose turnover (R.) was calculated using the
non-steady-state equation of Steele (33), as modified by DeBodo (34),
using a pool volume of 210 ml (35) and a pool fraction of 0.653 (36).
Hepatic glucose production was calculated by subtracting the steady-
state glucose infusion rate from R,. Body fat was estimated by transder-
mal infrared spectroscopy (Futrex 5000; Futrex Inc., Gaithersburg,
MD), an empirical technique that correlates highly with results ob-

tained using underwater weighing in adults and children over a wide
range of body weights and body fat. Although this technique has not
been validated in patients with malignancy, the test yielded a result of
10.3%, which was consistent with the patient's physical examination
which showed reduced subcutaneous tissue with good muscle mass.
The patient did not appear cachectic at the time of study. Glucose
turnover, hepatic glucose production, and tumor glucose use are ex-
pressed as mg/kg. ffm (fat-free mass) (61.6 kg)/min. Muscle mass was
estimated to be 34.9% of ffin body mass (21.5 kg) (37).

RNAwas extracted from tumor and normal tissue using guanidin-
ium thiocyanate and LiCl precipitation, as previously described (38).
Solution hybridization/RNAase protection assays were performed
with 20-,ug aliquots of total RNAfrom the tumor, as well as from liver,
spleen, and kidney (39). Samples were hybridized with an antisense
RNAprobe complimentary to the human IGF-II mRNAsequence in
the 5'-untranslated region and the region encoding part of the mature
peptide (40).

Blood levels of IGF-I, IGF-II, glucagon, growth hormone, and insu-
lin were measured by RIA, and catecholamines by HPLC (Nichols
Institute, San Juan Capistrano, CA).

IGF-II components were measured using a rat placental membrane
radioreceptor assay after SePpak C- 18 purification (41). High molecu-
lar mass (15,000 D) IGF-II was estimated by radioimmunoassay, using
an antibody against the E-peptide of the prohormone (4 la). Western
ligand blot showed IGF BP-3 and IGF BP-2 as major IGFBPs, as re-
ported by Zapf (42).

Data are expressed as mean±SD, unless otherwise indicated. Analy-
sis of variance (ANOVA) was used for testing the null hypothesis that
the rate parameters of glucose metabolism were the same in the tissues
studied. If the ANOVAshowed a P < 0.05, post hoc Newman-Keul's
tests were used to determine significant differences between individual
tissues (43). A P < 0.05 was considered statistically significant.

This patient was studied under protocol 87-DK-188, which was
approved by the clinical research subpanel ofthe National Cancer Insti-
tute. Informed consent was obtained.

Results

To assess the etiology of the patient's hypoglycemia, the dex-
trose infusion was interrupted and the patient's blood glucose
measured every 10 min for 2 h. The blood glucose fell to 1.12
mM, at which time the patient was alert and oriented. At the
time of hypoglycemia growth hormone (GH) and insulin were
undetectable, glucagon was 12 pM(4-20 normal), epinephrine
2,574 pM(< 495 normal), norepinephrine 4.4 pM(< 3.6 nor-
mal). The patient was not ketotic. IGF-I was 0.1 U/ml (0.3-1.9
normal) and IGF-II 667 ng/ml (358-854 normal). After C18
chromatography and radioreceptor assay, the concentration of
M, 7,500 IGF-II was 970±263 ng/ml (normal 664±263 ng/ml),
Mr 2,400 material (E-peptide) 76±8 ng/ml (normal 20±5 ng/
ml), and Mr 15,000 material 317±31 ng/ml (normal 84±21
ng/ml). Relative to total circulating IGF-II the Mr 15,000 mate-
rial represented 32%of the total activity, compared with 12.7%
in normal serum, and E-peptide represented 8%, compared
with 3% in normal serum. A solution hybridization/RNAase
protection assay demonstrated a distinct hybridizing band with
tumor RNAcorresponding to typical IGF-II mRNAthat was
not seen in tissue from kidney, liver, or spleen.

During the PET scan the rates of glucose use and glucose
production were 7.74 and 0.93 mg/kg. ffm per min, respec-
tively. The accumulation of '8F radioactivity by liver and neo-
plasm were similar, reaching 90, 160, and 305 nCi/ml of tissue,
respectively (Fig. 1). Patlak plot analysis of these data showed
that the distribution volume of FDGin heart muscle and liver
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Figure 1. Tissue uptake of '8F-radioactivity plotted as a function of
time for representative regions of myocardium (- ),
liver (- * -), and neoplasm ( -). Data are expressed as nCi/ml
of tissue.

reached steady state with respect to accumulation of radioactiv-
ity, while the tumor regions continued to accumulate radioac-
tivity with time, and are consistent with metabolic rates for
glucose in the order of neoplasm > liver > myocardium.

Table I depicts the results of analysis glucose metabolism of
heart, liver, skeletal muscle, and neoplasm from the PET scans.
Shown are the rate constants (mean±SD) derived from the
time-activity curves for each region, and the calculated meta-
bolic rates for each tissue expressed per 100 g of tissue (MR
tissue) and as milligrams fat-free body mass per minute (MR
body). These rates are also expressed as a percent of total glu-
cose use (%Rd), determined by isotope dilution. We deter-
mined that tumor glucose use accounted for 15% of total glu-
cose use, or 105 g/d (71 mg/g tumor per d). This is in the range
of prior reports of 1 1-120 mg/g neoplasm per day based on
direct measurement of glucose use in vitro in tumor tissue from
patients with non-islet-cell tumors and hypoglycemia (13, 14,
16, 21-24). The rate of glucose use is also consistent with stud-
ies of musculoskeletal tumors of the extremities in patients
without hypoglycemia, where the mean rate of glucose use
estimated by PET ranged from 37 to 131 mg/g neoplasm
per d (26).

Analysis of the rate parameters for glucose metabolism
showed that glucose transport by the neoplasm (K1 ) was signifi-
cantly greater than in heart and skeletal muscle, but was not
significantly different from liver. No significant difference in
outward glucose transport (k2) was observed. The group P
(ANOVA) for k3 was significant (P = 0.0241), but post hoc
analysis did not show significant differences between the tis-
sues, probably due to the large errors in parameter estimation.
Loss of radioactivity from the tissues (k4) was negligible for
myocardium and skeletal muscle, and was similar for liver and
tumor. Liver and neoplasm metabolized two to four times
more glucose per volume of tissue than heart and skeletal mus-
cle (Table I).

Discussion

Hypoglycemia developing early in the course of hepatocellular
carcinoma is a distinct clinical syndrome (type B) that is less

common than the development of hypoglycemia during the
terminal stages of the disease due to liver failure (type A) (1).
The type B presentation is commonin patients with hepatocel-
lular carcinoma in Hong Kong, occurring in 13% of patients,
but is rare in western countries (2). Our patient has the features
of the type B presentation. Hypoglycemia occurred early in the
course of the disease when there was no evidence of liver in-
volvement or failure, and required infusions of dextrose to
maintain hypoglycemia. Our patient also showed biochemical
features that have been described in this syndrome, namely
suppression of insulin and IGF-I, expression of mRNAfor
IGF-II by the neoplasm, and circulating higher molecular
weight components of IGF-II precursor (5, 6). Similar findings
have been reported in patients with mesenchymal tumors and
hypoglycemia (3, 4, 8-11, 43a-47).

Hypoglycemia in association with non-islet-cell tumors
has been attributed to production of IGF-II-like proteins by the
tumor, counterregulatory hormone deficiency, and glucose use
by tumor (48). Studies of glucose metabolism in affected pa-
tients with mesenchymal tumors demonstrated variable sup-
pression of splanchnic glucose production and stimulation of
peripheral glucose use (14-20), but have not used modern tech-
niques to study patients with hepatoma (1, 2, 13). Our patient
offered a rare opportunity to study liver and tumor glucose
metabolism without the interpretation of the results being
complicated by the presence of tumor in the liver.

Weobserved partial suppression of splanchnic glucose pro-
duction to about 42%of the rate seen in normal subjects in the
postabsorptive state (2.2 mg/kg per min), similar to the early
report by Landau (13). The absence of maximal rates of glucose
production in the face of absent insulin by RIA is presumably
due to circulating IGF-related peptides, although GH defi-
ciency and subnormal glucagon response to hypoglycemia may
have been contributing factors (49). GHtreatment has tran-
siently improved hypoglycemia, and glucagon given by infu-
sion pump for 16 wk improved hypoglycemia in a patient with
a neurofibrosarcoma (50). Alpha and beta cells of the islets of
Langerhans have receptors for IGF, and IGF infusion sup-
pressed insulin and glucagon release from the isolated perfused
rat pancreas. Thus, direct action of IGF on alpha cells may
explain the inappropriate levels of glucagon observed during
hypoglycemia in our patient (5 1).

In the postabsorptive state in normal man, - 20% of glu-
cose use is by liver, 60%by brain, and 20%by muscle and other
tissues (52). During a hyperinsulinemic, euglycemic glucose
clamp the corresponding percentages of total glucose use are 5,
10, and 85% (52). The glucose use rate in our patient (7.74
mg/kg . ffm per min) is similar to maximally insulinized, insu-
lin-sensitive subjects, and is remarkable because insulin levels
were undetected by RIA and the patient was taking prednisone,
an agent that produces insulin resistance at the postreceptor
level (53).

Our findings are quite different than in patients with ad-
vanced malignancy without hypoglycemia. Cerosimo et al.
studied glucose turnover using similar techniques to ours in
patients with cancer cachexia (54). They observed increased
basal glucose production (2.9 mg/kg per min) in the postab-
sorptive state, and a slight rightward shift in the hepatic dose-
response curve for suppression of glucose production. The
dose-response curve for peripheral glucose uptake demon-
strated a decrease in V,, , compared with control subjects. Our
studies are strikingly different because in the postabsorptive
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Table I. Model Parameters and Glucose Use Determinedfrom the PETScans

MR MR Percentage of
Parameter KI k2 k3 k4 Kl/k2 Ki per (k2 + k3) FMR Tissue Body Rd Glucose use

Heart
Mean 0.0413 0.1387 0.0222 -0.0147 0.3088 0.2757 0.0050 1.16 0.06 0.8% 5
SD 0.0257 0.0499 0.0226 0.0261 0.0681 0.0818 0.0038

Liver
Mean 0.0846 0.2441 0.0926 0.0242 0.3966 0.2993 0.0213 3.30 1.12 14% 98
SD 0.1670 0.1287 0.0789 0.0162 0.1262 0.1112 0.0096

Muscle
Mean 0.0387 0.299 0.0861 0.0065 0.1658 0.1258 0.0063 0.97 3.39 44% 301
SD 0.0281 0.2609 0.103 0.0428 0.0762 0.065 0.003

Neoplasm
Mean 0.0847 0.1616 0.0970 0.0183 0.5538 0.3436 0.0317 4.91 1.19 15% 105
SD 0.0134 0.0686 0.0317 0.0068 0.1548 0.0949 0.0069

Subtotal total 5.71 74% 510
Unaccounted for 2.03 26% 177
Total Rd 7.74 100% 687
ANOVAP= 0.0001 NS 0.0241 0.0088 0.0001 0.0001 0.0001
Newman-Keul's

P < value shown
H vs L 0.01 NS NS 0.05 NS NS 0.01
H vs M NS NS NS NS NS 0.05 NS
H vs T 0.01 NS NS 0.05 0.01 NS 0.01
L vs M 0.01 NS NS NS 0.05 0.05 0.01
L vs T NS NS NS NS 0.05 NS 0.01
T vs M 0.01 NS NS NS 0.01 0.01 0.01

Model parameters and fractional metabolic rate of FDG(FMR) were determined by least squares estimation of regions of interest in heart, liver,
skeletal muscle, and tumor. The metabolic rate of the tissues (MR Tissue) were calculated by multiplying the fractional metabolic rate (FMR)
for the tissue by the mean glucose during the PET scan and dividing by the lumped constant, and are expressed as milligrams glucose/100 g tissue
per min. The contribution of tissue glucose use to whole body glucose use (MR Body), was determined by multiplying MRTissue X tissue
weight, and are expressed as mgglucose/kg fat-free body mass per min. Values for MRbody are also expressed as the percent of Rd, determined
by isotope dilution with tritiated glucose. The last column of the table gives the amount of glucose used by each tissue in grams per day.
ANOVAwas performed on each of the rate parameters, and the group "P" value determined (ANOVAP). Post hoc comparisons of heart (H),
liver (L), muscle (M), and tumor (T) by Newman-Keul's tests are shown at the bottom of the table, with the comparison tissues (i.e., H vs L)
on the left, and the significance for each model parameter under the corresponding columns. For all tests P values are less than the number
shown, and NS, not significant.

state in our patient basal glucose production was 30% of the
rate observed by Cerosimo et al., despite suppression of insulin
secretion to undetectable levels. Furthermore, in our patient
peripheral glucose uptake was similar to the rate observed in
the patients with malignancy at insulin concentrations of

- 200 AU/ml, again despite unmeasurable insulin. Their pa-
tients may not be comparable with our patient, in that their
patients had a mean weight of 63 kg and were considered ca-
chectic, whereas the degree of weight loss was less in our pa-
tient, who did not appear cachectic.

Using the PET scans to make an independent measure of
tissue glucose uptake, we found that 14% of glucose was used
by liver, 44%by muscle, and 15%by the neoplasm, leaving 26%
of total glucose use unaccounted for (Table I). If we assume
normal brain glucose use of 0.6*2.2 mg/kg per min (1.32 mg/
kg per min), brain glucose use would account for about 17% of
glucose use, leaving about 10% for metabolism by other tissues.
Thus the physiology in this patient was intermediate between
the postabsorptive state and maximal insulinization, with less
suppression of hepatic glucose production and less stimulation
of muscle glucose use than observed in the maximally insulin-

ized normal subject, and suggests that circulating IGF-II-like
peptides are partial insulin agonists. The effects on muscle are
probably mediated through the type I IGF receptor (55), and
through the insulin receptor in adipose tissue and liver (56).

Previous estimates of tumor glucose use have been based on
measurement of A-V differences across the tumor or on extrap-
olation from in vitro studies of tumor tissue, and have ranged
from 8 to 139 mg/kg tumor per min (13, 14, 16, 21-24). The
rate of tumor glucose use measured from the PETscans in our
patient, 49 mg/kg neoplasm per min, is consistent with these
reports. The high rates of glucose use are thought to be due to
increased anaerobic glycolysis resulting from a deficient Pas-
teur effect in the tumor (57).

The rate of inward glucose transport, represented by K1 in
the glucose model, was the same in liver and neoplasm, was
significantly greater than in myocardium and skeletal muscle
(Table I), and was similar to the rate of transport estimated by
PET in gray matter (0.1020) (58). This confirms that glucose
transport in hepatoma, like liver and brain, is hormone inde-
pendent (21). Myocardial glucose use (1.16 mg/ 100 g per min)
was intermediate between rates at rest (0.22 mg/100 g per min)
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and during hyperinsulinemia (21 mg/ 100 g per min), consis-
tent with a weak effect of IGF-like peptides, probably mediated
through IGF receptors (59, 60). The relative ratio of heart/ske-
letal muscle uptake was 1.19, in contrast to studies with hyper-
insulinemia where myocardial uptake is 15-fold greater
(60). Wealso observed negligible k4 in myocardium and skele-
tal muscle, with the value for skeletal muscle similar to that
reported for brain (0.0065) (58). Our findings are consistent
with the absence of significant glucose-6-phosphatase activity
in myocardium and skeletal muscle, and with continued he-
patic glucose production in our patient.

The amount of glucose use by the neoplasm in our patient
was relatively small in comparison with total glucose use, and
the rate of use was similar to normal tissues (i.e., liver) and to
rates of glucose use in musculoskeletal tumors of the extremi-
ties not associated with hypoglycemia (26). Thus, glucose use
by the neoplasm, while contributing to the total glucose require-
ment, would be insufficient to produce hypoglycemia unless
homeostatic mechanisms were impaired, as they were in this
patient. Stimulation of glucose uptake by muscle played the
greatest role in producing hypoglycemia, and glucose produc-
tion by splanchnic tissues was partially impaired, although not
to the extent seen in insulinized patients with high rates of
glucose uptake.

Mesenchymal and epithelial tumors associated with hypo-
glycemia are usually large at the time of diagnosis, and are
more likely to be located in anatomical sites where a large tu-
mor burden can develop with relatively minor symptoms of
mass effect (61). For example, fibrosarcoma, the mesenchymal
neoplasm most commonly reported with hypoglycemia, oc-
curs most commonly in the extremities, yet is associated with
hypoglycemia when it occurs in the retroperitoneal space, ab-
domen, pelvis, or thorax. This is probably because IGF-II-like
proteins are partial insulin agonists, and protein production
may be inefficient.
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