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Abstract

Aims Our aim was to investigate the glucose uptake in cancer patients suffering from different entities, using *®F-FDG pos-
itron emission tomography—computed tomography scans. We further aimed at identifying potential variables altering cardiac
and skeletal muscle glucose metabolism.

Methods and results In a retrospective cohort study, we analysed cardiac and skeletal muscle *®F-FDG uptake in onco-
positron emission tomography—computed tomography scans in adult patients suffering from Hodgkin’s lymphoma, non-
Hodgkin’s lymphoma, and non-lymphatic cancer including patients suffering from thyroid cancer, bronchial carcinoma, and
malignant melanoma. Univariate logistic regression models were created for increased cardiac and skeletal muscle *8F-FDG
uptake using cancer entity, sex, age, previous radiation, previous chemotherapy, diabetes, obesity, serum glucose levels, renal
function, and thyroid function as parameters. Multivariate models were created by selecting variables according to Akaike’s
information criterion in a step-down approach. Between 2014 and 2018, a total of 337 consecutive patients suffering from
Hodgkin’s lymphoma (n = 52), non-Hodgkin’s lymphoma (n = 57), and non-lymphatic cancer (n = 228) were included in the
analysis. Univariate logistic regression models showed high serum glucose levels to be associated with lower absorption rates
in both cardiac and skeletal muscle (odds ratio [OR] 0.38 [0.23, 0.60, 95% confidence interval—Cl], P < 0.0001, and 0.52 [0.33,
0.82, 95% Cl], P < 0.005, respectively). Hodgkin’s lymphoma was associated with an increase in cardiac uptake (OR 2.4 [1.3,
4.5, 95% Cl], P < 0.005). Decreased skeletal muscle *®F-FDG uptake was noted in elderly and obese patients. In our multivar-
jate analysis, Hodgkin’s lymphoma patients showed higher cardiac *®F-FDG uptake, while non-Hodgkin’s lymphoma patients
did not differ significantly from non-lymphatic cancer patients (OR 1.6 [0.7, 3.3, 95% Cl], P = 0.24). High serum glucose levels
and prior chemotherapy were both associated with a significantly decreased cardiac *®F-FDG uptake (OR 0.40 [0.24, 0.65, 95%
Cl], P < 0.0005, and 0.50 [0.27, 0.90, 95% Cl], P < 0.05, respectively). Notably, prior chemotherapy did not influence FDG
uptake in skeletal muscle to the same extent. Obesity and older age were both significantly associated with decreased gluteal
BEFDG uptake (OR 0.49 [0.27, 0.89, 95% Cl], P < 0.05, and 0.47 [0.25, 0.87, 95% Cl], P < 0.05).

Conclusions Our data provide evidence for metabolic alterations in patients with Hodgkin’s lymphoma related to cardiac
glucose uptake in humans. This effect was independent from skeletal muscle metabolism.
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Introduction

Systemic metabolic effects of tumours have been linked to ca-
chexia and cardiac wasting.> Additionally, preclinical studies
postulate a potential direct crosstalk between cancer cells
and cardiomyocytes. Secreted ‘cachexokines’ can lead to det-
rimental cardiac metabolic changes, marked by an increased
glucose metabolism, while the healthy heart metabolizes pre-
dominantly fatty acids.>™* Furthermore, in vivo animal data on
colon cancer and malignant melanoma linked systemic insulin
depletion to a dysregulation of the cardiac glucose metabo-
lism, visualized by 2-deoxy-2-(*8F)fluoro-p-glucose (FDG) posi-
tron emission tomography in combination with a low-dose
computed tomography (PET-CT) scans.® In humans, there
are currently no data available for metabolic cardiac changes
in cancer patients suffering from different tumour entitites.

Labelled metabolites used in PET-CT are an established
method to visualize and calculate metabolic activity in tissues
(Figure 1). So far, limited data are available linking PET-CT
scans to human cardiac metabolism. FDG PET-CT is commonly
used to screen for metastases and assess neoplastic meta-
bolic activity in distinct types of cancer. Recent studies were
able to provide data for a potential cardio-metabolic effect
of radiotherapy using an 1'**-labelled fatty acid analogue
and FDG PET-CT scans.®™®

The goal of our analysis was to investigate possible alter-
ations of the cardiac glucose uptake in cancer patients
suffering from different tumour entities by using FDG PET-
CT scans. We further aimed at investigating differences in
cardiac and skeletal muscle FDG uptake.

Methods

We retrospectively analysed PET-CT scans from adult patients
presenting in our nuclear medicine department between 2014
and 2018 suffering from Hodgkin’s lymphoma, non-Hodgkin’s
lymphoma, and non-lymphatic cancer, namely, thyroid
carcinoma, bronchial carcinoma, and malignant melanoma.
The study was conducted according to the principles of the
Declaration of Helsinki. Approval for this research was granted
by the local research ethics committee. Patient-related infor-
mation was pseudonymized upon data extraction.

Positron emission tomography—computed tomography
scans were performed according to a standard protocol.
350 to 370 mBg FDG was administered intravenously
60 min prior to the examination. A low-dose whole-body CT
scan (Siemens Biograph, Siemens Healthcare Diagnostics,
Eschborn, Germany) was used for attenuation correction

Figure 1 FDG positron emission tomography—computed tomography (PET-CT) functionality and exemplary images. In the heart, FDG is absorbed like
glucose and phosphorylated by hexokinase (A). Phosphorylated FDG does not enter glycolysis and cannot leave the cell via GLUT transporters (meta-
bolic trap). Beta-decay converts FDG to glucose (B). The subsequent annihilation reaction creates a gamma ray, which is detected by the PET scanner.
Low-dose CT scans are used for image fusion (C, E). Fused images including PET and CT (C, E) information are depicted in (D) and (F). High signal density
is coloured in red, and low signal density is coloured in blue and green. (C) and (D) are taken from a Hodgkin’s lymphoma patient, and (E) and (F) are
taken from a non-Hodgkin’s lymphoma patient. Note the higher signal density in the left ventricle of a Hodgkin’s lymphoma patient (D vs. F). SUV,

standardized uptake value.
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and image fusion. Following the CT scan, a three-dimensional
emission scan was performed. Raw data were iteratively re-
constructed and analysed using regions of interest as well
as standardized uptake values (SUVs). Signals were measured
in the free left ventricular wall, the aorta, and the gluteus
muscle. The mean SUV of the region of interest was reported.
The ROI was selected based on anatomic structures, not SUV
intensity. Signals from the heart and gluteus muscle were
normalized to the aorta. These ratios were subsequently
logarithmized to achieve normal distribution.

Patient characteristics included sex, age, body mass index
(BMl), patient history (prior chemotherapy, prior radiotherapy,
and diabetes), serum creatinine levels, the estimated glomerular
filtration rate (Chronic Kidney Disease Epidemiology Collabora-
tion (CKD-EPI) method), thyroid-stimulating hormone levels,
and fasting serum glucose levels. In addition, the cumulative
doxorubicin dose was reported for all lymphoma patients. Data
on left ventricular function were also collected, where available.

Statistical analyses were performed with R version 3.4.4
using the MASS and ggplot2 packages.”** Non-normal dis-
tributed values are reported as median * interquartile range
(IQR) and compared using Wilcoxon rank-sum tests. FDG ab-
sorption ratios were logarithmized to achieve normal distri-
bution. An analysis of variance test was performed to test
for differences within the groups. Tukey’s honest significant
difference method was applied for P-level adjustment. Uni-
variate logistic regression models were established, and odds
ratios (ORs) and 95% confidence intervals (Cls) were calcu-
lated for logarithmized signal ratios above the mean using
each characteristic as variable. Multivariate models were

Table 1 Study population

created by selecting the variables according to Akaike’s infor-
mation criterion in a step-down approach.12 Logistic regres-
sion results are reported with OR and a 95% Cl.

Results

Between 2014 and 2018, a total of 337 patients suffering
from Hodgkin’s lymphoma (n = 52), non-Hodgkin’s lymphoma
(n = 57), and non-lymphatic cancer (n = 228) were analysed
(Table 1). In this heterogeneous group, comprising patients
with malignant melanoma (n = 81), thyroid cancer (n = 43),
and bronchial carcinoma (n = 108), all non-lymphatic cancer
patients exhibited comparable cardiac FDG uptake (cardiac/
aortic SUV: melanoma 2.3 + 2.4, thyroid cancer 2.0 + 1.9,
and bronchial carcinoma 2.0 + 2.4 [median * IQR]). In
contrast, patients with Hodgkin’s lymphoma showed a
significantly increased absorption when compared with
non-lymphatic cancer patients (3.5 + 3.6 vs. 2.1 + 2.3
[median % IQR], P < 0.02), while those with non-Hodgkin’s
lymphoma had equal absorption rates (2.1 +* 2.3 wvs.
2.1 + 2.1 [median % IQR], P = 0.51). In a subset of lymphoma
patients with available echocardiographic data (n = 76),
patients exhibiting cardiac diastolic or systolic dysfunction
(n = 22) showed similar FDG absorption levels as compared
with their controls (n = 54, P = 0.69, Wilcoxon rank-sum test,
data not shown.) We further did not observe associated
changes in cardiac hypertrophy (septal wall thickness) or left
ventricular end-diastolic diameter.

HL (n = 52) NHL (n = 57) No lymphoma (n = 228)
Male sex 62% 72% 61%
Age 40 + 15 50 = 17 64 =13 wek o EEE A
BMI (kg/mz) 25.11 £ 5.01 25.99 + 7.67 25.88 + 4.64
Prior chemotherapy 98% 93% 36% R A
Doxorubicin dose (mg/mz) 179 + 143 220 = 113 NA
Prior radiotherapy 23% 40% 57% #EE
Serum glucose levels (mmol/L) 5.6 1.7 54+ 1.1 6.0+ 1.3 T
Diabetes mellitus 6% 12% 16%
Serum creatinine levels (umol/L) 72 + 22 72 =18 79 + 31
Glomerular filtration rate (mL/min * 1.73 m?) 111 + 18 101 = 20 85 + 20 EE A
Increased TSH (>4.0 mU/L) 4.3% 11.5% 24.3% #

BMI, body mass index; HL, Hodgkin’s lymphoma; NHL, non-Hodgkin’s lymphoma; TSH, thyroid-stimulating hormone.
Continuous data are reported as mean = standard deviation. Count data are reported as percentages. Statistics: Tukey’s honest signifi-
cance test was used for continuous data, and Yates's > test was used for count data applying Holm’s method for P-value adjustment.

*P < 0.05 (HL vs. NHL).

**P < 0.01 (HL vs. NHL).

***p < 0.001 (HL vs. NHL).

#P < 0.05 (HL vs. no lymphoma).

##p < 0.01 (HL vs. no lymphoma).
###p < 0.001 (HL vs. no lymphoma).
*P < 0.05 (NHL vs. no lymphoma).
**P < 0.01 (NHL vs. no lymphoma).
***P < 0.001 (NHL vs. no lymphoma).
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To investigate the influence of further variables on cardiac
FDG uptake, we performed univariate logistic regression anal-
yses. Hodgkin’s lymphoma was associated with an increased
cardiac FDG uptake (OR 2.4 [1.3, 4.5, 95% ClI], P < 0.005),
while serum glucose levels above 5.5 mmol/L (OR 0.38
[0.23, 0.60, 95% Cl], P < 0.0001) and diabetes (OR 0.41
[0.19, 0.84, 95% Cl], P < 0.05) were significantly associated
with a decrease in cardiac FDG uptake. Notably, changes in
gluteal FDG uptake were not significantly associated with a
specific entity. Patients with advanced age (OR 0.62 [0.39,
0.99, 95% Cl], P < 0.05), a BMI above 25 kg/m?> (OR 0.47
[0.30, 0.74, 95% CI], P < 0.005), or serum glucose levels
above 5.5 mmol/L (OR 0.52 [0.33, 0.82, 95% CI], P < 0.005)
were more likely to show low gluteal FDG uptake (Figure 2).

We next calculated multivariate regression models. Vari-
ables were selected based on Akaike’s information criterion
in a step-down approach.'® The models included the cancer
entity, serum glucose levels above 5.5 mmol/L, previous che-
motherapy for cardiac FDG uptake (Figure 3A), glomerular fil-
tration rate below 60 mL/1.73 m?, previous chemotherapy,
BMI above 25 kg/m? and age above 50 years for gluteal
FDG uptake (Figure 3B). In the multivariate model, Hodgkin’s
lymphoma was still significantly associated with an increase
(OR 3.09 [1.46, 6.64, 95% CI], P < 0.005) and high serum glu-
cose levels with a decrease (OR 0.40 [0.24, 0.65, 95% Cl],
P < 0.0005) in cardiac FDG uptake, which indicates an effect,
independent from serum glucose concentration and previous
chemotherapy (Figure 3A). Notably, previous chemotherapy,
which was not significantly changed in the univariate analysis,
was accompanied by less FDG uptake in the multivariate
model (OR 0.50 [0.27, 0.90, 95% Cl], P < 0.05, compare
Figure 2 and Figure 3A). Gluteal FDG uptake was not signifi-
cantly altered with previous chemotherapy. Overweight and

Figure 3 Multivariate logistic regression analyses on cardiac (A) and glu-
teal (B) FDG uptake. Hodgkin’s lymphoma (HL) was significantly associ-
ated with high FDG absorption, while non-Hodgkin’s lymphoma (NHL)
did not differ significantly from non-lymphatic cancer. High serum glucose
levels and prior chemotherapy were both associated with a significant de-
crease in cardiac FDG uptake. Interestingly, prior chemotherapy did not
influence FDG uptake in skeletal muscle to the same extent. Obesity
and older age were both significantly associated with decreased gluteal
FDG uptake. Variables were selected in a step-down approach using
Akaike’s information criterion. BMI, body mass index; GFR, glomerular fil-
tration rate; OR, odds ratio.
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Figure 2 Univariate logistic regression analyses on cardiac and gluteal FDG uptake. Odds ratios (ORs) with 95% confidence intervals and P-values are
depicted for higher cardiac (left) or gluteal (right) ®rFDG absorption. Serum glucose levels above 5.5 mmol/L were significantly associated with lower
absorption rates in both cardiac and skeletal muscle, while Hodgkin’s lymphoma (HL) was only associated with an increase in cardiac absorption. BMI,
body mass index; GFR, glomerular filtration rate; NHL, non-Hodgkin’s lymphoma; TSH, thyroid-stimulating hormone.
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advanced age, however, were associated with decreased FDG
uptake (Figure 3B). These findings indicate that different
lymphoma entities exert distinct effects on cardiac glucose
metabolism, which are not discernible in skeletal muscle
(Figures 2 and 3).

Discussion

Based on an unbiased approach analysing ' F-FDG uptake in
patients with different cancer entities, we found an increased
cardiac FDG uptake in patients with Hodgkin’s lymphoma. In-
terestingly, these findings were not explained by differences
in serum glucose levels or prior chemotherapy, which were
in turn associated with a significant decrease in cardiac FDG
uptake. This effect was not linked to systemic cachexia, and
alterations in skeletal muscle glucose metabolism were
mainly correlated with other factors, such as age and obesity.
Of note, ‘metabolic remodelling’ and substrate utilization
characterize the transition to heart failure.'>'* Moreover,
metabolic changes towards more glucose uptake were shown
to be sufficient to induce cardiac dysfunction.?

In line with findings on heart failure, two studies analysing
the effects of anthracyclines on FDG uptake in a total of 113
Hodgkin’s lymphoma patients found a gradual increase in
FDG uptake over time while on anthracycline treatment.*>*®
This increase was associated with a decrease in left ventricular
function.® Furthermore, a low left ventricular FDG uptake be-
fore doxorubicin treatment was associated with the develop-
ment of chemotherapy-induced cardiotoxicity.'® The reason
why a low cardiac left ventricular FDG uptake at baseline is as-
sociated with the development of chemotherapy-induced
cardiotoxicity is yet not quite understood.

A study analysing sequential PET-CTs of 20 lymphoma
patients noted a spatially and temporally heterogeneous
FDG uptake (SUVnax) not explained by fasting, age, gender,
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