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Warming patients by changing the ambient environment (rather
than core temperature) has been reported to reduce brown
adipose tissue activity, thereby reducing artifacts in 18F-FDG
PET. Nonetheless, a reduction in cardiac uptake of 18F-FDG
has been incidentally noted during ambient warming. This study
examined the impact of seasonal variations in ambient temper-
atures on cardiac uptake of 18F-FDG. Methods: Consecutive
18F-FDG PET patients were recruited into summer and winter
cohorts. The protocol was highly standardized; however, data
were excluded when scanning took place other than 60 min after
injection. Mean and maximum counts per pixel in the cardiac
region and cardiac standardized uptake value were determined
and correlated with the daily minimum, maximum, and mean
temperature (day of scan), mean temperature on the scan day
and preceding 2 d (3-d window), and mean temperature 1, 2, 3,
and 4 wk before scanning. Results: No statistically significant
differences were noted between cohorts (summer and winter) for
age, sex, weight, height, or dose. As expected, the summer
cohort was associated with statistically higher minimum, max-
imum, and mean temperatures, longer days, and greater sun-
light hours (all P , 0.001). The mean and maximum heart
counts were statistically higher in winter than summer (P 5
0.031 and P 5 0.024, respectively). The cardiac standardized
uptake value was statistically higher for winter than summer
(P 5 0.026). The key factors in cardiac accumulation of 18F-
FDG were the minimum temperature on the day of the scan
and the 3-d mean temperature. Conclusion: Cardiac accumu-
lation of 18F-FDG is influenced by the ambient temperature, in
particular the minimum temperature on the day of the scan and
the 3-d average temperature before the scan. Further investi-
gation is warranted to examine the impact of this observation
on clinical protocols and cardiac 18F-FDG PET study results.
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PET with the glucose analog tracer 18F-FDG evaluates
cellular metabolism and is commonly used for the detection
and staging of disease in oncology patients (1–3). 18F-FDG

PET is also widely used to assess myocardial viability (4,5).
18F-FDG PET in oncology has been reported to confront
issues with artifactual accumulation of 18F-FDG in brown
adipose tissue (BAT) (6). Warming patients by changing the
ambient environment (rather than core temperature) has
been reported to successfully reduce BAT activity; however,
one recent report noted that warming patients also reduced
cardiac uptake of 18F-FDG (Fig. 1) (6). Although this ob-
servation may relate to seasonal variations in cardiac event
rates, there may also be important implications for cardiac
18F-FDG PET diagnostic integrity. Cardiac glucose metab-
olism depends on numerous factors including substrate
availability, cardiac workload, myocardial perfusion, and
medication (7). Increased sympathetic activity drives in-
creased metabolic demand for glucose (8,9), and although
the connection has yet to be reported in the literature, this
investigation hypothesized that the increased sympathetic
activity associated with cooler ambient temperatures results
in comparatively increased cardiac 18F-FDG uptake over
a warmer ambient temperature.

MATERIALS AND METHODS

Patient Data
Consecutive patients undergoing whole-body oncologic 18F-

FDG PET scans were recruited for a summer period (n 5 25)
and subsequent winter period (n 5 37). PET scanning was per-
formed using a Discovery 64-slice time-of-flight PET/CT scanner
(GE Healthcare) in environmental conditions (room temperature)
identical between the 2 cohorts (internal climate control). A highly
standardized protocol was used in which patients fasted for at least
4 h before the PET procedure. A fasting blood sample was taken
from patients, and the blood glucose level was adjusted so that it
was within the reference range. Patients were well hydrated before
the procedure. Intravenous injection of 18F-FDG ranged between
208 and 370 MBq according to patient weight, with a mean dose
of 271 MBq. A 60-min isolated and relaxed radiopharmaceutical
uptake phase followed. Data were excluded when scanning took
place other than 60 min after injection because of the impact such
variation has on standardized uptake value (SUV) calculation.
Whole-body imaging was performed from the vertex to below
the knees. A diagnostic-quality, contrast-enhanced CT scan was
obtained through the brain, chest, abdomen, and pelvis, with low-
dose CT imaging performed elsewhere for attenuation correction
and lesion localization. PET images were reconstructed using
non–breath-hold CT-based attenuation correction with ordered-
subset expectation maximization iterative reconstruction for a
4-mm slice thickness. Mean and maximum counts per pixel
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and SUV in the cardiac and liver regions were determined using
whole-heart regions of interest around mid-coronal slices. Cardiac
18F-FDG SUV was determined as injected dose (MBq) divided by
weight (kg), subsequently divided into the average heart counts
per pixel. Patient age, height, weight, sex, and dose were recorded.
The project was approved by an appropriate institutional commit-
tee of ethics in human research.

Meteorologic Data
According to the patient scan date, meteorology records (public

data) were accessed to obtain weather details for the region
serviced by the imaging department. The mean, maximum,
and minimum daily temperatures were recorded for the day of
each patient procedure and for the preceding 2 d, 1 wk, 2 wk, 3
wk, and 4 wk. The daily global solar exposure leading up to each
scan date was available in kWh/m2 for the same period. Length of
daily sun time was calculated using data on time of sunrise and
sunset.

Statistical Analysis
Counts per pixel and SUV data were correlated with the season

plus the daily minimum, maximum, and mean temperature (day of
scan), mean temperature on the scan day and preceding 2 d (3-
d mean temperature), and mean temperature 1, 2, 3, and 4 wk
before scanning. Student t testing was used to assess continuous
data. The Pearson x2 test was used for categoric data with normal
distribution, and the likelihood ratio x2 (G2) test was used for
categoric data without normal distribution. A P value of less than
0.05 was considered significant. Normality of distribution was de-
termined using the Shapiro–Wilk W test, with a P value of less than
0.05 indicating that the data vary significantly from normality.

RESULTS

After exclusion of patients whose scanning took place
other than 60 min after injection, there were 45 patients: 18 in
summer and 27 in winter. There was no statistically
significant variation in this distribution from a hypothetical
even split (P 5 0.180). Men represented 57.8% (n 5 26) of
the study sample (P 5 0.297). The mean age was 67.7 y

FIGURE 1. PET scans in same patient under different ambient
temperatures showing reduction of BAT in warm temperatures
(right) and intense cardiac 18F-FDG uptake in cooler conditions
(left) (6).

TABLE 1
Summary of Key Variables in Summer and Winter

Variable Summer Winter P

Dose (mean) 274.6 MBq 269.0 MBq 0.533
Age (mean) 68.3 y 67.2 y 0.738
Sex 38.9% female 44.4% female 0.712
Average liver

counts per pixel

(mean)

2.92 3.17 0.495

Maximum liver

counts per

pixel (mean)

5.37 5.35 0.979

Average heart

counts per

pixel (mean)

3.00 4.11 0.031

Maximum heart

counts per
pixel (mean)

5.36 7.33 0.024

FIGURE 2. Average heart counts per pixel vs. season (P 5
0.031). Diamonds represent 95% CI of each mean (center line of
diamond), and horizontal line represents overall mean.

FIGURE 3. Maximum heart counts per pixel vs. season (P 5
0.024). Diamonds represent 95% CI of each mean (center line of
diamond), and horizontal line represents overall mean.
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(95% confidence interval [CI], 64.4–70.9 y), with a nor-
mally distributed (P 5 0.434) range of 47–89 y. The mean
18F-FDG dose was 271.2 MBq (95% CI, 262.4–280.0
MBq), with a range of 208–370 MBq.
With respect to the distribution of variables between the

summer and winter cohorts, there were no statistically sig-
nificant differences noted for sex (P 5 0.712), age (P 5
0.738), or patient dose (P 5 0.533) (Table 1). No statisti-
cally significant differences were noted in the average liver
counts per pixel (P 5 0.495) or the maximum liver counts
per pixel (P 5 0.979) between summer and winter. Impor-
tantly, there was a statistically significant increase from win-
ter to summer in the average heart counts per pixel (P 5
0.031) (Fig. 2) and the maximum heart counts per pixel (P5
0.024) (Fig. 3).
Not surprisingly, there were statistically significant in-

creases in summer compared with winter for meteorologic
data (all P , 0.001) (Table 2). Weak statistically significant
correlations were noted between the day length (sunlight
hours) and both the average counts per pixel in the heart (P5
0.0354) and the maximum counts per pixel in the heart (P 5
0.0248). Increasing counts per pixel corresponded with shorter
days. No statistically significant correlation was found between
either the average counts per pixel in the heart or maximum
counts per pixel in the heart against both daily maximum
temperature and the average daily temperature (P . 0.05).
There were, however, weak statistically significant correla-
tions noted between the daily minimum temperature and both
the average counts per pixel in the heart (P5 0.0476) and the
maximum counts per pixel in the heart (P 5 0.0437). Higher
counts per pixel corresponded to lower minimum daily tem-

peratures (Fig. 4). A weak statistically significant correlation
was also noted between the 3-d mean temperature and both
the average counts per pixel in the heart (P 5 0.0475) and
maximum counts per pixel in the heart (P 5 0.0408). Higher
counts per pixel corresponded to lower temperatures (Fig. 5).
There were, however, no statistically significant correlations
observed between average or maximum counts per pixel in
the heart and mean temperatures for 1, 2, 3, or 4 wk before
the study (all P . 0.05) (Table 3).

Height, weight, and dose were normally distributed. No
statistically significant difference was noted between the
mean height of the summer cohort (172.1 cm; 95% CI,
167.3–176.9) and the winter cohort (168.5 cm; 95% CI,
164.6–172.5) (P 5 0.2557). No statistically significant dif-
ference was noted between the mean weight of the summer
cohort (79.4 kg; 95% CI, 71.0–87.8) and the winter cohort
(77.7 kg; 95% CI, 70.9–84.6) (P 5 0.7657). No statistically
significant difference was noted between the mean patient
dose for the summer cohort (274.6 MBq; 95% CI, 260.6–
288.7) and the winter cohort (269.0; 95% CI, 257.5–280.4)
(P5 0.5334). There was, however, a statistically significant
difference between the cardiac SUV calculated for the sum-
mer cohort (0.83; 95% CI, 0.49–1.17) and the winter cohort
(1.27; 95% CI, 0.99–1.55) (P 5 0.0256) (Fig. 6).

As expected, a statistically significant correlation was ob-
served between patient weight and dose (P , 0.001), with
an increase in dose corresponding to an increase in weight
(R2 5 0.403). A statistically significant but weak correla-
tion was noted between patient weight and height (P, 0.001),
with an increasing weight corresponding to an increasing
height (R2 5 0.287). As expected, a weak but statistically
significant correlation was noted between patient height and
dose (P 5 0.0145), with an increase in dose corresponding
to an increase in height (R2 5 0.118316). A statistically
significant but weak correlation was noted between total
day length and cardiac SUV (P 5 0.0224), with a decrease
in day length corresponding to an increase in cardiac SUV
(R2 5 0.1039). No statistically significant correlation was
found between cardiac SUV and the daily maximum tem-
perature (P 5 0.1116). A statistically significant but weak
inverse correlation was noted between temperature and car-
diac SUV, with an increase in cardiac SUV corresponding
to a decrease in daily minimum temperature (P 5 0.0244,

TABLE 2
Meteorologic Data for Summer and Winter

Temperature Summer Winter P

Mean daily maximum 27.9°C 17.5°C ,0.001
Mean daily minimum 21.0°C 9.8°C ,0.001
Daily average 24.4°C 13.7°C ,0.001
3-d mean 24.6°C 14.1°C ,0.001
1-wk mean 24.9°C 14.0°C ,0.001
2-wk mean 24.6°C 13.8°C ,0.001
3-wk mean 24.4°C 13.8°C ,0.001
4-wk mean 24.2°C 13.9°C ,0.001

FIGURE 4. Average heart counts per
pixel (left) and maximum heart counts
per pixel (right) plotted against minimum
daily temperature showing decreasing
counts per pixel with increasing daily
minimum temperatures (P 5 0.0476,
R2 5 0.09, and P 5 0.0475, R2 5 0.09,
respectively).
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R2 5 0.1011) (Fig. 7), daily average temperature (P 5
0.0455, R2 5 0.0809), and 3-d mean temperature (P 5
0.0320, R2 5 0.1039) (Fig. 7). In contrast, there were no
statistically significant correlations between cardiac SUV
and mean temperatures for 1, 2, 3, or 4 wk before the study
(all P . 0.05) (Table 3).

DISCUSSION

To our knowledge, this study was the first to formally
examine the impact of seasonal and environmental temper-
ature on cardiac 18F-FDG uptake. The results are concor-
dant with the incidental cardiac 18F-FDG finding reported
in the previous study of thermal control of BAT in onco-
logic 18F-FDG PET (6). Average heart counts per pixel,
maximum heart counts per pixel, and cardiac SUV were
all found to be statistically higher when measured during
winter. Furthermore, average heart counts per pixel, maxi-
mum heart counts per pixel, and cardiac SUV showed sta-
tistically significant relationships with daily minimum
temperature and 3-d mean temperature. The lack of statis-
tically significant correlation with maximum temperature is
likely to reflect the maximum’s being more of a daily spike
than a sustained ambient environment. Moreover, patients
tend to present to departments in the morning, before the
peak heat of the day has been reached. These results may
also suggest that the key issue is not warming the patient to
decrease the uptake but rather cooling the patient to in-
crease the uptake; much like BAT increasing in appearance
on 18F-FDG imaging.
Lower seasonal ambient temperatures provoke a range of

physiologic responses including peripheral vasoconstric-
tion, and increased cardiac sympathetic activity, heart rate,

diastolic blood pressure, myocardial oxygen demand, blood
glucose concentration, and plasma noradrenaline concen-
tration (8,10–12). These results suggest that exposure to
cool or cold conditions would increase 18F-FDG accumu-
lation in the myocardium whereas, in contrast, warmer am-
bient temperatures would decrease cardiac sympathetic
activity and 18F-FDG uptake. The absence of a statistically
significant relationship between uptake and longer dura-
tions before the scan (1–4 wk) is likely to reflect a dilution
effect of variations in temperature across the weeks before
the scans combined with the power of the acute effects of
the specific daily minimum temperature and potential dis-
cordance with the longer average temperatures. For exam-
ple, despite strong correlations between the minimum
temperature on the day of the scan and the daily averages
for 1 through 4 wk (P , 0.001 and R2 in excess of 0.8), this
correlation reflects the general upward trend from winter to
summer. When the relationship is isolated by season, there
is no correlation between the daily minimum temperature
and the average temperatures for the 1- to 4-wk period (P.
0.8 and R2 , 0.1).

Warming interventions for oncologic studies appear ad-
vantageous to eliminate BAT accumulation. Reduction of
cardiac 18F-FDG uptake during warming might also allow
for improved physiologic assessment of the intrathoracic
organs. Nonetheless, warming patients would be unhelpful
in cardiac 18F-FDG studies and, probably more applicable
to this cohort, the ambient temperatures require standardi-
zation at a cool temperature.

These results indicate that the ambient temperature and
seasonal variations influence cardiac 18F-FDG uptake, mean-
ing that it may be advantageous to acclimatize patients in

FIGURE 5. Average heart counts per
pixel (left) and maximum heart counts
per pixel (right) plotted against 3-d mean
temperature showing decreasing counts
per pixel with increasing 3-d mean tem-
peratures (P 5 0.0437, R2 5 0.09, and
P 5 0.0408, R2 5 0.09, respectively).

TABLE 3
Summary of Relationship Between Cardiac 18F-FDG Uptake SUV and Various Ambient Temperatures

Temperature Average heart counts per pixel Maximum heart counts per pixel Cardiac SUV

Daily minimum P 5 0.0476, R2 5 0.09 P 5 0.0437, R2 5 0.09 P 5 0.0244, R2 5 0.10
Daily maximum P 5 0.1674 P 5 0.1446 P 5 0.1116
Daily mean P 5 0.0820 P 5 0.0721 P 5 0.0455, R2 5 0.08
3-d mean P 5 0.0475, R2 5 0.09 P 5 0.0408, R2 5 0.09 P 5 0.0320, R2 5 0.10
1-wk mean P 5 0.0765 P 5 0.0687 P 5 0.0593
2-wk mean P . 0.08 P 5 0.0781 P . 0.08
3-wk mean P . 0.08 P 5 0.0817 P . 0.08
4-wk mean P . 0.08 P 5 0.0830 P . 0.08
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a cooler environment before and during the uptake phase. It
is also worth considering how patients dress during colder
months. Overcompensation for the cold with heating and
layers of clothes may produce a warming effect during
winter. Given the variation in cardiac uptake of 18F-FDG,
a standardized protocol should include controlled ambient
temperatures not only during uptake but also for at least 1 h
before intravenous administration of 18F-FDG. This study
was undertaken in a relatively temperate climate in which
winter temperatures are not typically too cold. A similar
investigation in very cold winter environments might yield
paradoxic results. Indeed, further investigation in cohorts
from climates on either end of the spectrum is recommen-
ded. Further investigation is also required to determine
whether the thermal gradient between warm and cold is
the same for both normal and diseased myocardium. Clearly,
this may have significant implications for diagnostic integrity
if a differential response between normal and diseased myo-
cardium is revealed. It is also important to consider and
further evaluate the impact of glucose-loading protocols.
The effect of insulin driving cardiac 18F-FDG uptake may over-
come or succumb to the influences of ambient temperature.
Seasonal variation has been reported in various diseases

and conditions. Winter is associated with an increased risk
of cardiovascular events, morbidity, and mortality due to

the environmental temperature (8,9). Exposure to lower tem-
peratures has been linked to induction of cardiac electrical
instability, ventricular arrhythmias, myocardial infarction,
acute ischemia, peripheral vasoconstriction, sudden cardiac
death, and deep venous thrombosis (8,9). The increased sym-
pathetic activity in cooler ambient temperatures is likely to
drive both cardiovascular risk and increased metabolic de-
mand for glucose.

In cardiac tissue, sympathetic innervation of autonomic
nerves increases cardiac contractility, leading to an increased
heart rate. This is mediated by the highly abundant post-
synaptic myocardial b-adrenergic receptors in response to
cold temperatures. The sympathetic nervous system is sig-
nificant in cardiovascular homeostasis through innervation of
heart, kidney, blood vessels, and differing neurotransmitters
(norepinephrine and acetylcholine) (13–15). Cold tempera-
tures initiate excitability of cardiomyocytes through increased
sinoatrial node discharge, reducing the conduction time of
cardiac fibers and increasing cell permeability to calcium,
which in turn increases cardiac contractility force and heart
rate (13). It is important to draw a distinction between what
is being understood about the impact of ambient tempera-
ture on physiologic processes and what has been widely
reported regarding the impact of changes to the core body
temperature. The process, physiology, outcomes, and impli-
cations vary markedly.

There are several patient-related factors that can affect
cardiac 18F-FDG uptake. The cardiac SUV has been reported
to increase in patients with heart failure, patients taking ben-
zodiazepines, men younger than 30 y old, and patients who
have fasted for less than 5 h (7). Conversely, significantly
lower cardiac 18F-FDG uptake has been observed in patients
taking bezafibrate or levothyroxine and those who are dia-
betic (7). Although not all of these variables were recorded
for this study, it is believed that random distribution between
the 2 cohorts eliminates this factor as a major limitation. It is,
however, important from the context of protocol standard-
ization that medications altering the biodistribution of a ra-
diopharmaceutical, particularly the target organ, be managed.
Interestingly, an alternative approach to thermal control of
BAT has been the use of pharmaceuticals, including pro-
pranolol, reserpine, diazepam, and fentanyl. Although each
has been reported to be effective (6), their mechanism of

FIGURE 7. Cardiac SUV plotted against
minimum daily temperature (left) and 3-d
mean temperature (right) showing de-
creasing cardiac SUV with increasing
temperatures (P 5 0.0244, R2 5 0.10,
and P 5 0.0320, R2 5 0.10, respectively).

FIGURE 6. Cardiac SUV vs. season (P 5 0.026). Diamonds
represent 95% CI of each mean (center line of diamond), and
horizontal line represents overall mean.
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action and degree of success vary. In a key study exam-
ining the effects of propranolol, reserpine, and diazepam on
BAT activity, all 3 were shown to reduce BAT by a statisti-
cally significant degree; however, diazepam was the least
effective by a large margin (16). In the same study, pro-
pranolol and reserpine produced a statistically significant
reduction in cardiac uptake of 18F-FDG (.50% reduction)
whereas diazepam produced a small increase in 18F-FDG
uptake (16). This observation is concordant with the find-
ings for diazepam by Israel et al. (7). Further investigation
is recommended to more thoroughly inform standardization
of cardiac 18F-FDG patient preparation.

CONCLUSION

These results indicate that the average heart counts per
pixel, maximum heart counts per pixel, and cardiac SUV
are significantly increased in response to decreasing daily
minimum temperature and decreasing 3-d mean tempera-
ture. Cardiac uptake of 18F-FDG is significantly increased
during the winter months, compared with summer. Patient
ambient temperature before 18F-FDG administration plays
a key role in radiopharmaceutical localization, and consid-
eration needs to be given to standardization of patient prep-
aration in this regard. Further investigation is recommended
to evaluate this relationship with respect to more extreme
climates and differential response between normal and dis-
eased tissue, and for insight into seasonal variations in car-
diac disease.
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