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Background: In addition to its role in adaptive thermogenesis, brown adipose tissue (BAT) may protect from
weight gain, insulin resistance/diabetes, and metabolic syndrome. Prior studies have shown contradictory results
regarding the influence of thyroid hormone (TH) levels on BAT volume and activity. The aim of this pilot study
was to gain further insights regarding the effect of TH treatment on BAT function in adult humans by evaluating
the BAT mass and activity prospectively in six patients, first in the hypothyroid and then in the thyrotoxic phase.
Methods: The study subjects underwent 18F-fluorodeoxyglucose positron emission tomography/computed to-
mography (PET/CT) scanning after cold exposure to measure BAT mass and activity while undergoing treatment
for differentiated thyroid cancer, first while hypothyroid following TH withdrawal at the time of the radioactive
iodine treatment and then three to six months after starting TH suppressive treatment when they were iatro-
genically thyrotoxic. Thermogenic and metabolic parameters were measured in both phases.
Results: All study subjects had detectable BAT under cold stimulation in both the hypothyroid and thyrotoxic
state. The majority but not all (4/6) subjects showed an increase in detectable BAT volume and activity under cold
stimulation between the hypothyroid and thyrotoxic phase (total BAT volume: 72.0 – 21.0 vs. 87.7 – 16.5 mL,
p = 0.25; total BAT activity 158.1 – 72.8 vs. 189.0 – 55.5 SUV*g/mL, p = 0.34). Importantly, circulating triiodo-
thyronine was a stronger predictor of energy expenditure changes compared with cold-induced BAT activity.
Conclusions: Iatrogenic hypothyroidism lasting two to four weeks does not prevent cold-induced BAT activation,
while the use of TH to induce thyrotoxicosis does not consistently increase cold-induced BAT activity. It remains
to be determined which physiological factors besides TH play a role in regulating BAT function.
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Introduction

In the midst of worldwide obesity and diabetes epi-
demics, it is crucial to find new avenues to gain insight into

the pathophysiology and treatment of these disorders. Brown
adipose tissue (BAT) is of particular interest, since in addition
to its role in adaptive thermogenesis, it may also protect
against weight gain, insulin resistance/diabetes, and metabolic
syndrome (1–3). Indeed, because of its very high metabolic
activity, very little functional BAT can have a profound met-
abolic impact (4,5).

Studies using positron emission tomography/computed to-
mography (PET/CT) scanning have shown metabolically active
BAT in adult humans whose activity correlated inversely with

body fat (5–8). Significant amounts of functional BAT have
been detected in >95% of lean subjects in response to acute
and chronic cold exposure in controlled prospective studies
(5,8–10). Since BAT activity is induced by cold exposure, BAT
might play an important role in human thermogenesis and
energy balance. This is in accordance with studies in small
rodents, which showed that cold exposure stimulates BAT ac-
tivity by increasing sympathetic nerve activity and by affecting
local thyroid hormone (TH) metabolism (11,12). Cold exposure
increases the expression and activity of tissue deiodinase 2
(DIO2), which stimulates the conversion of thyroxine (T4) to
active triiodothyronine (T3), resulting in increased local T3
production from T4 and TH receptor saturation (13). Both
catecholamines and local T3 act synergistically to stimulate
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uncoupling protein 1 (UCP-1) expression and through this
thermogenesis in BAT. UCP-1 uncouples oxidative phos-
phorylation, thus representing the key protein in BAT ther-
mogenesis (12). TH also has direct effects on oxidative
phosphorylation and regulates the mitochondrial prolifera-
tion, differentiation, and maturation through genomic and
non-genomic mechanisms (14,15). In addition, TH is known
to play an important role in brown adipocyte differentiation
(16,17). Thus, TH has been shown to have an important role
in cold adaptation in rodents, and it may be important for
temperature adaptation in humans (18). Understanding cold
adaptation in adult humans is important, since factors that
increase energy dissipation through facultative thermogen-
esis could potentially be used as anti-obesity agents (18,19).
If TH can influence BAT mass and activity and through this
energy expenditure, then TH or its analogues might be useful
in the treatment of obesity and metabolic syndrome.

A few published human studies have shown contradictory
results reporting increased BAT volume and activity in either
hypothyroid or thyrotoxic subjects (20–23). To gain further
insight regarding the effect of TH status on BAT in adult
humans and whether it could be a feasible treatment strategy
for activating BAT thermogenesis, this study evaluated the
BAT mass and activity prospectively in six patients who were
undergoing treatment for thyroid cancer, first in the hypo-
thyroid and then in the thyrotoxic phase. The study patients
underwent thyroidectomy followed by TH withdrawal to
induce hypothyroidism prior to radioactive iodine (RAI)
treatment and then started TH suppressive treatment with the
goal of maintaining mild thyrotoxicosis long-term to prevent
recurrence. The study patients underwent two PET-CT scans
to measure BAT mass and activity, first while profoundly
hypothyroid at the time of the RAI treatment and then three to
six months after starting TH suppressive treatment when they
were thyrotoxic. The BAT mass and activity measured on
these two scans were compared. The relationship between
BAT, TH status, and calorimetric and metabolic parameters
were also evaluated.

Materials and Methods

Study participants

Eight patients diagnosed with papillary thyroid cancer who
underwent thyroidectomy and were scheduled to receive RAI

treatment after TH withdrawal were recruited for the study.
The study was approved by the Institutional Review Board of
Beth Israel Deaconess Medical Center (BIDMC) and Joslin
Diabetes Center, and patients provided written informed con-
sent. Exclusion criteria included use of medications that can
affect BAT, such as beta blockers, adrenergic agonists, ben-
zodiazepines; use of medications that can affect thyroid func-
tion test interpretation, including estrogen, aspirin, phenytoin;
or use of systemic, oral, or intravenous corticosteroids or other
medications known to cause insulin resistance in the previous
six weeks. Patients with a history of any local or systemic
infectious disease with fever or requiring antibiotic within four
weeks of the PET/CT scans were not enrolled in the study.

Study protocol

The study protocol is shown in Figure 1. The patients
participated in a short screening visit to evaluate eligibility
prior to RAI treatment followed by two longer study visits
when the whole-body BAT volume and activity were mea-
sured by 18F-fluorodeoxyglucose (18F-FDG) PET/CT under
cold stimulation at 15–16�C, first in the hypothyroid state at
the time of RAI treatment and then in the thyrotoxic state
three to six months after starting TH suppressive treatment.
Six out of the eight patients who started the study completed
all study visits and were included in the analysis. Prior to
participating in the study, one patient underwent completion
thyroidectomy for a thyroid nodule positive for papillary
thyroid carcinoma on fine-needle aspiration cytology, while
five patients underwent hemithyroidectomy followed by
completion thyroidectomy for thyroid nodules with fine-
needle aspiration showing indeterminate cytology (two pa-
tients), for a large thyroid nodule with benign cytology (one
patient), for a large thyroid nodule with non-diagnostic cy-
tology (one patient), and for recurrent thyroid cancer after
undergoing lobectomy in the remote past (one patient). Pre-
paration for the hypothyroid phase of the evaluation occurred
at least six weeks postoperatively for five patients and con-
sisted of a six-week L-thyroxine (LT4) withdrawal with a
four-week liothyronine bridging support (12.5 lg twice dai-
ly) to minimize clinical symptoms followed by two weeks of
complete TH withdrawal and a low-iodine diet prior to the
clinically indicated 131I administration. One study patient
was already hypothyroid at the time of her initial endocrine

FIG. 1. Study protocol.
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clinic visit with a thyrotropin (TSH) level of 22 lIU/mL
(reference range 0.27–4.2 lIU/mL). LT4 was discontinued at
that time, and the patient received RAI treatment two weeks
later without the liothyronine bridging support.

The patients were prepared for the study visits, as previ-
ously described (24,25). Baseline vital signs and laboratory
tests (thyroid function tests, insulin, HbA1c, and lipid panel)
were obtained. Baseline indirect calorimetry was performed
during both the hypothyroid and thyrotoxic phase after the
patients were placed in a supine position and quiet environ-
ment for 30 minutes in the Clinical Research Center (CRC).
The room temperature was maintained >23�C throughout the
stay in the CRC. Core body temperature was monitored
during the study visits.

To maximize the BAT activity/FDG uptake and PET-CT
scan BAT visualization, the patients were then transported
to a room set at 20�C and wore a surgeon’s cooling vest
(Polar Products, Inc.) set to 15–16�C, as described previously
(24,25). Sixty minutes after wearing the vest, a second set of
vital signs and laboratory tests (thyroid function tests, glu-
cose, insulin, and free fatty acids [FFAs]) were obtained, and
an intravenous bolus of 592 MBq (16 mCi) of 18F-FDG was
administered. This dose was calculated based on the sensi-
tivity of the scanner available at the time of the study. The
patients remained in the semi-darkened quiet room for an-
other 60 minutes while wearing the cooling vest, and at this
time, a second measure of indirect calorimetry was per-
formed. Following 120 minutes of cold exposure, the vest
was removed, and BAT images were acquired using a
4-MDCT scanner (Discovery/LightSpeed PET/CT; GE
Healthcare) following a previously described imaging pro-
tocol (24). BAT volume, metabolic activity, and maximum
standardized uptake value (SUVmax) were measured in the
cervical, supraclavicular, and anterior thoracic depots from
vertebral level C3 to T7 using the PET-CT Viewer share-
ware, as described previously (24). The BAT metabolic
activity represents the primary endpoint of this study and is
calculated in a three-step process. First, in each axial slice
on CT, a voxel is defined as containing adipose tissue if
it has a HU density between -250 and -10. Second, the
amount of retained FDG in each voxel is quantified by
measuring the mean amount of positron-derived gamma
radiation in the voxel compared to the injected dose per body
mass (MBq/mL of voxel)/(MBq/g of body mass), giving the
‘‘meanSUV*g/mL.’’ Finally, the total-body metabolic ac-
tivity is calculated by taking the sum of the volume of BAT
from each voxel = ‘‘mL*meanSUV*g/mL.’’ As expected,
according to the method used to quantify BAT parameters,
there was a strong positive correlation between the cold-
induced BAT volume and activity of the study subjects in the
hypothyroid phase (q = >0.99; p = 0.01), as well as thyr-
otoxic phase (q = 0.94; p = 0.005). SUVmax reflects the
highest amount of retained FDG anywhere within the tissue.
This metric was used to compare BAT activity with more
homogeneous tissues such as liver and skeletal muscle. The
SUVmax of the FDG uptake in the right lobe of the liver and
skeletal muscle (erector spinae) was also measured.

Physiological and laboratory parameters

Blood pressure (BP) and heart rate (HR) were measured us-
ing a SureSigns VS3 vital signs monitor (Philips Healthcare).

Core body temperature was measured with a temporal artery
thermometer (Exergen Co.). Indirect calorimetry measure-
ments, including the resting metabolic rate (RMR), energy
expenditure (EE), respiratory quotient (RQ), and substrate
utilization, were calculated using Sensormedics VMAX En-
core equipment (VIASYS Respiratory Care, Inc.), as well as
techniques well established in the laboratory and standard-
ized values. Insulin and TSH were measured according to
standard procedures at the Harvard Catalyst CRC (http://
catalyst.harvard.edu/services/hccrc-lab/). Total T4, total T3,
free T3, T3 uptake, free T4 index, thyroxin binding globulin
(TBG), FFAs, lipid panel, and HbA1c were measured using
standard procedures at the Laboratory Corporation of
America. Glucose was measure at the BIDMC clinical lab-
oratory.

Statistical analysis

This pilot study was designed to evaluate whether the TH
status had an effect on BAT mass and activity in adult hu-
mans, specifically whether treatment with TH increases BAT
mass and activity as the subjects transitioned from hypo-
thyroidism to thyrotoxicosis. It was anticipated that con-
senting and screening would take place for up to 10 patients,
so that six to eight patients would complete all segments of
the study (completion rate of 80%).

Data were analyzed using IBM SPSS Statistics for Win-
dows v13.0 (IBM Corp.) and SAS (SAS Institute). All p-values
presented are two-tailed, and values £0.05 were considered
to indicate statistical significance, while values <0.10 were
considered to represent a trend to achieve significance.
Changes in BAT volume, activity, and maximum standard-
ized uptake value (SUVmax), as well as hormonal and met-
abolic changes in the study patients between the hypothyroid
and thyrotoxic state were evaluated using the non-parametric
Wilcoxon signed-rank test. Associations between BAT vol-
ume and activity and TH and metabolic parameters were
evaluated by Spearman correlation.

Results

The baseline characteristics of the six patients who com-
pleted the study are summarized in Table 1. Five patients had
a normal baseline TSH prior to being enrolled in the study.
One patient who was enrolled at the time of her completion
thyroidectomy had a low baseline TSH of 0.19 lIU/mL
(reference range 0.27–4.2 lIU/mL) on TH treatment prior to
starting the study. All patients were hypothyroid after TH
withdrawal at the time of the first study PET/CT scan. In four

Table 1. Baseline Characteristics

of the Study Subjects

Mean – SEM Range

Sex 1 M/5 F
Age (years) 43.5 – 4.7 22-53
Weight (kg) 75.3 – 5.7 60.6–98.8
Body mass index (kg/m2) 25.45 – 2.5 19.6–35.85
Baseline TSH (lIU/mL) 1.36 – 0.66 0.19–2.09
Thyroid cancer TNM stage I–IVA

SEM, standard error of the mean; M, male; F, female; TSH,
thyrotropin; TNM, tumor node metastasis.
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out of the six study patients, the final TSH was in the thyro-
toxic range, while the fifth patient had a TSH in the low
reference range at 0.38 lIU/mL three to six months after
starting TH suppressive treatment at the time of the second
PET/CT scan. However, the sixth patient had a final TSH of
5.46 lIU/mL. Therefore, although the mean was in the eu-
thyroid range, all patients but one were thyrotoxic at the time
of the second PET/CT scan.

Thyroid function tests and metabolic parameters

TSH was higher while total T4, free T4 index, free T3, and
T3 uptake were lower in the hypothyroid compared with the
thyrotoxic state (trend only for free T3; Fig. 2A–C and
Table 2). There was no significant difference in the total T3
between the hypothyroid and thyrotoxic state. There was no
significant change in any thyroid function test after 60 min-
utes of cold exposure during each state. TBG levels did not

change between the hypothyroid and thyrotoxic states. Total
and low-density lipoprotein (LDL) cholesterol levels were
higher in the hypothyroid compared with the thyrotoxic state.
There were no significant changes in fasting triglyceride, free
fatty acids, glucose, insulin, and HbA1c between the hypo-
thyroid and thyrotoxic states (Table 2).

Vital signs

Systolic pressure BP did not change significantly during
the study. Diastolic BP increased after 60 minutes of cold
exposure during both the hypothyroid and thyrotoxic states,
the levels after cold exposure being higher in the hypothyroid
compared with the thyrotoxic state. HR decreased signifi-
cantly after 60 minutes of cold exposure in the hypothyroid
but not the thyrotoxic phase. There were no other significant
changes in vital signs measured at room temperature and
after 60 minutes of cold exposure during the hypothyroid
state as well as the thyrotoxic state or between the two states
(Table 2).

Energy expenditure

The baseline RMR of the study subjects measured at room
temperature was higher in the thyrotoxic state compared with
the hypothyroid state. The RMR increased after 60 minutes of
cold exposure during both the hypothyroid and thyrotoxic
states. There was no difference between the RMR measured
in the two states after cold exposure. There were no other
significant changes in RMR or RQ measured at room tem-
perature and after 60 minutes of cold exposure during the
hypothyroid state as well as the thyrotoxic state or between
the two states (Table 2). There was a positive correlation
between the RQ measured at room temperature and after 60
minutes of cold exposure in the hypothyroid state (q = 0.83;
p = 0.04). There was no correlation between the RMR mea-
sured at room temperature and after 60 minutes of cold ex-
posure during each state.

Glucose uptake in BAT and other tissues

All patients had detectable BAT after acute cold exposure
in both the hypothyroid state and the thyrotoxic state
(Fig. 3A–D and Table 3). Other tissues showed significant but
small changes in glucose uptake. The SUVmax of the liver
decreased (3.39 – 0.27 vs. 3.03 – 0.25 g/mL; p = 0.01), while
the SUVmax of the skeletal muscle increased (0.62 – 0.06 vs.
0.84 – 0.10 g/mL; p = 0.02), when going from the hypothy-
roid to the thyrotoxic phase (Fig. 4A–C).

The majority but not all (4/6) patients showed an increase
in detectable, acute, cold-induced BAT volume and activity
between the hypothyroid and thyrotoxic states. The increases
were not correlated with the seasonal trends in outdoor
temperatures the patients experienced while they were taking
TH. The change in BAT volume, activity, and SUVmax be-
tween the two states were not significant. In the two patients
who did not show an increase in BAT parameters between the
hypothyroid and thyrotoxic state, the RMR also did not
change after 60 minutes of cold exposure in both the hypo-
thyroid state and the thyrotoxic state. However, there was a
positive correlation between the BAT volume as well as BAT
activity measured after cold exposure in the hypothyroid and

FIG. 2. Changes in thyroid function in individual subjects
measured at room temperature and after 60 minutes of cold
exposure (15–16�C) in the hypothyroid state and then in the
thyrotoxic state. (A) Changes in serum thyrotropin (TSH).
(B) Changes in serum free thyroxine. (C) Changes in serum
free triiodothyronine (T3).
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thyrotoxic states (BAT volume: q = 0.83, p = 0.04; BAT ac-
tivity: q = 0.89, p = 0.02).

There was a negative correlation between the cold-induced
BAT volume as well as activity and the subjects’ weight and
body mass index in both the hypothyroid and thyrotoxic

states. There was no correlation between the BAT parameters
and the subjects’ age and core body temperature. The base-
line systolic BP measured in the hypothyroid state correlated
strongly and positively with the BAT mass and activity
measured in both states.

FIG. 3. Changes in brown
adipose tissue (BAT) vol-
ume, activity, and maximum
standardized uptake value
(SUVmax) in individual
subjects measured after 120
minutes of cold exposure
(15–16�C) in the hypothyroid
state and then in the thyr-
otoxic state. (A) Brown fat
18F-fluorodeoxyglucose
(FDG) uptake in a study
subject (53 years old, female,
body mass index 19.6 kg/m2)
illustrated using coronal repre-
sentations of positron emission
tomography in the hypothyroid
state (TSH = 70.90 lIU/mL)
and then in the thyrotoxic state
(TSH = 0.03 lIU/mL), the
black arrows pointing to the
right and left supraclavicular
BAT depots. (B) Changes in
BAT volume. (C) Changes
in BAT activity. (D) Changes
in BAT SUVmax.

Table 2. Changes in the Subject Characteristics Measured at Room Temperature and After

Cold Exposure (15–16�C) in the Hypothyroid State and then in the Thyrotoxic State

Characteristic (units)
Hypothyroid room

temperature
Hypothyroid cold

exposure
Thyrotoxic room

temperature
Thyrotoxic cold

exposure

Temperature (�C) 36.7 – 0.1 36.2 – 0.2 36.5 – 0.1 36.5 – 0.2
Systolic BP (mmHg) 118.3 – 4.0 127.6 – 3.2 118.5 – 4.3 126.2 – 5.8
Diastolic BP (mmHg) 75.5 – 3.5 84.0 – 2.9a 71.2 – 2.5 78.7 – 2.5b,d

Heart rate (bpm) 66.8 – 3.5 60.0 – 1.5a 64.5 – 4.4 65.2 – 5.7
Free fatty acids (mEq/L) — 0.63 – 0.09 — 0.62 – 0.07
Triglycerides (mg/dL) 99.8 – 28.4 — 84.2 – 20.0 —
Total cholesterol (mg/dL) 279.7 – 46.3 — 201.3 – 24.6c —
LDL cholesterol (mg/dL) 173.2 – 39.6 — 110.7 – 23.3c —
HDL cholesterol (mg/dL) 86.5 – 6.8 — 74.2 – 6.6 —
Glucose (mg/dL) — 81.5 – 4.8 — 84.7 – 3.8
Insulin (lIU/mL) 6.5 – 2.0 5.6 – 1.9 6.4 – 2.5 5.4 – 1.6
Hemoglobin A1c (%) 5.6 – 0.2 — 5.6 – 0.03 —
TSH (lIU/mL) 60.7 – 14.9 60.8 – 15.0 1.2 – 1.1c 1.0 – 0.9d

Total T4 (lg/dL) 2.7 – 1.4 2.9 – 1.5 10.6 – 0.8c 11.0 – 0.9d

Free T4 index 0.77 – 0.4 0.81 – 0.43 3.8 – 0.3c 3.9 – 0.25d

Total T3 (ng/dL) 49.7 – 24.3 53.3 – 26.1 102.2 – 14.5 106.0 – 12.3
Free T3 (pg/mL) 1.2 – 0.7 1.3 – 0.8 3.2 – 0.3c 3.2 – 0.2
T3 uptake (%) 25.8 – 1.7 25.7 – 1.5 36.2 – 1.6c 35.3 – 1.5d

Thyroxin binding globulin (lg/mL) — 18.2 – 2.7 — 14.2 – 1.6
Resting metabolic rate (kcal/day) 1299.0 – 57.7 1497.2 – 106.7a 1470.0 – 81.9c 1612.8 – 46.9b

Respiratory quotient 0.82 – 0.02 0.80 – 0.02 0.84 – 0.03 0.81 – 0.02

Values represent mean – SEM. Vitals, laboratory tests, and indirect calorimetry were measured after 60 minutes of cold exposure, while
BAT activity, volume, and SUVmax were measured after 120 minutes of cold exposure at 15–16�C.

ap £ 0.05, hypothyroid state room temperature vs. hypothyroid state after cold exposure.
bp £ 0.05, thyrotoxic state room temperature vs. thyrotoxic state after cold exposure.
cp £ 0.05, hypothyroid state room temperature vs. thyrotoxic state room temperature.
dp £ 0.05, hypothyroid state after cold exposure vs. thyrotoxic state after cold exposure.
BP, blood pressure; LDL, low-density lipoprotein; HDL, high-density lipoprotein; T4, thyroxine; T3, triiodothyronine; BAT, brown

adipose tissue; SUVmax, maximum standardized uptake value.
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Interrelationships among metabolic measures

Total T4, free T4 index, total T3, and free T3 correlated
positively with the cold-induced BAT SUVmax in the hy-
pothyroid state (all variables in hypothyroid state: q = 0.88,
p = 0.02; Fig. 5A). Free T3 correlated negatively with the
cold-induced BAT volume and activity in the thyrotoxic
state (free T3 at room temperature/BAT volume: q = –0.83,
p = 0.04; free T3 at room temperature/BAT activity: q = –0.77,
p = 0.07; freeT3 after cold exposure/BAT volume: q = –0.99,
p = 0.01; free T3 after cold exposure/BAT activity: q = –0.99,
p = 0.01; Fig. 5B). Total T3 also correlated negatively with the
cold-induced BAT volume and tended to correlate negatively
with the BAT activity in the thyrotoxic state (total T3 at room
temperature/BAT volume: q = –0.83, p = 0.04; total T3 after
cold exposure/BAT volume: q = –0.83, p = 0.04; total T3 at
room temperature/BAT activity: q = –0.77, p = 0.07; total T3
after cold exposure/BAT activity: q = –0.77, p = 0.07).

Several facets of thyroid status correlated with RMR.
There was a significant inverse relationship between the
baseline TSH and RMR in the hypothyroid state (q = –0.89;
p = 0.02). In addition, there was a significant positive corre-
lation between the change in RMR after 60 minutes of cold
exposure and the change in total T3 as well as free T3 be-
tween the hypothyroid and thyrotoxic state (change in total
T3 after 60 minutes of cold exposure: q = 0.94, p = 0.005;
change in free T3 after 60 minutes of cold exposure: q = 0.94,
p = 0.005; Fig. 5C).

For exploratory analyses, the relationships between de-
tectable cold-induced BAT metabolism and other metabolic
parameters were considered. Serum thyroglobulin (Tg) levels
correlated negatively with BAT mass and activity in each state
(hypothyroid state, BAT volume and activity: Tg q = –0.89,
p = 0.02; hyperthyroid state, BAT volume: q = –0.83, p = 0.04;
and BAT activity: q = –0.94, p = 0.005), and HbA1c correlated
negatively with BAT volume and activity in the hypothyroid
state (q = –0.90; p = 0.015). Total and LDL cholesterol corre-
lated negatively with BAT activity (q = –0.83; p = 0.04), while
high-density lipoprotein cholesterol correlated positively with

BAT mass and activity (BAT volume: q = +0.90, p = 0.015;
BAT activity: q = +0.84, p = 0.04) in the thyrotoxic state.

Discussion

Given the central role that TH plays in regulating whole-
body energy expenditure and BAT function, this pilot study
was designed to evaluate how promising treatment with TH
would be toward increasing BAT thermogenesis. However,
because of the numerous adverse effects of TH supple-
mentation in healthy humans, a novel study population is
required in order to evaluate the full capacity of dosing with
TH. A series of patients with thyroid cancer was there-
fore chosen as the model because their standard course of
treatment leads to iatrogenic hypothyroidism followed by
TH treatment to the thyrotoxic state. All six study patients
demonstrated detectable BAT under cold stimulation in
both the hypothyroid and thyrotoxic state. The majority but
not all (4/6) patients showed an increase in BAT volume and

Table 3. Changes in BAT Volume, Activity, and

SUVmax Measured After 120 minutes of Cold

Exposure (15–16�C) in the Hypothyroid State and

in the Thyrotoxic State in the Six Study Subjects

Mean – SEM Range

BAT volume (mL)
Hypothyroid 72.0 – 21.0 20–150
Thyrotoxic 87.7 – 16.5 23.5–136.9
Change 15.7 – 13.9 -39.8 to 55.3
% Change 53.35 – 35.9% -26.5% to 203.4%

BAT activity (mL · mean SUV* g/mL)
Hypothyroid 158.1 – 72.8 23.1–495.8
Thyrotoxic 189.0 – 55.5 27.85–398.8
Change 30.9 – 31.5 -97 to 125.85
% Change 74.35 – 44.5% -23.8% to 218.2%

BAT SUVmax (g/mL)
Hypothyroid 7.3 – 2.6 2.0–19.5
Thyrotoxic 7.9 – 2.95 2.1–22
Change 0.6 – 0.95 -2.15 to 3.9
% Change 25.6 – 35.1% -42.8% to 195%

% Change from the baseline hypothyroid value.

FIG. 4. Changes in 18F-FDG uptake between the hypo-
thyroid and hyperthyroid state measured in different tissues
in individual study subjects. (A) BAT. (B) Liver. (C) Ske-
letal muscle.
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activity under cold stimulation between the hypothyroid and
thyrotoxic phase. In addition, there was a positive correla-
tion between the cold-induced BAT volume as well as BAT
activity in the hypothyroid and thyrotoxic phase for each
patient.

It is important to consider that all study patients showed
detectable cold-activated BAT in the hypothyroid state, even
at TSH levels >100 lIU/mL, which indicates that even low
levels of TH are adequate for BAT activation in adult hu-
mans. In this study, serum T3 levels correlated negatively
with cold-induced BAT mass and activity in the thyrotoxic
state in adult humans. These apparently counterintuitive
findings suggest that circulating T3 may be a marker of
thyroid function without direct effects on BAT. Studies in
rodents have shown that the BAT DIO2 is stimulated by the
sympathetic nervous system (SNS) and inhibited by its sub-
strate T4 (11,12,26). Excessive circulating T4 levels could
result in inhibition of the DIO2 and proportionally lower
local T3 concentrations and UCP1 activation in hyperthyroid
subjects (12), while low circulating T4 levels could activate
DIO2, increase the local T3 production, and activate the
UCP1 in hypothyroid patients (27,28). In addition, it should
be taken into consideration that the SNS and TH act syner-
gistically to respond and adjust the body to different envi-
ronmental factors, such as cold exposure. Studies in small
rodents have shown that cold-exposure stimulates BAT ac-
tivity by increasing central sympathetic nerve activity and by

affecting local TH metabolism (11,12). Both catecholamines
and local T3 act synergistically to stimulate UCP-1 expres-
sion and through this thermogenesis in BAT. In hypothy-
roidism, there is an increase, while in thyrotoxicosis there is a
decrease in the central sympathetic outflow, as measured
by plasma and urinary norepinephrine (NE) levels as well as
NE turnover in different tissues such as BAT. However, there
is also a reduced/exaggerated response to catecholamines
in different tissues because of decreased/increased beta-
adrenergic receptor density as well as postreceptor mecha-
nisms, which usually overrides the effect of TH on the central
SNS outflow and explains the clinical manifestations in hy-
pothyroidism and thyrotoxicosis, respectively (12,29). Thus,
the regulatory mechanisms involved in regulating BAT are
complex, and one of these mechanisms may be predominant,
which could explain the different BAT responses to cold
exposure noted in different patients.

No correlation was found between the change in thyroid
function or the change in RMR and the change in cold-
induced BAT volume and activity between the hypothyroid
and thyrotoxic states. This may be explained by the fact that
TH influences both the basal/obligatory and facultative
thermogenesis through different mechanisms (11,30). A
treatment that would selectively stimulate facultative ther-
mogenesis could be beneficial for weight loss and improve-
ment in metabolic parameters without the side effects of
elevated circulating TH levels.

FIG. 5. Correlations of circulat-
ing T3 with BAT and with resting
metabolic rate (RMR). (A) Positive
correlation between free T3 and
BAT in the hypothyroid state.
(B) Negative correlation between
free T3 and BAT in the hyperthy-
roid state. (C) Positive correlation
between the change in RMR and
the change in free T3 between
the hypothyroid and hyperthyroid
state.
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This study showed that circulating T3 is a stronger pre-
dictor of the change in energy expenditure compared with
cold-induced BAT activity. However, the response to TH
treatment led to opposite responses among two of the prin-
cipal thermogenic organs: glucose uptake in the liver was
lower, but skeletal muscle uptake was higher. Therefore, it
cannot be assumed that all tissues respond the same to
chronic treatment with TH. The findings also support the
hypothesis that TH contributes significantly to cold-induced
thermogenesis by affecting multiple organs, including skel-
etal muscle, in addition to BAT (21,22,31,32). In this study,
there was a more consistent increase in the skeletal muscle
activity compared with the BAT activity between the hypo-
thyroid and thyrotoxic states. This may be explained by the
fact that the skeletal muscle activity is mainly regulated by
TH, while the synergistic activity with the SNS may be less
important in this tissue (33). In addition, the difference be-
tween the two tissues could be potentially explained by the
fact that the study patients took high-dose LT4 at the time of
the second PET-CT scan, which can decrease DIO2 activity;
this enzyme has more important effects in BAT than in
skeletal muscle (34).

The few published human studies looking at the relation-
ship between thyroid status and BAT function have shown
contradictory results (20–23). Skarulis et al. reported de-
tectable BAT measured by PET-CT in a hypothyroid patient
and an increase in BAT parameters when the patient became
thyrotoxic upon resuming TH treatment as part of follow-up
for thyroid cancer (20). In contrast, a severely hypothyroid
child with Hashimoto’s thyroiditis was found with a signifi-
cant supraclavicular BAT volume measured by MRI and
BAT activity measured by infrared thermal imaging, which
both decreased after two months of TH replacement (23).
Lahesmaa et al. reported a threefold increase in glucose up-
take measured by FDG-PET in 10 hyperthyroid patients
compared with euthyroid patients (21), while Zhang et al.
reported no detectable BAT in 10 patients with newly diag-
nosed Graves’ hyperthyroidism before starting treatment
(22). Additional human studies are needed to gain insight into
the factors that moderate the effect of TH on BAT volume
and activity. It may be that TH directly stimulates BAT, but
the general increase in the resting metabolic rate may obviate
the need for additional BAT in some patients. The end result
of these two simultaneous but opposite effects of TH on BAT
may explain why some patients increase their BAT while
others have less. In addition, as described above, the complex
interaction between TH and SNS in regulating BAT may
play a role.

Thyroid cancer patients were recruited for this pilot study.
This represents an excellent study model for BAT evaluation,
since treatment for thyroid cancer involves several steps,
including thyroidectomy, followed by induction of short-
term hypothyroidism prior to RAI treatment and then long-
term suppressive TH treatment to prevent recurrence.
Therefore, the changes in BAT mass and activity can be
evaluated between the hypothyroid and thyrotoxic states in
this patient population.

This is a pilot study designed to obtain preliminary data in
a small but physiologically informative group of patients
with thyroid cancer whose clinical course involves treatment
with high-dose LT4 to change their thyroid status from severe
hypothyroidism to mild thyrotoxicosis. The signal from this

cohort would be a best-case scenario for any studies in
healthy subjects or patients with milder hypothyroidism. The
data show that based on the mean change in BAT metabolic
activity, >50 pairs of subjects would have to be studied to
demonstrate a significant effect of TH treatment on detect-
able BAT. Therefore, this pilot study has achieved one of its
essential goals and demonstrated that is not very feasible to
use LT4 treatment in most populations as a way of increasing
BAT mass or metabolic activity.

As known from prior animal as well as human studies,
chronic cold exposure is probably the strongest determinant
of BAT volume and activity (9,10). Based on the study de-
sign, it was not possible to distinguish the effects of chronic
cold from the chronic administration of high doses of TH
easily. However, the change in BAT activity was not corre-
lated with the season of TH treatment, so the effects of cold
exposure were not likely to have substantially confounded the
modest effect seen from chronic exposure to high doses of
TH. This study measured cold-induced BAT, since signifi-
cant amounts of functional BAT have been detected in >95%
of lean subjects in response to acute cold exposure (5,8),
while significantly fewer subjects showed detectable BAT
via PET-CT scanning when studied at room temperature.
With the current study design, it was possible to evaluate the
effect of TH on cold-induced BAT by studying the same
patients after cold exposure in both the hypothyroid and
thyrotoxic state. Therefore, it can be inferred that the change
in the BAT mass and activity between the two phases is
related to the TH status change.

In conclusion, this pilot study found that all six study pa-
tients had detectable BAT after two hours of cold exposure in
both the hypothyroid and thyrotoxic states, and the majority
but not all (4/6) patients showed an increase in cold-induced
BAT volume and activity between the hypothyroid and
thyrotoxic states. Therefore, iatrogenic hypothyroidism
lasting two to four weeks does not prevent cold-induced BAT
activation. At the same time, the use of TH to induce thyro-
toxicosis does not consistently increase cold-induced BAT
activity. Although the use of LT4 is not feasible, using a
BAT-specific TH analog may be still feasible to increase
BAT thermogenesis as a treatment for obesity and metabolic
disease. Further studies are needed to evaluate this and to
determine which physiological factors besides TH are in-
volved in stimulating BAT growth and thermogenesis.
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