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Summary

Context—The substitution of liothyronine (.-T3) for levothyroxine (.-T4) is commonly
employed during thyroid hormone (TH) withdrawal in preparation for diagnostic and therapeutic
interventions on thyroid cancer patients. Presently, only limited data are available on the .-T3 for
- T4 therapeutic substitution.

Objective—To characterize the pharmcodynamic equivalence of .-T3 and .-T4.
Design—Randomized, double-blind, cross-over intervention study.
Setting—NIH Clinical Center.

Patients—10 thyroidectomized patients.

Interventions—Study participants were treated with .-T3 or .-T4 with a target TSH >0.5<1.5
mU/I for at least 30 days before undergoing inpatient testing. Following testing, subjects crossed-
over according to the same scheme.

Main outcome measures—Area under the serum concentration-time curve of TSH from 0 to
60 minutes (AUC ¢_go) and peak TSH serum concentration (Cpax) following thyrotropin-releasing
hormone (TRH) stimulation test, total .-T4 and .-T3 dose (mcg/kg), and .-T4/.-T3 ratio.

Results—No difference was observed for time 0 TSH values between .-T3 and .-T4 replacement
phases (1.48+ 0.77 vs. 1.21+ 0.62 mU/I, p=0.293) at average daily doses of 40.3+11.3 mcg . T-3
and 115.2+38.5 mcg . T-4, -T3: .-T4 ratio 0.36+0.06. TRH stimulation test resulted in similar .-T3
vs..-T4 TSH responses with AUC (.gg of 326.1 (95% CI 232.6-457.1) and 247.1 (95% CI
153.8-397.1) mU*min /I (p=0.285); and Cp,ax Of 6.83 (95% CI 4.88-9.55) and 5.23 (95% ClI
3.31-8.3) mU/I (p=0.383).
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Conclusions—This is the first study addressing the equivalency between .-T3 and .-T4 therapy
measured by baseline and TRH-stimulated TSH. The therapeutic substitution of .-T3 for .-T4 was
achieved at approximately 1:3 ratio.
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Hypothyroidism; Levothyroxine; Liothyronine; Deiodinase

Introduction

The circulating pool of thyroid hormones (TH), triiodothyronine (T3) and thyroxine (T4), is
the net result of the secretion of these hormones from the thyroid gland, of their clearance,
and of the peripheral conversion of the pro-hormone T4 into the hormonally active T3 or
into the hormonally inactive reverse T3 by the deiodinases 1. Experimental data 2+ 3: 4 and
mathematical modeling 1+ 4 indicate that the peripheral conversion represents an important
physiologic source of circulating T3. However, the actual contribution of each of the
deiodinases and of the various organs as sources of circulating T3 has not been empirically
demonstrated. Furthermore, very little is known on the relative role of the deiodinases in the
maintenance of adequate levels of TH during replacement therapy. Nonetheless, the
peripheral conversion of TH allows the use of levothyroxine (.-T4) alone for the TH
replacement therapy > 6. This treatment modality is simple, safe, and well-tolerated.
Conversely, the substitution of liothyronine (.-T3) for .-T4 is commonly employed during
the TH withdrawal in preparation for diagnostic and therapeutic nuclear medicine
interventions 7. This therapeutic modality substantially reduces the length of symptomatic
hypothyroidism, making the TH withdrawal more tolerable. Furthermore, despite the fact
that no definite data indicate the superiority of .-T3/.-T4 combination therapy, this remains a
common strategy among practitioners for the treatment of hypothyroid patients who
complain of hypothyroid symptoms despite adequate serum concentrations of TH. On the
other hand, the .-T3 therapy poses a series of challenges stemming from the short half-life of
T3 and its relatively low therapeutic index, factors that expose patients to the risk of
developing toxicity 8 or under-treatment. Finally, since the use of a simpler once-a-day .T-3
administration regimen does not prevent the onset of severe hypothyroid symptoms 9, a
multiple daily dosing scheme would be required to maintain a euthyroid state. Presently,
only limited data are available for the assessment of the adequacy of therapeutic substitution
with -T3 for .-T4. In this study we describe the steady-state equivalence of .-T3 substitution
for .-T4 in hypothyroid individuals.

Material and Methods

Participants and study design

The study was approved by the NIDDK-NIAMS Institutional Review Board and conducted
at the National Institutes of Health Clinical Center in Bethesda Maryland. Written informed
consent was obtained from all study participants at the enrollment and before the study
procedures. Study volunteers were recruited from the local endocrine clinic and via
advertisements in local newspapers and ClinicalTrials.gov (identifier number
NCT00106119). Subjects meeting the following criteria were included in the study: age >18
years, body mass index (BMI) >20< 30 kg/m? and history of primary hypothyroidism on
replacement therapy with a daily L-T4 dose > 1.6 mcg/kg. Exclusion criteria consisted of
suppressive TH therapy, significant functional thyroid residual as measured by a 24-

hour 123] thyroid uptake of greater than 5% (in individuals with thyroid remnant greater than
1 ml as measured by ultrasound) while on replacement therapy; hypertension or
cardiovascular disease; pregnancy or use of hormonal contraception; diabetes mellitus;
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serum cholesterol = 6.2 mmol/l; and/or serum triglycerides > 2.5 mmol/l. The research
protocol was designed as a randomized, double blind, cross-over intervention study. After
enrollment, study participants were randomized to receive a preprandial three times daily
regimen of .-T3 or .-T4 with bi-weekly dosage adjustments in order to achieve a target
serum TSH level >0.5<1.5 mU/I. Study volunteers were admitted to the NIH Clinical Center
for testing after at least a 30-day period (three consecutive follow-up visits) of target TSH on
a steady replacement dose. Following the testing the study volunteers were assigned to the
alternative treatment arm with an identical follow-up and target TSH scheme.

Laboratory assessment

Serial blood

Serum TSH (normal, 04-4.0 mU/I), T3 (normal, 1.39-3.31 nmol/l) and free T4 (normal,
10-25 pmol/l) levels were assessed by chemiluminescence immunoassays in the NIH
Clinical Center Department of Laboratory Medicine on a Siemens Immulite 2500 analyzer
platform. TSH intra- and inter-assay coefficients of variation (CVs) were 4.2 and 3.5 % at
mean levels of 0.20 and 15.31 mUV/I, respectively, and 5.0 and 3.6 % at mean levels of 0.39
and 30.7 mU/I, respectively. T3 intra- and inter-assay CVs were 11.2 and 5.4 % at mean
levels of 1.34 and 5.95 nmol/l, respectively, and 9.9 and 4.5 % at mean levels of 1.26 and
5.56 nmol/l, respectively. Free T4 intra- and inter-assay CVs were 16.43 and 2.58 % at mean
levels of 6.0 and 50 pmol/I, respectively, and 18.67 and 5.01 % at mean levels of 5 and 50
pmol/l, respectively.

sampling and thyrotropin-releasing hormone (TRH) stimulation test

Serial blood samples for measurement of TSH, T3, and free T4 levels were collected during
the second day of hospitalization starting at 06:00 hours. Each TRH stimulation test was
performed by intravenous injection of 200 mcg of TRH after a 10-hour fast at 08:00 AM.
Samples were collected from an indwelling catheter at times -15, 0, 5, 10, 15, 20, 30, and 60
min.

Study medications and therapeutic adjustments

TH replacement therapy was provided by the NIH Clinical Center Pharmacy Department in
identical coded capsules containing .-T4 (5, 10, or 33 mcg), .-T3 (2.5, 10, or 16 mcg)
powder, and placebo. Study participants were randomized to either .-T3 or .-T4 treatment
according to a computer-generated table, and therapeutic adjustments or changes in placebo
were performed bi-weekly by two unblinded physicians (MZ, MCS), and a clinical
pharmacist (FP). After randomization the study patients assigned to L-T4 were continued on
their latest pre-study total daily dose. Conversely, subjects randomized to L-T3 were
initially treated with approximately half of the calculated L-T3 dose to avoid
hyperthyroidism due to the presence of residual T4. The L-T3 requirement was estimated as
1/2 of the latest L-T4 dose; subsequently the estimation was adjusted to 1/3. All patients
were continued on three-time daily regimen and the total daily dose of study medications
was adjusted by changes of + 5% for TSH levels < 1.0 mU/I from the therapeutic target;
conversely the dosage was adjusted by changes of + 10% for TSH levels > 1.0 mU/I from
the therapeutic target. Placebo capsules were used to perform sham adjustments while the
subjects were receiving L -T4. Compliance was assessed at each follow-up visit by pill
counting and by direct questioning the study volunteers. During each follow-up visit the
presence the following symptoms: anxiety, palpitations, tremor, heat intolerance, depression,
fatigue, constipation, dry skin, and heat or cold intolerance was assessed and recorded by
blinded investigators (FSC, NIB, JDL). In order to avoid unnecessary adjustments, the
unblinded team members were made aware by the blinded investigators of the study patients'
self-reported compliance to the regimen. Subjects received from one to six capsules per dose
depending on total dose requirements. All attempts were made to supply identical amount of
study medication in each of three daily doses.
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Statistical analysis

Results

Unless stated otherwise, data are presented as a mean + standard deviation (SD). The area
under the curve (AUC (_go) for TRH-stimulated TSH response following .-T3 and - T4
study phases was calculated by the trapezoidal rule using WinNonLin® Professional version
3.2 from Pharsight (Mountain View, CA). The maximum serum TSH concentration (Cynax)
following the TRH administration was obtained by direct inspection of the serum
concentration-time profiles. Results for both TSH AUC ¢_gg and Cmax are reported as
geometric means and their associated 95% confidence intervals. Paired t-tests were used for
group comparisons, and the results were confirmed by Wilcoxon signed-rank tests. A mixed
model was used for comparing paired serial thyroid function tests data. Analyses were
performed using SAS® and JMP® statistical software packages (SAS Institute Cary NC,
USA). Two-tailed P values of less than 0.05 are considered statistically significant.

Patient recruiting and characteristics

During the period June 2005 - November 2007 14 eligible individuals were enrolled in the
study. Of them, 10 post-surgical hypothyroid patients (9 females, 1 male, age 51.3+3.4
years) completed both phases of the study. The characteristics of the study patients are
reported on Table I. The overall recruiting, screening, drop out, and completion figures are
reported in Figure 1. Four subjects withdrew from the study; three secondary to inability of
following the medication regimen, and one due to relocation. No serious adverse event was
recorded. None of the patients complained of hyperthyroid (anxiety, palpitations, tremor,
heat intolerance) or hypothyroid (depression, fatigue, constipation, dry skin) symptoms at
the time of the admissions. Systolic blood pressure on -T3 therapy was 117.6+12.5 mmHg
vs. 111.1+6.9 mmHg while on -T4 (n.s.); diastolic blood pressure on .-T3 therapy was
73.11£11.3 mmHg vs. 69.248.2 mmHg while on .-T4 (n.s.). Heart rate on -T3 therapy was
66.0+5.4 beats/min vs. 64.9+6.9 beats/min while on .-T4 (n.s.). At the end of the study three
patients expressed overall preference for the .-T3 therapy, four for the .-T4 therapy, and
three had no preference.

Thyroid hormone replacement therapy

Both treatment formulations required an extensive amount of time to reach the therapeutic
target TSH (=0.5 and <1.5 mU/L), 2284142 days (range 117-559) on .-T3 vs. 223+75 days
(range 119-290) on .-T4. The average replacement dose of .-T3 was 40.3+11.3 mcg/day
(0.57+0.08 mcg/kg/day) vs. 115.2+38.5 mcg/day (1.59+0.28 mcg/kg/day) of .-T4 with a .-
T3:.-T4 mcg/mcg ratio of 0.36+0.06 (Fig. 2). Individual .-T3:.-T4 ratios ranged from 0.29 to
0.46.

Thyroid hormone levels

As expected, at the time of admission after a minimum of thirty days at a stable replacement
dose and a TSH level on target, the free and total T4 levels fell below the levels of detection
in the group treated with -T3 (Table I11). On the other hand, the mean free T4 levels (21+4
pmol/l) in the group treated with .-T4 were within the normal range (10-25 pmol/l).
Conversely, although in both the treatment modalities the total T3 levels were within normal
range, they were significantly higher in the .-T3 treated group, 2.84+1.54 nmol/l L-T3 vs.
1.49+0.29 nmol/l .-T4, p=0.017. No difference was observed for TSH values between the
two replacement phases, 1.48+ 0.78 mU/l on .-T3 vs. 1.21+ 0.62 mU/I on - T4, p=0.293.
The serum levels of TSH and total and free thyroid hormones are reported in Table I1I. In
order to assess the changes in the circulating TH levels, serial blood samples were obtained
for one day. The mean total T3 levels were within normal range throughout the 24-h period
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of observation on .-T3 treatment, but the concentrations appeared to be more variable when
compared to those observed in the .-T4 treated group (Fig. 3a). In agreement with the
previous observation, the 24-hour serial T3 serum concentrations were higher during the .-
T3 replacement therapy than during .-T4 replacement therapy (respective means: 2.74 nmol/
I vs. 1.39 nmol/l, p<0.0001); these differences were similar at all sampling time points.
Conversely, the 24-hour serum TSH profiles (Fig 3b) were similar between the two
treatment arms (respective means 1.16 mU/l .-T3 and 1.20 mU/I .-T4, p=0.81).

TRH stimulation test

In order to study the pituitary end-organ response to the two different treatments, eight study
volunteers underwent a 200 mcg TRH stimulation test. Following pharmacological
stimulation, the TSH Cpax 0f 6.83 (95% CI 4.88-9.55) mU/l on -T3 vs. 5.23 (95% CI
3.31-8.3) mU/l on -T4, p=0.383; and AUC (g9 326.1 (95% CI 232.6-457.1) mU*min/l on .-
T3 vs. 247.1 (95% CI 153.8-397.1) mU*min/l on .-T4 (p=0.285), were similar, indicative of
pharmacodynamic equivalency (Fig. 4). TSH Cax and AUC g results were also similar
using a Wilcoxon signed-rank test (data not shown).

Discussion

THs play an important regulatory role in the development and function of virtually all organ
systems, and their homeostasis is maintained by a highly regulated, multi-step redundant
system. The peripheral conversion of the THs, by regulating the availability of T3 at the
target tissue level, represents an important pre-receptor modulation of the hormonal action
10, The TH replacement therapy indeed is based on the assumption that the peripheral
conversion of exogenously administered T4 (as .-T4) into T3 provides adequate replacement
to the various target tissues. Nonetheless, clinical and in vitro observations 11+ 12 indicate
that the peripheral conversion of T4 could play an important role in the variable clinical
presentation of thyroid disease among patients. Further, it is a common observation that,
despite normal circulating levels of TSH and THSs, a sizable number of individuals treated
with .-T4 alone complain of hypothyroid symptoms 13. These observations have led to the
human experimentation of combination therapy with both .-T4 and .-T3 in the treatment of
hypothyroidism 14, Some studies indeed suggested marginal improvement of hypothyroid
symptoms 14-18  but the vast majority of the large trials do not support the need for 19, or the
superiority of the combination therapy 20-24. Nonetheless, this modality remains a common
practice among endocrinologists and general practitioners 2. It is worth noting that most of
the studies did not provide a physiological TH replacement, since the combination therapy
was administered on a once-a-day regimen 14: 16-18, 21, 23, 24 and/or with a fixed .-T3 dose
14-16, 18, 20, 21, 24/ On the other hand, therapeutic substitution of .-T3 on a twice-a-day
administration regimen for .-T4 during the TH withdrawal in thyroid cancer patients in
preparation for nuclear medicine studies and radioiodine therapy has become the standard of
care /. This modality is generally well-tolerated and is used to reduce the duration of
hypothyroid symptoms 26. However, the narrow therapeutic index and the relatively short
half-life of .-T3 represent substantial impediments to achieving a sustained TH replacement
with -T3 alone. Surprisingly, no formal comparison of the pharmacodynamic equivalency
of -T3 vs. .-T4 using a narrow TSH range as a therapeutic target is currently available. The
only detailed evaluation of .-T3 as a single agent replacement therapy for hypothyroidism
was performed in a study population with TSH ranging from subclinical to severely
hypothyroid levels 27. At the present, therapeutic substitution of .-T3 for .-T4 is mostly
performed on a fixed-dose of 50% of the .-T4 dose requirements, with minimal empirical
evidence for the adequacy of replacement.

In this study we chose to substitute .-T3 for .-T4 on a three times daily administration
regimen to maintain reasonably steady levels of T3 throughout the day, avoiding the
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potential risk of supratherapeutic levels of T3 28, Our findings demonstrate that a steady-
state pharmacodynamic equivalence can be achieved by substituting .-T3 for .-T4 using a
thrice daily regimen at an approximate ratio of 1:3. It is worth noting that the .-T4 dosage
required to achieve the target TSH on a thrice daily regimen is comparable to the baseline
once daily regimen (Table I). The characteristics of our study design make the results
particularly robust. By implementing a randomized, cross-over, treat-to-target, prolonged
intervention, we have virtually avoided most of the biases associated with pharmacodynamic
equivalence studies. Consequently, we do not expect lead-time biases or any carry-over
effects from the first to the second treatment phase. Further, the use of a cross-over design
and careful selection of the study volunteers, who were otherwise healthy and completely
devoid of endogenous TH secretion, have allowed a rather precise evaluation of the required
dose. Finally we have tested the .-T3 vs. .-T4 equivalency not simply on a single time point
at baseline, but also throughout a 24-hour period, and after a dynamic pituitary stimulation
with TRH. Despite the fact that TRH stimulation test may not add any substantial diagnostic
advantage over the assessment of baseline TSH 29 in primary hypothyroidism, we chose to
perform this additional dynamic test to uncover subtle differences in the pituitary response
to the two drug formulations. Although the two therapies were not significantly different, the
95% confidence interval for the true AUC ratio could be within 0.75 to 2.33 because of the
variability in TSH AUC values among patients under each therapeutic cycle. However, a
pharmacodyamic equivalency between the two treatments was further supported by finding
non-significant differences between baseline TSH serum concentrations and TSH Cyax
determinations following TRH stimulation tests, as well as similar diurnal TSH profiles.
Furthermore, the results were comparable with normative data 30, indicating a state of
euthyroidism. Nonetheless it is possible that some very subtle differences in the pituitary
response to the TRH stimulation might not have been demonstrated because of type-1I error.

Compared to individuals treated with -T4, the circulating levels of T3 were higher in the .-
T3 treated group. Consistent with previous observations 6, the circulating levels of T3 in the
individuals treated with .-T4 were comparable to the ones observed in healthy volunteers
(data not shown). It is important to note that albeit elevated, the mean circulating T3 levels
remained within the normal range throughout the 24 hours, indicating that the three times
daily .-T3 substitution regimen at a 1:3 ratio represents a more physiologic and possibly
safer therapeutic modality than the use of less frequent .-T3 dosing intervals.

While the limited number of participants might be considered a weakness of our study, its
main limitation is the tight follow-up schedule with the requirement of multiple daily TH
replacement doses, and the narrow therapeutic target adopted in this research protocol,
which cannot be realistically replicated for a sustained period of time in the general
endocrine practice. The time-to-target was similarly prolonged for both treatment arms. This
is somewhat surprising since one would think that it should be easier to achieve the TSH
goal with .-T4 than with -T3. This finding is probably explained by the fact that the thrice
daily regimen almost invariably introduces an element of non-compliance. Furthermore,
while adjustments in the .-T3 regimen can be effectively made every two weeks, this is not
possible on LT-4 because of its longer half-life.

Nonetheless, should the fractional dosage of .-T3 become available, .-T3 for -T4
substitution on a thrice daily regimen at an approximate ratio of 1:3 could be implemented
for a limited period of time during the .-T4 withdrawal for 1311 scan and treatment in thyroid
cancer patients. This would avoid the risks of supra-therapeutic T3 levels or substantial
under-dosing, thus minimizing the duration of TSH stimulation and hypothyroid symptoms.
Furthermore, the data reported in this manuscript could constitute the proof-of-concept for
therapeutic substitution of .-T3 for .-T4 or combination TH therapy when a sustained-
release .-T3 formulation becomes commercially available 19 31,
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CONSORT flow-chart: research protocol recruiting, screening, drop out, and completion

rate.
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Figure 2.

Equivalency for thyroid hormone replacement therapy. A: individual .-T3 -T4 equivalency
at steady state. B: box-plot indicating median and distribution of the daily doses of .-T3 and
- T4 replacement therapy. Data are expressed as mcg/kg daily dose on a thrice daily
administration scheme.
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24-hour profile of total T3 levels (panel A) and TSH (panel B) on 4 .T-3 and (o) .-T4
thyroid hormone replacement therapy. Samples were obtained at 4-hour intervals, except for
the second TSH time-point where the time 0 TRH stimulation test (08:00) was substituted
for the 10:00 time-point to avoid the artifact of the TRH-stimulated rise in TSH.
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Results of the TRH stimulation test. Study volunteers (n=8) received a 200 mcg intravenous
injection of TRH while on 4 .T-3 and e .-T4 thyroid hormone replacement therapy at
08:00. Time 0 indicates the average of times -15 and 0 min. Data expressed as geometric

means and associated 95% confidence limits.
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Table 1

Baseline characteristics of the study population (n=10).

Parameters

Female/Male 9/1

Age (yr) 51.3+3.4

Ethnicity 7 Caucasian, 2 Asian, 1 African American
Height (cm) 162.945.3

Weight (kg) 69.01+11.4

Body mass index (kg/m?) 25.9+3.7

Etiology of hypothyroidism (all post-thyroidectomy)

Duration of hypothyroidism (years)
L-T4 replacement dose (mcg/day)

Thyroid function tests at baseline

4 multinodular goiter

2 adenoma

3 papillary thyroid cancer
1 medullary thyroid cancer

3.8+2.7

123.7+35.9

TSH (mu/l) 1.03+1.40
FreeT4 (pmol/l) 21+6

T3 (nmol/l) 1.51+0.36
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Table 2

Comparison of thyroid function tests following thyroid hormone replacement with .T-3 and . T-4.

Parameter Reference Interval  1-T4 Replacement  (-T3 Replacement p \5jye@
TSH (mU/l) 0.40 - 4.00 1.21+0.62 1.48+0.78 0.293
Free T4 (pmol/l) 10-25 21+4 Below detection <0.001
Total T4 (nmol/l) 58-161 106 + 22 Below detection <0.001
Free T3 (pmol/l) 2.8-6.5 40+04 5926 0.044
Total T3 (nmol/l) 1.39-3.31 1.49+0.29 2.84+1.54 0.017

Data are presented as meanSD.

a2-tai| paired Student's t test; all significant p values <0.002 with the Wilcoxon signed-rank test.
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