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Introduction
Thyroid carcinoma is the most prevalent endo-
crine malignancy, and its incidence has increased 
in the developed world over the last decade.1–3 
Prognosis is mostly favourable, with the majority 
of patients experiencing a normal life span.4 The 
main treatment modalities include surgery, radio 
iodine and levothyroxine (LT4) administra-
tion.5–7 The latter frequently invokes a lifelong 
replacement following thyroid ablative therapy, 

but is also used to suppress thyroid stimulating 
hormone (TSH) concentrations in order to pre-
vent potential stimulation of remaining tumour 
cells.8,9 More recent guidelines have relaxed the 
TSH target for patients with prognostically 
favourable tumours.7–11 While LT4 treatment has 
been proven to be safe and well-manageable for 
many patients, recent studies have shown a higher 
level of variation and complexity in the treatment 
response than previously understood, challenging 
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the widely held belief that thyroid replacement is 
a simple uncomplicated process.12 LT4 as the 
standard treatment for hypothyroidism is also 
increasingly viewed more critically. While large 
studies have attested to its improvement of the 
quality of life (QoL) in patients treated for overt 
hypothyroidism, this is not restored to a level 
found in the healthy population.13 LT4 mono-
therapy is at base an unphysiological approach, as 
the human thyroid gland produces and releases 
into the circulation both thyroid hormones,  
thyroxine (T4) and a lower proportion of triio-
dothyronine (T3). However, in randomized  
controlled trials (RCTs), combinations of T4 and 
T3 have not been consistently proven to be supe-
rior to regimes based on LT4 alone.14–16 This has 
left patients and doctors with a considerable 
dilemma.17 The question therefore arises as to 
whether free triiodothyronine (FT3) plays a dif-
ferential role in controlling pituitary TSH pro-
duction and symptomatic relief in athyreotic 
patients on LT4 medication.

In the present study, we sought to assess the dual 
roles of free thyroxine (FT4) and FT3 in the con-
trol of pituitary TSH secretion in a large cohort 
of patients with thyroid carcinoma that have been 
followed under long-term LT4 use. We also 
associated it with clinically symptomatic relief. 
This retrospective longitudinal analysis comple-
ments a prospective cross-sectional study that 
was reported earlier.18

Methods

Patient records
The present study comprises a retrospective anal-
ysis of records from 319 patients with differenti-
ated thyroid carcinoma (DTC) who were treated 
and followed long-term from June 2008 to August 
2016 in the Department of Nuclear Medicine of 
Klinikum Lüdenscheid, a teaching hospital of 
the University of Bonn. Patients with potentially 
interfering non-thyroidal comorbidities and preg-
nant women were excluded. Patient characteris-
tics are reported under Results. The anonymized 
analysis was approved by the local authorities in 
data protection, not requiring an ethical vote.

The treatment strategy followed the German 
guidelines for DTC management.19 In patients 
with tumour stage pT1a according to TNM clas-
sification and presumably low risk of recurrence 
after initial surgery, radioiodine ablation and 

further diagnostic radioiodine scans were deemed 
unnecessary. Follow-up visits were carried out at 
6-month intervals for 5 years and 12-month inter-
vals thereafter. In contrast, patients with interme-
diate or high risk of tumour recurrence (stages 
pT1b to pT4) required radioiodine ablation of 
remnant tissue following surgery. Patients accord-
ingly were hospitalized in a dedicated unit for 48 
h after radioiodine administration, obeying 
German laws for radiation protection. Patients 
were followed every 6 months on an outpatient 
basis over a 5-year period, when another diagnos-
tic radioiodine scan was carried out. In the 
absence of any evidence of tumour recurrence, 
follow-up intervals were changed to 12 months. 
For hormonal substitution, all patients received 
LT4 monotherapy administered in a single early-
morning dose. To decrease the risk of tumour 
recurrence, thyroxine replacement aimed at TSH 
suppression in most patients during the first 5 
years, except for low-risk stages or in cases of con-
traindications such as severe coronary heart dis-
ease. In the latter cases, the target was 
euthyroidism. After 5 years without suspicion of 
recurrence, treatment targets were adjusted to 
euthyroid levels within the reference range, and 
LT4 dose was reduced accordingly. To stimulate 
iodine uptake of potential DTC tissue, LT4 treat-
ment was withdrawn 4 weeks before radioiodine 
application for diagnostic or treatment purposes, 
rendering the patient hypothyroid, or, alterna-
tively, patients received two injections of recom-
binant human TSH (rhTSH, Thyrogen®, Sanofi 
Genzyme, Neu-Isenburg, Germany).

For the present evaluation, we included the 
reports of all DTC patients who entered our insti-
tution during the last 6 years, detailing the results 
of the below-mentioned examinations and the 
patient’s history, including prior surgery or radi-
oiodine treatment and tumour classification. All 
visits on LT4 replacement therapy or after LT4 
withdrawal were included. Only visits involving 
rhTSH stimulation were excluded from the pre-
sent analysis, because this procedure affects the 
natural relationship between TSH and FT4 or 
FT3. A stable nonhypothyroid presentation was 
defined as no change of medication within the 
previous 6 weeks, an FT4 concentration above its 
lower reference limit and TSH below its upper 
reference boundary.

Patient complaints were presented in an open for-
mat. At all visits, a patient was seen by a specialist 
in nuclear medicine, discussing and documenting 
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any patient complaints and adjusting dose as 
required. For the present analysis, the docu-
mented complaints were independently catego-
rized into hypothyroid (e.g. tiredness, fatigue, 
lack of energy, cold intolerance, weight gain), 
hyperthyroid (e.g. nervousness, rapid pulse, pal-
pitation, trembling, heat intolerance, unwanted 
weight loss) or thyroid-unrelated symptoms (e.g. 
back pain).

Neck ultrasound, thyroid tests and thyroglobulin 
measurement were carried out routinely at each 
visit. Peroxidase- or thyroglobulin-antibodies 
were included when clinically indicated.

Thyroid ultrasonography and scintigraphy
Thyroid volume, tissue echogenicity, nodularity 
and adjacent structures such as lymphatic nodes 
were routinely assessed in all subjects by ultra-
sonography (12 MHz transducer). While most 
thyroid carcinoma patients had no detectable 
residual thyroid volume, reference values for thy-
roid volumes are <18 ml for female and <25 ml 
for male subjects.

Radioiodine application for remnant tissue abla-
tion, diagnostics in cases of suspected recurrence 
or treatment of proven tumour recurrence was 
performed according to the German guidelines of 
the Society of Nuclear Medicine.19

Laboratory methods
Thyroid function tests were performed by a single 
accredited institution, the Institute of Laboratory 
Medicine of Klinikum Luedenscheid. Blood sam-
ples were taken from morning to early afternoon. 
TSH was measured with an automated direct 
chemiluminescence method (third generation, 
TSH3-Ultra, ADVIA Centaur XP, Siemens 
Healthcare Diagnostics, Erlangen, Germany). 
FT4 and FT3 were measured on the same plat-
form (FT4- or FT3-ADVIA Centaur XP, Siemens 
Healthcare Diagnostics, Erlangen, Germany). 
The methods used in this study had been exten-
sively evaluated in the local population. Assay 
characteristics, verified reference ranges, method-
ological variation and biological variability have 
been reported in detail elsewhere.18,20,21

Briefly, the standard curve was calibrated with the 
3rd International Standard of the World Health 
Organization for human TSH (IRP 81/565). It 
showed a functional sensitivity of 0.008 mIU/l. 

Intra-assay coefficients of variation (CVs) in 
pooled serum samples in the range from 0.52 
mIU/l to 132.8 mIU/l (n = 20) were 1.4–2.4%. 
Inter-assay imprecision measured in duplicate 
over 10 consecutive days was 0.9–2.9%. At a 
TSH value of 0.52 mIU/l, the intra-assay CV was 
1.4%, the inter- assay CV 2.2%, but at the func-
tional sensitivity (TSH of 0.008 mIU/l) the inter-
assay CV rose to 14.1%. Serum samples with 
FT3 concentrations ranging from 2.9 to 14.2 
pmol/l showed intra-assay CVs from 2.4% to 
3.1% and inter-assay CVs from 2.3% to 3.9%. 
Serum samples with FT4 concentrations in the 
range from 9.3 to 38.8 pmol/l showed intra-assay 
CVs from 2.2% to 3.3% and inter-assay CVs 
from 2.5% to 4.0%. Standard laboratory quality 
procedures were routinely employed, and regular 
participation in inter-laboratory tests was part of 
the quality-management strategy.

Laboratory-evaluated reference intervals were as 
follows: 0.4–4 mIU/l for TSH, 3.1–6.8 pmol/l for 
FT3, 10–23 pmol/l for FT4, for TPO Ab < 60 
IU/ml and for TSH-R Ab < 2 IU/l.

Follow-up measurements obtained from 72 
patients with TSH concentrations ranging from 
0.2 to 8.8 mIU/l showed a biological variation 
(intra-individual CV) of 26% for logarithmically 
transformed TSH values.21 The bi- and trivariate 
CVs expressed by the Mahalanobis distance for 
the TSH–FT4 and TSH–FT4–FT3 combination 
were only slightly higher at 34% and 29%, respec-
tively.21 Regression lines of the relationships 
between lnTSH and FT3, FT4 or deiodinase 
activity were also shown to closely concur in a 
control group during follow-up under unchanged 
conditions.18

Thyroglobulin was measured by RIA (Thermo 
Fisher Scientific BRAHMS, Henningsdorf, 
Germany). TPO Abs were measured with an auto-
mated competitive chemiluminescence method 
(Anti-TPO, ADVIA Centaur XP, Siemens 
Healthcare Diagnostics, Erlangen, Germany).

T3–T4 conversion and deiodinase activity
A simple estimate of the conversion of T4 to T3 
was derived by dividing the molar serum concen-
trations of the two hormones, and expressing it as 
the FT3–FT4 ratio.

In addition, global deiodinase activity (SPINA-GD) 
was calculated, using a mathematical model of 
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thyroid hormone homeostasis, as has been previously 
described.22–24 SPINA-GD is more precise than the 
simple FT3–FT4 ratio, as it accounts for non-linear 
enzyme saturation kinetics, although it does not fur-
ther differentiate global activity by type of deiodinase. 
The SPINA parameters can be calculated with free 
open source software (SpinaThyr 4.0), available 
from sourceforge.net (http://spina.sf.net). They have 
been recently reviewed,25 and were extensively vali-
dated in several large studies.22–24,26–29 SPINA-GD 
estimates the maximum global activity of peripheral 
deiodinases per unit of time (termed deiodinase 
activity, nmol/s) from equilibrium levels of FT3, FT4 
and estimated constants for plasma protein binding, 
distribution and elimination.22–26

Statistical methods
Descriptive data are reported as median and 
interquartile range (IQR), because they were 
mostly non-normally distributed. TSH values 
were natural logarithmically transformed for that 
reason. Wilcoxon’s rank-sum test was used for 
between-group comparisons of continuous vari-
ables, and chi-squared test with Yates’ correction 
for continuity for categorical variables. Variables 
were considered explanatory and therefore no 
adjustments were made for multiple compari-
sons. Generalized linear mixed models were used 
to account for non-independence of repeated 
measurements in the same subject, individual 
variations in slope and non-linearity of the rela-
tionships. The models were fitted using natural 
splines with four knots and a Gaussian link func-
tion for continuous variables or a binomial link 
for categories, and relied on restricted maximum 
likelihood estimators (REML).30 Interaction 
terms were tested in the models to assess and, if 
significant, to account for gradient change. We 
also estimated the relative importance of FT3 
and FT4 – which were strongly correlated with 
each other – on the TSH response by averaging 
of the sequential sum-of-squares obtained from 
all possible orderings of the predictors, thereby 
accounting for collinearity.31 All tests were two-
sided with p < 0.05 denoting statistical signifi-
cance. We used the R statistical software base 
package (version 3.3.1 for Mac) together with 
JGR 1.1-18, Deducer 0.7-9, lme4 1.1-12 and 
relaimpo 2.2-2.30–33

Results
Three hundred and nineteen patients with thy-
roid carcinoma were followed for at median 5.5 

years (IQR 4.2, 6.9). The median number of vis-
its per patient was 9 (IQR 6, 12), resulting in 
2914 patient visits. Three hundred and five 
patients had thyroidectomy, 14 hemithyroidec-
tomy, and 295 (92.5%) underwent radioiodine 
treatment. Patient characteristics are summarized 
in Table 1. All patients achieved a biochemically 
nonhypothyroid state on thyroid hormone 
replacement with LT4, defined by FT4 >10 
pmol/l and TSH <4 mIU/l. Excluding periods of 
drug withdrawal for radioiodine treatment, 64% 
of the patients had no complaints about symp-
toms over follow-up treatment. Thirty-six per 
cent of the patients expressed complaints about 
hypothyroid (26%) or hyperthyroid (10%) symp-
toms at any one visit and were then adjusted for 
dosage. While patients were asymptomatic most 
of the time, there were 7% presentations with 
complaints about hypothyroid symptoms, com-
pared to 2% with hyperthyroid symptoms. The 
latter is expressed as the average symptom report-
ing over all patients and with several presenta-
tions per patient. A TSH target below 0.4, 0.1 or 
0.01 mIU/l was reached at 73%, 54% and 27% of 
presentations, respectively, and by 94%, 84% and 
56% of patients for any one visit. Six per cent of 
patients were biochemically euthyroid at all visits, 
whereas a TSH-suppressive regime was main-
tained throughout follow-up in 25% (<0.4 
mIU/l) or 10% (<0.1 mIU/l).

At stable nonhypothyroid presentations, LT4 
dose requirements varied widely from 50 to 375 
µg/day (median 150, IQR 125,175), correspond-
ing to 0.73 to 4.1 µg/kg BW (median 1.84, IQR 
1.62, 2.14). Weight-adjusted LT4 dose during 
follow-up was significantly associated with the 
level of TSH suppression (–0.08 per log unit, p < 
0.001), adjusted for gender (p = 0.35) and age 
(0.12 µg/kg lower per 10-year increase, p < 
0.001). Calculated deiodinase activity was non-
linearly and inversely related with weight-adjusted 
LT4 dose (–1.5 nmol/s for a dose increase from 
1.5 to 2 µg/kg BW, p < 0.001), independently of 
gender (1.7 nmol/s higher in men, p < 0.001), 
age (–0.4 nmol/s per 10 years, p < 0.001) and 
TSH (0.11 nmol/s per log unit, p = 0.02).

An FT3–TSH mismatch – defined by FT3 con-
centrations below 5 pmol/l (the median level of 
normal controls) despite achieved TSH suppres-
sion (<0.4 mIU/l) – occurred in 31% of the pres-
entations. This was strongly associated with 
deiodinase activity (OR 0.80, 95% CI: 0.77; 0.83, 
p < 0.001). It remained independently significant 
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(OR 0.79, 95% CI: 0.75, 0.83, p < 0.001) in the 
presence of other important influences such as 
gender (p < 0.001), age (p < 0.001) and weight-
adjusted dose (p < 0.001).

Relationships between FT4, FT3 or TSH and 
weight-adjusted LT4 dose were stratified by 
determining quartiles of deiodinase activity (<19, 
19–22.5, 22.5–26, >26 nmol/s) over the full dose 
range, including times of temporary LT4 with-
drawal, as shown in Figure 1. The influence of 
the deiodinase categories proved significantly 
non-linear (p < 0.001) and non-parallel (interac-
tive, p < 0.001) (Figure 1). The associations 
remained significant when using deiodinase activ-
ity as a continuous variable and restricted to the 
nonhypothyroid range (FT4 p < 0.001, FT3 p < 
0.001, lnTSH p = 0.02), but only the interaction 
with FT4 was significant (p < 0.001).

While the lnTSH–FT4 and lnTSH–FT3 rela-
tionships displayed considerable variation among 
individual patients in slope, intercept and fit of 
linearity, various influences such as gender, age, 
weight-adjusted LT4 dose and deiodinase activity 
all significantly (all p < 0.001) influenced the 
relationship. Compared to the preoperative level, 
deiodinase activity had declined from 31.3 nmol/s 
(IQR 28.9, 35.0) to 23.1 nmol/s (IQR 21.0, 24.9, 

p < 0.001) after thyroidectomy in a small series of 
35 patients that had been referred prior to sur-
gery. Deiodinase activity was of particular inter-
est, as it interacted (p < 0.001) with FT4 to alter 
the gradient of the lnTSH–FT4 relationship in 
both univariable (not shown) and multivariable 
models adjusted for gender, age and BMI (Figure 
2a), and was itself altered by the LT4 dose admin-
istered (as described above).

With both escalation of LT4 dose and declining 
conversion efficiency, FT3 became increasingly 
dissociated from TSH, as shown by stratifying the 
relationships by quartiles of LT4 dose (Figure 2b) 
or deiodinase activity (Figure 2c). Quartile-based 
FT3 groups (<4.2, 4.2–4.9, 4.9–5.6, >5.6 pmol/l) 
displayed a shift in their corresponding lnTSH–
FT4 relationships, which was not entirely parallel 
(p for interaction < 0.001) (Figure 2d). This 
means that at any given FT4 concentration the 
level of TSH suppression was additionally depend-
ent on circulating FT3 concentrations (p < 0.001 
between groups, Figure 2d). As can be seen, the 
influences of FT3 and FT4 were supra-additive, 
the two hormones interacting multiplicatively over 
both the full and nonhypothyroid spectrum.

Taking collinearity between FT3 and FT4 into 
account (see Methods), the relative importance 

Table 1.  Characteristics of the study group.

Parameter Median (IQR)1

n = 319

Gender (female/male) 230 (72%) / 89 (28%)

Age at initial presentation (years) 50.1 (41.1; 62.0)

Body mass index (kg/m2) 28.2 (24.3; 31.3)

Tumour type Papillary 69%, follicular 19%, other 12%

Tumour stage at initial presentation pT1 46%, pT2 20%, pT3 12%, pT4 3%, N1 12%, M1 4%

Ablative treatment surgery 100%, plus radioiodine 92.5%

LT4 dose (µg/day) 150 (125; 175)

Weight-adjusted LT4 dose (µg/kg BW/day) 1.84 (1.62; 2.14)

FT3 (pmol/l) 5.15 (4.60; 5.80)

FT4 (pmol/l) 22.3 (19.6; 25.4)

TSH (mIU/l) 0.07 (0.01; 0.46)

FT3–FT4 ratio 0.23 (0.20; 0.26)

Deiodinase activity (nmol/s) 21.6 (18.8; 24.2)

1�Values shown are under nonhypothyroid (FT4 >10 pmol/l, TSH <4 mIU/l) stable conditions, excluding temporary LT4 
withdrawal for radioiodine treatment.

BW, body weight; FT3, free triiodothyronine; FT4, free thyroxine; LT4, levothyroxine; TSH, thyroid stimulating hormone.
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of FT3 and FT4 for TSH suppression in the 
nonhypothyroid range was on average estimated 
to be 52% (95% CI 47–57%) for FT4, 38% 
(95% CI 32–42%) for FT3 and 10% (95% CI 
8–15%) for the interaction of the two 
hormones.

The differential influences of FT3 and FT4 can 
be illustrated by comparing two quartile-based 
groups of patients from our panel, high FT4/low 
FT3 versus low FT4/high FT3 (Table 2). At a 
comparable level of TSH suppression, the extent 
of global deiodinase and T3 involvement differed 
between the groups, suggesting that FT3 can 
effectively suppress TSH in the presence of low 
T4 substrate, but high global deiodinase activity.

When comparing symptomatic and asympto-
matic presentations under biochemically stable 

nonhypothyroid conditions, the lnTSH–FT4 
relationship was significantly (p < 0.001) shifted 
towards higher TSH values at the same FT4 con-
centration in the presence of hypothyroid symp-
toms (Figure 3a), as was the lnTSH–FT3 
relationship (p < 0.001) (Figure 3b). FT3 levels 
at symptomatic presentations during follow-up 
were significantly reduced, –0.19 pmol/l, p = 
0.005 and –0.23 pmol/l, p = 0.001 after adjust-
ing for gender (p < 0.001), age (p < 0.001) and 
BMI (p = 0.38), compared to the levels at asymp-
tomatic presentations (Table 3). Associated 
hypothyroid complaints decreased from 5.7% at 
3 pmol/l to 2.3% at 6 pmol/l FT3 (p = 0.002), 
and, similarly, from 3.9% to 1.9% at a TSH of 1 
mIU/l versus 0.05 mIU/l (p < 0.001). The pres-
ence of hypothyroid symptoms was associated 
with deiodinase activity (p = 0.050), but the rela-
tionship weakened after adjusting for covariates 

Figure 1.  Relationships between FT4 (a), FT3 (b), and TSH (c) and weight-adjusted LT4 dose, stratified by 
quartiles of deiodinase activity. The main panels show crude relationships obtained by locally weighted 
scatterplot smoothing in each strata. The inserts are derived by a linear mixed model (see Methods), fitting 
natural splines to the interaction of deiodinase activity with LT4 dose. The interaction term was significant  
(p < 0.001) for all relationships, indicating a change in slope, not a strictly parallel shift. The distribution of the 
deiodinase strata is shown in (d). The shaded area surrounding the curves indicates 95% confidence interval in 
this and other figures.
FT3, free triiodothyronine; FT4, free thyroxine; LT4, levothyroxine; TSH, thyroid stimulating hormone; BW, body weight.

https://journals.sagepub.com/home/tae


R Hoermann, JEM Midgley et al.

journals.sagepub.com/home/tae	 89

(Table 3). Hyperthyroid symptoms were below 
0.1% at TSH 0.05 mIU/l, and increased from 

0.01% at 5 pmol/l FT3 to 0.5% at 7 pmol/l FT3 
(p < 0.001) during follow-up.

Figure 2.  Relationship between TSH and FT4 or FT3, stratified by quartiles of deiodinase activity (a, c), 
administered LT4 dose (b) or FT3 concentrations (d).
The main panel shows the crude relationship obtained by locally weighted scatterplot smoothing in each strata over the 
full range. The inserts are restricted to the nonhypothyroid range, fitted by a mixed model using natural splines for the 
independent variable and its interaction with the respective strata after adjusting for gender, age and body mass index 
(except if dose was already weight-adjusted). The curves shown are significantly different (see Results).
FT3, free triiodothyronine; FT4, free thyroxine; LT4, levothyroxine; TSH, thyroid stimulating hormone.

Table 2.  Thyroid parameters in two groups of patients with high FT4/low FT3 versus low FT4/high FT3 serum 
concentrations.

Parameter High FT4/low FT3
median (IQR)
n = 24

Low FT4/high FT3
median (IQR)
n = 33

p-value

Weight-adjusted LT4 dose 
(µg/kg BW/day)

2.02 (1.68; 2.31) 1.63 (1.40; 2.26) 0.10

FT3 (pmol/l) 3.84 (3.65; 4.00) 5.93 (5.74; 6.20) <0.001

FT4 (pmol/l) 27.2 (26.3; 28.9) 18.1 (17.0; 18.8) <0.001

TSH (mIU/l) 0.12 (0.02; 0.23) 0.11 (0.02; 0.43) 0.81

Deiodinase activity (nmol/s) 12.5 (11.7; 13.7) 31.2 (29.2; 33.5) <0.001

BW, body weight; FT3, free triiodothyronine; FT4, free thyroxine; LT4, levothyroxine; TSH, thyroid stimulating hormone.
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Discussion
While LT4 monotherapy remains the standard 
treatment for hypothyroid patients, concerns 
have been raised about the implications of its 
non-physiological nature.34–38 In particular, rela-
tively low FT3 concentrations accompanied by 
elevated FT4 levels have long been recognized in 
patients treated with LT4.24,39–41 In more recent 
and detailed analyses, we and others found pro-
found alterations in both the mechanisms of feed-
back and feedforward control by thyroid 
hormones in LT4-treated patients that were 
aggravated by the absence of a functioning thy-
roid gland.18,42–44 In the present retrospective 
analysis, we further examined the dual and dif-
ferential roles of FT3 and FT4 in controlling 
pituitary TSH secretion. This has demonstrated a 
substantial influence of conversion efficiency and 
the resulting FT3 concentrations on the TSH–
FT4 relationship in LT4-treated athyreotic 
patients. The FT3–FT4 interplay introduces a 
considerable amount of variation in the treatment 
response between individual patients. Because 
LT4 monotherapy supplies only the largely inac-
tive pro-hormone T4, in the absence of a func-
tioning thyroid gland, the generation of T3 
becomes dependent entirely on enzymatic T4 to 
T3 conversion, which is achieved by two types of 
deiodinases, type 1 and type 2.45 However, con-
version efficiency may vary widely among LT4-
treated patients, and is less efficient in the absence 
of remnant thyroid tissue.12 This was reconfirmed 
by the present analysis, as, in a small series with 

Figure 3.  Relationships between TSH and FT4 or FT3 
at symptomatic versus asymptomatic presentations.
The main panel shows the crude relationships obtained by 
locally weighted scatterplot smoothing in each group over the 
full range. The inserts are restricted to the nonhypothyroid 
range, fitted by a mixed model adjusted for FT4/FT3, gender, 
age and BMI. Responses in symptomatic patients were 
significantly shifted to the right (FT4: p = 0.03, FT3: p = 0.007).
BMI, body mass index; FT3, free triiodothyronine; FT4, free 
thyroxine; TSH, thyroid stimulating hormone.

Table 3.  Thyroid parameters at symptomatically hypothyroid versus asymptomatic presentations.

Parameter Asymptomatic
mean (95% CI)1

Symptomatic
mean (95% CI)1

p-value

Visits (n) 2270 152  

Gender (female/male) 71%/29% 64%/36% 0.08

Age 53.3 [51.6; 55.0] 53.7 [51.9; 55.4] 0.08

BMI 27.2 [26.7; 27.7] 27.2 [26.8; 27.6] 1.0

Weight-adjusted LT4 dose 
(µg/kg BW/day)

1.94 [1.89; 2.00] 1.86 [1.79; 1.93] <0.001

FT3 (pmol/l) 5.43 [5.35; 5.52] 5.20 [5.05; 5.36] 0.001

FT4 (pmol/l) 22.8 [22.4; 23.2] 21.4 [20.6; 22.1] <0.001

TSH (mIU/l) 0.10 [0.08; 0.12] 0.17 [0.12; 0.23] <0.001

Deiodinase activity (nmol/s) 22.1 [21.7; 22.5] 22.5 [21.9; 23.2] 0.11

1�This excludes temporary LT4 withdrawal for radioiodine treatment. Thyroid parameters were obtained under 
nonhypothyroid stable conditions, and adjusted for gender, age and BMI (except for LT4 dose) in a multivariable mixed 
model. TSH was logarithmically transformed.

BW, body weight; FT3, free triiodothyronine; FT4, free thyroxine; LT4, levothyroxine; TSH, thyroid stimulating hormone.
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preoperative measurements, deiodinase activity 
significantly declined by at median 26% after thy-
roidectomy. In the present study, we demon-
strated a strong influence of deiodinase activity 
on the TSH–FT4 relationship, poor T4 to T3 
converters displaying a much flatter TSH 
response curve at the same FT4 concentrations. 
Interestingly, deiodinase activity and conversion 
efficiency – albeit already reduced in athyreotic 
patients – are not exclusively genetically predeter-
mined, but correlated inversely with LT4 dose in 
our study. This may counteract and limit the suc-
cess of LT4 dose escalation in terms of raising 
circulating FT3 concentrations, as has been dis-
cussed previously.12,43

This raises the question of whether patients may 
still gain satisfaction of treatment despite the less 
efficient conversion process and lower circulating 
FT3 concentrations on high-dose LT4, poten-
tially achieving sufficient compensation at the tis-
sue levels. To a degree, this was apparently true 
for a large proportion of patients, as hypothyroid 
complaints were only reported at 11% of presen-
tations. However, the proportion of presentations 
with hypothyroid complaints was significantly 
and inversely associated with circulating FT3 
concentration, after correcting for independently 
significant non-specific influences of gender, age 
and weight-adjusted dose. In symptomatic 
patients, the TSH–FT4 relationship was slightly, 
but significantly, shifted to higher TSH values. 
Hyperthyroid complaints were less frequent, and 
associated with higher FT3 concentrations. 
Hence, measurement of FT3 and determination 
of conversion rate may identify patients with 
impaired biochemistry and displaced equilibria 
that are at higher risk of unsatisfactory treatment 
outcomes and residual complaints.

While the study size of more than 300 patients 
and the available long-term follow-up over at 
median 5.5 years and nine visits per patient are a 
strength of the study, some limitations relate to its 
retrospective and uncontrolled design. Although 
the use of equilibrium dialysis or tandem liquid 
chromatography mass spectrometry was not prac-
ticable in such a large cohort, the immunometric 
assays employed in this study have been exten-
sively evaluated in the local population.18,20,21 
This is particularly relevant because FT3 and 
FT4 assays may differ in quality and suffer from a 
lack of standardization among different manufac-
turers.46,47 We also note that our analysis was 
done on a sufficiently large sample using the same 

instrument at a single institution. Apart from 
assay performance, the clinical relevance of addi-
tional FT3 measurements was corroborated by 
demonstrating a significant, non-linear, U-shaped 
relationship with the Hospital Anxiety and 
Depression Score (HADS) plus subscales in an 
unselected sample of more than 1000 outpatients, 
whereas no association with mood change was 
observed for FT4 and TSH in the same 
sample.49

It should further be cautioned that the true nature 
of the TSH–FT4 relationship in the untreated 
condition may not be inferred from this study, 
because the relationship is profoundly altered by 
the LT4 treatment itself. Unlike the damped 
response seen in untreated euthyroid patients, in 
this LT4-treated cohort, the gradient of the 
TSH–FT4 relationship was much steeper, con-
firming our previous findings from a prospective 
cross-sectional study and earlier reports by oth-
ers.18,41–44 Although clustering of set points may 
have contributed to flattening the relationship in 
the euthyroid range in cross-sectional studies, 
pronounced alterations were recognized in  
LT4-treated patients, irrespective of study 
design.18,42,43,49 Relationships showed a high 
degree of individuality, and were influenced by 
demographic factors such as gender, age and 
BMI, as noted before.18 Direct treatment-related 
influences were additionally apparent, LT4 show-
ing a dose-dependent influence on the TSH 
response curve. Drug-related variations in deiodi-
nase activity reduced the attainment of effective 
circulating FT3 concentrations, thereby impair-
ing T3 stability at the peripheral and central level 
of control. Unlike in healthy subjects where FT3 
levels are uncorrelated with TSH, and remain  
stable over the entire euthyroid spectrum, FT3 
concentrations become unstably correlated with 
TSH concentrations in LT4-treated athyreotic 
patients.29,42,43 The demonstrated severe pertur-
bations of TSH control in athyreotic patients 
under LT4 monotherapy affect both the central 
feedback regulation by thyroid hormones and the 
peripheral feedforward motif on deiodinase activ-
ity. They are consistent with accumulating and 
recently reviewed36 experimental evidence sug-
gesting that LT4 monotherapy largely fails to 
restore euthyroidism at the tissue level.50–52

A differential influence of FT3 and FT4 was 
most apparent when comparing subgroups from 
the panel with high FT4/low FT3 versus low 
FT4/high FT3 serum concentrations. This 

https://journals.sagepub.com/home/tae


Therapeutic Advances in Endocrinology and Metabolism 8(6)

92	 journals.sagepub.com/home/tae

suggested that FT3 can effectively suppress TSH 
to a comparable level in the presence of low T4 
substrate, but high global deiodinase activity. 
The effect of T3 may be partly due to direct 
action, with an estimated pharmacological equiv-
alence ratio of 1 to 3 for LT3 compared to LT4 
substitution.53 In addition, it may indirectly 
modulate the FT4 response at the hypothalamic–
pituitary level (as suggested by the significant sta-
tistical interaction), as in T3-infused rats pituitary 
type 2 deiodinase activity was elevated compared 
to euthyroid controls.51 While we could only esti-
mate global deiodinase activity in this clinical 
study, the differential expression of type 1 or type 
2 deiodinase by peripheral and central organs 
together with differing enzyme characteristics 
such as a higher T4 sensitivity of deiodinase  
type 2 may have contributed to the central–
peripheral disequilibrium observed in LT4 treat-
ment.24,36,50–52,54 However, the situation is more 
complex. Ubiquitination has been experimen-
tally shown to be a substrate-limiting factor.52  
In extremis, set point control may even be suffi-
ciently efficient without the involvement of deio-
dinases to maintain adequate serum and tissue 
thyroid hormone concentrations, as has been 
reported in triple deiodinase-deficient mice.55

Although this study was neither intended nor 
designed to evaluate patient symptoms in a 
detailed standardized way – relying on outcomes 
of a neutral non-leading communication between 
patient and doctor routinely documented at each 
visit and independent review – it should be noted 
that the observed impairment in the TSH control 
and inefficiencies in the conversion process were 
significantly associated with reduced patient sat-
isfaction. It is well known and was also recognized 
in this study that hypothyroid symptoms are 
partly non-specific and heavily confounded by 
age and BMI and may be masked by statistical 
averaging.56–61 However, the association between 
FT3 and the presence of hypothyroid complaints 
was highly significant, and remained so after 
adjusting for other independently significant 
influences such as gender, age and weight-
adjusted dose in multivariable models.

These findings may hint at possible mechanisms 
that could explain why according to recent QoL 
studies patients treated for hypothyroidism with 
the LT4 standard treatment cannot expect full 
symptomatic relief.13 This should provide further 
directives for prospective investigation and poten-
tial improvements towards a more personalized 

treatment approach. Despite TSH-suppressive 
targets that were maintained over 5 years in many 
patients before being relaxed in the absence of 
tumour recurrence, high LT4 doses were well tol-
erated and presentations with hyperthyroid com-
plaints were infrequent in this study.

The present findings have several practical impli-
cations. (1) Conversion efficiency and the result-
ing FT3 play an important regulatory role in 
shaping the TSH–FT4 relationship in LT4-
treated athyreotic patients. The data suggest a 
dual role of both thyroid hormones, FT4 and 
FT3, on hypothalamic–pituitary TSH control. 
This type of controlling of the controller is tech-
nically known under the term of cascade control. 
If the need arises, this provides mechanisms for 
the efficient adjustment of controlling elements. 
Clinically, the relatively strong additional direct 
and indirect influences of FT3 on TSH control 
demonstrate an important element in determin-
ing a suitable set point for adequate treatment. 
(2) The findings identify wide individual varia-
tions in both the biochemical and symptomatic 
treatment responses that demand more flexible 
treatment modalities. (3) Measurement of FT3 
and determination of the conversion rate or 
global deiodinase activity may aid in identifying 
subgroups of patients on LT4 with impaired bio-
chemistry and displaced relationships responding 
less satisfactorily to the drug. (4) In view of the 
heterogeneity in the treatment responses, aver-
aged data from previous RCTs on T3/T4 combi-
nation treatment and broadly applied 
recommendations should be reconsidered in 
order to better identify and satisfy the variable 
needs of individuals.

The current retrospective analysis cannot solve 
the open questions, but may provide novel 
insights into pituitary control that are at the core 
of lingering issues with the current standard treat-
ment and a testable approach for persisting symp-
toms in a minority of patients.
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