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Summary
Objective We examined the interrelationships of pituitary thyrotropin (TSH) with circulating thyroid hormones to determine
whether they were expressed either invariably or conditionally
and distinctively related to influences such as levothyroxine
(L-T4) treatment.
Design and methods This prospective study employing 1912
consecutive patients analyses the interacting equilibria of TSH
and free triiodothyronine (FT3) and free thyroxine (FT4) in the
circulation.
Results The complex interrelations between FT3, FT4 and TSH
were modulated by age, body mass, thyroid volume, antibody
status and L-T4 treatment. By group comparison and confirmation by more individual TSH-related regression, FT3 levels were
significantly lower in L-T4-treated vs untreated nonhypothyroid
autoimmune thyroiditis (median 46 vs 49 pM, P < 0001),
despite lower TSH (149 vs 293 mU/l, P < 0001) and higher
FT4 levels (168 vs 138 pM, P < 0001) in the treated group.
Compared with disease-free controls, the FT3-TSH relationship
was significantly displaced in treated patients with carcinoma,
with median TSH of 021 vs 163 (P < 0001) at a comparable
FT3 of 50 pM in the groups. Disparities were reflected by calculated deiodinase activity and remained significant even after
accounting for confounding influences in a multivariable model.
Conclusions TSH, FT4 and FT3 each have their individual,
but also interlocking roles to play in defining the overall patterns
of thyroidal expression, regulation and metabolic activity. Equilibria typical of the healthy state are not invariant, but profoundly altered, for example, by L-T4 treatment. Consequently,
this suggests the revisitation of strategies for treatment
optimization.
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Introduction
Multiple homeostatic mechanisms control and define the collective metabolic activity of the human body. As key contributors,
thyroid hormones influence a plethora of metabolic effects.
Their genomic actions depend mainly on their binding to specific nuclear ligands (thyroid hormone receptors, TR) that, in
turn, regulate the expression of an array of genes.1 Owing to its
high affinity for TR, triiodothyronine (T3) is the biologically
active thyroid hormone, whereas thyroxine (T4) is the
predominant secretory product of the thyroid gland in humans.2
To elicit its full genomic response, T4 requires prior conversion
into T3 by enzymatic monodeiodination regulated by specific
deiodinases.3 The vast spectrum of actions and important
metabolic role of thyroid hormones demand tight control and
maintenance of narrow ranges in the circulation. This includes a
hypothalamic pituitary thyroid feedback mechanism and secretion of a pituitary thyroid stimulator (thyrotropin, TSH) sensitively responding to changes in concentrations of circulating
thyroid hormones.4 While the basic principles have long been
unravelled and exploited for diagnostic purposes, more recent
studies have revealed the level of complexity of the system.5–9 At
the molecular level, variations have been found at all sites of
action including different subtypes of T3 receptors involved in
T3 binding and isoforms of deiodinases operating in central and
peripheral organs.10,11 For the feedback control, we have proposed a hierarchical model to replace the constant relationship
hitherto assumed to exist between FT4 and TSH.12
The clinical consequences of these new concepts are still poorly
understood. In this study, we hypothesized that systemic complexity may directly impact on the homeostatic equilibria existing
between key contributors under various conditions. This proposes
that the equilibria are not consistently maintained, but expressed
1
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differently under various pathophysiological conditions. In our
prospective study, we analysed the interrelations of FT3, FT4,
FT4–FT3 conversion and TSH in various situations. We examined
whether the expression of the interacting equilibria remained
invariably constant or was conditionally related to influences such
as age, obesity or levothyroxine (L-T4) treatment.

Materials and methods
Study design and setting
This trial was a prospective open observational study of patients
referred to the Department of Nuclear Medicine at Klinikum
Luedenscheid, Germany, for thyroid testing or treatment
between July 2013 and February 2014. The Department of
Nuclear Medicine is a specialized thyroid centre, and Klinikum
Luedenscheid is a teaching hospital of the University of Bonn.
Luedenscheid is located in a former area of mild iodine deficiency. The study was approved by the Ethics Committee of the
University of Muenster, Germany, and the trial registered at
www.ClinicalTrials.gov (Study ID IIFHT-161013). All adult persons were eligible to participate provided they were free of
severe comorbidity and gave their written informed consent.
Routine diagnostic procedures included a detailed history supplemented by a standardized questionnaire, a thyroid-related
physical examination, blood sampling for laboratory tests and
thyroid imaging.
Outcome
The primary measure of interest was the interrelation of thyroid
parameters under the various conditions observed.
Patients
A total of 1912 subjects were recruited. Most were seen on an
ambulatory basis, and some were treated as inpatients in the radioiodine treatment unit. These patients were not severely ill, but
their hospitalization stemmed from German legal requirements
that preclude ambulatory treatment. However, as regular medication was withdrawn from some before hospitalization, treatmentrelated analyses were restricted to the ambulatory panel.
Excluded from analysis were the following situations:
hypothalamic/pituitary diseases (n = 5), pregnancy (n = 3), use
of antithyroid drugs (n = 99) or thyroid replacement regimes
involving T3 (n = 9) rather than L-T4.
Characteristics of the remaining 1796 patients are given in
Results. Documentation included gender, age, height, weight,
smoking habits (disclosed by 75% of the participants), prior surgery or radioiodine treatment, current and past medication
(brand and dosage), time between intake of thyroid medication
and blood sampling, thyroid test results (FT3, FT4, TSH), autoantibody determination (only in case of diagnostic suspicion of
or to exclude thyroid autoimmune disorders), thyroid volume,
scintigraphical findings (in cases with larger nodules), diagnosis
according to ICD-10 coding and free text.

Serial measurements in hypothyroid subjects before and
after surgery
Serial measurements in patients with hypothyroidism were
derived from a subgroup of a separate ongoing prospective longitudinal study of patients in open-loop situation, ethically
approved and registered (NOMOTHETICOS Trial, UTN U11111122-3273, ClinicalTrials.gov ID NCT01145040). We investigated
the calculated sum activity of peripheral deiodinases in a small
cohort of 10 subjects [nine women, median age 45 (38, 50)
years] before and after initiation of substitution therapy with LT4 [median dose two (19, 22) lg/kg body weight] following
thyroidectomy for benign or malignant disease.

Laboratory methods
Thyroid function tests for the main study were performed by
the Institute of Laboratory Medicine, accredited by the German
National Accreditation Body (DAkkS). Standard laboratory
quality evaluation procedures were routinely employed, and
regular participation at interlaboratory tests formed part of the
quality management strategy. TSH was measured with an automated direct chemoluminescence method (TSH3-Ultra, Advia
Centaur XP; Siemens Healthcare Diagnostics, Erlangen, Germany), based on the 3rd International Standard for TSH
(WHO, IRP 81/565) with a linear range from 0006 to
16003 mU/l. CVs of interassay imprecision ranged from 09%
to 24%. FT3 and FT4 were determined on the same system.
The reference intervals used were 04–40 mU/l for TSH, 10–
23 pM for FT4 and 31–68 pM for FT3, based on an extensive
evaluation in the target population.13 Equivalently to the FT3/
FT4 ratio, a measure of conversion, the sum activity of peripheral deiodinases (deiodinase activity), was calculated as previously described.14,15 Thyroid peroxidase antibodies (TPO-Ab)
were determined by a competitive chemoluminescence method
(ADVIA Centaur XP; Siemens Healthcare Diagnostics, reference
range <60 U/ml) and TSH-receptor antibodies (TSH-R Ab) by
a competitive ELISA (Euroimmun AG, L€
ubeck, Germany, reference range <2 U/l).
Biological variation assessed in 106 patients followed for a
median of 7 months (IQR 6, 10) under unchanged conditions
was 198% for TSH in untreated controls (n = 72) and 228% in
L-T4-treated subjects and <5% in untreated or <85% in treated
persons for FT3 and FT4. Variations of relationships are shown
in Results.
For the longitudinal substudy, TSH, FT4 and FT3 were
measured on fully automated immunoassay analysers (DxI800;
Beckman Coulter, Krefeld, Germany). Locally defined reference
ranges were 03–40 mU/l for TSH, 9–26 pM for FT4 and 37–
69 pM for FT3.

Thyroid ultrasonography and scintigraphy
Thyroid ultrasonography (10 MHz transducer) assessed
echogenicity, nodularity and thyroid volume (ellipsoid formula,
reference values <18 ml for female and <25 ml for male
© 2014 John Wiley & Sons Ltd
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subjects). A volume <1 ml was considered athyreotic. Thyroid
scintigraphy was performed in patients with larger nodules
detected by ultrasonography.
Statistical methods
Descriptive data are reported as median plus interquartile range
(IQR). Comparison of baseline characteristics was based on Wilcoxon’s rank-sum or chi-square test in case of categorical variables. Paired Wilcoxon signed rank test was used to compare
longitudinal data. A generalized linear model (GLM) was used
for analysis of multiple variables and influences, as implemented
by Deducer (version 0.7–6) in the R software package.16 Nonlinear relationships between thyroid parameters that existed in the
full thyroid functional spectrum were represented by third- or
fourth-order polynomials. For restricted TSH intervals, a linear
approximation sufficed. P values <005 were considered significant. Statistical analyses were performed using R statistical package (Mac version 3.02).17

Results
Thyroid function and adjusted multivariable
relationships
Patient characteristics and descriptive statistics of the 1796 subjects included are given in Table 1.
As previous studies demonstrated,7–9 a polynomial nonlinear fit
resulted in a superior model for FT4-TSH or FT3-TSH relationships in untreated subjects over the full functional spectrum, compared to a log-linear model (GLM, ANOVA, P < 0001). As
treatment significantly altered the relationships (P < 0001,
Fig. 1), the treated and untreated group were analysed separately.
Various factors influenced the relations between TSH and
FT4 or FT3 in untreated outpatients (n = 824), including age
(P < 0001), BMI (FT4 P = 0003, FT3 P < 0001), aetiology
of disease (P < 0001), TPO-Ab titres (FT4 P = 002, FT3
P = 0003) and thyroid volume (P < 0001), but not gender
(FT4 P = 040, FT3 P = 021) and smoking habits (where

Table 1. Demographics and thyroid status in the cohort
Parameter

Total

Untreated

Treated

Patients (n)
Outpatients (%)
Inpatients (%)
Females (%)
Males (%)
Nonsmokers (%)
Smokers (%)
Autoimmune thyroiditis
Thyroid carcinoma*
EuT goitre or nodule
HyperT, nodular disease
HyperT, Graves’ disease
Disease-free
Postintervention for benign disease
Others
Radioiodine treatment
Surgery
Age (years)
BMI (kg/m2)
FT3 (pM)
FT4 (pM)
TSH (mU/l)
TPO-Ab (U/l), n = 764
Positive (%)
TSH-R Ab (U/l), n = 329
Positive (%)
Deiodinase activity (nmol/s)
Thyroid volume† (ml), n = 1493

1796
1395 (78%)
401 (22%)
1365 (76%)
431 (24%)
1019 (76%)
321 (24%)
195 (11%)
255 (14%)
512 (29%)
270 (15%)
69 (4%)
146 (8%)
325 (18%)
24 (1%)
358 (20%)
418 (23%)
54 (43, 66)
266 (237, 305)
50 (45, 54)
151 (134, 171)
107 (043, 206)
44 (33, 134)
31%
02 (02, 10)
9%
306 (262, 352)
13 (8, 21)

1126
824 (73%)
302 (26%
843 (75%)
283 (25%)
582 (73%)
215 (27%)
85 (8%)
3 (03%)
402 (36%)
270 (24%
69 (6%)
146 (13%)
132 (12%)
19 (2%)
65 (6%)
43 (4%)
53 (42, 67)
262 (235, 301)
51 (47, 55)
144 (132, 158)
107 (046, 188)
42 (33, 70)
26%
021 (02, 10)
10%
328 (300, 365)
16 (11, 25)

670
571 (85%)
99 (15%)
522 (78%)
148 (22%)
437 (80%)
106 (20%)
110 (16%)
252 (38%)
110 (16%)
0 (0%)
0 (0%)
0 (0%)
193 (30%)
5 (04%)
293 (45%)
375 (57%)
56 (45, 65)
274 (240, 311)
47 (41, 52)
17 (145, 196)
108 (038, 30)
59 (36, 1300)
50%
02 (02, 07)
6%
256 (223, 294)
7 (4, 12)

Values shown represent median and IQRs or relative frequencies. Comparisons
100–200 lg/day iodine were classified as untreated. 618 of the treated patients
been excluded, see Methods).
BMI, body mass index; deiodinase activity, calculated sum activity of peripheral
hyperthyroid.
*47 (18%) of the patients with carcinoma were in stadium 1 according to TNM
†Excluding volumes of athyreotic patients (<1 ml).
© 2014 John Wiley & Sons Ltd
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P value

<0001
013
0002
<0001

<0001
<0001
002
<0001
<0001
<0001
005
<0001
043
<0001
<0001

were made using Wilcoxon’s test or chi-square test. 59 patients taking
were on L-T4 and 52 on L-T4 and iodine, none on T3/T4 (nine had
deiodinases, an equivalent of the T3/T4 ratio; EuT, euthyroid; HyperT,
classification.
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Fig. 1 Relationships between TSH and FT4, FT3 or deiodinase activity stratified by treatment. The fitting lines were described as a quartic polynomial
and differed from each other (see Results). Grey dots or lines represent untreated subjects, and black symbols treated patients in all figures. Treatment
refers to L-T4 administration, deiodinase activity to the sum activity of peripheral deiodinases (see Methods).

available, FT4 P = 067, FT3 P = 092). The contributing entities remained independently significant after adjustment by
multivariable modelling. Age significantly reduced the FT4- or
FT3-adjusted pituitary TSH response, while TSH at any given
FT4 or FT3 concentrations was higher in obesity. Table 2 displays the sizes of some effects for increasing age and BMI in
the entire functional spectrum and the euthyroid TSH range.
Increasing thyroid volume was associated with a 015 mU/l
FT3-adjusted TSH change per 10 ml (P < 0001). Whilst other
influences were shaping the TSH response, TSH was uncorrelated with FT3 in the euthyroid range (P = 019). In treated
patients (n = 571), gender (P = 002), disease aetiology
(P = 003) and volume (P = 001), but not age (P = 055) or
BMI (P = 037), influenced the relationship between TSH and
FT4, even after correcting for the significant influence of L-T4
dose (except for aetiology which was no longer significant).
When relating TSH to FT3, gender, age, BMI, thyroid volume
and L-T4 dose all remained independently influential
(P < 0003).
Influence of L-T4 treatment
Given heterogeneity in the treatment group (Table 1), interrelationships were further assessed by stratifying for disease aetiology and restricting the panel to a compensated stable thyroid
state (FT4 > 10 pM with no history of change in medication
over the last 4 weeks). In patients with autoimmune thyroiditis
selected by these criteria (n = 188), FT3 was significantly lower
in treated, compared with untreated subjects with the disease
and similar TPO-Ab titres, although TSH levels were higher in
the latter group (Table 3). When relating FT3 levels to lnTSH,
the regression line in treated patients was placed below that for
untreated subjects over the euthyroid range; the two lines converged in proximity to the lower TSH reference limit (Fig. 2a).
The gradients differed significantly in height and slope (ANCOVA,
P < 0001), before (P < 0001) and after adjusting (P = 004)
for covariates (age, BMI, volume, TPO-Ab, smoking). TSHadjusted FT4 levels in treated patients were placed above the
respective untreated subjects, whereas deiodinase activity was
significantly below parity (Fig. 2a).

Similarly, we compared thyroidectomized (100%) and radioiodine-treated (97%) carcinoma outpatients on a stable L-T4
regime (n = 158) to a control group without evidence of thyroid
disease (n = 146) (Table 3). FT3 was nearly identical between
the groups, even after adjusting for age, BMI and smoking habits, but TSH was considerably lower and FT4 higher in the treatment group (Table 3). In a subgroup of patients with carcinoma
with a TSH level within the reference interval (n = 50), median
FT3 [46 pM (42, 51), P < 0001] was lower than in controls
(n = 146, see Table 3), as was TSH [125 mU/l (066, 211),
P = 001], while FT4 was higher [189 pM (165, 203)
P < 0001]. Unadjusted and adjusted FT3 in patients with carcinoma was significantly below parity in controls at the same TSH
over the entire euthyroid TSH range (Fig. 2b). FT4 and, importantly, deiodinase activity also differed between the two groups
(Fig. 2b).
Role of peripheral deiodinases
Deiodinase activity was significantly reduced with lower thyroid
volume in treated patients with autoimmune thyroiditis or thyroid carcinoma (Fig. 3), but the two parameters were uncorrelated in controls (n = 146, r = 008, P = 030). Deiodinase
activity was inversely correlated with L-T4 dose per kg body
weight administered to patients with autoimmune thyroiditis
(r = 040, P < 0001), not thyroid carcinoma (r = 008,
P = 029). Weight adjusted L-T4 dose was positively correlated
with FT4 (r = 045, P < 0001), inversely with TSH (r = 021,
P = 003), but uncorrelated with FT3 (r = 001, P = 089) in
autoimmune thyroiditis and correlated with all three parameters
in carcinomas (FT4 r = 039, P < 0001, TSH r = 022,
P = 0005, and FT3 r = 034, P < 0001).
Influence of sampling time to L-T4 intake
FT4 was associated with the time interval between L-T4 ingestion and sampling. In patients with thyroid carcinoma, FT4
reached at median 206 pM (181, 233, P = 001) in an early
sampling interval (<5 h, n = 122), compared with 189 pM
(156, 209) in late sampling (≥5 h, n = 24). TSH was
© 2014 John Wiley & Sons Ltd
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019 (95% CI 003, 036) P < 0001
032 (95% CI 007, 056) P < 0001
018 (95% CI 004, 035) P < 0001
028 (95% CI 012, 053) P < 0001

040) P < 0001
088,
063 (95% CI
079) P < 0001
151,
114 (95% CI
080) P < 0001
054,
058 (95% CI
051) P < 0001
119,
084 (95% CI

© 2014 John Wiley & Sons Ltd
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DTSH refers to the mean adjusted difference in TSH that occurs with a change in age or BMI over the specified interval, in the presence of the other parameter and FT4 or FT3 in a generalized linear
model.
A polynomial representation of thyroid hormones was used in the complete sample, and a more parsimonious linear model in the euthyroid TSH range. TSH was used after logarithmic transformation.

Parameter

Age increase
20–80 years
BMI increase
25–35 kg/m2

Euthyroid range
Mean FT4-adjusted DTSH (mU/l)
n = 716
All
Mean FT4-adjusted DTSH (mU/l)
n = 824

Table 2. Effect sizes of age and body mass index on pituitary TSH response in untreated subjects

All
Mean FT3-adjusted DTSH (mU/l)
n = 824

Euthyroid range
Mean FT3-adjusted DTSH (mU/l)
n = 716
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similarly suppressed in both groups [020 mU/l (003, 118) vs
026 mU/l (004, 20, P = 034), FT3 51 pM (46, 57) vs
46 pM (41, 49, P < 001)]. Differences between sampling
periods were not significant in patients with autoimmune thyroiditis for any parameter [FT4 172 pM (155, 186, n = 48)
vs 160 pM (138, 190, n = 59), P = 013]. FT4 levels rose
with time (peaking at 3–4 h) and were dose dependent (nonsignificant below 100 lg/day L-T4) and, owing to the complex
responses, difficult to model, while there was no appreciable
FT3 peak.
Serial measurements
Follow-up in a control group with unchanged conditions
showed closely concurring regression lines of the relationships
between FT3, FT4 or deiodinase activity and lnTSH (Fig. S1).
Measurements preceding surgery and on L-T4 replacement after
thyroidectomy were available from a separate longitudinal study
in 10 patients. On L-T4 replacement, deiodinase activity was
markedly reduced [from 377 (369, 413) nmol/s to 283 (260,
301) nmol/s, P = 0002] in the same patient, FT3 comparable at
a nonsignificantly lower TSH and a significantly higher FT4
(P = 001) (Fig. S2).

Discussion
The present study has shown that the adaptive equilibria defining the relationships between FT3, FT4 and TSH are not invariant, but depend on the underlying factors controlling the
expression of body function in particular circumstances. This
provides a conceptual counterpoint to the current paradigm of
TSH-centred thyroid function testing, which is based on the
implicit assumption that pituitary TSH accurately and universally reflects the thyroidal status of the body in various physiological and pathophysiological conditions.4–6 Our study
challenges the rationale of deriving appropriate treatment targets
from universally applicable diagnostic criteria.
This prospective observational study employing a large sample
of consecutive patients has investigated the many influences on
the interrelations of thyroid hormone parameters under various
defined conditions. This supports previous reports indicating a
nonlinear complex relationship of TSH with free circulating thyroid hormones.7–9,12 After adopting an improved nonlinear
model of the primary relationships and adjusting for confounding entities as well as thyroid status, the influence of age and
body mass index (BMI) was assessed. Pituitary responsiveness
appeared to decline with increasing age, demonstrated by a
decreasing TSH response in untreated patients to a given FT4
concentration. In obesity, meanwhile, the pituitary setpoint was
shifted towards higher TSH levels. Age- and BMI-related effects
remained significantly independent of each other. This agrees
with another study showing a diminished TSH response in
elderly subjects and numerous reports of univariate statistical
associations between thyroid parameters and age or body
mass.18–22 Possible mechanisms that may account for the modulation of the setpoint for feedback regulation involve among
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Table 3. Comparison of untreated vs L-T4-treated patients with nonhypothyroid autoimmune thyroiditis and L-T4-treated patients with thyroid
carcinoma vs disease-free controls

Parameter
Gender
Smoking
L-T4 (lg/day)
L-T4 (lg/kg BW)
Age (years)
BMI (kg/m2)
FT3 (pM)
FT4 (pM)
TSH (mU/l)
TPO-Ab (U/l)
Deiodinase activity (nmol/s)
Thyroid volume (ml)

Autoimmune thyroiditis
No Tx
n = 81

Autoimmune thyroiditis
L-T4 Tx
n = 107

Female 89%
Smokers 23%
0

Female 92%
Smokers 19%
100 (75, 112)
125 (094, 163)
51 (41, 62)
272 (235, 297)
46 (42, 50)
168 (149, 188)
149 (063, 25)
850 (81, 1300)
253 (222, 283)
7 (4, 11)

47
246
49
138
293
704
336
11

(30, 59)
(220, 295)
(47, 52)
(127, 151)
(188, 447)
(106, 1300)
(302, 367)
(8, 15)

P value
053
063
–
0014
018
<0001
<0001
<0001
076
<0001
<0001

Thyroid carcinoma
L-T4 Tx
n = 158

Controls
No Tx
n = 146

P value

Female 68%
Smokers 15%
125 (112, 175)
167 (148, 200)
53 (45, 62)
286 (248, 330)
50 (44, 56)
202 (176, 229)
021 (003, 149)
–
232 (210, 256)
0 (0, 0)

Female 72%
Smokers 31%
0

040
0003
–

38
252
50
141
163
–
329
10

<0001
<0001
088
<0001
<0001
–
<0001
<0001

(26, 49)
(228, 295)
(47, 53)
(131, 152)
(113, 225
(300, 363)
(8, 13)

Values shown represent median and IQRs or relative frequencies. Patients with thyroid carcinoma included were all thyroidectomized, underwent radioiodine therapy in 97%, were in a compensated nonhypothyroid thyroid state on stable L-T4 dosage (no change in medication for the past 4 weeks)
and were seen as outpatients. Controls were untreated euthyroid disease-free subjects.
Tx, treatment; BW, body weight.
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Fig. 2 (a, b) TSH-adjusted FT3, FT4 and deiodinase activity in (a) nonhypothyroid treated patients with autoimmune thyroiditis (black symbols,
n = 107), compared with untreated autoimmune thyroiditis (grey symbols, n = 81), and (b) L-T4-treated thyroidectomized plus radioiodine-treated
patients with thyroid carcinoma (black symbols, n = 158), compared with untreated disease-free controls (grey symbols, n = 146). Regression lines for
each group were fitted using a linear model. The shaded area indicates the 95% confidence level of the regression. The two corresponding lines proved
statistically different for all parameters shown (see text).

others TRH, central deiodinases and leptin, thereby integrating
thyroid function and energy metabolism.23
Within the euthyroid TSH range, the lnTSH–FT3 relationship
displayed a flat gradient. Influences other than TSH, such as age,
BMI, thyroid volume and smoking habits fine-tuned the

equilibria. This suggests that while pituitary TSH reacts
sensitively to a deteriorating thyroidal response, the appropriate
equilibria still acting within the euthyroid state are shaped by a
variety of influences and adjusted to the prevailing conditions.
The adaptation of homeostatic equilibria among the
© 2014 John Wiley & Sons Ltd
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Fig. 3 Association of deiodinase activity with thyroid volume in treated
patients with autoimmune thyroiditis or thyroid carcinoma (n = 265).
Numbers per group were as follows, <1 ml n = 159, 1–5 ml n = 32, 5–
9 ml n = 33, 9–18 ml n = 36, >18 ml n = 5. The overall difference in
deiodinase activity among the volume groups was highly significant
(Kruskal–Wallis test, P < 0001), and the <1 ml and 1–5 ml group
differed from each of the higher volume groups by paired comparison
(Wilcoxon’s test, P < 002).

contributors satisfies the demand for tight control of metabolically important regulators typified by the thyroid hormones
themselves.
In L-T4-treated patients, the equilibria involving FT3, FT4
and TSH differed markedly from those in untreated subjects,
confirming an earlier retrospective analysis.24 When comparing
L-T4-treated and untreated nonhypothyroid patients with autoimmune thyroiditis, FT3 was lower in treated patients, although
accompanied by a lower TSH. Between treated athyreotic thyroid carcinoma patients and disease-free controls, median FT3
levels were comparable, but TSH was suppressed in the first
group. When relating FT3 to TSH levels in a more individualized set-up, regression lines in both treated groups were
displaced below control levels over the entire euthyroid TSH
spectrum. The disparity was related to conversion, as assessed by
the calculated deiodinase activity, remaining significant after
adjusting for various covariates such as age and BMI. The crosssectional findings were supported by a small prospective series
comparing the various levels including deiodinase activity before
and after thyroidectomy in the same patient. This confirms a
recent report that to maintain presurgical thyroid hormone levels, a lower TSH is required postsurgery in the same patient.25
Aspects of variation and bivariate referencing have been
widely discussed.15,26 TSH is further affected by circadian
variability, but this is probably a random influence in a large
sample of consecutive patients. Overall biological variation was
directly investigated in a control group. It could not explain the
magnitude of the effect and observed systematic alteration of
relationships, further supported by significant change in conversion (calculated deiodinase activity). Biases from variation in
sampling intervals after L-T4 ingestion have to be taken into
account in this and other studies, affecting mainly FT4 levels.
© 2014 John Wiley & Sons Ltd
Clinical Endocrinology (2014), 0, 1–9

The observed effect was, however, minor and could not account
for the larger differences reported. It also implies overestimating,
rather than underestimating, true FT3 levels in treated patients
over controls.
In patients on L-T4, changes in central (D2) and peripheral
deiodinase activities appear to be definitive elements in adjusting
setpoints and equilibria. Fonseca and co-workers described a key
role of the D2 pathway in regulating TSH expression involving
thyrotrophs and tancytes.27 Genetic variation may also play a
role.28 Although the complexity of the feedback loop is incompletely understood, central (D2) and peripheral deiodinases
appear to differ in their sensitivities towards T4.3,24 As for
peripheral deiodinases, the gradient of their relationship with
lnTSH was greater in L-T4-treated patients.24 Higher L-T4 doses
were associated with suppression of deiodinase activity in both
our cross-sectional study and longitudinal series comparing postablative values on L-T4 replacement with presurgical levels in
the same patient. An association with thyroid volume was present in L-T4-treated patients, suggesting a direct role for intrathyroidal
deiodinases,
presumably
activated
via
TSH
stimulation.24,29,30
Together, the above findings suggest that the system is rebalanced during L-T4 monotherapy, compared with the physiological state. The newly formed equilibria seem to maintain a
centrally overcompensated and peripherally undercompensated
state, with TSH levels partly suppressed while FT3 levels are still
relatively low. Thyroidectomized/radioiodine-treated patients are
most affected because a diminishing residual capacity, which
reduces the T3 pool derived from intrathyroidal conversion,
progressively augments the uncompensated failure to maintain
homeostatically adequate FT3 levels. Indeed, FT3 levels achieved
by L-T4 monotherapy have been reported to be below the lower
reference limit in 15% of athyreotic patients.31
Consequently, L-T4 treatment represents a situation where
physiological equilibria are not maintained, but conditionally
modified. Thyroid functional states appear to be distinctly and
differentially regulated.12 As a major clinical implication, the
optimal treatment target for TSH cannot be inferred from the
physiological optimum observed in disease-free subjects.
Accordingly, further assessment of the interrelationships and
homeostatic equilibria could aid in defining disease status and
estimating dose adequacy of replacement therapy. Carefully
planned randomized clinical trials could assess the potential clinical benefit from optimizing serum FT3 in conjunction with
well-defined TSH targets.32 Biological long-term effects of alterations in deiodinase activity and an unbalanced FT3/FT4 ratio
also require further study. Higher FT4 was associated with low
bone mineral density in perimenopausal women, lower physical
function and higher mortality in elderly men independently of
TSH, but L-T4 users had been excluded.33 Low patient satisfaction has been expressed in many L-T4 trials, but does not preclude establishing more objective measures.32,34 End-point
determinations indicating true euthyroidism in a given person
are required, but are in need of better definition themselves.35
However, we have neither directly assessed T3/T4 therapy nor
deliberately entered the present controversial debate, apart from
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showing some unphysiological consequences and adaptive shifts
in equilibria in L-T4-treated patients.32,34–36 TSH suppression
may have unwanted consequences.35 Studies relating TSH suppression to adverse cardiovascular or skeletal outcomes have not
completely distinguished between exogenous and endogenous
causes and are frequently lacking corresponding FT3 and FT4
values.35 In some studies, only patients with completely suppressed TSH were adversely affected, but not those below the
reference limit. Together, this indicates a narrow therapeutic
range of L-T4 at the lower reference limit of TSH. This suggests
a revisitation through multivariate analysis rather than relying
on univariate correlations, while taking into account appropriate
equilibria for the condition and considering additional markers
of tissue euthyroidism.
Our study design was uncontrolled thereby imposing some
limitations, though allowing analysis of homeostatic equilibria
over a wide range of pathophysiological conditions. A need for
better assay harmonization including immunometric methods
and liquid chromatography-tandem mass spectrometry (LCMS/MS)-based techniques has been recognized.37 However,
particularly in outpatients, where critical states such as nonthyroid illness, pregnancy or pituitary disease were excluded, we
would not expect methodological issues with a well-standardized conventional immunometric method.38 LCMS/MS-based
techniques are currently not practicable with such a large
patient panel.39
In conclusion, our study has shown that all thyroid hormones
(TSH, FT4 and FT3) and deiodinases have their individual
though interlocking parts to play in realizing the conditionrelated patterns of thyroidal expression, regulation and metabolic activity. Equilibria among thyroid parameters cannot be
simplistically interpreted using the limits of normality established in complete thyroid health, questioning the role of universally applicable diagnostic criteria for TSH. It also suggests
revisiting the regimes for treatment optimization.
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