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Abstract
Background: Defined by thyroid-pituitary feedback control, clinical diagnosis of 
hypothyroidism and hyperthyroidism has become synonymous with TSH measure-
ment. We combined in silico analysis and in vivo data to explore the central influ-
ences on thyroidal T3 production.
Materials & methods: A system of five coupled first-order nonlinear parameterised 
ordinary differential equations (ODEs) is used to model the feedback control of TSH 
and TRH by thyroid hormones together with the feedforward control of thyroidal T3 
secretion and enzymatic T4-T3 conversion. Dependencies of the stable equilibrium 
solutions of this ODE system, that is the homeostasis of the underlying physiologi-
cal process, on the system parameters were investigated whether they accounted for 
clinical observations.
Results: During the modelled transition to hypothyroidism, central control imposed 
an increasing influence in maintaining serum FT3 levels, compared to peripheral 
conversion efficiency. Numerical continuation analysis revealed dependencies of T3 
production on different elements of TSH feedforward control. While T4-T3 conver-
sion provided the main T3 source in euthyroidism, this was overtaken by increasing 
glandular T3 secretion when thyroid reserve declined. The computational results were 
in good agreement with data from untreated patients with autoimmune thyroiditis.
Conclusions: Dependencies revealed in the expression of control differ in thyroid 
health and disease, using a physiologically based mathematical model of combined 
feedback-feedforward control of the hypothalamic-pituitary-thyroid regulation. 
Strong T3-protective mechanisms of the control system emerge with declining thy-
roid function, when glandular T3 secretion becomes increasingly influential over 
conversion efficiency. This has wide-ranging implications for the utility of TSH in 
clinical decision-making.
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1 |  INTRODUCTION

Hypothalamic-pituitary-thyroid feedback control has long 
been recognised as an essential element in thyroid homeo-
stasis, closely maintaining and defining the euthyroid state 
of a healthy individual.1 The response of the pituitary gland 
in adjusting the secretion of the thyroid-stimulating hormone 
(TSH) to changing concentrations of circulating thyroid hor-
mones has become a cornerstone of modern thyroid func-
tion testing.2 Elevated TSH in the presence of free thyroxine 
(FT4) concentrations below the reference range is indicative 
of thyroid failure and according to the current guidelines 
synonymous with primary hypothyroidism.2 Conversely, the 
laboratory constellation of a TSH measurement above its 
reference range, accompanying an FT4 concentration still 
within its reference range, has been designated subclinical 
hypothyroidism.2 Subclinical hypothyroidism is generally re-
garded as a thyroid disease, although the transition from the 
euthyroid to the hypothyroid state is poorly defined, resulting 
in a schism between guideline-based diagnostic criteria and 
therapeutic recommendations.2-4

Consequently, the process of clinical decision-making 
has been dominated by measuring TSH and FT4, the deter-
mination of the biologically more active thyroid hormone 
triiodothyronine (T3) being relegated to an insignificant role. 
This view stemmed from a physiological understanding of 
thyroid hormone transporters actively importing or export-
ing T4 and T3, deiodinating enzymes converting T4 into the 
biologically more active metabolite T3 and thyroid hormone 
receptors binding to nuclear DNA, thereby exerting a pleth-
ora of genomic T3 actions.5 The process of transducing extra-
cellular concentrations of thyroid hormones into intracellular 
actions may adjust their influence locally to meet the various 
needs of different tissues.5 Provided T4 supply is sufficient, 
the T3-generating process has been assumed to function 
largely autonomously in maintaining T3 concentrations at a 
healthy level, even in the absence of any direct source of T3. 
The standard treatment of hypothyroidism with levothyrox-
ine (LT4) monotherapy is based on this fundamental tenet, 
while in contrast physiologically T3 is co-secreted with T4, 
although in lower amounts.2

However, our physiological understanding of T3 produc-
tion has advanced from a reductionistic view of autonomous 
regulation of local T3 generation at the level of various or-
gans to an integrated control system involving mechanisms 
of central control of the T4-T3 conversion.6,7

Hence, we sought to further explore the influence of TSH 
stimulation on both thyroidal T3 secretion and T4-T3 con-
version, hypothesising that it would become increasingly 
apparent under conditions of thyroid stress. To investigate 
the transition from thyroid health to disease, we relied on a 
mathematical modelling strategy paired with clinical obser-
vation. Based on known or inferred physiological properties 

of the underlying kinetic reactions, an extended and com-
bined feedback-feedforward model of the hypothalamic-pitu-
itary-thyroid control was used. Computational study of the 
dependencies of glandular T3 secretion and T4-T3 conver-
sion on the system parameters yielded clinically observable 
and verifiable solutions.

2 |  METHODS

2.1 | Patients

A total of 86 untreated patients with thyroid autoimmune 
disease (76 women, 10 men, aged 46.5 years [mean] ± 16.7 
[SD]), receiving no thyroid or other medication, had been re-
cruited through a former prospective clinical trial (www.Clini 
calTr ials.gov, NCT01969552).8 Another small sample of five 
women with autoimmune thyroiditis (age 51.2 ± 18.1 years) 
had been closely monitored long term for disease progres-
sion with the same method while withholding treatment. The 
diagnosis of thyroid autoimmune disease was ascertained by 
elevated titres of thyroid peroxidase antibodies (TPO-Ab). 
Participants gave written informed consent. The trial was 
ethically approved.

2.2 | Laboratory methods

TSH, FT4, FT3 and TPO-Ab were measured with a chemi-
luminescence method (ADVIA Centaur XP; Siemens 
Healthcare Diagnostics). We used the following laboratory-
evaluated reference intervals, TSH 0.4-4  mIU/L, FT3 3.1-
6.8 pmol/L, and FT4 10-23 pmol/L, TPO-Ab < 60 IU/mL.9

2.3 | Modelling strategy

Our modelling strategy aimed to extend the well-known 
mechanisms of hypothalamic-pituitary-thyroid feedback 
control by thyroid hormones with additional elements of cen-
tral feedforward control on T3 generation. This required a 
mathematical model of higher complexity, compared to es-
tablished feedback only models.6 TSH feedforward control 
has only recently been formally introduced to thyroid mod-
elling.7 Unlike phenomenologically descriptive models, our 
model is physiologically based, relying on known or inferred 
enzyme reactions or transfer processes, which are commonly 
described with Michaelis-Menten-Hill kinetics.10

Here, we used five nonlinear ODEs of first order to model 
the feedback regulation of pituitary TSH and hypothalamic 
TRH by thyroid hormones together with the feedforward con-
trol of intra-thyroidal T3 production by the pituitary hormone. 
This adds a central path to thyroidal T3 production. Within the 
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thyroid, T3 generation originates from two distinct pathways, 
either de novo synthesis from proteolysis of thyroglobulin or 
conversion from T4 via monodeiodination with two enzymes, 
deiodinase 1 and deiodinase 2, both of which are activated by 
TSH.5,11-14 The present extension included additional terms at 
the hypothalamic level, representing specific elements of the 
hypothalamic regulation of TRH by tanycytes (Figure S1). A 
detailed description of the underlying equations and physiolog-
ical parameters is given in the Appendix S1.

Technically, the present model is an extension of previously 
published models.7,15-20 A growing understanding of thyroid 
physiology has been instrumental in continuously improving 
the model over two decades, as documented in preceding re-
ports.6,7,16-20 This includes the availability of the model as an 
open-source application.15 The model has been validated in 
healthy controls and large cohorts of patients with hypothyroid 
and hyperthyroid thyroid disorders.21-23 Here, to account for 
key elements of T3 physiology, we conducted a systematic in-
vestigation of the dependence of the properties of the system on 
various parameters involved in glandular T3 production.

To solve the initial value problems of the differential equa-
tions, the model was ported to both MATLAB (MathWorks) and 
open source R software (version 3.6.0 for Mac) with the added 
packages DESOLVE and ROOTSOLVE.24,25 R scripts are provided in 
Appendix S1. Numerical continuation analysis of the equilib-
rium solutions of the ODE system was used to determine the 
stability of the equilibrium solutions of the system of param-
eterised nonlinear ODEs and the detailed dependencies of the 
equilibrium solutions of the system on defining system param-
eters of interest such as the kinetic properties of deiodinases 
and secretory capacity of the thyroid gland. Numerical con-
tinuation analysis relied on MATLAB continuation toolbox CL 
MATCONTL.26 A tutorial to continuation analysis including 
M scripts can be found at http://uah.edu/facul ty/pekker.

2.4 | Statistical methods

Random variation in both thyroid capacity (GT) and pituitary 
capacity (GH) was generated by sampling relevant model pa-
rameters from a normal distribution. Thyroid capacity stress 
in the transition from euthyroidism to hypothyroidism was 
simulated with custom scripts for the R statistical environ-
ment24 by reducing thyroid capacity to half-maximum with 
a standard deviation of 30% and adjusting the pituitary re-
sponse in the same random manner (mean 50% GH with 30% 
SD).

3 |  RESULTS

In patients with slowly progressive autoimmune thyroiditis, 
both their anatomical and functional thyroid reserve decrease 

over time. The latter can be estimated and clinically moni-
tored as the maximum T4 secretory capacity of the thyroid 
gland (GT). Thyroid capacity stress increases until thyroid 
failure is unavoidable. This situation was modelled by pro-
gressively reducing GT, which resulted in a typical change 
in the expression of the stable equilibria. The predicted out-
comes for TSH and FT4 are shown in Figure 1. This scenario 
corresponds to a clinically observable display of falling FT4 
concentrations and rising TSH levels with progressive dis-
ease in an individual during long-term follow-up.

To model the generation of T3, we took into account both 
its conversion from T4 within the thyroid gland and in other 
organs by two distinct enzymes and its direct glandular se-
cretion. The T3 sources are (a) peripheral monodeiodination 
of T4 via deiodinase 1, (b) peripheral monodeiodination of 
T4 via deiodinase 2, (c) intra-thyroidal monodeiodination of 
T4 by deiodinase 1, (d) intra-thyroidal monodeiodination of 
T4 by deiodinase 2 and (e) thyroidal T3 secretion derived 
from proteolysis of thyroglobulin. We included the TSH de-
pendency of the T3-generating processes within the thyroid. 
Predicted FT3 outcomes at equilibrium were plotted against 
TSH concentrations (Figure 1).

Unlike the extended model, the classical TSH-FT4 feed-
back model does not consider TSH-FT3 feedforward control. 
For comparison, the outcome of such a reduced model is 
also shown in Figure 1 (curve FT3-). The choice between the 
two models, when translated to clinical application, makes a 
major difference in predicting whether or not the FT3 level 
of an individual patient would be compensatorily increased 

F I G U R E  1  Predicted FT4/FT3-TSH relationships by 
mathematical modelling of the transition from euthyroidism to 
hypothyroidism. Hypothyroidism was simulated by reducing the 
maximum thyroid reserve (GT), and shown are the resulting stable 
system equilibrium solutions for TSH and thyroid hormones. FT3− 
(red symbols) was obtained under assumptions of the classical TSH-
FT4 feedback model. FT3+ (black symbols) is based on the extended 
model implementing combined feedback-feedforward control. For 
model specifications refer to Methods (Section 7)
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with declining thyroid capacity and stay within the accepted 
method-specific FT3 reference range.

To discern the individual contributions of the five en-
zymatic reactions to the circulating T3 pool, mathematical 
continuation analysis was performed (Figure 2). During mod-
elled disease progression, opposing tendencies emerged for 
the individual reactions (Figure 2). While peripheral T4-T3 
conversion was the main T3 source in the euthyroid state, 
thyroidal T3 secretion became increasingly dominant in sub-
clinical hypothyroidism (Figure 2). This was true assuming 
either no change in enzyme capacity (Vmax) of the intra-thy-
roidal reactions, compared to the healthy state (Figure 2A), 
or a proportional decline together with the diminishing func-
tional thyroid reserve (Figure 2B).

In a sensitivity analysis, specific structural parameters 
were varied affecting the relative contributions of glandu-
lar conversion efficiency and direct T3 secretion under the 
conditions of a declining thyroid reserve. This demonstrated 
both the overall efficiency and the conditional adaptation of 
the multiple participating elements in the TSH-dependent 
feedforward control (Figure 3). Modelling predicted a greater 
impact of increasing T3 secretion on maintaining circulating 
FT3 levels, compared to glandular T4-T3 conversion effi-
ciency (Figure 3). Predicted serum FT3 concentrations were 
comparable with those observed in a small series of patients 
with autoimmune thyroiditis followed long-term (Figure 3).

To evolve our modelling strategy from an individual sce-
nario with a particular set of characteristic parameters to the 
population level, a cluster of TSH-FT3 pairs was created. 
This was done by randomly and simultaneously varying thy-
roid reserve and pituitary responsiveness (see Section 7). 
This resulted in a distribution of the predicted stable equilib-
rium points similar to that observed in a real cross-sectional 
sample of 86 patients with autoimmune thyroiditis from a 
previous prospective study (Figure 4).

4 |  DISCUSSION

Patients with autoimmune thyroiditis typically display a slow 
progression of their disease over many years before some 
may eventually develop hypothyroidism.27 The ongoing tran-
sition can put the hypothalamic-pituitary-thyroid control sys-
tem under considerable and continuous homeostatic strain, 
manifested as subclinical hypothyroidism. This syndrome is 
surrounded by considerable diagnostic uncertainty and con-
tinued disagreement about the need for LT4 substitution.2,4 
Here, we elucidated clinically observable mechanisms of 
defence against challenges presented by a declining thyroid 
reserve. Using applied mathematical modelling paired with 
clinical observation, we demonstrate a strong central depend-
ency of both T3 secretion and T4-T3 conversion. During 
thyroid stress, T3-protective mechanisms are progressively 

activated. Furthermore, thyroidal T3 secretion becomes in-
creasingly important and highly influential over conversion 
when thyroid reserve declines. This suggests that (a) the 
hypothalamic-pituitary-thyroid control system is far more 
adaptive than previously assumed, and (b) the dependencies 
of system control in thyroid disease differ profoundly from 
conditions of thyroid health.

Technically, our modelling strategy required the tradi-
tional hypothalamic-pituitary-thyroid feedback model to be 
extended towards a mixed feedback-feedforward model of 
control. The latter combines the classical negative FT4-TSH 
feedback loop with TSH-dependent positive control elements 
on thyroidal T3 secretion and enzymatic T4-T3 conversion. 
From system theory, we expected combined feedback-feed-
forward control to outperform feedback regulation when faced 
with major perturbations, being more efficient in maintaining 
euthyroid FT3 concentrations. This was confirmed by com-
paring model predictions with patient data (Figure 1). TSH 
dependency of T3 production has been supported by in vitro 
and in vivo studies but was only recently incorporated into a 
model of hypothalamic-pituitary-thyroid regulation.7,11-14,28

Importantly, unlike phenomenological models, our model 
is based on physiologically rooted parameters and Michaelis-
Menten-Hill kinetics. Mathematically connecting chains of 
physiological events may generate unforeseen hypotheses, 
which then can be clinically assessed.29 There is close agree-
ment between our model predictions and observed outcomes, 
as new system dependencies emerged. However, our model, 
like any such, only approximates the complex physiology of 
thyroid hormone regulation.5,6,30 For example, the kinetics 
of thyroid hormone transporters are not sufficiently known 
to be incorporated into the model.31,32 Central regulation in-
volving TRH and tanycytes is also incompletely understood 
and could only be partly implemented.33 Because intracellu-
lar T3 concentrations are not readily measurable in humans, 
intracellular T3-regulating processes were not directly ob-
servable.34 While our approach integrates central and local 
control, thereby denying an autonomy exclusively assigned 
to local control elements, it does not diminish the importance 
of their modulatory role in various tissues.35

Our findings portray a more flexible view of the hypo-
thalamic-pituitary-thyroid regulation, compared to the clas-
sical feedback model.1,36 Static assumptions in thyroid health 
may not hold for conditions of glandular stress. This includes 
the relative importance of various contributions to the cir-
culating T3 pool. In healthy subjects, T4-T3 conversion in 
extra-thyroidal organs is generally accepted as the main T3 
source, the thyroidal contribution amounting to approx. 20%, 
a much lower fraction than in rodents.5 However, as shown 
here, this pattern may dramatically change at the onset of 
thyroid disease. The thyroid gland itself appears to be at 
the forefront of a line of defence against this challenge. In 
agreement with clinical data, sensitivity analysis revealed a 
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greater importance of glandular T3 secretion over conversion 
efficiency, protecting FT3 levels under conditions of dimin-
ished thyroid reserve. Apparently, the human thyroid relies 

more on increasing its own efficiency rather than requiring 
other organs to remedy the situation. A protective role of this 
pathway is further supported by experiments in genetically 

F I G U R E  2  Fractional contributions of the T3-generating enzymatic reactions. The relative contributions from five T3-generating reactions 
(equation 2, peripheral conversion by deiodinase 1 (D1) and deiodinase 2 (D2), intra-thyroidal conversion by the two deiodinases, and thyroidal 
T3 secretion) in the circulating T3 pool were derived by mathematical continuation analysis (see Section 2). Panel A assumes no change of the 
capacity of the TSH-dependent reactions, and panel B a parallel decline with deteriorating thyroid function. The sources contributing to the 
circulating T3 pool change profoundly with declining thyroid function when peripheral T4-T3 conversion is overtaken by increasing thyroidal T3 
secretion
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F I G U R E  3  Sensitivity analysis of the influence of intra-thyroidal T3 conversion and T3 secretion. The two main constituents of the intra-
thyroidal TSH-T3 shunt, namely deiodinase activity (D) and T3 secretion (S), were selectively turned on (+) and off (−), resulting in various 
combinations of D+S+, D−S+, D+S−, D−S− and D3.5,S− (increasing D 3.5-fold). For comparison, observed data points from individual patients 
with autoimmune thyroiditis (identified by colour and anonymous id) followed long-term without medication were overlaid. The lower right panel 
shows a slow disease progression in subject id253 over nearly 10 years with steadily increasing TSH concentrations but relatively stable FT3 
concentrations. The data show the relevance of central feedforward control on T3 generation to compensate a decrease in T4 substrate, and suggest 
that among the components raising T3 secretion is more effective than increasing deiodinase efficiency
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manipulated animals able to maintain thyroid health despite 
being deficient in all deiodinating enzymes.37 The biochem-
ical mechanisms involve TSH-stimulated iodination of the 
thyroglobulin molecule, thereby favouring T3 production 
over T4.14

In hypothyroid patients, functional and symptomatic 
responses to LT4 vary considerably, displaying a high de-
gree of individuality.38 Homeostatic modelling can deliver 
a personalised equilibrium solution using a set of intrinsic 
characteristics or structural parameters and various systemic 
processes uniquely responding to external perturbations and 
challenges. The imposed central input of thyroid stimulation 
(setting) and varied feedback and feedforward responses keep 
the system in homeostasis. Mathematically, a stable equilib-
rium solution of the ODE system defines a clinically observ-
able pair of TSH and FT4 (or FT3), conventionally known as 
the personal set point.19,23 This is characteristic of a healthy 
individual, displaying far less variation, compared to the 
much wider reference ranges of the population's TSH and 
thyroid hormone concentrations.3,38-40 Unlike univariate sta-
tistical range considerations for single parameters, set points, 
as modelled here, are fundamentally more well-founded 
and may be more suitable for individualised decision-mak-
ing.3,38,40 Larger studies are needed to confirm and extend 
our findings towards a potential future clinical utility of such 
models, possibly app-based.

Our findings have wider clinical implications. They dis-
courage indiscriminate medical intervention at an early stage 
of thyroid autoimmune disease with a TSH-lowering drug 

such as LT4. This may be counterproductive, opposing a 
potent line of system defence that is physiologically active. 
This could partly explain the current paradoxical discrep-
ancy of requiring a threshold for therapeutic intervention 
higher than that used in the disease definition of subclini-
cal hypothyroidism.2,4 Conversely, the presence or absence 
of a thyroid gland alters the dependencies of system control, 
playing a much more adaptive role than can possibly be ex-
trapolated from studies in healthy individuals. In athyreotic 
patients substituted with LT4, biochemical equilibria differed 
from their previous healthy state, associated with patient 
complaints.38,41-43

Summarising, a mathematical model incorporating mixed 
feedback and feedforward control appears well suited to elu-
cidate important aspects of the complex hypothalamic-pi-
tuitary-thyroid control system. The control system is more 
adaptive than previously thought in protecting circulating 
FT3 levels. The preeminent role of glandular T3 secretion 
over conversion efficiency emerges only after the onset of 
thyroid capacity stress. It becomes increasingly important 
with declining thyroid reserve before collapsing with total 
capacity loss. A more adaptive role of TSH in feedback and 
feedforward regulation invites a reconsideration of the defi-
nition of hypothyroidism as a disease, which has been largely 
based on the premises of a simplistic relationship between 
TSH and thyroid status.
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