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Abstract: Hashimoto’s thyroiditis (HT) is a prevalent autoimmune disorder marked by chronic
inflammation of the thyroid gland, predominantly affecting children and adolescents. In a previous
study, we developed a “maximal” mathematical model of thyroid physiology to simulate the complex
interactions within the thyroid gland. The present research introduces an enhanced version of the
“maximal” model, integrating the pathophysiological impacts of HT. It specifically models the adverse
effects of thyroid peroxidase (TPO) and thyroglobulin (Tg) antibodies (TPOAb and TgAb) on TPO, Tg,
sodium iodide symporter (NIS), albeit indirectly, and thyroid volume. Additionally, we present a new
“minimal” model offering a streamlined interpretation of thyroid physiology and pathophysiology,
designed for faster computational analysis while maintaining essential physiological interactions.
Both models were fitted against longitudinal clinical data from patients with HT, assessing the
concentrations of Thyroid Stimulating Hormone (TSH), Thyroxine (T4), and thyroid volume over
36 months, in both untreated patients and those receiving levothyroxine (LT4) treatment. The
adaptation of the models to data shows that both of them accurately reproduce the available observed
clinical outcomes, with the “maximal” model providing more detailed physiological insights but
requiring extensive data and longer computation times. In contrast, the “minimal” model, despite
exhibiting less realistic TSH oscillations, offers rapid parameter estimation and may be more feasible in
clinical settings. These models hold significant potential as tools for detailed study and management
of HT, enabling simulations of disease progression and therapeutic responses, thus paving the way
for personalized treatment strategies.

Keywords: Hashimoto; thyroid; mathematical model; hormones

MSC: 92C30; 92B05; 93A30; 93C15

1. Introduction

Hashimoto’s thyroiditis (HT) is an autoimmune disease characterized by chronic in-
flammation of the thyroid gland, which commonly occurs in children and adolescents [1-3].
Adults aged between 40 and 65 are also frequently affected, with a significantly higher
prevalence of the disease in women (approximately five times more common) [1]. At diag-
nosis, patients may be asymptomatic or report symptoms such as goiter, fatigue, altered
levels of thyroxine (T4) and thyroid-stimulating hormone (TSH) [4]. Additionally, the pres-
ence of thyroid peroxidase (TPOAD) and/or thyroglobulin (TgAb) antibodies is necessary
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to confirm the autoimmune nature of the disease [5]. The clinical course of HT varies
significantly among individuals, making it difficult to predict the behavior of the hormones
as well as the changes in thyroid volume over time.

Recently, Pompa et al. [6] presented a “maximal” mathematical model of thyroid
physiology; in the present work, the proposed model in [6] is improved to incorporate the
pathophysiological aspect derived by the presence of Hashimoto’s thyroiditis, highlighting
the different time-courses of TSH and of hormone concentrations, as well as the peculiar
trend of the thyroid volume. This updated model reproduces the negative effects of thyroid
peroxidase (TPO) and thyroglobulin (Tg) antibodies (TPOAb and TgAb) on TPO, Tg,
sodium iodide symporter (NIS) (even if indirectly), and on thyroid volume. These altered
behaviors, in turn, lead to changes in TSH and hormone concentrations, which are the key
parameters monitored during the treatment of the disease. The therapy for HT involves
the administration of levothyroxine (LT4) to restore hormone concentrations to normal
ranges [7]. Moreover, in this work a new “minimal” model of the thyroid physiology and
pathophysiology, including some of the above features, is presented.

The two models, the improved “maximal” and the “minimal” ones, have been fitted
on literature data from Dorr et al. [8], where the concentrations of TSH and T4 and the
thyroid volume are collected every 6 months, during 36 months of follow-up from in two
groups of euthyroid patients with diagnoses of HT: the first group is composed of not
treated subjects (Group 1), whereas the second group (Group 2) is formed by subjects
treated with LT4 (50 pg for individuals with a bodyweight <50 kg, 75 ug for patients with
bodyweight between 50 and 75 kg, 100 ug for subjects with bodyweight between 75 and
100 kg, and 150 ug for adolescents with bodyweight >100 kg).

To our knowledge, the only mathematical model of Hashimoto’s thyroiditis was
proposed in [9]. The model includes the equations describing the TSH, thyroxine, TPOAb
and the functional size of the thyroid gland, with a daily time scale. This aligns with
the model’s objective of replicating and predicting the states of a Hashimoto patient
(euthyroidism, subclinical hypothyroidism, and clinical hypothyroidism) over a wide
period, without taking into account the oscillations or perturbations of the dynamics of
the variables in a short period (hourly). With respect to this model, our mathematical
formulation is enlarged to consider, in addition to the above variables, T3 and T4 in
both free and bounded forms, the hashitoxicosis phenomenon, the whole thyroid volume
(given by the functional size and infiltrating lymphocytes) and the T3 and T4 stored in the
thyroid tissue. Moreover, the present models enable a more accurate representation of the
variables of interest due to their hourly time discretization. Other works [10-17], as well as
the DiStefano III thyroid model [18-21], provide a description of the thyroid function in
pathological conditions without any explicit characterization of HT.

2. “Maximal” Model

This section outlines the updated version of the thyroid model presented by the same
Authors [6]. The new formulation is composed of 35 equations, of which 25 differentials
and 10 algebraic. The proposed representation describes the most important physiological
mechanisms, variables and their interactions (T3, T4, Tg, TSH, TRH, iodine Wolff-Chaikoff
control mechanism, antibodies effect and thyroid volume) in the main compartments of the
thyroid system (bloodstream, extracellular space, thyroid tissues).

The SIMO model [22] is used to represent the gastrointestinal tract for the iodine, LT4
and LT3 administrations. The SIMO sub-model adds further nine equations (six differential
and three algebraic) to the model for a total number of 44 equations. All the model
parameters are reported in Table S1 in the Supplementary Material. The next sub-sections
report the modifications and updates to the original model. For a detailed description of all
the model equations and parameters see the Supplementary Material.

2.1. TRH Sub-Model

Equation [5] of the model in Pompa et al. [6], related to the dynamic of the Thyrotropin-
releasing hormone (TRH), is modified to take into consideration the effect of FT; when it
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falls under the inferior limit of the normality range, which occurs, indeed, in pathological
conditions as in the HT:

dTRH N Q?"RHN(E_W?T% + ”?ninl)emTFTrFm FTy < Trry4
= —kpnTRHY + N M
N7 # Tmaxl #
at TRHﬁ (e v +amml)(rn+(FT4*TFT4)7§ +aml”2) FT4 2 TFM
TRHN(0) = TRHY,
where:

e TRHY is a normalized variable representing the TRH in the hypothalamus;

o "7(Trra—FTy) is the new term of the equation that represents the relationship between
TRHY and FTy: when the FTy is below the normality threshold, the production of
TRH ﬁ increases causing the consequent increase in TSH;

*  Trry4 represents the threshold to which TSH changes its dynamic and it is set to
1.35 ng/dL, that is to the average value of the normal FT4 range, which is between
0.8 and 1.9 ng/dL (or 10.3 and 24.5 pmol/L) [23,24].

The missing equations of the TRH dynamics, TSH and biological oscillator are reported
in the Supplementary Materials (Equations (510)—(S18)).

2.2. Wolff-Chaikoff Sub-Model

When a high concentration of iodine is ingested (as occurs through the intake of drugs
or food), the thyroid attempts to protect itself by blocking specific functions. Generally,
the sodium iodine symporter transports iodine into the thyroid. However, when the internal
iodine concentration exceeds 10~3 molar (in a normal thyroid), thyroglobulin organification
ceases to function, thereby blocking the T3 and T4 hormone production [25,26]. At this
point, the NIS ceases to transport iodine into the thyroid, allowing excess iodine to flow
back into the bloodstream. This process is called the Wolff-Chaikoff effect. This control
system induces a temporary state of hypothyroidism, which lasts for the time it takes for
iodine levels in the thyroid to return to normal concentration values (usually in about
one week). When the iodine concentration drops below 10~% molar, the normal thyroid
functions resume.

The above control process, which in this dissertation is named Cyy, is described as
follows: starting from Cy(0) = 0, the Wolff-Chaikoff effect can be formalized by means of
the following hybrid dynamics [27]

Cwe + 0 if Cye =1 and It = Lyyin VN
Cwc < 1 if Cye =0 and It = Lymax VN 2)
dg% =0 otherwise

where the symbol < denotes the instantaneous reset of the state variable.

The Cy. function is 0 when the iodine is below the maximum threshold (I;;x V%\] ) and
becomes 1 when it exceeds that threshold. Furthermore, once C,, becomes 1, it maintains
this value until the iodine concentration returns to the minimum threshold (I, VTN )-
When Cy,. is equal to 1, as described in the next sub-section, the equations related to the
extracellular iodine and to the iodine inside the thyroid change their dynamics in relation
to iodine transportation (from the internal to extracellular space). Additionally, the TPO
variable is set to 0, in order to represent the cessation of the T3 and T4 production.

2.3. Iodine Sub-Model

The iodine sub-model is similar to the formalization adopted in the original work [6],
except for the introduction of the Wolff-Chaikoff control (Equations (4) and (5)) as well as
for the consideration of the effect of the antibodies and thyroid volume on NIS and TPO
efficacy (Equations (6) and (7)):
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dlg _ Ra 1, vrgTyp Tsp ¢ OTadty Taary
TB Rl gpnilp — kigalp + 105 [ 12248 (q - 3B yof Ty adly
at VBL EBIIB kid 1B 6 [kMT4 + Typ TTS) kMT4d1y —+ T4dly (3)
kgerl o3 T-
+ %;LE +10[0.65k 74 Typ + 0.59 (kyr3 T3 + ﬁ)], 15(0) = Ig
dlg kepilgVE — NISIg —kppilg  Cwe =0
YE , Ig(0) =1 4
dt { Kwelr — kperle + keprlgVe Cye =1 £(0) = Iro )
dr _ upTPOI _
alr _ ) NISIp =T Cue =0 , Ir(0) = Ipo (5)
dt *kwr:IT ch =1
Kt o TSHN 7S
NIS = kNISer*Ldzy (o NIS1 - 6)
Kypso + TSHN
#
# ~Lay ( Khpo TSHYS <
TPO = kTPOer y(k‘%POZ+TSHN7§ ) Ir < 0.95 Lymax @)
0 IT > 0.95 IwmaxV]N

where:

*  thevariables Ip, Ig, IT are the iodine in the blood, extracellular and thyroid compart-
ments, respectively;

*  TPO represents the effect of the thyroid peroxidase;

*  NIS represents the effect of the sodium iodide symporter;

The antibody effect Ly, has a direct impact on both TPO and NIS: TPO functionality
decreases when thyroid peroxidase antibodies (ITIPOAbs) attack the thyroid with the aim of
interrupting the TPO functionalities or of destroying the enzymes; similarly, NIS efficacy
also decreases due to the presence of cytokines induced by the thyroid inflammation [28].

2.4. Antibodies Sub-Model

Hashimoto’s thyroiditis causes the organism to produce thyroid TPOAbs and TgAbs,
which attack and destroy the thyroid tissue. This phenomenon progressively reduces the
thyroid’s ability to produce hormones until it eventually becomes completely inefficient.

The precise mechanisms leading the organism to produce TPOAb and TgAb remain
unknown, making it impossible to develop a mathematical representation of the phe-
nomenon, it is possible to model the effects of these antibodies on the thyroid function
once HT manifests. The effect of antibodies and its trend over time is represented by the
following forcing function:

Egr=1-— e_kam(t_r);t >T (8)
where:

*  E,u represents the antibodies effect: it starts from 0, increases with a speed equal to
kant until reaching 1;
¢  Tis the time at which the antibody effect manifests.

The E;;t function increases the volume of the lymphocyte compartment (which is part
of the total thyroid volume). The lymphocyte volume, in its turn, affects the TPO and
NIS variables.

2.5. Thyroid Volume Sub-Model

An important feature introduced in this new version of the model is the representation
of the thyroid volume time course. The volume depends directly on the TSH concentration,
as thyroid cells proliferate more in the presence of higher TSH levels. Furthermore, all the
thyroid physiological functions are strictly related to the volume [4].

In the initial phase of the HT disease, the thyroid volume typically increases due to
lymphocyte infiltration within the gland, causing inflammation. Afterwards, the total
thyroid volume starts to decrease as TPOAbs and TgAbs (the infiltrated lymphocytes)
attack and destroy the thyroid tissue until the gland completely disappears. This process
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can take many years, usually exceeding 10 years, and varies from individual to individual.
A block diagram of the thyroid volume sub-model is shown in Figure 1.
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Figure 1. Block Diagram of the Thyroid Volume sub-model. The function E;;; (representing the
antibodies effect) increases the variable L (lymphocytes compartment), which decreases the functional
volume variable V. The sum of L and V represents the normalized total volume VN,

The equations are reported below:

dL
E = kLVEuntVf - kaL/ L(O) = Lo )
dely k
—ap = Kayr(L = Lary), Lay(0) = Lo (10)
de N
i = krsuxTSHep 1y V= kev Ve = kevgiLay Vi, Vi(0) = Vo (11)
Vi =L+ V; (12)

where:

¢ Lis the lymphocyte volume compartment;

* Ly is the delayed version of L, simulating the delayed effect of the lymphocytes on
the thyroid functionalities;

*  Vyis the functional thyroid volume compartment;

e VN is the total thyroid volume.

2.6. Hormone Sub-Model

During the early stage of the HT disease, the destruction of the gland can lead to an
increase in T3 and T4 hormone concentrations. This occurs as the hormones stored within
the thyroid are released into the bloodstream. This phenomenon, known as “hashitoxicosis”,
results in a transient hyperthyroid state [29,30]. The modified version of the T3 and T4
equations are reported below:

dT3D

T ~kpasn Tsp Lary + kppraTsp — kppr3Tap, T3p(0) = T3po (13)
AT v TPOI7 B, P12
=% o2 TPOITPs 57 kEPT3T3PTSH£\} 4ty — kppr3T3p +kppr3Tap, Tap(0) = Tspo (14)
dt k]M + IT el
dT;
TiE = kEPT3T3PT5Hg>]r,d;y — kger3T3e, T36(0) = T3k0 (15)
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dTzp  kpersTse knasnTspLary 5, vraTap Tap ot
=2 = % ks Tap + = 1——=)%+
dat VgL xT343B VgL 6 [ka + Tup TT3) 6
Z}T4dlyT4dly o vr3Tsp Rut3 Tsp (O) = Tamo
kmraay + Taary”  kmrs +Tsp - VL'
dTyp
T ~knasn TapLary + kppraTap — kppraTap, Tap(0) = Tupo 17)
drT. 012 TPOIL B, Pt
T:P R TS T +€TT4 4= —kepraTapTSH,y 4y, — kopraTap + kporaTan, Tap(0) = Tapo (18)
dT.
T;E = kEPT4T4PTSHL{\},d1y — kpeTaTup, Tup(0) = Tapo (19)
dTyp kperaTae | Knash T4DLd1y vr4 Ty T3p \#
— Y = —kyraTup — ———>— (1 — =22)% — k58T
dat vk vt *T4T4B ™ Jira + Tus TT3) B 4B+ 20)
R
+ 2T Ty(0) = Tugo

where:

e  T3p and Typ represent the quantity of T3 and T4 in the depot compartment;

¢ Tsp and Typ represent the quantity of T3 and T4 in the thyroid compartment;

*  T3p and Tyr represent the quantity of T3 and T4 in the extra cellular compartment;

*  T3p and Typ represent the T3 and T4 concentrations in the blood compartment;

®  kpasnTapLary and kpgsn Tap Lgyy, in Equations (13) and (17), respectively, represent the
effect of the hashitoxicosis on the release of stocked T3 and T4. In the two equations,
the same hashitoxicosis rate (kj,;) for the two hormones is assumed, as the thyroid
cells destroyed by antibodies contain both T4 and T3. Different released quantities
depend on the different Tzp and Typ values at time ¢.

The description of the T3 and T4 dynamics are reported in the Supplementary Materials
(Equations (519)—(523)).

2.7. Tg Sub-Model

Thyroglobulin antibodies specifically target and destroy thyroglobulin in the blood,
leading to a reduction in its concentration. This effect is incorporated into the Tg blood
concentration equations using the forcing function, E;;;;. These changes are reported below:

4Ty

7d‘§ = QT4TgT41\£ + Eantkdesv%\] — kBETgTé\}]E/ Té\]E (O) = Té\éo (21)
dT,p

7di = kBETngI\)]EQTg - kngTgB(l + Eant), Tep (0) = ¢BO (22)

where the variables TgI\,’5 and Typ are the Tg in the extracellular and (T and T3) blood
compartments, respectively. Note that, as for the previous version of the model, it is not
possible to validate the Tg sub-model since no data related to Tg blood concentrations are
available from literature.

3. “Minimal” Model

The thyroid “minimal” model was derived as a simplification of the updated version
of the “maximal” model described above and in the Supplementary Material, and is
composed of only 16 equations (replacing the original 35 equations), eight differential and
eight algebraic. Some equations are in common with the two versions (from Equations (8)
to (12) and both need to be accompanied by the SIMO sub-model for the representation
of per os drug administration). All the model parameters are reported in Table S2 of the
Supplementary Material. The next two subsections report the only equations which differ in
the two formulations. Figures 1 and 2 show the block diagram of the new “minimal” model.
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Figure 2. Block Diagram of the thyroid hormone sub-model of the “minimal” model. The Tp
and T3p compartments represent the quantity of hormones stocked in the thyroid which are going
to be released in the blood compartments (Typ and T3p) due to the effect of hashitoxicosis. Part of
Typ is converted into T3p inside the Ty tissue compartment. The “MM” abbreviation stands for
Michaelis—-Menten dynamics.

3.1. TSH Sub-Model

The TSH blood concentration is modeled using a simple sinusoidal function to reduce
the number of equations required to represent the hypothalamus—pituitary—thyroid axis.
The equations regarding the TSH sub-model are reported below:

dTSH . 27 AT Tk
T = _khTSH+ [kTSHbas + kT3T4Sln(ﬂt - (P)]e MFTs FT4' (23)
TSH(0) = TSH,
TSHN = TS—H, (24)
TSH
krsgn TSHN A
TSHEI)’[ = _~T5HI 7 T krsms (25)
krspa + TSHN 2
dTSHY
f.dly
—Q = krshary (TSHY — TSHYY y1,), TSHy 41, (0) = TSHY (26)

where:

¢  TSH is the variable representing the Thyroid-stimulating hormone;
. TSHS’( and TSHel\f] diy are the direct and delayed effects of TSH on the T3 and
T4 production.

The feedback control between TSH and the hormones is represented by the exponen-

tial term e~ MFT FT, Equation (23) is derived from the DiStefano III formulation [31] with
some changes in the exponential term in order to directly represent the disjunct effect of
FT4 and FI3 on TSH.

3.2. T3 and T4 Hormone Sub-Model

The description of the hormone time courses has been simplified by considering only
the concentrations of T3 and T4 in the blood (T35 and T4g) as well as the concentration
of T4 in the tissue (Tyr). In this reduced formulation the production of the hormones is
represented by a constant parameter Q multiplied by TSH g[ dly and Vy to represent the
dependence of the production on both TSH and the functional thyroid volume. In this
version of the model no per os T3 administration is foreseen. The sub-model equations are
reported below:

Tap = Typoe st (27)
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dTyp N . Rura  KnasnLaryTap
= QuaTSHep gy Ve ™ —karaTap — krarTap + v Vil s
Typ(0) = Tupo
dar. 4T,
% = krarTsp — kMTjiﬁTTH’ Tyr(0) = Taro (29)
FTy = frach,Typ (30)
Tsp = Tappe  estba! (31)
dTgB N L 5 Z)dT4T khushLdlyT3D
— = TSH \% dy — k3T - ,
3 = QraTSHep .y, Vre e e 70 32
T35(0) = T30
FI3 = frac§3T3B (33)

where:

*  T3p and Typ represent the T3 and T4 quantities in the depot compartment;

*  Tyr is the T4 concentration in the tissue compartment;

e  Tzp and Typ represent the T3 and T4 concentrations in the blood compartment;
*  the kygsn TspLary and Kyesy Tap Layy terms represent the hashitoxicosis.

4. Gut Sub-Model

The SIMO model [22] is utilized as a gastrointestinal sub-model to describe iodine
(represented by I) intake and the fate of administered LT4 and LT3 (represented by T4 and
T3, respectively). This sub-model incorporates nine additional equations into the maximal
model (time-course of Iodine, LT4 and LT3) and three (time-course of L.T4) into the minimal
model. The letter S denotes the stomach compartment, L represents the ileum, and R,
signifies the rate of appearance of a substance.

4.1. Iodine
ds
7; = —kis1S1+ Dy é(t),S51(0) = Spo (34)
dL
7; = kis1S1 — kL1, L1(0) = Lo (35)
Rar = kpirLif1, Ra1(0) = Raro (36)
4.2. LT4
ds
Tm = —kis74ST4 + D14 (1), S74(0) = ST40 (37)
dL
7“ = kistaST4 — kpiraLl1a, LT4(0) = L1490 (38)
Rars = kpiraLrafra, Rat4(0) = Rara0 (39)
4.3. LT3
ds
7” = —kisr3ST3 + D13 6(t), S13(0) = ST30 (40)
dL
WTS = kis73S13 — kpirsLrs, L13(0) = Lr3g (41)

Rar3 = kpraLr3fr3, Rat3(0) = Rat30 (42)
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5. Model Parameter Estimation

The “minimal” model was fitted on data from [8] where an experiment was carried out
to determine the efficacy of per os LT4 administration in an adolescent recently suffering
from Hashimoto thyroiditis. Patients were randomly allocated to two groups: 25 individu-
als received LT4 at a mean daily dose of 1.6 nug/kg (50 ug for individuals with a bodyweight
<50 kg, 75 ug for patients with a bodyweight between 50 and 75 kg, 100 ug for subjects
with a bodyweight between 75 and 100 kg, and 150 pg for adolescents with a bodyweight
>100 kg), and 34 individuals were not treated. The main outcomes were the thyroid gland
volume (determined by ultrasound), the serum levels of TSH, the free T4 concentrations,
the concentrations of the antibodies against thyroid peroxidase and of the thyroglobulin.
All these parameters were assessed every 6 months for a total of 36-month follow-up.
The children in both groups were assumed to weigh 45 kg and for Group 2 the LT4 dose
was administered according to the original experimental protocol (50 ug).

The model was adapted to data by means of a Weighted Least-Squares approach
where the differences between observations and predictions have been weighted with the
inverse of the squared expectations, hypothesizing an error variance proportional to the
coefficient of variation of the observations. The algorithm used for the minimization of the
loss function was the Nelder-Mead scheme. The numerical integration method employed
to solve the Ordinary Differential Equations (ODEs) was the fourth order Runge-Kutta
method (RK4). The implementation was carried out with Matlab®. The parameters in-
cluded in the estimation procedure were all the parameters appearing in the equations
of the new Thyroid Volume sub-model, plus the parameters T4D and T3D, which are
considered important in determining the dynamics of HT.

The “minimal” model resulted in a significantly shorter simulation and parameter
estimation time when compared with the “maximal” model.

The parameter estimation process for the “maximal” model followed a two-step
approach: a first estimated parameter vector (composed of eighteen parameters) was
obtained by adapting the “minimal” model to observed data; the estimates obtained were
subsequently used as a starting point for the calibration of the “maximal” model parameters,
which were then fine-tuned. Additionally, to prevent the TSH oscillation from influencing
the value of the loss function, the mean of the upper and lower envelope curves (expressing
the magnitude of the TSH signal) was employed as a representation of the TSH time course.

6. Sensitivity Analysis

A sensitivity analysis of the original maximal model was presented in [6]. Given
the model’s complexity (due to its numerous parameters), which increased in the present
updated formulation including the HT representation, a sensitivity analysis was conducted
by varying only those parameters entering the additional Thyroid Volume sub-model of the
minimal version. The sensitivity analysis was performed by varying 30% of the parameter
values obtained by the estimation procedure on the treated subjects’ observations. The pa-
rameters of interest, and that were allowed to vary, were eight out of thirteen, that is the
subset of parameters involved in the description of the HT pathophysiological mechanisms.
For each of the eight parameters, 100 simulations with a one-year time window were run.
The predictions of TSH, FT4, and Volume over time obtained with the baseline parame-
ter values are compared to the 90% envelopes of forecasts from the sensitivity analysis,
alongside the experimental data. To assess the combined impact of parameter variations,
an additional series of 100 simulations were performed, simultaneously varying all eight
parameters. For the TSH and FT4, the figures show a zoom of the last 200 h for better
visualization of the results.

7. Results

This section shows the performance of the two model formulations, the “maximal”
model (updated version, as described in the “Maximal” Model section) and the “mini-
mal” model.
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Figure 3 shows the model predictions of the volume, TSH and FT4 variables, obtained
from the “maximal” model, over a 36-month simulation period, along with the observed
data points (red circles) from the untreated subjects (Group 1) of [8]. Panel (b) is an
enlargement at month 18 of the time courses shown in panel (a).
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Figure 3. The “maximal” model predictions for the untreated group. Volume, TSH and FT4 model
predictions (continuous lines) along with experimental observations (red asterisks) from [8]. Panel
(a) shows the variable time courses over 36 months of follow-up; panel (b) is an enlargement at month
18 of the time courses of panel (a).

Figure 4 reports the same experimental data of Figure 3 along with the corresponding
predictions obtained with the “minimal” model.

Despite a similar qualitative behavior, the “minimal” model produces larger oscilla-
tions of the TSH which appear to be less realistic than those obtained with the “maximal”
model. The “maximal” model, in fact, demonstrates a more detailed pattern, deviating
from a simple sinusoidal waveform. This more realistic trend is attributed to the biological
oscillator equations presented in the Supplementary Materials (Equations (510)—(S12)) and
previously discussed in Pompa et al [6]. On the contrary, the volume predictions appear to
be superimposed while the FT4 “minimal” model predictions lie in a slightly larger interval.

Figures 5 and 6 show the corresponding variables (observed and predicted) for the
treated subjects (Group 2) of [8].

Here, it was assumed a daily administration of 50 ug of LT4 which represents the
administered dosage for a subject of 45 kg, according to the original protocol adopted in [8].
Refer to the “Method” section of [8] for details on the experimental procedure. Also in this
situation, the qualitative behavior of the “minimal” model resembles the “maximal” model
pattern and the volume predictions are in line with the observations.

All the parameter values obtained from the optimization or calibration procedures are
reported in Table 1.
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(a) shows the variable time courses over 36 months of follow-up; panel (b) is an enlargement at month
18 of the time courses of panel (a).
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As stated above, all parameter values of the “minimal” model were estimated by
adapting the model to the observed data. Parameter values of the “maximal” model were
then tuned starting from the values obtained by the optimization procedure carried out
with the “minimal” model. The RMS error, calculated as the square root of the loss function
divided by the number of measurements, was found to be 0.044 and 0.219 for Group 1’s
“minimal” and “maximal” models, respectively, resulting in a ratio of 5.5 (“maximal” over
“minimal”). For Group 2, the RMS errors were 0.196 and 0.231 for the “minimal” and
“maximal” models, respectively, with a ratio of 1.15.

As for Group 1, untreated subjects, all the parameter values for the two formal-
izations are in accordance except for parameters Typo and T3pg, which assume lower
values in the “maximal” model: 7197 pg and 2692.6 pg for the “maximal” model and
52,090 ug (about eight times larger) and 4655 g (about two times larger) for the “minimal”
model, respectively.

Also, parameter k), seems to differentiate in the two models: it is lower in the
“minimal” (4.188 x 1072 1/h) than in the “maximal” model (0.167 1/h).

For Group 2, no substantial difference emerges between the two models whose predic-
tions were obtained with very similar or equal values.

For Group 2, there is no significant difference between the two models, as their
predictions are derived from very similar or identical values. However, an exception is
observed for parameter T;py, which is notably lower in the “minimal” model (220 pg
compared to 10,352 pg in the maximal model).

Figures S1 and S2 illustrate the results of the sensitivity analysis. For each varied
parameter Figures S1 and S2 show the time trends of TSH and FT4 plasma concentrations
as well as of the thyroid Volume. Black lines represent the predictions obtained with the
parameter original values, while the green shaded area is the 90% prediction envelope
from 100 simulations. Experimental data are marked with asterisks. Figure S3 presents the
results of a sensitivity analysis where all parameters are simultaneously varied.
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Table 1. Parameter values from the optimization process (for the “minimal” model) and from the
calibration procedure (for the “maximal” model) for the untreated subjects (Group 1) and for treated

subjects (Group 2).

Group 1 Group 2
“Maximal” Model “Minimal” Model “Maximal” Model “Minimal” Model
7 [h] 9774.62 9774.62 —3524.77 —3524.77
Kant [1/1] 3.946 x 10~* 3.946 x 10~* 3.939 x 1077 3.939 x 1077
krstx [1/h] 8.507 x 107 9.213 x 1077 9.213 x 1077 1.228 x 10~°
karyr, [1/h] 4318 x 1077 4318 x 1077 1.427 x 1077 1.427 x 1077
kv [1/h] 3.166 x 10~* 3.166 x 10~* 2.8 x 1074 2.8 x 1074
ke [1/h] 9.999 x 10~* 9.999 x 10~* 4983 x 107° 4983 x 107°
kev i [1/h] 2.746 x 1072 2.746 x 1072 1.997 x 10~* 1.997 x 10~*
kpnasn [1/h] 0.1675 4.188 x 1072 1.622 x 107° 1.622 x 107°
Typo [1g] 7197 * 52,090 10,352 * 220.466
Tspo [1g] 2692.6 * 4655 6524.9 * 5105.28
Tup [pg] 6987.5 / 10,750 /
Tsp [1g] 3341 / 5140 /
A¥ [#] / 3.241 / 2.46
kTsHpas [1/h] / 10 / 5.949
fra [#] / / 0.627 0.727

/: not present in the model; *: determined as reported in the Supplementary Materials.

8. Discussion

Hashimoto’s thyroiditis is a chronic inflammatory disease that should not be underes-
timated: if untreated, it can lead to subclinical or even clinical hypothyroidism. From our
understanding, there is no comprehensive mathematical framework describing the long-
term trajectory of the disease. The mathematical model proposed in this work offers a
possible tool for studying the evolution of Hashimoto’s thyroiditis and for monitoring the
response to therapys; it also allows us to simulate the trend of the variables of interest under
different therapeutic regimes.

Starting from a very complex model of thyroid physiology [6], this work presents both
an extension (“maximal”) and a reduced version (“minimal”) for the representation of the
pathophysiological conditions induced by Hashimoto’s thyroiditis. The simplified version
allows for a more robust estimation of key model parameters.

While the work in [6] provides a clearer picture of the advantages and limitations of
the “maximal” model with respect to other existing mathematical formulations, models
specifically addressing Hashimoto’s thyroiditis are still missing, apart from the work [32],
where, however, the objective was to describe the interactions between thyroid cells,
the immune system, and the gut microbiota.

Both the modified “maximal” and “minimal” models were fitted against observed
clinical data on the progression of HT in untreated and treated patients, highlighting a
good fit with the actual observed data.

Figures 3 and 4 show a very similar trend for the “minimal” and “maximal” model
predictions. This is also supported by the model parameter values (Table 1).

An interesting difference between the two study groups lies in the dynamics of thyroid
volume (Figures 3-6), which increases for a period of approximately three months in Group
1 before decreasing. This trend is related to the FT4 trend, which behaves similarly. This
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phenomenon is likely related to hashitoxicosis, a condition where antibodies infiltrate the
thyroid, causing the destruction of thyroid cells and the release of stored hormones.

The most evident differences in the parameter values are related to the initial pa-
rameters Typg and T3pg, which assume lower values in the “maximal” model than in the
“minimal” model. This difference likely stems from the fact that two different formulations
have been employed to represent the hormones in the depot compartments (Typ and T3p):
in the “maximal” model, a continuous exchange of the hormones occurs between the depot
and the production compartment; in contrast, the “minimal” formulation adopts only a
hormone storage compartment whose initial fixed hormone quantity decreases over time,
until depletion, after lymphocyte infiltration, without any further replenishment. This
means that, while the “maximal” model incorporates both stored and readily available
hormones for secretion, the “minimal” model only accounts for the immediately releasable
portion. This explains the higher Typg and Tzpg values in the “minimal” model, which
likely compensate for the lack of subsequent supplies as it occurs in the presence of an
exchange process between two compartments.

The difference in the kj,¢;, parameter values (representing the hashitoxicosis effect) is
likely due to the same previous reason: in order to account for the same transferred hormone
quantity per hour from the hormone depot compartments to the bloodstream, the higher
available quantities must be transferred at a lower rate. The discrepancy observed in
the estimated values of Typo between “maximal” and “minimal” models for Group 2
can be attributed to the value of the parameter kj,;;,. When kj,., approaches zero, it
indicates a negligible hashitoxicosis effect. In this scenario, the term ky;s, Tap L1, becomes
essentially zero, regardless of the Typ value. However, hashitoxicosis is a possible and
common phenomenon in children with HT, making it necessary to include its description
in the model.

The difference in the T parameter values between the two groups suggests that Group
2 (treated subjects) experiences a significant reduction in total thyroid volume, as also noted
in the Dorr et al. study [8]. This effect is likely attributed to both the LT4 treatment (which
decreases TSH, leading to reduced thyroid cell production) and HT. The fact that both
these effects are partially reflected in the value of parameter T could indicate an overfitting
issue derived from insufficient experimental data to differentiate the individual impacts of
LT4 and HT on thyroid volume. Nevertheless, the estimation procedure yielding distinct
T values for the two groups emphasizes the substantial influence of LT4 therapy on the
overall behavior of the volume variable.

All figures show a good adaptation of the predictions to observed data for both models,
highlighting a high degree of overlap of the results obtained with the two formulations,
despite a different pattern for the TSH variable (Figures 5 and 6). In the “maximal” model,
in fact, LT4 administration significantly reduces TSH oscillations, in contrast to the “mini-
mal” model which, following the therapy administration, produces only a slight reduction
in TSH oscillations.

The estimation procedure suggests that the models can effectively simulate the course
of HT and predict responses to treatment, such as levothyroxine therapy, which is com-
monly used to manage the disease.

The sensitivity analysis indicates that the proposed model is a robust formulation for
the HT representations, as evidenced by the reasonable TSH, FT4 and Volume variability
(Figures S1-53). However, the parameters kg1, kTspy, and ky,g), exhibit lower sensitivity,
suggesting potential areas for future model refinement. Figure S3 shows larger variable
envelopes compared to Figures S2 and S3 due to the fact that all the parameter values are
changed at the same time.

A key limitation of this study is its primary reliance on existing literature data for
model fitting. To enhance the models” applicability, future research should incorporate var-
ious datasets from different geographic and ethnic populations. Additionally, prospective
validation using newly collected data would strengthen the models’ predictive capabilities.
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9. Conclusions

In conclusion, both the modified “maximal” and “minimal” formulations appear
to reproduce with a good approximation the available observed data over time. While
the “maximal” formulation represents with greater detail the underlying physiology, it
requires a longer simulation execution time, about ten times larger than that required by
the “minimal” model. Moreover, given the large number of parameters included in the
“maximal” model, their estimation would require a very large number of observed data.
It is to underlie, however, that the “maximal” model remains the preferable choice if one
wants to assess the impact of the iodine intake on the disease course.

Moreover, both models could be used to represent the general pathology of hypothy-
roidism (without specific reference to Hashimoto’s thyroiditis). This could be obtained
with a simpler formulation of the models eliminating, for example, the lymphocyte volume
and antibody compartments.

Future work will address the objective of improving the TSH mathematical formula-
tion to achieve a more physiologically accurate representation of the variable over time.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/math12223452/s1, Figure S1: Sensitivity analysis one parameter
variation (part 1); Figure S2: Sensitivity analysis one parameter variation (part 2); Figure S3: Sensitivity
analysis simultaneous variation parameter variation; Table S1: Model Parameters-Maximal Model;
Video S1: title; Table S2: Model Parameters-Minimal Model.

Author Contributions: Conceptualization, M.P. and S.P.; methodology, M.P., A.B., L.D. and S.P;
software, M.P.; validation, M.P,; formal analysis, M.P. and A.B.; writing—original draft preparation,
M.P, A.B, S.N,, LD. and S.P; writing—review and editing, M.P,, AD.G., A.B., AF,SN., LD. and
S.P; supervision, S.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data is contained within the article or Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  McGrogan, A.; Seaman, H.; Wright, J.; De Vries, C. The incidence of autoimmune thyroid disease: A systematic review of the
literature. Clin. Endocrinol. 2008, 69, 687-696. [CrossRef] [PubMed]

2. Kaloumenou, I.; Mastorakos, G.; Alevizaki, M.; Duntas, L.; Mantzou, E.; Ladopoulos, C.; Antoniou, A.; Chiotis, D.; Papassotiriou,
I; Chrousos, G.; et al. Thyroid autoimmunity in schoolchildren in an area with longstanding iodine sufficiency: Correlation with
gender, pubertal stage, and maternal thyroid autoimmunity. Clin. Endocrinol. 2008, 18, 747-754.

3. McLeod, S.; Cooper, D. The incidence and prevalence of thyroid autoimmunity. Endocrine 2012, 42, 252-265. [CrossRef]

4. Guyton, A,; Hall, J. Textbook of Medical Physiology, 11th ed.; Elsevier: Amsterdam, The Netherlands, 2006.

5. Attanasio, R.; Borretta, G.; Buonomo, L.; Cremonini, N.; Dorizzi, R.; Papini, E.; Toscano, V. Diagnostica in Endocrinologia Clinica.
Manuale per la Valutazione e I'Inquadramento delle Patologie della Tiroide; AME: Sydney, Australia, 2011.

6. Pompa, M.; De Gaetano, A.; Borri, A.; Farsetti, A.; Nanni, S.; Pontecorvi, A.; Panunzi, S. A physiological mathematical model of
the human thyroid. J. Comput. Sci. 2024, 76, 102236. [CrossRef]

7. Ozen, S.; Berk, O.; Simsek, D.; Darcan, S. Clinical course of Hashimoto’s thyroiditis and effects of levothyroxine therapy on the
clinical course of the disease in children and adolescents. Clin. Res. Pediatr. Endocrinol. 2011, 3, 192-197.

8.  Dorr, H.; Bettendorf, M.; Binder, G.; Karges, B.; Kneppo, C.; Schmidt, H.; Voss, E.; Wabitsch, M.; Doétsch, J. Levothyroxine
Treatment of Euthyroid Children with Autoimmune Hashimoto Thyroiditis: Results of a Multicenter, Randomized, Controlled
Trial. Horm. Res. Paediatr. 2015, 84, 266-274. [CrossRef]

9. Pandiyan, B.; Merrill, S.J.; Benvenga, S. A patient-specific model of the negative-feedback control of the hypothalamus-pituitary—
thyroid (HPT) axis in autoimmune (Hashimoto’s) thyroiditis. Math. Med. Biol. A ]J. IMA 2014, 31, 226-258. [CrossRef]
[PubMed]

10. Degon, M.; Chipkin, S.; Hollot, C.; Zoeller, R.; Chait, Y. A computational model of the human thyroid. Math. Biosci. 2008,
212, 22-53. [CrossRef]

11. Khee, M.; Leow, S. A mathematical model of pituitary—thyroid interaction to provide an insight into the nature of the thyrotropin-
thyroid hormone relationship. J. Theor. Biol. 2007, 248, 275-287.

12.  Ben-Shachar, R.; Eisenberg, M.; Huang, S.A.; DiStefano, ].J., III. Simulation of Post-Thyroidectomy Treatment Alternatives for

Triiodothyronine or Thyroxine Replacement in Pediatric Thyroid Cancer Patients. Thyroid 2012, 22, 595-603. [CrossRef]


https://www.mdpi.com/article/10.3390/math12223452/s1
https://www.mdpi.com/article/10.3390/math12223452/s1
http://doi.org/10.1111/j.1365-2265.2008.03338.x
http://www.ncbi.nlm.nih.gov/pubmed/18673466
http://dx.doi.org/10.1007/s12020-012-9703-2
http://dx.doi.org/10.1016/j.jocs.2024.102236
http://dx.doi.org/10.1159/000437140
http://dx.doi.org/10.1093/imammb/dqt005
http://www.ncbi.nlm.nih.gov/pubmed/23639794
http://dx.doi.org/10.1016/j.mbs.2007.10.009
http://dx.doi.org/10.1089/thy.2011.0355

Mathematics 2024, 12, 3452 16 of 16

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Balykina, Y.; Kolpak, E.; Kotina, E.; Miiller, A. Mathematical Model of Thyroid Function. Front. Endocrinol. 2014, 19, 429-433.
Berberich, J.; Dietrich, J.; Hoermann, R.; Miiller, A. Mathematical Modeling of the Pituitary-Thyroid Feedback Loop: Role of a
TSH-T3-Shunt and Sensitivity Analysis. Front. Endocrinol. 2018, 9, 91. [CrossRef] [PubMed]

Wolff, TM.; Dietrich, ].W.; Miiller, M.A. Optimal hormone replacement therapy in hypothyroidism-a model predictive control
approach. Front. Endocrinol. 2022, 13, 884018. [CrossRef]

Lamooki, G.; Shirazi, A.; Mani, A. Dynamical model for thyroid. Commun. Nonlinear Sci. Numer. Simul. 2015, 22, 297-313.
[CrossRef]

Liu, Y;; Liu, B.; Xie, J.; Liu, Y. A New Mathematical Model of Hypothalamo-Pituitary-Thyroid Axis. Math. Comput. Model. 1994,
19, 81-90. [CrossRef]

Eisenberg, M.; Samuels, M.; DiStefano, J.J., IIl. Extensions, Validation, and Clinical Applications of a Feedback Control System
Simulator of the Hypothalamo-Pituitary-Thyroid Axis. Thyroid 2008, 18, 1071-1085. [CrossRef]

Han, S.X.; Eisenberg, M.; Larsen, P.R.; DiStefano, J.J., IIl. THYROSIM app for education and research predicts potential health
risks of over-the-counter thyroid supplements. Thyroid 2016, 26, 489—498. [CrossRef]

DiStefano, J.J., III; Jonklaas, J. Predicting optimal combination LT4+ LT3 therapy for hypothyroidism based on residual thyroid
function. Front. Endocrinol. 2019, 10, 746. [CrossRef]

Cruz-Loya, M.; Chu, B.B.; Jonklaas, J.; Schneider, D.E,; DiStefano, J.J., IIl. Optimized Replacement T4 and T4+ T3 Dosing in male
and female hypothyroid patients with different bmis using a personalized mechanistic model of thyroid hormone regulation
dynamics. Front. Endocrinol. 2022, 13, 888429. [CrossRef]

De Gaetano, A.; Panunzi, S.; Matone, A.; Samson, A.; Vrbikova, J.; Bendlova, B.; Pacini, G. Routine OGTT: A Robust Model
Including Incretin Effect for Precise Identification of Insulin Sensitivity and Secretion in a Single Individual. PLoS ONE 2013,
8, €70875. [CrossRef]

Kim, B.J.; Kim, T.Y.; Koh, ].M.; Kim, HK; Park, J.Y.; Lee, K.U.; Shong, YK.; Kim, W.B. Relationship between serum free T4
(FT4) levels and metabolic syndrome (MS) and its components in healthy euthyroid subjects. Clin. Endocrinol. 2009, 70, 152-160.
[CrossRef] [PubMed]

Health, U. Medical Test: Free T4 Test. 2024. Available online: https://www.ucsthealth.org/medical-tests/free-t4-test (accessed
on 21 October 2024).

Biirgi, H. Iodine excess. Best Pract. Res. Clin. Endocrinol. Metab. 2010, 24, 107-115. [CrossRef] [PubMed]

Eng, P,; Cardona, G.; Fang, S.; Previti, M.; Alex, S.; Carrasco, N.; Chin, W.; Braverman, L. Escape from the Acute Wolff-Chaikoff
Effect Is Associated with a Decrease in Thyroid Sodium/Iodide Symporter Messenger Ribonucleic Acid and Protein. Best Pract.
Res. Clin. Endocrinol. Metab. 1999, 140, 3404-3410. [CrossRef] [PubMed]

Goebel, R.; Sanfelice, R.G.; Teel, A.R. Hybrid Dynamical Systems: Modeling, Stability, and Robustness; Princeton University Press:
Princeton, NJ, USA, 2012.

Karanikas, G.; Schuetz, M.; Wahl, K.; Paul, M.; Kontur, S.; Pietschmann, P.; Kletter, K.; Dudczak, R.; Willheim, M. Relation of
anti-TPO autoantibody titre and T-lymphocyte cytokine production patterns in Hashimoto’s thyroiditis. Clin. Endocrinol. 2005,
63, 191-196. [CrossRef]

Radetti, G. Clinical Aspects of Hashimoto’s Thyroiditis. Paediatr. Thyroidol. 2014, 26, 158-170.

Nabhan, Z.; Kreher, N.; Eugster, E. Hashitoxicosis in children: Clinical features and natural history. J. Pediatr. 2005, 146, 533-536.
[CrossRef] [PubMed]

Eisenberg, M.; Ferruccio, S.; Marsili, A.; Pinchera, A.; DiStefano, J.J., IIl. TSH Regulation Dynamics in Central and Extreme
Primary Hypothyroidism. Thyroid 2010, 20, 1215-1228. [CrossRef]

Salazar-Viedma, M.; Vergaiio-Salazar, ].G.; Pastenes, L.; D’ Afonseca, V. Simulation Model for Hashimoto Autoimmune Thyroiditis
Disease. Endocrinology 2021, 162, bqab190. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.3389/fendo.2018.00091
http://www.ncbi.nlm.nih.gov/pubmed/29619006
http://dx.doi.org/10.3389/fendo.2022.884018
http://dx.doi.org/10.1016/j.cnsns.2014.09.013
http://dx.doi.org/10.1016/0895-7177(94)90042-6
http://dx.doi.org/10.1089/thy.2007.0388
http://dx.doi.org/10.1089/thy.2015.0373
http://dx.doi.org/10.3389/fendo.2019.00746
http://dx.doi.org/10.3389/fendo.2022.888429
http://dx.doi.org/10.1371/journal.pone.0070875
http://dx.doi.org/10.1111/j.1365-2265.2008.03304.x
http://www.ncbi.nlm.nih.gov/pubmed/18494864
https://www.ucsfhealth.org/medical-tests/free-t4-test
http://dx.doi.org/10.1016/j.beem.2009.08.010
http://www.ncbi.nlm.nih.gov/pubmed/20172475
http://dx.doi.org/10.1210/endo.140.8.6893
http://www.ncbi.nlm.nih.gov/pubmed/10433193
http://dx.doi.org/10.1111/j.1365-2265.2005.02324.x
http://dx.doi.org/10.1016/j.jpeds.2004.10.070
http://www.ncbi.nlm.nih.gov/pubmed/15812459
http://dx.doi.org/10.1089/thy.2009.0349
http://dx.doi.org/10.1210/endocr/bqab190

	Introduction
	``Maximal'' Model
	TRH Sub-Model
	Wolff–Chaikoff Sub-Model
	Iodine Sub-Model
	Antibodies Sub-Model
	Thyroid Volume Sub-Model
	Hormone Sub-Model
	Tg Sub-Model

	``Minimal'' Model
	TSH Sub-Model
	T3 and T4 Hormone Sub-Model

	Gut Sub-Model
	Iodine
	LT4
	LT3

	Model Parameter Estimation
	Sensitivity Analysis
	Results
	Discussion
	Conclusions
	References

