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Abstract(
Thyroid hormone is essential for normal organ function. Tri-iodothyronine (T3) is
the most active form of thyroid hormone, derived from the deiodination of the more
abundant thyroxine (T4). T3 is considered to have prominent haemodynamic and
metabolic effects.
During illness, blood levels of T3 decline with a reciprocal increase of the inactive
reverse-T3 and eventually, a fall of T4. This phenomenon is referred to as NonThyroidal Illness Syndrome (NTIS) and the extent of change in circulating thyroid
hormones is proportional to severity of disease and survival.
NTIS is particularly marked during sepsis. Sepsis is the most common diagnosis of
patients requiring emergency admission to an Intensive Care Unit (ICU) and
mortality rates remain high despite provision of all supportive therapies. Given the
importance of T3 for normal function and the relationship between low T3 and poor
outcome, NTIS may contribute to the multi-organ dysfunction of sepsis.
Restoring T3 levels during sepsis may be beneficial but has received little
attention. Concerns that NTIS may be an adaptive response and that T3
supplementation may provoke thyrotoxicity have limited the conduct of clinical
trials in patients with septic shock. There is also uncertainty regarding the need to
co-administer hydrocortisone (HC) with T3. Consequently, a pre-clinical study was
required to test the safety and efficacy of T3 therapy with and without HC.
An ovine model of septic shock was developed, applying many of the supportive
care elements provided to humans in an ICU. Following a bolus of intravenous
E.coli, sheep received 24 hours of protocol-guided sedation, ventilation, parenteral
fluids and noradrenaline (NorA) infusion. The model was validated over time and
replicated much of the human septic response, including NTIS.
Following pharmaceutical and dose finding studies, a randomised, blinded,
placebo-controlled trial of T3 with and without HC, was conducted in the ovine
model. After two hours of sepsis, 32 sheep received a 24-hour infusion of:
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(i) T3 + placebo, (ii) HC + placebo, (iii) T3 + HC, or (iv) placebo + placebo. The
primary outcome was the total amount of NorA required during the infusion of
study drugs; while the secondary outcomes included haemodynamic, metabolic
and parameters of organ function.
Plasma T3 levels fell in placebo animals and were increased to supraphysiological concentrations by T3 infusion. The amount of NorA required was no
different between the study groups (mean ± SEM µg/kg; T3 group, 501 ± 131; T3
+ HC group, 466 ± 175; HC group, 167 ± 101; placebo group, 208 ± 160; p =
0.20). There was no significant treatment effect on any haemodynamic variable,
temperature, pH, lactate or oxygen extraction.
The same dose of T3 was subsequently tested in a group of non-septic sheep.
Despite supra-physiological plasma levels, there was no change to any
physiological endpoint.
In conclusion, a 24-hour infusion of T3 (with or without HC) in an ovine model of
septic shock did not reduce NorA requirements nor alter any other measured
physiological variable. Acute T3 replacement appears to be safe, but the role of
this therapy for intractable septic shock remains uncertain.
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Thesis(Overview(
Chapter 1: Thyroid Hormone
An understanding of the normal physiology of the thyroid axis is required to
appreciate the changes that occur to thyroid hormones during illness. This chapter
describes the thyroid hormones, their synthesis, kinetics, effect on the cell and
each organ system.
Chapter 2: Thyroid Hormone Changes and Treatment During Non-Thyroidal
Illness
This chapter outlines the changes to thyroid hormones for a range of diseases, the
likely mechanisms for these disturbances and summarises the studies
investigating the effect of thyroid hormone replacement in non-thyroidal illness.
The controversy of T3 replacement in critical illness is discussed and the case
made for a pre-clinical trial in septic shock.
Chapter 3: Development and Validation of an Ovine Model of Septic Shock
Following a discussion on the limitations of previous animal models of sepsis, this
chapter will outline the development and validation of an ovine model that
replicates typical features of septic shock and incorporates many elements of the
supportive care provided to a septic human in ICU. This model will be used to test
the effect of T3 replacement.
Chapter 4: T3 Pharmacology
A systematic review of previous T3 studies was undertaken to determine doses
used, plasma levels achieved and endpoints measured. A pharmaceutical study
was performed to ensure stability of T3 in solution and compatibility with
administering equipment. Pilot studies were then conducted to determine the dose
of T3 that should be tested in septic sheep.

xxiii

Chapter 5: Tri-iodothyronine Administration, with and without Hydrocortisone, in an
Ovine Model of Septic Shock
This chapter outlines a randomised, blinded, placebo-controlled trial of T3, with
and without HC, in the ovine model of septic shock. Hormonal therapy increased
plasma T3 concentrations but did not alter the primary endpoint (noradrenaline
dose) or any other physiological parameter. Possible reasons for the lack of
experimental effect and validity of the study are discussed.
Chapter 6: Tri-iodothyronine in Non-septic Sheep
The same dose of T3 used in the sepsis study was tested in non-septic sheep.
Plasma concentrations of T3 were higher in non-septic animals but again were not
associated with any physiological changes over 24 hours. The effect of sepsis on
plasma T3 levels are examined.
Chapter 7: Future Studies
A number of other research questions became apparent during the conduct of this
thesis. Further projects are proposed to explore observations noted during
development of the sepsis model, investigate the mechanisms of thyroid hormone
changes during sepsis and consider the place for further study of T3 replacement.
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Chapter(1:((Thyroid(Hormone(

1.1(

Introduction(

Thyroid hormone is synthesised by the thyroid gland and is found in all vertebrate
animals. It is pleiotropic and essential for normal organ function. During critical
illness, plasma levels of thyroid hormone decline and it remains controversial if this
is an adaptive or pathological state in patients managed in an Intensive Care Unit
(ICU). To further understand the implications of low thyroid hormone in critical
illness, a sound understanding of thyroid hormone physiology is required. This
chapter will summarise current understanding of thyroid hormone production,
homeostasis of plasma and cell levels, mechanisms of action and the effects on
different organ systems.

1.2(

Thyroid(Hormone(Synthesis(

The precursor to thyroid hormone is thyroglobulin (Tg), a large molecule (MW
660,000) comprising 134 tyrosine residues. Tg is produced by the thyroid follicle
cells and is secreted into the follicular lumen.
Iodine (I2) is reduced by thyroid peroxidase (TPO), liberating iodide ions (I-) that
attach to the benzene rings of tyrosine. Tyrosine with one-iodide ion (3-monoiodotyrosine, MIT) and two iodide ions (3,5-di-iodotyrosine, DIT) has no biological
effect. Two iodinated tyrosine residues are coupled to form tetra-iodothyronine
(thyroxine, T4) and tri-iodothyronine (T3) (Figure 1.1). Each Tg molecule contains
roughly three molecules of T4, while only 20% of Tg molecules will contain a T3
residue (Kronenberg et al., 2008).
Secretion of thyroid hormones follows endocytosis of Tg back into the follicular
cell. Lysosomal hydrolysis then liberates tyrosine residues from Tg, releasing T4
and T3 into the circulation (largely bound to plasma proteins) while MIT and DIT
are deiodinated, allowing recirculation of iodine.
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Figure(1.1:(Chemical(structure(of(tyrosine,(iodinated(tyrosine(and(the(thyroid(hormones.(

1.3(

Iodothyronines(

Iodothyronines are the circulating form of thyroid hormone. According to Davis et
al. (1983) the structural requirements for thyroid hormone activity are:
1. The inner ring three and five positions must be occupied by iodine
2. Side chain must contain two carbon atoms
3. Perpendicular conformation of the two benzene rings
4. Levo-conformation (not Dextro-conformation).
2

1.3.1( Thyroxine((T4)(
T4 is produced solely from the thyroid gland. About 100 nmol is produced per day
and accounts for the highest plasma and total body concentration of all
iodothyronines (Table 1.1). Most T4 is extra-cellular with only one-third of total
body T4 within the cell.
The half-life of T4 is seven days. 80% of T4 is deiodinated to T3 or reverse-T3
(rT3) and 20% is sulphated or conjugated with glucuronic acid (Cavalieri, 1977).
Sulphated iodothyronines (T4S, T3S) are more rapidly deiodinated than the native
iodothyronines and can be excreted in the urine and faeces. Glucuronidation
increases water solubility and subsequent biliary excretion.

1.3.2( TriUiodothyronine((T3)(
Originally, T4 was considered to be the only hormone secreted by the thyroid
gland. In the 1950s, T3 (3,5,3’-T3) was identified in plasma (Gross et al., 1952a)
and conversion of T4 to T3 was confirmed when radio-labelled T4 administered to
thyroidectomised patients yielded labelled-T3 (Braverman et al., 1970).
In euthyroid humans, 80% of plasma T3 is derived from extra-thyroidal
deiodination of T4 and 20% from thyroid secretion (Pilo et al., 1990).
Nuclei, mitochondria, cytosol proteins and the plasma membrane have markedly
higher affinity for T3 (Oppenheimer et al., 1972; Koerner et al., 1975; Singh et al.,
1976; Pliam et al., 1977; Surks et al., 1977; Botta et al., 1983) and hence T4 is
often considered a pro-hormone (Gross et al., 1952b; Lerman, 1953; Ladenson et
al., 1983).
T3 has weaker plasma protein binding but stronger intracellular binding than T4.
This accounts for a larger volume of distribution and faster clerance rates, with T3
having a half-life of 24 hours (Table 1.1).
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1.3.3( ReverseUtriUiodothyronine((rT3)(
rT3 (3,3’,5’-T3) is derived from deiodination of T4. It is the most widely distributed
iodothyronine and also the most rapidly deiodinated with a half-life of only hours
(Chopra, 1976; Gavin et al., 1977) (Table 1.1).
rT3 is considered inactive. Physiological doses of rT3 given to healthy volunteers
had no discernable clinical effects and did not alter levels of other thyroid
hormones (Pittman et al., 1962; Nicod et al., 1976; Shulkin et al., 1984). rT3 has
been reported to limit T4 to T3 conversion (Cavalieri, 1977; Coiro et al., 1980) but
this is unlikely to be of significance as it only occurred with markedly high levels
and did not alter deiodinase enzymes in vitro (Philipson et al., 1977; Davis et al.,
1983; Warnick et al., 1993).

T4

T3

rT3

110

50

45

Total (nmol/L)

103

1.84

0.51

Free (pmol/L)

27

4.3

3.69

Total Body Hormone (nmol/L)

1023

71

62

Distribution (L)

10

38

98

Clearance Rate (L/day)

1

22

90

Half-Life (days)

7

1

0.2

Daily Production (nmol)
Serum Levels

Table(1.1:(Kinetics(of(thyroid(hormones(in(a(euthyroid(human((Greenspan,!1991).(
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1.4(

Control(of(Thyroid(Hormone(Secretion(

The production of thyroid hormones by the thyroid gland is modulated by pituitary
and hypothalamic control.
Thyroid Stimulating Hormone (TSH, thyrotropin) is synthesised by the thyrotroph
cells of the anterior pituitary. It is a dual-chain structure, sharing a common αchain with gonadotropic hormones and a β-chain specific for the TSH receptor. It
is a large glycoprotein (MW 28,000) with a half-life of one hour.
TSH is secreted in pulses and has a slight circadian rhythm with plasma levels
being highest between 22:00 – 02:00. In healthy subjects, tonic secretion of TSH
accounts for about one-third of daily TSH secretion while daily nocturnal bursts
account for two-thirds.
TSH activates all pathways involved in the synthesis and secretion of thyroid
hormones. It increases transcription of proteins essential for thyroid synthesis (e.g.
Tg, TPO, I2 transporter) and stimulates I2 uptake, I- efflux into colloid, Tg
iodination, endocytosis of thyroglobulin, follicular lysosome formation and hormone
release across the follicle basal membrane.
T3 and T4 inhibit TSH production and secretion, with T3 having the most potent
effect on the thyrotroph (Chopra et al., 1978; Chernow et al., 1983). This negative
feedback provides homeostasis of plasma thyroid hormone levels.
The hypothalamus integrates many central nervous system (CNS) pathways and
controls the pulsatile and circadian rhythm of TSH release. It releases the tripeptide Thyrotropin Releasing Hormone (TRH) into the hypophyseal-portal
circulation to stimulate TSH synthesis and release. TRH also acts as a
neurotransmitter in other regions of the CNS and can be found in a range of other
organs. Like the pituitary, the hypothalamus is also inhibited by T3 and T4, further
contributing to homeostasis of circulating thyroid hormone levels.
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1.5(

Protein(Binding(

The iodothyronines are poorly soluble in water and in plasma; 99.95% of T4 and
99.50% of T3 is protein bound (Table 1.2). The extensive protein binding serves to
distribute the hydrophobic iodothyronines throughout the circulation, prevent renal
clearance and maintain a reservoir of thyroid hormone to be liberated when
required.
Thyroid Hormone Binding Globulin (TBG) carries one iodothyronine molecule.
Although TBG is of low concentration in plasma, its high thyroid hormone binding
affinity allows it to carry most of the circulating T4 and T3. Hyper-oestrogenic
states

(e.g.

pregnancy,

liver

disease)

increase

TBG

production

and

consequentially increase concentration of protein bound hormones.
Transthyretin (TTR) carries 10% of circulating T4 and T3. Albumin has low affinity
for thyroid hormones, but due to its large concentration in plasma, accounts for
20% of circulating T4 and 10% of T3.

Thyroxine

Transthyretin Albumin

Binding
Globulin
Plasma Concentration (µmol/L)

0.27

4.6

640

T4 Binding Capacity (µg/dL)

21

350

50,000

Binding Sites Occupied (euthyroid)

0.31

0.02

<0.001

T4

68

11

20

T3

80

9

11

Distribution of Iodothyronines (%)

Table(1.2:(Thyroid(hormone(binding(proteins((Kronenberg'et!al.,!2008).(
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1.6(

Cellular(Uptake(

Cellular uptake of iodothyronines was initially thought to occur simply by diffusion
of free plasma hormone down a concentration gradient into the cell. However the
iodothyronines (especially T3) are concentrated within the cell and cellular
hormone uptake occurs predominantly by energy-dependent carrier-mediated
processes (de Jong et al., 1993; Kaptein, 1997; Hennemann et al., 2001; Mebis et
al., 2006; Visser et al., 2011). These cell transporters can provide further
regulation of cellular iodothyronine levels.
Mono-Carboxylate Transporters (MCT) are expressed on the plasma membrane
and transfer T3 into and out of the cell (Poole et al., 1993). The sub-type MCT-8, is
a specific iodothyronine transporter that is highly expressed in most organs
(Friesema et al., 2003; Friesema et al., 2006) and is required for normal T3
feedback on the pituitary and hypothalamus (Trajkovic et al., 2007). Mutations of
the MCT-8 gene result in impaired neurological development without overt clinical
hypothyroidism in other organs (Allan-Herndon-Dudley syndrome) (Friesema et
al., 2004; Heuer et al., 2009).
MCT-10 is very similar to MCT-8 but preferentially transports T3 rather than T4
(Friesema et al., 2008). While MCT-8 has a higher specificity for iodothyronines,
MCT-10 transports a greater amount of T3 (Visser et al., 2011).
Na+ / Taurocholate Co-transporting Polypeptide (NTCP) is an organic anion
transporter, found only in the liver. It is a major transporter of bile acids but can
also enhance iodothyronine uptake (Friesema et al., 1999).
Organic Anion Transporting Polypeptides (OATPs) transport a large range of
molecules (e.g. hormones, acids, drugs) including iodothyronines, and are
particularly important for the transport of T4 across the blood-brain barrier
(Friesema et al., 1999; Jansen et al., 2005).
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1.7(

Deiodinase(System(

Extra-thyroidal deiodination of T4 was confirmed when solutions of T4 yielded T3
within 10 minutes when incubated with cultured human cells (Sterling et al., 1973).
Subsequently, three deiodinase enzymes have been isolated from most cell types.
The enzymes are structurally similar, are located within cell membranes and
contain the rare amino acid seleno-cysteine that acts as the iodine acceptor during
deiodination (Bianco et al., 2002). Each deiodinase type differs according to which
iodine it removes, their location within the cell membrane, distribution across the
organs and activity during illness (St Germain et al., 2005).

1.7.1( Type(1(DeUiodinase((D1)(
D1 catalyses deiodination at 5’- and 5-position (i.e. inner and outer ring
deiodination) (Figure 1.2). It is most effective at 5’ deiodination (outer ring) and
thus favours:
i)

Conversion of T4 to T3

ii)

Conversion of rT3 to 3,3’-DIT (T2).

Figure(1.2:(Iodothyronine(deiodination(pathways(of(deiodinase(1((D1).(
The!width!of!arrows!represents!efficiency!of!the!enzyme.(

D1 is located predominantly in the liver, kidney, thyroid, and pituitary (but not
elsewhere in the CNS). The half-life of D1 is 12 hours. Following each deiodination
reaction, D1 requires a thiol co-factor to reactivate the enzyme. The enzyme-thiol
interaction is inhibited by propylthiouracil (PTU) thus inhibiting further D1 activity.
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The main role of D1 was originally thought to be conversion of circulating T4 to T3.
However D1 is relatively inefficient at deiodinating T4 but is 20-fold more efficient
at deiodinating T3S and over 600-fold more effective at deiodinating rT3 (Toyoda
et al., 1997) (Table 1.3). Thus the primary role of D1 seems to be clearance of rT3
and T3S.
The role of D1 in iodothyronine homeostasis remains unclear. In D1-knock out
(KO) mice, serum T4 and rT3 are elevated (i.e. the preferred substrate of D1), but
T3 is unchanged and there was no clinical or biochemical features of
hypothyroidism. When exogenous T3 or T4 was administered, D1-KO mice were
unable to completely metabolise the supplemental hormone (Schneider et al.,
2006; Galton et al., 2009). Thus it appears D1 is not essential for T3 homeostasis
when euthyroid but may become more important in states of altered thyroid
hormone levels.

1.7.2( Type(2(Deiodinase((D2)(
D2 catalyses 5’-deiodination (i.e. outer ring), however it preferentially deiodinates
T4 rather than rT3 and is not inhibited by PTU (Figure 1.3, Table 1.3).

Figure(1.3:(Iodothyronine(deiodination(pathways(of(deiodinase(2((D2).!
The!width!of!arrows!represents!efficiency!of!the!enzyme.(

D2 is normally the major source of extra-thyroidal T3 as it is 700 times more
efficient at producing T3 than D1 (Maia et al., 2005). It is found in the human CNS
and is required for T4 feedback to the pituitary (Schneider et al., 2001). D2 is also
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found in skeletal muscle, heart, placenta and brown adipose tissue; but is absent
in the liver and of low amounts in the kidney (Croteau et al., 1996; Salvatore et al.,
1996). Over-expression of D2 (e.g. metastatic thyroid follicular tumours) can result
in excessive T3 production (Miyauchi et al., 2008).
D2 has a short half-life of 20 – 30 minutes and is tightly controlled by the
iodothyronines. T3 and T4 reduce D2 activity by reducing enzyme gene
transcription and enhancing D2 degradation (Burmeister et al., 1997; Kim et al.,
1998). These feedback pathways, in conjunction with the enzymes short half-life,
suggest that the D2 system is a vital mechanism for maintaining cellular T3
homeostasis. This has been illustrated in states of hypothyroidism where D2
activity is increased and enzyme half-life is prolonged (Meinhold et al., 1992;
Escobar-Morreale et al., 1997; Gereben et al., 2000; Steinsapir et al., 2000;
Peeters et al., 2001).

1.7.3( Type(3(Deiodinase((D3)(
D3 has only 5-deiodination (i.e. inner-ring) activity. Conceptually it is considered
an “inactivating” enzyme as it metabolises T3 (to T2) and T4 (to rT3) (Figure 1.4,
Table 1.3). Enzyme activity of D3 is 1000-fold greater than D1 and it is not
inhibited by PTU (St Germain et al., 2009). D3 can be over-expressed in patients
with haemangiomas and can present with clinical hypothyroidism due to increased
clearance of T3 and T4 (Huang et al., 2000).

Figure(1.4:(Iodothyronine(deiodination(pathways(of(deiodinase(3((D3).!
The!width!of!arrows!represents!efficiency!of!the!enzyme.!
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D3 is found in the CNS, skeletal muscle and skin but is of low expression during
health. Very high amounts are present in placental and foetal tissue and ensure
independent thyroid hormone homeostasis of mother and foetus (Salvatore et al.,
1995; Koopdonk-Kool et al., 1996; Mortimer et al., 1996).
T3 and T4 enhance D3 synthesis and activity (Esfandiari et al., 1992; Tu et al.,
1999), thereby regulating their own clearance. The up-regulation of D3 (and hence
T3 clearance) contrasts with the down-regulation of D2 (T3 production). The
reciprocal effect on D2 and D3 provides cellular regulation of thyroid hormones.

D1
Deiodination 5’ > 5

D2

D3

5’

5

T4 > T3

T3 > T4

T4 = 1 nmol/L

T3 = 6 nmol/L

Reaction
Substrate

5’-deiodination:
rT3 >> T4
5-deiodination:
T4S > T3S >>
T3,T4

Km

rT3 (5’) = 60 nmol/L
T4 (5’) = 2300 nmol/L

Location

T4 = 37 nmol/L

Liver

Brain

Brain

Kidney

Pituitary

Placenta / Foetus

Thyroid

Skeletal Muscle

Skeletal Muscle

Pituitary

Heart

Skin

Brown Fat
Table(1.3:(Characteristics(of(the(deiodinase(enzymes((St!Germain'et!al.,!2009).(
Km!(Michaelis!constant)!=!substrate!concentration!at!which!the!reaction!occurs!at!half!maximum!
rate!(i.e.!smaller!Km!indicates!enzymes!higher!affinity!for!substrate).!
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1.8(

Mechanism(of(Action(

Thyroid hormone exerts cellular effects by different mechanisms.

1.8.1( Cell(Membrane(
Although very few cell membrane thyroid hormone receptors have been identified,
the iodothyronines can directly modulate cell membrane function. These effects
occur rapidly and continue despite blocking genomic translation and protein
production (Bassett et al., 2003).
In cardiac myocytes, T3 rapidly increases Na+ channel conduction resulting in
increased intra-cellular Na+ and prolongation of action potential duration (Craelius
et al., 1990; Dudley et al., 1993; Wang et al., 2003). Ca2+ channel conduction is
increased within 15 seconds, and is the most rapid effect of T3 described (Segal,
1989; Lomax et al., 1991; Gotzsche, 1994b; Walker et al., 1995a). The in-ward K+
channel is also stimulated, leading to a shortened action potential duration
(Sakaguchi et al., 1996).
T3 also activates plasma membrane receptors linked to protein kinases that act as
second messengers for cell growth, motility and apoptosis (Tomanek et al., 1998;
Storey et al., 2006; Chen et al., 2008).

1.8.2( Transmembrane(Pumps(
T3 can alter cell function by a direct effect on energy-dependent membrane
pumps. Activity of the Na+/K+-ATPase pump can be increased by T3 in a dosedependent manner in cardiac myocytes (Philipson et al., 1977), alveolar epithelial
cells (Lei et al., 2003) and erythrocytes (Ogasawara et al., 1993).
Plasma Membrane Ca2+-ATPase (PMCA), which enhances expulsion of Ca2+ from
the cell, is stimulated by T4 and T3 at physiological concentrations in both red
blood cells (Davis et al., 1983) and isolated myocytes (Rudinger et al., 1984).
Interestingly, the inotrope milrinone is structurally very similar to the iodothyronines
and also stimulates PMCA (Mylotte et al., 1985).
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1.8.3 Genomic(Actions(
Thyroid hormones modulate gene expression of proteins involved with
metabolism, cell proliferation, apoptosis, cellular immunity and the cytoskeleton
(Table 1.4). This occurs via stimulation of thyroid hormone nuclear receptors (TR),
to which T3 binds 15-times more avidly than T4 (Koerner et al., 1975;
Oppenheimer, 1979; Oppenheimer et al., 1987). The effect of T3 on the genome is
relatively prompt with mRNA detected within one hour following T3 exposure
(Shanker et al., 1987; Feng et al., 2000; Danzi et al., 2005). T3 can also alter how
the gene transcript is processed, control transport of mRNA, adjust translation,
and exert post-translational modification of protein (Gick et al., 1990).
There are two TR genes. TRα is located on chromosome 17 and yields receptor
subtypes TRα1 (activates thyroid hormone dependent genes) and TRα2 (inhibits
thyroid hormone dependent genes). These are expressed predominantly in the
brain. TRβ is located on chromosome 3 and transcribes three receptor subtypes.
TRβ1 and TRβ3 are widely distributed with highest expression in the liver, while
TRβ2 is restricted to the pituitary where it negatively regulates TSH transcription
(Hodin et al., 1989; Brent, 1994). Expression of TRs also varies across the organs
and provides another focus for regulation of thyroid hormone activity (Williams et
al., 1989). Brain and brown fat have very high ratios of occupied TRs while the
kidney and liver normally have receptor occupancy of approximately 50% (Bianco
et al., 2002).

1.8.4( Cytosol(Effects(
Thyroid hormone affects the cell cytoskeleton by directly regulating actin
polymerisation (Siegrist-Kaiser et al., 1990). This cytosol effect of thyroid hormone
may contribute to axonal transport and cell activity. T3 has also been found to
directly stimulate cytosol enzymes (Lawrence et al., 1989; Warnick et al., 1993)
independent of their effect on TRs and plasma membrane.
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T3 Increases Synthesis
α-Myosin Heavy Chain (Dillmann, 1990)
Sarcoplasmic Reticulum Ca2+-ATPase (SERCA) (Rohrer et al., 1988; Forini et al., 2001)
β1-Adrenergic Receptors (Whitsett et al., 1982; Bahouth, 1991)
Na+/K+-ATPase (Chaudhury et al., 1987; Gick et al., 1990)
K+ Channels (Shimoni et al., 1997; Ojamaa et al., 1999)
Adenine Nucleotide Translocator-1 (ANT-1) (Danzi et al., 2005)
Atrial Natriuretic Factor (Ladenson et al., 1988)
Brain Natriuretic Peptide (Liang et al., 2003)
Malic Enzyme (Dozin et al., 1986)

T3 Decreases Synthesis
β-Myosin Heavy Chain (Ojamaa et al., 1996b)
Phospholambin (Kiss et al., 1994)
Adenyl Cyclase (Ojamaa et al., 2000c)
Table(1.4:(Proteins(regulated(by(T3.(

1.8.5( Mitochondrial(Effects(
T3 can directly modulate mitochondrial function, mitochondrial genome expression
and mitochondriogenesis.
Mitochondrial O2 consumption and energy production is influenced by exposure to
thyroid hormones (Wrutniak-Cabello et al., 2001). In isolated mitochondrial
studies, T3 stimulates mitochondrial electron transport, ATP production and O2
consumption within 30 minutes (Bronk, 1966; Sterling et al., 1980; Harper et al.,
1993; Soboll, 1993). Adenine Nucleotide Translocase (ANT), which exchanges
ADP and ATP between the mitochondria and cytosol is thought to be directly
stimulated by T3 (Sterling, 1986). These rapid effects persist in the presence of
protein synthesis inhibitors (e.g. actinomycin D, chloramphenicol), further
supporting a direct mechanism of T3 on mitochondrial function.
14

Mitochondria have their own genome (mt-DNA) and possess mechanisms for
replication, transcription and protein synthesis. While most mitochondrial proteins
are transcribed from nuclear genes, some of the essential respiratory-chain
proteins are coded only by mt-DNA. T3 can regulate mitochondrial function by
modulating transcription of nuclear DNA and mt-DNA (Mutvei et al., 1989b; Pillar
et al., 1997; Enriquez et al., 1999). Specific T3 effects on the mt-DNA include
augmenting gene transcription for subunits of ATPase, NADH dehydrogenase and
cytochrome-c-oxidase (Bassett et al., 2003).
Mitochondria contain T3 binding proteins that are similar in structure to the nuclear
receptor TRα. These binding proteins have a higher association constant for T3
than the nuclear receptors (Sterling et al., 1978) and are located on both the
mitochondrial genome (binding protein p43) and inner mitochondrial membrane
(binding protein p28) (Wrutniak et al., 1995; Casas et al., 1999). The number of
mitochondrial receptors differs between the organs and are most highly expressed
in the more metabolically active organs such as liver and muscle.
Hypothyroidism is associated with a reduced number of mitochondria. Restoring
T3 stimulates mitochondriogenesis via effects on both the nuclear and
mitochondrial genome to synthesise mitochondrial protein, membranes and mtDNA (Mutvei et al., 1989a). The influence of T3 on mitochondriogenesis is thought
to be integral in the regulation of cellular apoptosis (Loeffler et al., 2000).
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1.9(

Physiological(Effects(of(Thyroid(Hormone(

The physiological effects of thyroid hormone have largely been determined from
clinical features of patients with hyper- or hypothyroidism. Severe hyperthyroidism
usually presents with fever, tachycardia, heart failure, tremor, delirium, and
deteriorating conscious state. In contrast, severe hypothyroidism (Myxoedema
coma) presents with a generalised “slowing” including depressed mental state,
hypothermia, hypoventilation, slowed bowel motility, hypoglycaemia, bradycardia
and hypotension often resistant to catecholamines.
It is important to appreciate that these clinical features of established severe
thyroid hormone disturbance may not necessarily reflect what happens with an
acute alteration in the amount of circulating thyroid hormone.

1.9.1( Cardiovascular(
Hypothyroidism typically features a low cardiac output with bradycardia, reduced
myocardial contractility and impaired vascular autoregulation (Table 1.5).
Conversely, thyroid hormone excess leads to high cardiac output, tachycardia,
increased contractility and reduced vascular resistance. The increased cardiac
output of thyrotoxicosis has been proposed to be a cardiovascular response to
increase O2 supply and dissipate excess heat (Rowe et al., 1956; Howitt et al.,
1967; Klein, 1990). This remains speculative and many studies indicate that
thyroid hormones mediate a direct effect on the cardiovascular system.

Normal

Hyperthyroid

Hypothyroid

Systemic Vascular Resistance (dyn.s/cm5)

1500 – 1700

700 – 1200

2100 – 2700

Heart Rate (beats/min)

72 – 84

88 – 130

60 – 80

Ejection Fraction (%)

50 – 60

>60

≤60

Cardiac Output (L/min)

4.0 – 6.0

>7.0

<4.5

Isovolumetric Relaxation Time (msec)

60 – 80

25 – 40

>80

Blood Volume (% of normal)

100

105.5

84.5

Table(1.5:(Haemodynamics(associated(with(thyroid(hormone(disturbances((Klein'et!al.,!2001).(
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1.9.1.1$$$Heart$Rate$
Thyroid hormone appears to have a direct chronotropic effect. T3 increases heart
rate (HR) in hypothyroid rabbits within three hours, well before any changes to O2
consumption (Guz et al., 1961). Similarly, prompt chronotropic effects are seen in
hypothyroid humans following T3 administration (Ladenson et al., 1983).
HR changes were thought to be mediated by changes to autonomic tone (Marcus
et al., 1987), but tachycardia following thyroid hormone treatment occurs in
isolated rat hearts (Brooks et al., 1985), sympathectomised rats (Valente et al.,
1989), transplanted hearts (Klein et al., 1986) and following β-blockade (Gross et
al., 1985). A direct effect on myocyte Na+, K+ and Ca2+ permeability may contribute
to a reduced action potential threshold and shortened cardiac repolarisation time.

1.9.1.2$$$Preload$
In experimental thyrotoxicosis, blood volume increases and venous compliance is
reduced. This increases systemic filling pressure and cardiac output even with
blockade of the autonomic nervous system (Gay et al., 1987; Gay et al., 1988).
The increase in blood volume may be a consequence of thyroid hormones
stimulating renin release (Ch. 1.9.7) and increased red cell mass (Ch. 1.9.4).
Lusitropy is the process of diastolic relaxation and is essential for cardiac chamber
filling and subsequent contraction. Hyperthyroid humans have enhanced lusitropy
allowing increased end-diastolic volume (Mintz et al., 1991), while hypothyroid
patients have impaired diastolic function contributing to a depressed cardiac
output (Vora et al., 1985).
The enhanced lusitropy in hyperthyroidism is in part caused by the induction of
Sarcoplasmic Reticulum Ca2+-ATPase (SERCA) (Rohrer et al., 1988; Arai et al.,
1991; Khoury et al., 1996; Ojamaa et al., 2000b). This enzyme increases the Ca2+
uptake by the sarcoplasmic reticulum (SR) favouring myocardial relaxation.
Thyroid hormone also suppresses Phospholambin which normally inhibits SERCA
activity (Ojamaa et al., 2000a). When T3 is applied to isolated hearts, ventricular
diastolic pressure falls within 30 seconds, suggesting this is a direct cellular effect
(Ririe et al., 1995).
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1.9.1.3$$$Afterload$
Thyrotoxicosis is associated with a fall in systemic vascular resistance (SVR)
(Smallridge et al., 1987). T3 can cause direct relaxation of arterial and venous
vascular smooth muscles and this may contribute to changes in SVR (Ishikawa et
al., 1989; Krasner et al., 1997; Park et al., 1997; Yoneda et al., 1998). This effect
is independent of vascular endothelium, catecholamine receptors, nitric oxide
(NO), and K+-channels. Cultured vascular smooth muscle cells also have rapid
dose-dependent relaxation to T3 (but not T4 or rT3) (Ojamaa et al., 1996a).

1.9.1.4$$$Contractility$
Myocardial contractility is increased in thyrotoxicosis, independent of end-diastolic
volume and HR (Taylor et al., 1969; Feldman et al., 1986). Hyperthyroid hearts
have greater amounts of α-Myosin Heavy Chain (α-MHC), which has higher
ATPase activity allowing more efficient movement along actin filaments and
increased velocity of contraction (Morkin 1993). Thyroid hormone increases
synthesis of actin and troponin which may further improve mechanical efficiency
(Dieckman et al., 1990). Hyperthyroid hearts also have enhanced Ca2+ efficiency
requiring less extra-cellular Ca2+ to contract without a change in the number of
Ca2+ pumps (Seppet et al., 1993).
In isolated heart studies with loading conditions controlled, T3 produced an acute
dose-dependent increase in tension development and velocity of contraction
(Skelton et al., 1973; Marriott et al., 1983; Brooks et al., 1985; Holland et al., 1992;
Snow et al., 1992; Ririe et al., 1995; Tielens et al., 1996). Similarly, isolated
cardiac myocytes develop a dose-dependent increase in myocyte shortening and
velocity of contraction (Walker et al., 1994b; Walker et al., 1994a; Walker et al.,
1995a; Wang et al., 2003). When tested in vivo, T3 led to a prompt dosedependent increase in contractile force and cardiac output in euthyroid pigs
(Gotzsche, 1994a). Despite this large amount of animal data reporting a rapid and
direct effect on myocardial contractility, a blinded study of a single dose of T3 (100
µg i.v.) on euthyroid human volunteers reported little effect on cardiac output over
45 minutes (Schmidt et al., 2002).
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1.9.1.5$$$Myocardial$O2$Consumption$
The increased HR and contractility associated with hyperthyroidism implies there
will be an increased myocardial O2 demand. However, the higher myocardial VO2
in hyperthyroid animals is proportional to an increase in cardiac mass (Marcus et
al., 1987) and the observed increase in myocardial work is higher than the
increase in myocardial O2 consumption (Feldman et al., 1986; Suga et al., 1991;
Bengel et al., 2000). This suggests that thyroid hormone enhances myocardial
efficiency and may be due to improved myocardial loading status (i.e. enhanced
diastolic function and reduced afterload) (Biondi et al., 2002). Coronary perfusion
may also increase, further optimising myocardial O2 delivery (Rowe et al., 1956),
and could account for why many hypothyroid patients with coronary artery disease
have improvement in their angina symptoms following thyroid hormone
replacement (Klein et al., 2001).

1.9.1.6$$$Cardiovascular$Disease$
Hyperthyroid patients have an increased risk of death, primarily due to
cardiovascular disease. In a study of 7209 hyperthyroid patients, mortality rates
were higher than a matched euthyroid population (SMR 1.1, 95% CI 1.1 – 1.3, p <
0.001) (Franklyn et al., 1998). The higher mortality rate was largely attributed to
cardiovascular disease and was only apparent in patients older than 50 years of
age.
Atrial Fibrillation (AF) is the most common arrhythmia in hyperthyroidism. The
prevalence increases from 2.3% in the euthyroid population to 13.8% in those with
established hyperthyroidism (Auer et al., 2001). Ventricular arrhythmias are
uncommon and more likely represent underlying cardiac disease (Polikar et al.,
1989; Kahaly et al., 2005).
Coronary vasospasm has been claimed to occur with thyrotoxicosis; however, the
evidence is questionable, with very few cases illustrated angiographically
(Featherstone et al., 1983; Papazoglou et al., 1987). Symptoms of angina are
most likely to be from underlying coronary artery disease.
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1.9.2( Catecholamine(Responsiveness(
As the clinical features of thyrotoxicosis resemble heightened sympathetic
stimulation, the effects of thyroid hormone have been closely linked with
catecholamines. Thyroid hormone has been proposed to alter sympathetic
nervous system tone, synthesis and release of catecholamines, receptor numbers,
receptor sensitivity and second messenger coupling.

1.9.2.1$$$Autonomic$Nervous$System$
Thyroid hormone was thought to modify the autonomic nervous system to affect
cardiovascular changes (Marcus et al., 1987). However, rats that were
sympathectomised or had cardiac transplant still developed tachycardia following
treatment with thyroid hormone (Gross et al., 1985; Klein et al., 1986; Valente et
al., 1989). It is unlikely that thyroid hormone exerts cardiovascular changes solely
via the autonomic nervous system.

1.9.2.2$$$Catecholamine$Stores$
T3 can be found in peripheral adrenergic nerves and it had been proposed that the
tyrosine residues are utilised for catecholamine synthesis (Dratman et al., 1977).
However, plasma catecholamine concentrations are inversely proportional to the
amount of thyroid hormone (Coulombe et al., 1976; Polikar et al., 1990a; Polikar et
al., 1990c; Diekman et al., 2001), and given that thyroid hormone does not alter
catecholamine clearance (Polikar et al., 1990b), the change in sympathetic amine
levels may reflect changes in cellular sensitivity.

1.9.2.3$$$Altered$Sensitivity$to$Catecholamines$
Hypothyroidism is associated with reduced sensitivity to α- and β-agonists. In
hypothyroid humans, thyroid hormone replacement restores a normal chronotropic
response to isoprenaline and blood pressure increment with phenylephrine
(Polikar et al., 1990a; Polikar et al., 1990c). Similarly in hypothyroid rats, aortic
tension response to α-agonists is reduced (Scivoletto et al., 1986; Gunasekera et
al., 1990; McAllister et al., 1998) and restored within two days of T4 replacement
(Scivoletto et al., 1986; Rahmani et al., 1987).
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Hyperthyroid patients appear to have increased sensitivity to catecholamines, and
an exaggerated response to subcutaneous adrenaline was a diagnostic test of
hyperthyroidism before thyroid hormone assays were available (Waldstein, 1966).
Consistent with this, hyperthyroid patients have increased sensitivity to α-agonists,
developing a greater reduction of peripheral blood flow in response to
noradrenaline (NorA) (Napoli et al., 2001).
Thyroid hormone also appears to increase the response to β-agonists. Healthy
volunteers given T3 (100 µg) for 10 – 14 days had increased heart rate response
to β-agonists (Liggett et al., 1989; Martin et al., 1992b). Similarly, rats and pigs
given very large doses of thyroid hormones had increased chronotropic responses
to isoprenaline (Hammond et al., 1987; Marcus et al., 1987). Myocyte cell culture
incubated with T3 also developed greater contraction in response to isoprenaline
(Walker et al., 1994b; Walker et al., 1995a).
A tropic effect of thyroid hormone on β-receptors has not been universally
reported. Isolated hearts from euthyroid rats pre-treated with T3 did not have an
increased response to isoprenaline (Marriott et al., 1983). Hearts from hypothyroid
rats with T3 added to perfusion fluid did not develop an augmented tachycardia or
contractility in respsone to isoprenaline (Tielens et al., 1996). Rats, dogs and
baboons, rendered hyperthyroid for 10 – 28, days failed to show changes in
cardiac sensitivity to isoprenaline or dobutamine (Crozatier et al., 1991; Hoit et al.,
1997). The reason for these differing results is uncertain.

1.9.2.4$$Catecholamine$Receptors$
Many studies have illustrated that thyroid hormone increases the number of βreceptors in cardiac tissue (Tsai et al., 1976; Williams et al., 1977; Chang et al.,
1981; Gross et al., 1985; Hammond et al., 1987; Gunasekera et al., 1990;
Bahouth, 1991; Hoit et al., 1997; Ojamaa et al., 2000c). Despite the increase in
cardiac β-receptor numbers, there is not an increase in receptor affinity or
response to β-agonists (Bilezikian et al., 1983; Gross et al., 1985; Hammond et al.,
1987; Crozatier et al., 1991; Hoit et al., 1997).
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Far fewer studies have examined the effect of thyroid hormone on the number of
α-receptors. A reduction of α-receptors in both hyper- and hypothyroid rats have
been reported (Bilezikian et al., 1983) and is independent of catecholamine levels
(Gross et al., 1985). Again, receptor affinity and cellular response to
catecholamines does not correlate to the number of α-receptors (Gunasekera et
al., 1990). Thus it is not certain how thyroid hormone induced changes to
adrenergic receptors relate to any altered sensitivity to catecholamines.

1.9.2.5$$$Second$Messengers$
Thyroid hormones were thought to influence the adrenergic second messenger
systems. In isolated rat cardiac myocytes, T3 increases cAMP production following
exposure to adrenaline (Tsai et al., 1978). However, hyperthyroid animals do not
have increased myocardial adenylate cyclase activity and the levels of cAMP are
proportional to the number of β-receptors (Gunasekera et al., 1990; Crozatier et
al., 1991; Ojamaa et al., 2000c). Similarly, IP3 levels in rats are proportional to the
density of α-receptors and thyroid state does not alter the magnitude of increase
following α-stimulation (Gunasekera et al., 1990).
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1.9.3( Respiratory(
Hyperthyroid patients have a higher minute ventilation out of proportion to the
increase in O2 consumption but directly related to the T3 level (Small et al., 1992).
Hypothyroid patients have low minute ventilation from impaired hypoxic and
hypercapnoeic respiratory drive.
Thyroid hormone can influence surfactant production. Alveolar type-2 cells contain
T3 receptors (Lindenberg et al., 1978) and when simulated, increase surfactant
production (Redding et al., 1972; Das, 1980; Ballard et al., 1984; Gross et al.,
1984). T3 can also enhance water reabsorption and alveolar fluid clearance by
directly stimulating Na+ pumps on the alveolar membrane (Barker et al., 1991;
Folkesson et al., 2000; Lei et al., 2003).

1.9.4( Neurological(
Thyroid hormones are essential for neurological development with deficiency
during gestation resulting in severe cognitive impairment (cretinism). Hypothyroid
patients may have slowed cognition, fatigue and lethargy. Patients with
hyperthyroidism may develop hyperactive psychiatric disorders and tremor.

1.9.5( Haematological(
Thyroid hormone increases red blood cell (RBC) production by a direct effect on
marrow and also by stimulating erythropoietin release (Golde et al., 1977a,
1977b; Popovic et al., 1977). Hyperthyroid patients have increased RBC mass,
however plasma volume is also increased, hence RBC concentration and
haematocrit are usually normal.
Hyperthyroid patients have increased platelet (PLT) production, but due to
increased plasma volume, PLT blood counts are usually normal (Ford et al.,
1988b). Hyperthyroid patients also have an increased thrombotic tendency due to
greater synthesis of clotting factors and increased turnover of plasminogen
(Baumgartner-Parzer et al., 1997; Franchini, 2006).

23

1.9.6( Immunological(
Thyroid hormones do not have an effect on marrow production of leucocytes (Ford
et al., 1988a) but many immune cells contain thyroid hormone receptors. T3 can
directly increase activity of phagocytes (neutrophils, natural killer cells, tissue
macrophages), and stimulate lymphocyte proliferation, antibody production,
cytokine release and oxygen free radical generation (Balazs et al., 1980; Magsino
et al., 2000; Mezosi et al., 2005; Hodkinson et al., 2009). Hypothyroid patients
tend to have a dampened humoral and cell-mediated immune response (De Vito
et al., 2011).
Many immune cells can also produce TSH and iodothyronines. These can have
paracrine effects on other immune cells and can directly stimulate hormone
synthesis by the thyroid gland (Klein, 2006; Pallinger et al., 2008).
Thyroid hormone can also have direct antimicrobial effects (Woeber, 1971;
Woeber et al., 1973; Burger et al., 1983; Jirasakuldech et al., 2000; Janssen et al.,
2002; den Brinker et al., 2005b). Leukocyte elastase enhances thyroid hormone
dissociation from binding proteins, and deiodination of the iodothyronines liberates
a concentrated supply of anti-microbial iodide ions at sites of infection.

1.9.7( Gastrointestinal(
Thyroid hormone increases gastrointestinal motility, synthesis of hepatic enzymes
and stimulates hepatocyte regeneration (Malik et al., 2002; Malik et al., 2003).
There is little else known about the effect of thyroid hormone on the
gastrointestinal system.

1.9.8( Renal(
Glomerular filtration is increased in hyperthyroidism, with the increased cardiac
output resulting in higher renal blood flows. T3 also favours renal blood flow by
increasing glomerular nitric oxide synthesis and reducing endothelin synthesis
(Singh et al., 1994; Quesada et al., 2002).
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Hyperthyroid patients have increased plasma volume. T3 stimulates release of
renin with subsequent activation of the angiotensin / aldosterone system leading to
Na+ and water retention (Resnick et al., 1982; Diekman et al., 2001). Increased
synthesis and activity of Na+/K+-ATPase in the proximal renal tubules also
contributes to retention of circulating volume (Lin et al., 1997).
T3 also stimulates gene transcription of Atrial Natriuretic Peptide and Brain
Natriuretic Peptide favouring natriuresis and water excretion (Gardner et al., 1987;
Ladenson et al., 1988; Diekman et al., 2001; Liang et al., 2003). Hypothyroid
patients have low levels of these peptides contributing to their retention of extravascular water (Kohno et al., 1987). Renal clearance of Na+ and H2O can be
restored within days of T3 replacement in these patients (Ladenson et al., 1983).

1.9.9( Skeletal(Muscle(
Thyroid hormone transforms slow-twitch skeletal muscle fibres into fast-twitch,
increases oxidative capacity, β-receptor density and glycogenolysis (Fitts et al.,
1980; Nicol et al., 1981; Chu et al., 1985; Caiozzo et al., 1991). This may account
for muscular weakness and fatigue with thyroid hormone deficiency.
Hyperthyroid patients also have impaired exercise tolerance. This is thought to be
due to the already high resting O2 consumption and limited capacity of the skeletal
muscle oxidative enzymes (Kahaly et al., 1998).

1.9.10(((Metabolism(
Basal Metabolic Rate (BMR) is related to thyroid hormone levels. In both
hypothyroid patients and euthyroid volunteers T3 administration rapidly increases
O2 consumption even before changes to TSH occur (Wilson et al., 1966; Aoki et
al., 1967; Ladenson et al., 1983; al-Adsani et al., 1997).
Thyroid hormone favours provision of glucose to the cells by up-regulating
gluconeogenic enzymes (Comte et al., 1990; Feng et al., 2000), increasing insulin
clearance and inducing hepatic insulin resistance (Dimitriadis et al., 1985). Thyroid

25

hormone also increases cellular glucose uptake both by a rapid direct effect on cell
membranes (Segal, 1989) and by increasing synthesis of insulin-sensitive glucose
transporters (Weinstein et al., 1994). Thyroid hormone deficiency may contribute
to impaired availability of cellular glucose.
Protein turnover is increased in thyrotoxicosis (Kronenberg et al., 2008), but acute
administration of T3 seems to have little effect on protein catabolism (Ch 2.4.1).
Thyroid hormone stimulates lipolysis, lipogenesis and enhances lipoprotein
transport into the liver (Oppenheimer et al., 1991). Hypothyroid patients have
lower rates of lipolysis and typically have impaired clearance of cholesterol
(Packard et al., 1993). Cholesterol levels can be reduced within days of giving T3
(Ladenson et al., 1983) and thyroid hormone analogues are being developed that
may therapeutically lower lipids and reduce weight (Grover et al., 2003).

1.9.11(((Thermogenesis(
Obligatory thermogenesis results from energy lost as heat during the multiple
energy transfers that occur during metabolism. Thyroid hormones increase
obligatory heat production due to an increased rate of metabolic processes
including its effect on membrane ion channels, mitochondrial enzyme activity and
accelerated turnover of substrates (Oppenheimer et al., 1991; Silva, 1995; Goglia
et al., 1999; Silva, 2003).
Facultative thermogenesis is heat production under physiological control. The
hypothalamus coordinates the sympathetic nervous system and endocrine
response to increase heat production. Stimulation of β3-receptors leads to
uncoupling of oxidative phosphorylation resulting in heat production (Ledesma et
al., 2002); however, heat production is minimal without thyroid hormones. T3
rapidly increases gene transcription of “Uncoupling Proteins” that disengage the
mitochondrial oxidation-phosphorylation process allowing energy to be lost as heat
(Hoch, 1962; Bianco et al., 1992; Silva et al., 1997). This typically occurs in brown
fat (where there are a very high number of T3 receptors) but also occurs in other
organs (Harper et al., 1993; Cheng et al., 2010).
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1.10( ((Summary(
Thyroid hormone is pleiotropic, essential for normal function of most organs. Its
mechanism of action is complex involving genomic and non-genomic mechanisms
leading to immediate and delayed cellular responses. Our understanding of the
effects of thyroid hormone has been largely derived from the clinical features of
established excess or deficiency of thyroid hormone.
Thyroid hormone homeostasis involves many regulatory processes. The
hypothalamo-pituitary-thyroid axis controls thyroid hormone synthesis and is
primarily responsible for maintaining a circulating supply of thyroid hormone.
Protein binding, deiodination, thyroid hormone transporters, cellular binding and
thyroid receptors further regulate provision of thyroid hormone at the cellular level.
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Chapter(2:((Thyroid(Hormone(Changes(and(Treatment(
During(NonUThyroidal(Illness(

2.1(

Introduction(

Blood levels of thyroid hormones change during illness. Typically there is an initial
fall in T3, reciprocal increase in rT3 and eventually a decline in T4. The magnitude
of these changes is proportional to the severity of disease. Despite the lower
circulating levels of T3 and T4, TSH usually remains within the normal range.
These combinations of thyroid hormone changes have thus been referred to as
“Sick Euthyroid Syndrome” (i.e. normal TSH during illness implies euthyroidism
despite low T3 or T4), “Low T3 Syndrome” (i.e. low serum T3 is the most common
thyroid hormone disturbance during illness) or “Non-Thyroidal Illness Syndrome”
(NTIS) (i.e. the changes in thyroid hormones during illness are unrelated to
primary thyroid gland disease). This chapter will describe the changes in thyroid
hormones during different illnesses, discuss the mechanism of these changes and
outline studies that have replaced thyroid hormones during NTIS.

2.2(

Thyroid(Hormone(Changes(During(Illness(

Before assays for T3 and T4 were available, circulating levels of thyroid hormone
were estimated from analysis of protein-bound iodine (PBI). Serum PBI was noted
to decrease in animals exposed to extreme temperatures or starvation (Williams et
al., 1949), while in humans PBI was lowest in those with severe illness (Engstrom
et al., 1955; Oppenheimer et al., 1963). Development of thyroid hormone assays
has led to further understanding how the thyroid axis changes in disease.

2.2.1( Calorie(Restriction(
Calorie restriction consistently leads to a decrease in T3, increased rT3,
unchanged T4, lower T3:T4 ratio and an unchanged TSH (Portnay et al., 1974;
Chopra et al., 1975a; Ingenbleek et al., 1975; Vagenakis et al., 1975; Merimee et
al., 1976; Croxson et al., 1977a; Croxson et al., 1977b; Vagenakis et al., 1977;
Azizi, 1978; Eisenstein et al., 1978; Grant et al., 1978; Suda et al., 1978; Visser et
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al., 1978; Burman et al., 1980; Borst et al., 1983; Spencer et al., 1983; van der
Heyden et al., 1986; Rolleman et al., 2000). This pattern of thyroid hormone
change occurs within 24-hours of calorie restriction and persists with chronic
malnutrition. The thyroid hormone changes rapidly resolve with re-feeding (Chopra
et al., 1975c; Ingenbleek et al., 1975; Vagenakis et al., 1975) and is dependent on
oral carbohydrate (Spaulding et al., 1976; Croxson et al., 1977a; Burman et al.,
1979a). Protein, fat or intravenous glucose alone does not restore thyroid hormone
levels (Westgren et al., 1977a; Azizi, 1978; O'Brian et al., 1980).

2.2.2( Extremes(of(Age(
Neonates have low T3, normal T4 and markedly higher rT3 compared to older
children (Chopra et al., 1975a). These changes reflect the placental and foetal
metabolism of iodothyronines, and blood levels normalise within 48 hours of birth.
The elderly frequently have altered thyroid hormone levels. Over 70% of
hospitalised elderly patients have abnormal thyroid hormone indices yet less than
15% have thyroid gland disease (Simons et al., 1990; Iglesias et al., 2009). With
advancing age, serum T4 and TSH usually remained unchanged, but T3 declines
and rT3 increases. The changes in T3 and rT3 are most pronounced in those who
are unwell (Burrows et al., 1975; Burrows et al., 1977; Olsen et al., 1978; Simons
et al., 1990; Mariotti et al., 1993; van den Beld et al., 2005) and are independent
predictors of mortality in the elderly (Girvent et al., 1998; Iglesias et al., 2009).

2.2.3( Surgical(Patients(
A decrease in T3 has been reported in over 350 patients following hysterectomy,
mastectomy, abdominal surgery, and cholecystectomy (Brandt et al., 1976; Adami
et al., 1978; Kehlet et al., 1979; Murai et al., 1996; Legakis et al., 1998; Michalaki
et al., 2001). The decline in T3 begins during surgery, continues to fall to a nadir
on day four before returning to normal by day seven. There are reciprocal changes
of rT3 while T4 and TSH usually remain unchanged (Burr et al., 1975; Chan et al.,
1978; Kehlet et al., 1979; Chernow et al., 1987; Bartalena et al., 1990). The
decrease of T3 is greater and faster than that seen in fasting, suggesting that
surgery itself contributes to the thyroid hormone changes.
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2.2.4( Medical(Patients(
All medical illnesses appear to be associated with NTIS. In a series of studies that
measured thyroid hormones in approximately 500 general medical ward patients
(adults and children), T3 was below normal in 25 – 100%, T4 sub-normal in 10 –
20%, rT3 was inversely proportional to T3, TSH remained within the normal range
and patients were reported to appear clinically euthyroid (Harvey, 1971; Carter et
al., 1974; Bermudez et al., 1975; Chopra et al., 1975a; Burger et al., 1976; Carter
et al., 1976a; Gooch et al., 1982; Kaplan et al., 1982; Boelen et al., 1993). Most
studies only analysed one serum sample per patient and did not consider possible
confounders such as type of illness, timing of sample or the effect of medications.
Nevertheless, the frequency and magnitude of changes to T3, rT3 and T4
appeared greatest in the sicker patients.

2.2.4.1$$$Cardiac$Disease$
In 11 studies of 685 patients following acute myocardial infarction (AMI); T3 was
low and rT3 elevated; T4 decreased in some but the T3:T4 ratio was consistently
low; TSH decreased slightly but remained within normal range (Carter et al.,
1976b; Kaplan et al., 1977; Westgren et al., 1977b; Wiersinga et al., 1981;
Franklyn et al., 1984; Wortsman et al., 1987; Eber et al., 1995; Friberg et al., 2002;
Pavlou et al., 2002; Iltumur et al., 2005). These features were evident at
presentation, peaked at day three, persisted for up to 10 days following AMI before
returning to normal within one month. Thyroid hormone derangements were
proportional to extent of left ventricular (LV) dysfunction, the increase of serum
cardiac enzymes (Smith et al., 1978; Wiersinga et al., 1981; Friberg et al., 2002)
and were most marked in those whose AMI became “complicated” or who died in
hospital (McLarty et al., 1975; Pedersen et al., 1984; Longstreth et al., 1996;
Friberg et al., 2002; Pavlou et al., 2002; Iltumur et al., 2005). In 331 patients with
AMI, followed for one year, elevated rT3 at admission was more prognostic of oneyear mortality than peak cardiac enzymes, age, previous history of myocardial
ischaemia or renal function (Friberg et al., 2001).
Typical thyroid hormone changes are also seen in patients with chronic heart
failure. In eight studies involving over 1400 heart failure patients, lower T3, higher
rT3 and low T3:T4 ratio were proportional to the severity of cardiac failure (New
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York Heart Association Class) and associated with poorer objective measures of
cardiac function including cardiac output, ejection fraction, chamber size, cardiac
pressures, mitral flow velocity and diastolic function (Hamilton et al., 1990;
Manowitz et al., 1996; Opasich et al., 1996; Friberg et al., 2001; Shanoudy et al.,
2001; Ascheim et al., 2002; Iervasi et al., 2003; Kozdag et al., 2005; Pingitore et
al., 2005). The extent of thyroid hormone changes predicted death or the need for
mechanical cardiac support better than age, echocardiographic or biochemical
variables. Interestingly, T3 levels return to normal in heat failure patients who
receive a cardiac transplant.

2.2.4.2$$$Liver$Disease$
There have been 12 reports of thyroid hormones in over 550 patients with liver
disease. The most typical change is a decline in T3, increased rT3, a variable
change in T4 while TSH usually remains normal (Carter et al., 1974; Chopra et al.,
1974; Chopra et al., 1975a; Nomura et al., 1975; Hepner et al., 1979; Faber et al.,
1987; Williams et al., 1989). Those with the lowest T3, T3:T4 ratio or T3:rT3 ratio
had more severe liver disease and higher mortality rates (Green et al., 1977;
Hepner et al., 1979; Walfish et al., 1979; Borzio et al., 1983; Van Thiel et al., 1985;
Rink et al., 1991). Patients with acute hepatitis may have an initial increase in
circulating T3 and T4 due to the release of stored hepatic hormone (Gardner et al.,
1982).

2.2.4.3$$$Renal$Disease$
Eleven studies reporting thyroid hormone changes in over 500 patients with renal
failure describe low T3, normal to low T4, reduced T3:T4 ratio and normal TSH
(Silverberg et al., 1973; Ramirez et al., 1976; Spector et al., 1976; Lim et al., 1977;
Gavin et al., 1978; Hershman et al., 1978; Afrasiabi et al., 1979; Kosowicz et al.,
1980; Faber et al., 1983; Pagliacci et al., 1987; Williams et al., 1989; Lim et al.,
1993a). The changes in T3 are proportional to the increase in serum creatinine
and become most marked in those who develop an intercurrent illness or progress
to require dialysis. Further decline of T3 in dialysis patients independently predicts
mortality (Zoccali et al., 2006), while in those that receive renal transplantation,
serum T3 levels return to normal (Lim et al., 1977).
31

Unlike other illnesses, rT3 is normal or low in patients with renal failure (Chopra et
al., 1975a; Kaptein et al., 1981b; Faber et al., 1983; Kaptein et al., 1983; Lim et al.,
1993a; Kaptein, 1996). It is unclear why the pattern of change to rT3 is different in
renal disease but it may be due to metabolic acidosis. A decreased T3 with normal
rT3 and T4 can be reproduced by infusion of NH4Cl (Brungger et al., 1997) and in
dialysis patients, T3 can be increased when acidosis is corrected with citrate
(Wiederkehr et al., 2004).

2.2.4.4$$$Other$Illnesses$
Metastatic and haematological malignancies are associated with low T3, elevated
rT3, normal or mild reduction of T4 and normal TSH (Carter et al., 1974;
Wehmann et al., 1985; Faber et al., 1987; Vexiau et al., 1993). The thyroid
hormone changes are proportional to severity of malignancy and are more marked
than those seen with calorie restriction alone (Axelrod et al., 1983).
Patients with Aquired Immuno-deficiency Syndrome (AIDS) also have low T3
levels and T3:T4 ratio, the extent of which is proportional to mortality rate (LoPresti
et al., 1989b; Fried et al., 1990; Grunfeld et al., 1993). Unlike most other illnesses
rT3 is not elevated with AIDS and may reflect a different mechanism of NTIS when
immunological response is impaired.

2.2.5( ICU(Patients(
The critically ill have been the most studied group of patients with NTIS. There
have been 35 studies reporting thyroid hormone changes in a total of nearly 7000
patients requiring ICU care. Adults, children and neonates in ICU have low T3,
elevated rT3, normal or low T4 and normal TSH (Carter et al., 1974; Redding et
al., 1974; Cuestas et al., 1976; Kaptein et al., 1980; Heinen et al., 1981; Kaptein et
al., 1981a; Pardridge et al., 1981; Slag et al., 1981; Bacci et al., 1982; Kaptein et
al., 1982b; Lum et al., 1983; Reilly et al., 1983; Zucker et al., 1985; Uzel et al.,
1986; Boles et al., 1987; Faber et al., 1987; Surks et al., 1988; Williams et al.,
1989; Rothwell et al., 1993; Loh et al., 1995; Ray et al., 1995; Ray et al., 2002;
Scoscia et al., 2004; Plikat et al., 2007; Bello et al., 2009). The earliest change is
an elevated rT3, seen within hours of admission to ICU. Low T3 is present in about
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half of patients at time of admission to ICU and is nearly universal as acute illness
progresses. In contrast, low T4 is found in 10% of ICU admissions with up to 45%
developing sub-normal levels during their care.
The extent of change in thyroid hormone measured at any time during ICU
admission is proportional to severity of illness (e.g. APACHE-II score), ICU length
of stay and mortality rate (Slag et al., 1981; Kaptein et al., 1982b; Baue et al.,
1984; Brent et al., 1986; Hamblin et al., 1986; Silberman et al., 1988; Allen et al.,
1989; Maldonado et al., 1992; Jarek et al., 1993; Rothwell et al., 1993; Sumita et
al., 1994; Loh et al., 1995; Rothwell et al., 1995; Ray et al., 2002; Scoscia et al.,
2004; Chinga-Alayo et al., 2005; Ture et al., 2005; Plikat et al., 2007; Bello et al.,
2009). Furthermore, ICU patients with established hypothyroidism have markedly
higher mortality rates than critically ill euthyroid patients (55% vs. 23%)
(Maldonado et al., 1992). This implies a vital role of thyroid hormone in recovery
from critical illness.
In the largest study of NTIS in critical illness, 451 patients enrolled in a glycaemic
control trial (van den Berghe et al., 2001) had thyroid hormones measured at days
1, 5, 15 and the last day of their ICU admission (Peeters et al., 2005c). The group
of patients who died in ICU (n = 71, 15.7%) had persistently lower T3 and T3:rT3
compared to those that survived (Figure 2.1). While TSH and T4 levels were within
the normal range, non-survivors had lower serum levels than survivors. Lower (but
normal) TSH levels in prolonged critical illness has also been reported in earlier
studies (Hamblin et al., 1986; Rothwell et al., 1995). In patients who survived ICU,
T3, T4, T3:rT3 and TSH increased over time but T3 still remained below normal.
Of note, thyroid hormone changes were no different between the glycaemic study
groups.
Many factors contribute to the thyroid hormone changes seen in ICU patients. The
type of disease, duration of illness and some medications alter thyroid hormone
physiology. This will be discussed in subsequent sections of this chapter. Caloric
restriction may also contribute to the NTIS of critical illness. In a recent study of
ICU patients randomised to commence parenteral nutrition on day two or day
eight, those who received nutrition later had more marked derangement in thyroid
hormones (Langouche et al., 2013).
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Figure( 2.1:( Serum( TSH,( T3,( T4( levels( and( T3:rT3( ratio( at( days( 1,( 5,( 15( and( last( day( of( ICU( in(
survivors(and(nonUsurvivors((Peeters'et!al.,!2005c).(
Box!plot!represent!10th225th250th275th290th!percentile.!
Reproduced!with!permission!(Endocrine!Society).!

2.2.5.1$$$Sepsis$
NTIS is universal in adults and children with sepsis. Of all diseases studied, sepsis
is associated with the greatest change in T3 and rT3 (Shambaugh et al., 1967;
Chopra et al., 1975a; Talwar et al., 1977; Wartofsky et al., 1977; Maharajan et al.,
1978; Palazzo et al., 1991; Hashimoto et al., 1994; Santini et al., 1996; Bornstein
et al., 1997; Girvent et al., 1998; Monig et al., 1999; Joosten et al., 2000; Ray et
al., 2002; den Brinker et al., 2005a; Zoccali et al., 2005; Meyer et al., 2011).
Changes in thyroid hormones appear to be proportional to the severity of sepsis.
NTIS is most pronounced in septic patients who receive catecholamines with the
extent of thyroid hormone derangement proportional to ICU length of stay and
mortality (Richmand et al., 1980; Baue et al., 1984; Leon-Sanz et al., 1997;
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Joosten et al., 2000; Yildizdas et al., 2004; den Brinker et al., 2005a; Lodha et al.,
2007; Meyer et al., 2011). However, the high rate of dopamine use (Ch. 2.3.3) and
variable timing of thyroid hormone sampling limits interpretation of these studies.

2.2.5.2$$$Cardiac$Surgery$
Following cardiac surgery, there is a rapid and progressive decrease in T3 and
increase in rT3 that usually returns to baseline by the seventh post-operative day
(Bremner et al., 1978; Taylor et al., 1978b; Paschen et al., 1983; Zaloga et al.,
1985; Robuschi et al., 1986; Holland et al., 1991; Thrush et al., 1995; Reinhardt et
al., 1997; Sabatino et al., 2002). T4 and TSH may transiently decline but usually
remain within the normal range. The same pattern of NTIS changes have been
observed in children undergoing surgery for congenital heart disease (Allen et al.,
1989; Mitchell et al., 1992; Belgorosky et al., 1993; Murzi et al., 1995; Saatvedt et
al., 1996; Bettendorf et al., 1997; Mainwaring et al., 2001; Holzer et al., 2004).
Thyroid hormone changes are most marked in those with lower cardiac output or
following complex cardiac surgery (Chu et al., 1991; Mainwaring et al., 1994b;
Reinhardt et al., 1997) and are proportional to the extent of post-operative
therapeutic intervention and hospital length-of-stay (Allen et al., 1989; Bettendorf
et al., 1997; Sabatino et al., 2002). Cardio-pulmonary Bypass (CPB) was thought
to contribute to NTIS, however thyroid hormones did not differ in those having
cardiac

surgery

“off-pump”

or

in

those

receiving

continuous,

pulsatile,

normothermic or hypothermic CPB (Lehot et al., 1992; Buket et al., 1994; Thrush
et al., 1995; Sabatino et al., 2002; Cerillo et al., 2003; Velissaris et al., 2009).

2.2.5.3$$$Major$Trauma$/$Burns$
Patients with major trauma have low T3 and elevated rT3 that is proportional to the
severity of injury (Aun et al., 1983; Baue et al., 1984; Phillips et al., 1984; Vitek et
al., 1987; Chiolero et al., 1988; Ziegler et al., 1990; Mocchegiani et al., 1995).
Following severe burns, alteration in thyroid hormones are proportional to burn
size, persist with adequate nutrition, are exacerbated with intercurrent illness and
are most marked in non-survivors (Becker et al., 1980b; Becker et al., 1982;
Vaughan et al., 1985; Gangemi et al., 2008).
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2.2.5.4$$$Brain$Death$/$Organ$Donors$
Following brain death there is a decrease in T3, increased rT3 and variable
change in T4 and TSH. Low T3 levels were proposed to contribute to donor
cardiovascular instability and impair function of transplanted organ function
(Novitzky et al., 1987a). However there is no correlation between thyroid hormone
level and need for donor inotropes or function of cardiac, renal or liver allografts
(Gifford et al., 1986; Macoviak et al., 1987; Masson et al., 1990; Powner et al.,
1990; Gramm et al., 1992; Karayalcin et al., 1994; Szostek et al., 1997).

2.2.6( Thyroid(Hormone(Assays(During(Illness(
Most studies of thyroid hormones in illness have measured protein-bound (“total”)
thyroid hormone. It remains controversial whether bound or unbound (“free”)
thyroid hormone provides a better measure of overall hormone availability to the
cells (Oppenheimer, 1968; Ekins, 1992). Although the rate of trans-capillary
transfer correlates best with free hormone concentration (Cavalieri et al., 1970;
Simpson-Morgan et al., 1976), bound hormone is rapidly exchanged between
circulating proteins and cell binding sites during transit through an organ
(Oppenheimer et al., 1967; Pardridge et al., 1980; Pardridge, 1981; Mendel et al.,
1987b).
In studies that have measured both total and free thyroid hormone during illness,
the unbound hormone concentrations have variably been reported as:
1. Low (Hershman et al., 1978; Gardner et al., 1982; Zaloga et al., 1985; Lim et
al., 1993a; Mainwaring et al., 1994a)
2. Normal (Talwar et al., 1977; Afrasiabi et al., 1979; Gooch et al., 1982;
Vierhapper et al., 1982; Chernow et al., 1987; Pagliacci et al., 1987; Bartalena
et al., 1990; Holland et al., 1991; Teiger et al., 1993; den Brinker et al., 2005b)
3. High (Gavin et al., 1978; Chopra et al., 1979; Pardridge et al., 1981; Woeber
et al., 1981; Kaplan et al., 1982; Kaptein et al., 1982a; Robuschi et al., 1986;
Mendel et al., 1991; Gotzsche et al., 1992).
Inconsistent changes to free thyroid hormone during illness may largely reflect
assay artefacts (Ekins, 1992). Protein levels, protein structure, temperature, fatty
acids, cytokines and some medications can alter the proportion of unbound
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hormone (Hollander et al., 1967; Harvey, 1971; Chopra et al., 1982; Chopra et al.,
1985b; Mendel et al., 1987a; Pang et al., 1989b; Hermus et al., 1992). For
example, heparin binds to many proteins and rapidly increases free-T4
concentration with as little as six units (Schatz et al., 1969; Saeed-uz-Zafar et al.,
1971; Herschman et al., 1972; McDougall et al., 1982; Faber et al., 1993; Jaume
et al., 1996). Salicylates and frusemide (high doses) also inhibit protein binding of
thyroid hormones (Larsen, 1972; Stockigt et al., 1984; Stockigt et al., 1985;
Newnham et al., 1987; Lim et al., 1988; Faber et al., 1993; Bishnoi et al., 1994).
Serum from patients with NTIS increases unbound thyroid hormone when added
to serum from healthy volunteers (Chopra et al., 1979; Oppenheimer et al., 1982)
but an endogenous circulating inhibitor has not been reliably identified (Woeber et
al., 1981; Chopra et al., 1984; Mendel et al., 1986; Lim et al., 1988; Pemberton et
al., 1988; Nicolson et al., 1989; Mendel et al., 1991; den Brinker et al., 2005b).
Equilibrium dialysis and Radio-Immuno-Assays (RIA) reliably measure free thyroid
hormone in patients with thyroid disease, but have had variable results when used
to measure thyroid hormone during illness (Braverman et al., 1980; Kaptein et al.,
1981c; Woeber et al., 1981; Melmed et al., 1982; Mendel et al., 1984; Wang et al.,
1985; Lee et al., 1986; Wong et al., 1992; Faber et al., 1993; Chopra, 1998).
Ultrafiltration assay techniques have yielded normal free hormone levels in ICU
patients when bound T3 or T4 is low (Faber et al., 1987; Surks et al., 1988).
More recent assays systems utilise a monoclonal antibody (MAb) attached to a
paramagnetic particle that emits light proportional to the degree of T3 binding. This
is a much quicker assay and yields results similar to earlier techniques in stable
patients with thyroid disease (Faber et al., 1996). When tested on 163 ICU
patients having blood-sampled daily for the first three days of admission, 75% had
low total-T3 while 27% had low free-T3; 50% had low total-T4 but only 2% had low
free-T4 (Ray et al., 2002).
Given the number of potential co-founders that may alter assay performance,
changes in free thyroid hormone should be interpreted with caution during nonthyroidal illness.
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2.2.7( Cytokines(and(Thyroid(Hormone(Changes(
Cytokines are elevated as part of the inflammatory response and have been
implicated in NTIS. Although changes in cytokines are associated with thyroid
hormone disturbance, other mediators are also likely to be involved.
T3, T4 and the T3:T4 ratio is inversely proportional to IL-6 in: medical patients
(Boelen et al., 1993; Hashimoto et al., 1994; Davies et al., 1996a), brain dead
(Amado et al., 1995), children undergoing CPB (Saatvedt et al., 1996), surgical
patients (Murai et al., 1996; Girvent et al., 1998), septic shock (Monig et al., 1999;
Rodriguez-Perez et al., 2008), acute myocardial infarction (Karga et al., 2000;
Kimura et al., 2000; Friberg et al., 2002) and dialysis patients (Zoccali et al., 2005).
The increase in rT3 also correlates strongly with IL-6 (Bartalena et al., 1994a).
Although IL-6 administered to rats and healthy human volunteers can induce
thyroid hormone changes (Bartalena et al., 1994b; Torpy et al., 1998), it is unlikely
to be the only mediator contributing to NTIS. Not all medical inpatients with low T3
have elevated IL-6 (Boelen et al., 1993; Davies et al., 1996a) and the decrease in
T3 following surgery precedes the increase in IL-6 (Wellby et al., 1994; Michalaki
et al., 2001). Furthermore, IL-6 antibodies or knocking out the IL-6 gene does not
prevent septic mice developing low T3 (Boelen et al., 1996a; Boelen et al., 1997).
IL-1β administered to rats can induce a rapid dose-dependent reduction of T3 and
T4 (Dubuis et al., 1988; Fujii et al., 1989; Hermus et al., 1992). However, IL-1β
levels do not correlate with thyroid hormone changes (Hashimoto et al., 1994;
Amado et al., 1995; Karga et al., 2000) and IL-1β antibodies do not prevent a fall
in T3 (van der Poll et al., 1995; Boelen et al., 1997).
Elevated TNFα levels have also been associated with low T3 in illness (Mooradian
et al., 1990; Monig et al., 1999; Rodriguez-Perez et al., 2008). TNFα administered
to rats or healthy human volunteers induced a febrile illness, a decrease in T3 and
marked increase in rT3 (Ozawa et al., 1988; Pang et al., 1989a; van der Poll et al.,
1990; Sweep et al., 1992). However, TNFα is not always elevated in patients with
low T3 (Chopra et al., 1991; Hashimoto et al., 1994; Murai et al., 1996; Karga et
al., 2000; Michalaki et al., 2001) and TNFα antibodies failed to alter thyroid
hormone changes following endotoxin (Boelen et al., 1997; van der Poll et al.,
1999).
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2.3(

Mechanism(of(the(Thyroid(Hormone(Changes(During(Illness(

Thyroid hormones have a similar pattern of change across a wide range of
disease. This implies that there is a common process leading to these changes of
NTIS. However, the mechanism is not precisely clear and involves complex
interactions at all levels of the thyroid axis.

2.3.1( Protein(Binding(
Changes in the amount of circulating binding proteins were thought to account for
the decline in thyroid hormones during illness. TBG, transthyretin and albumin are
acute phase proteins whose concentrations fall in proportion to T3, severity of
disease and mortality (Harvey, 1971; Talwar et al., 1977; Pannall et al., 1980;
Reilly et al., 1983; Afandi et al., 2000; den Brinker et al., 2005b). However others
have found no relationship between TBG and levels of total or free thyroid
hormone during illness (Carter et al., 1974; Chopra et al., 1974; Chopra et al.,
1975c; Burger et al., 1976; Ramirez et al., 1976; Burrows et al., 1977; Gavin et al.,
1978; Hershman et al., 1978; Afrasiabi et al., 1979; Slag et al., 1981; Gardner et
al., 1982; Kaptein et al., 1982a; Zaloga et al., 1985; Pagliacci et al., 1987;
Bartalena et al., 1990; Holland et al., 1991). Furthermore, changes in the amount
of circulating binding protein do not account for the increase in rT3 during illness.

2.3.2( Tissue(Levels(/(Nuclear(Binding(
Impaired transfer of thyroid hormone into cells during illness was noted in early
experimental studies (Jennings et al., 1979; Pardridge et al., 1981; Kaptein et al.,
1982a; Oppenheimer et al., 1982; van der Heyden et al., 1986; Kaptein et al.,
1987; De Jong et al., 1992; Lim et al., 1993a). While tissue levels of T3 are low in
post-mortem samples, these appeared proportional to the decrease in circulating
T3 (Lim et al., 1980; Thompson et al., 1980; Lim et al., 1984; Arem et al., 1993;
Peeters et al., 2005b; Mebis et al., 2006; Debaveye et al., 2008b). To date, there
has been no clear relationship between changes in thyroid hormone cell
transporter function (e.g. MCT-8), tissue T3 levels and organ function during
illness (Boelen et al., 2005; Peeters et al., 2005b; Rodriguez-Perez et al., 2008;
Mebis et al., 2009).
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Expression of T3 nuclear receptors and cellular binding capacity is reduced during
illness (Burman et al., 1977; Thompson et al., 1980; Lim et al., 1984; Little, 1985a;
Burgi et al., 1986; Beigneux et al., 2003; Boelen et al., 2004c; Kwakkel et al.,
2007; Rodriguez-Perez et al., 2008; Lado-Abeal et al., 2010). In liver, the down
regulation predominantly affects the inhibitory thyroid receptor (e.g. TRα2)
(Thijssen-Timmer et al., 2007), while in monocytes, T3 binding capacity is
increased (Wartofsky et al., 1981; Williams et al., 1989). Changes in nuclear T3
binding are evident within 24 hours of illness but how these changes relate to
organ function during illness is unknown.
Several medications can alter T3 uptake and receptor binding in vitro.
Benzodiazepines inhibit accumulation of T3 in cell cultures but do not diminish
nuclear receptor binding (Kragie et al., 1992). Heparin impairs cellular binding of
thyroid hormone (Schwartz et al., 1973; Mendel et al., 1984; Katz et al., 1995) and
very high doses of iodinated contrast agents compete with T3 for nuclear binding
(DeGroot et al., 1979). The clinical significance of these effects is uncertain.

2.3.3( HypothalamicUPituitaryUThyroid(Axis(
One of the hallmarks of NTIS is that TSH usually remains within the normal range
despite a low serum T3. The failure of TSH to increase as expected may represent
suppression of the HPT axis during illness.
2.3.3.1$$$Thyroid$Gland$
There has been relatively little study of thyroid gland function during systemic
illness. Thyroid glands of septic rats were noted to contain higher iodine content
than healthy animals and was thought to reflect reduced thyroid hormone
secretion (Reichlin et al., 1958). In patients with protracted illness, thyroid follicle
size is smaller than usual (De Jongh et al., 2001) and may represent reduced TSH
stimulation, down-regulation of TSH receptors and impaired iodothyronine
synthesis (Carter et al., 1976b; Ramirez et al., 1976; Boelen et al., 2004c). TNFα,
IL-1 and IL-6 can diminish the thyroid response to TSH, inhibit I2 uptake and
directly impair hormone release from the thyroid (Ozawa et al., 1988; Fujii et al.,
1989; Pang et al., 1989a; Pang et al., 1989b; Enomoto et al., 1990; Poth et al.,
1991; Tominaga et al., 1991; Pang et al., 1993; Murai et al., 1996).
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Some medications can alter thyroid gland function. Amiodarone (Barbesino, 2010)
and oral radiographic contrast (e.g. iopanic acid) (Burgi et al., 1976) contain high
amounts of iodine that can stimulate or inhibit thyroid hormone synthesis (WolffChaikoff effect). Intravenous radiographic contrast and topical iodinated antiseptics
do not alter thyroid hormone levels (Brogan et al., 1997).

2.3.3.2$$$Pituitary$
Pituitary dysfunction may account for the lack of TSH increase during NTIS.
During short-term calorie restriction, the TSH response to TRH is blunted (Azizi,
1978; Burman et al., 1979a; Burman et al., 1980; O'Brian et al., 1980; Borst et al.,
1983; Spencer et al., 1983) but with longer periods of fasting, the pituitary
response to exogenous TRH is normal (Portnay et al., 1974; Miyai et al., 1975;
Moshang et al., 1975; Croxson et al., 1977b; Gardner et al., 1979). In a range of
medical conditions, the pituitary TSH response to TRH has been reported as being
normal or blunted (Carter et al., 1974; Bermudez et al., 1975; Ramirez et al., 1976;
Burrows et al., 1977; Green et al., 1977; Talwar et al., 1977; Wartofsky et al.,
1977; Bremner et al., 1978; Naeije et al., 1978; Taylor et al., 1978a; Taylor et al.,
1978b; Kaptein et al., 1981a; Becker et al., 1982; Vierhapper et al., 1982; Borzio et
al., 1983; Zaloga et al., 1985; Robuschi et al., 1986; Faber et al., 1987; Romijn et
al., 1990b; Sumita et al., 1994; Leon-Sanz et al., 1997; Shanoudy et al., 2001).
Different illnesses, stage of disease and medications can contribute to these
seemingly inconsistent changes of pituitary function.
Dopamine (DA) has been a commonly used vasoactive agent used to support a
compromised cardiovascular system during critical illness. However DA is a potent
inhibitor of the anterior pituitary (Van den Berghe et al., 1996; Schilling et al.,
2004). In a variety of illnesses, TSH levels are lowest in patients receiving DA and
promptly increase once DA is ceased (Hamblin et al., 1986; Van den Berghe et al.,
1994; Bettendorf et al., 1997; den Brinker et al., 2005b; Gangemi et al., 2008).
Many of the earlier reports of impaired TSH response to TRH during illness were
studied in patients receiving DA (Rapoport et al., 1973; Burrow et al., 1977;
Delitala 1977; Zaloga et al., 1985; Faber et al., 1987; Van den Berghe et al., 1996;
Bettendorf et al., 1997). Other catecholamines do not impair pituitary function.
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Cytokines can also directly alter pituitary function. TNFα, IL-1 and IL-6
administration leads to a rapid decline in TSH (Dubuis et al., 1988; Lyson et al.,
1991; van Haasteren et al., 1994; Torpy et al., 1998) and decrease thyrotroph
response to TRH (Pang et al., 1989b; Sweep et al., 1992; Pang et al., 1993).
The lack of TSH increment with low T3 may also be because the pituitary does not
“see” the low circulating T3. In animal models of disease, changes to pituitary
deiodinases preserve pituitary T3 levels despite low serum T3 (Silva et al., 1977;
Larsen et al., 1981; Lim et al., 1984; Dubuis et al., 1988; Pang et al., 1989b).

2.3.3.3$$$Hypothalamus$
Altered hypothalamic control of the thyroid axis may contribute to NTIS. Patients
with lower TSH have the greatest response to TRH, suggesting that the pituitary is
not receiving normal hypothalamic stimulation (Boles et al., 1987). Hypothalamic
TRH content is reduced in animals during fasting, repeated electric-shock, sepsis,
burns, and following cytokine administration (Pang et al., 1989b; Blake et al.,
1991; Kakucska et al., 1994; van Haasteren et al., 1994; Helmreich et al., 2005;
Mebis et al., 2009). In human post-mortem hypothalamic tissue, TRH mRNA
expression is reduced in proportion to the decline in blood T3 (Fliers et al., 1997).
The hypothalamus also controls pulsatility of TSH secretion. TSH pulse amplitude
and frequency can change during illness, which seems to depend on the duration
of illness (Arem et al., 1990; Bartalena et al., 1990; Romijn et al., 1990a;
Adriaanse et al., 1993; Custro et al., 1994). In prolonged critical illness, low T3 is
associated with a normal frequency of TSH pulses but with smaller amplitude and
a diminished nocturnal surge (Van den Berghe et al., 1997). Prolactin (PRL) and
growth hormone (GH) pulsatility is also depressed, further suggesting a
hypothalamic role in hormone changes with prolonged critical illness.
The role of hypothalamic impairment contributing to low T3 has been investigated
in TRH replacement studies. In patients with prolonged critically illness, TRH
restored TSH, T3 and T4 levels (Van den Berghe et al., 1998a). T3 did not rise
above normal levels as pituitary feedback mechanisms were preserved.
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2.3.4( Thyroid(Metabolism(
The rapid decrease of serum T3 and proportional increase of rT3 seen in NTIS
implies altered deiodination of thyroid hormones.
The first indication that thyroid hormone metabolism may be altered in illness was
noted in sepsis. In animal and human studies, clearance of T4 and T3 was
accelerated by sepsis and would return to normal as sepsis resolved (Bondy et al.,
1952; Sterling et al., 1956; Shambaugh et al., 1966; Gregerman et al., 1967;
Woeber, 1971; DeRubertis et al., 1973; Goretzki et al., 1983). Altered thyroid
hormone metabolism was also seen with fasting (Vagenakis et al., 1975;
Vagenakis et al., 1977; Azizi, 1978; Balsam et al., 1978; Eisenstein et al., 1978;
Kaplan et al., 1978; Suda et al., 1978; Gavin et al., 1987; LoPresti et al., 1991), the
stress of exercise (Irvine, 1968), myocardial infarction, cerebral infarction (McLarty
et al., 1975) and other critical illnesses (Peeters et al., 2006).

2.3.4.1$$$DeiodinaseN1$(D1)$
D1 function is diminished during illness and primarily contributes to impaired
clearance of T4S and rT3 (Chopra et al., 1987; Ozawa et al., 1988; Boelen et al.,
2004c; Olivares et al., 2007). T3 declines before the decrease in D1 activity
(Kwakkel et al., 2008). Liver tissue sampled from ICU patients had low D1 activity
which correlated with serum T3:rT3 and T3:T4, inversely correlated with serum
T4S and liver rT3 but did not correlate with serum T3 or T4 (Peeters et al., 2003;
Peeters et al., 2005a; Peeters et al., 2005b; Peeters et al., 2005c; ThijssenTimmer et al., 2007). Skeletal muscle and adipose tissue from a group of septic
patients in ICU had little change in D1 activity (Rodriguez-Perez et al., 2008).

2.3.4.2$$$DeiodinaseN2$(D2)$
D2 is 700 times more efficient than D1 at deiodinating T4 and contributes most of
the extra-thyroidal T3. In ICU patients, expression and activity of D2 is reduced,
and is related to the extent of T3 decrease (Peeters et al., 2003; Rodriguez-Perez
et al., 2008). D2 is usually inhibited by T3, but with prolonged illness, may be
upregulated as a compensatory response to persistently low T3 (Mebis et al.,
2007; Kwakkel et al., 2008; Heemstra et al., 2009; Kwakkel et al., 2009).
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2.3.4.3$$$DeiodinaseN3$(D3)$
D3 deiodinates T3 (to T2) and T4 (to rT3). D3 activity is not normally detected in
healthy tissue but is significantly increased during illness. In animal models of
disease, D3 is up-regulated and is associated with decreased levels of T3 in
serum and other tissue (Chopra et al., 1987; Li et al., 2001; Wassen et al., 2002;
Olivares et al., 2007; Debaveye et al., 2008b; Kwakkel et al., 2009). In critically ill
humans, upregulation of D3 in liver and skeletal muscle is proportional to severity
of disease and correlates with serum and tissue rT3 levels (Peeters et al., 2003;
Peeters et al., 2005b; Peeters et al., 2005c; Rodriguez-Perez et al., 2008).
However, D3 is not singularly responsible for the hormonal changes during NTIS.
Up-regulation of D3 would be expected to increase T2, but this is not universally
seen during illness (Pinna et al., 1998; Debaveye et al., 2008b). Furthermore, T3
levels still fall following infection in D3-KO mice (Boelen et al., 2009).
Upregulation of D3 during illness may have other physiological advantages.
Hypoxia-inducible factor (HIF) promotes D3 gene expression, favouring T3
clearance and possibly limiting excessive cellular metabolism (Simonides et al.,
2008). Activated inflammatory cells also express D3, leading to local deiodination
and bacteriocidal effects of liberated iodide (Siegel et al., 1964; Boelen et al.,
2005; Boelen et al., 2008; Boelen et al., 2009).

2.3.4.4$$$Factors$that$may$Alter$Thyroid$Hormone$Metabolism$
It is not clear what mediates changes to the deiodinase enzymes during illness. A
circulating “inhibitor of deiodination” was noted in the serum of ICU patients
(Chopra et al., 1985a; Lim et al., 1993b; Vos et al., 1995) and cytokines were
thought most likely to be responsible. Some have reported that IL-6 has a dosedependent effect on inhibiting D1 and D2 activity while stimulating D3 expression
and enzyme activity (Boelen et al., 1997; Yu et al., 2000; Wajner et al., 2011), but
others have reported no such effect (van Haasteren et al., 1994; Boelen et al.,
1995; Boelen et al., 1996a; Hosoi et al., 1999; Jakobs et al., 2002). IL-1 and TNFα
have a less convincing effect on thyroid hormone metabolism (Dubuis et al., 1988;
Ozawa et al., 1988; Fujii et al., 1989; Pang et al., 1989b; Hermus et al., 1992;
Sweep et al., 1992; Lim et al., 1993b; van Haasteren et al., 1994; Boelen et al.,
1995; Boelen et al., 1997; Hosoi et al., 1999; Jakobs et al., 2002).
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Medications may contribute to altered deiodination during illness. Propranolol (but
not other β-blockers) and amiodarone impair deiodination (Balsam et al., 1978;
Wenzel 1981; Pedersen et al., 1984; Ascheim et al., 2002). Phenytoin and
carbamazepine can induce hepatic deiodinases (Cavalieri et al., 1979), while
thiopentone is structurally similar to PTU and may inhibit D1 (Oyama et al., 1969).
Oral iodinated radiological contrast can provoke low T3 and increased rT3 but
there is no evidence this occurs with intravenous contrast (Beng et al., 1980;
Gartner et al., 2004). Exogenous insulin appears to have little effect on deiodinase
activity (Peeters et al., 2003; Heemstra et al., 2009).
Deiodinase enzyme function may also differ with changes in temperature
(Wartofsky et al., 1982). In hospitalised patients and healthy volunteers, serum T3
and rT3 differed in proportion to the changes in body temperature (Ljunggren et
al., 1977; Epstein et al., 1979; Kallner et al., 1979).

2.3.5( Corticosteroids(
It remains controversial whether the adrenocortical axis plays a role in NTIS. A
strong inverse relationship between cortisol and T3 has been reported in patients
with sepsis (Kallner et al., 1979), acute myocardial infarction (Kahana et al., 1983),
and after major surgery (Girvent et al., 1998; Michalaki et al., 2001). Furthermore,
stressed rats develop thyroid hormone changes typical of NTIS but not if they have
been previously adrenalectomised (Bianco et al., 1987).
Administered corticosteroids can promptly decrease serum T3 and increase rT3 in
euthyroid volunteers, hyperthyroid patients and hypothyroid patients on T4 therapy
(Duick et al., 1974; Chopra et al., 1975d; Burr et al., 1976; Degroot et al., 1976;
Balsam et al., 1978; Azukizawa et al., 1979; Gamstedt et al., 1979; Cavalieri et al.,
1984; Kaptein et al., 1992). However others have reported a poor correlation
between cortisol and T3, and found corticosteroid administration did not alter
serum or tissue T3 levels (Brandt et al., 1976; Loh et al., 1995; Monig et al., 1999;
Peeters et al., 2005b; Peeters et al., 2005c).
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Corticosteroids may alter the central regulation of thyroid hormones, protein
binding and deiodination. Exogenous or endogenous cortisol can suppress TSH
secretion, TRH mRNA expression, reduce TSH pulsatility and limit the pituitary
response to TRH (Wilber et al., 1969; Nicoloff et al., 1970; Otsuki et al., 1973; Re
et al., 1976; Kemppainen et al., 1983; Brabant et al., 1987; Benker et al., 1990;
Bartalena et al., 1991; Samuels et al., 1994; Samuels et al., 1997; Alkemade et al.,
2005). Although it appears that cortisol can suppress the hypothalamus and
pituitary, patients on long term corticosteroid therapy usually have normal TSH
and thyroid hormone levels (Brabant et al., 1989).
Corticosteroids do not alter the amount of circulating TBG but may modify protein
binding and impair transfer from the circulation (Kumar et al., 1968; Nicoloff et al.,
1970; Duick et al., 1974; Burr et al., 1976; Cavalieri et al., 1984; Kaptein et al.,
1992). D1, D2 and D3 expression can be increased by corticosteroids but enzyme
activity has been variably reported as increased or decreased (Cavalieri et al.,
1984; LoPresti et al., 1989a; Davies et al., 1996b; Kim et al., 1998; Van der
Geyten et al., 1999). Steroids do not appear to alter thyroid receptor expression
(Thijssen-Timmer et al., 2007).
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2.4(

Thyroid(Hormone(Treatment(in(NonUThyroidal(Illness(

In patients with severe hypothyroidism, thyroid hormone replacement leads to
prompt

resolution

of

vasopressor-resistant

hypotension

and

multi-organ

dysfunction (Holvey et al., 1964; Kaptein et al., 1986). Whether thyroid hormone
replacement has similar beneficial effects in NTIS has been studied in several
different diseases.
Thyroid hormone replacement for patients with hypothyroidism is usually provided
in the form of T4; however, this is unsuitable for NTIS given that serum T4 levels
are usually normal and that altered deiodination favours production of rT3.
Consequently, most studies of thyroid hormone replacement during illness have
provided T3.

2.4.1( Weight(Loss(
T3 treatment for obesity has been the focus of early research. In small trials, T3
treatment appeared to increase weight loss, heart rate, cardiac contractility, O2
consumption, metabolic rate, and catabolism of protein, fat and glucose (Bray et
al., 1971; Bray et al., 1973; Carter et al., 1975; Osburne et al., 1983; Welle et al.,
1986). In contrast, others found that short-term T3 during calorie restriction did not
alter weight loss, metabolic rate or protein catabolism (Burman et al., 1979b;
Gardner et al., 1979; Moore et al., 1980; Schwartz et al., 1980; Pasquali et al.,
1984; Byerley et al., 1996). Meta-analysis of T3 therapy studies in obesity,
revealed no effect on amino acid excretion, with a negative nitrogen balance
reported in only one study (Kaptein et al., 2009).

2.4.2( Cardiac(Disease(
In hypothyroid patients, T3 rapidly improves cardiac function even before
normalisation of TSH (Ridgway et al., 1980; Ladenson et al., 1983).
Pre-clinical studies have tested the acute effects of T3 on the heart. In isolated
ischaemic rabbit hearts, T3 increased LV systolic pressure and decreased
diastolic pressure (Dyke et al., 1991; Kadletz et al., 1994; Klemperer et al., 1995b).
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Following myocardial infarction in dogs, T3 administration produced a dosedependent increase in cardiac index, reduced pulmonary artery and central
venous pressures, and did not change HR (Novitzky et al., 1991; Yokoyama et al.,
1992). These haemodynamic effects occur without an increase in coronary flow,
myocardial O2 consumption or ATP levels (Holland et al., 1992; Dyke et al., 1993;
Hsu et al., 1995). In tachycardia-induced cardiomyopathy, T3 treatment increased
Ca2+ flux, reduced LV-diastolic pressure and increased stroke volume without
changes in HR (Jamall et al., 1997; Timek et al., 1998).
In humans, an open-label study of oral T4 (100 µg/day for one week) in 20
patients with idiopathic cardiomyopathy suggested that thyroid hormone treatment
increased ejection fraction (EF) and contractility without change in HR. This was
accompanied by a higher global O2 consumption and improved exercise tolerance
without adverse effects (Moruzzi et al., 1994). A subsequent randomised blinded
study of T4 for three months in 20 patients supported these findings (Moruzzi et
al., 1996).
T3 has since been tested in humans as a treatment for cardiac failure. An openlabel dose-finding study conducted in 23 patients being assessed for cardiac
transplant suggested that T3 treatment increased cardiac output in a dose
dependent manner. There was no change in blood pressure, HR, metabolic rate,
catecholamine levels or other adverse effects (Hamilton et al., 1996; Hamilton et
al., 1998). T3 was then tested in an open-label trial of 20 patients who had dilated
cardiomyopathy (EF < 40%, LV end-diastolic diameter > 56mm), optimised
medical therapy and low T3 on two consecutive measurements (Pingitore et al.,
2008). Patients were randomised to receive either placebo or T3 therapy, adjusted
to maintain serum levels in the normal range. The T3 group developed increased
stroke volume and end-diastolic volume, without change in blood pressure, cardiac
output or SVR. HR was reduced and there were lower levels of plasma
catecholamines, aldosterone and BNP. There were no arrhythmias or myocardial
ischaemia. While this suggested benefit with T3, the study was small, un-blinded
and did not describe the randomisation process.
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2.4.3( Cardiac(Surgery(
2.4.3.1$$$PreNclinical$Cardiac$Surgery$Studies$
There have been a number of animal studies suggesting that T3 replacement
following CPB may enhance cardiac function. Observational studies of pigs on
CPB, suggested T3 may increase cardiac output, contractility, Mean Arterial
Pressure (MAP), improve tolerance to hypoxia and enhance survival (Novitzky et
al., 1988c). In dogs, T3 administration appeared to increase contractility and
coronary blood flow without increasing O2 consumption (Klemperer et al., 1995b).
These studies were small and were not blinded or randomised.
In placebo-controlled trials, T3 increased myocardial ATP and decreased lactate in
baboons on CPB (Novitzky et al., 1988b). In pigs, T3 increased LV function and
enhanced weaning from CPB without increasing myocardial ATP (Dyke et al.,
1993). Again, the effects of T3 were only seen in ischaemic myocardium and
suggests that mechanisms other than ATP provision is involved. Myocytes isolated
from pigs subject to CPB and given T3, had greater shortening, velocity of
contraction, relaxation, and responsiveness to isoprenaline (Walker et al., 1995b,
1995c). These studies supported a potential benefit of T3 following CPB.

2.4.3.2$$$Adult$Cardiac$Surgery$
The first report that thyroid hormone may improve outcomes after cardiac surgery
described 10 patients that had a reduction of inotrope dose following T4
administration (Novitzky et al., 1989b). In an observational study of 68 high-risk
cardiac surgical patients, T3 administered for three days was reported to reduce
mortality (Novitzky et al., 1996); however, mortality rates were compared to
historical controls, and the T3 dose and serum levels were not reported. T3 was
again claimed to provide benefit, when 11 high-risk cardiac surgery patients were
given a “package” of T3, methylprednisolone, insulin, aspartate, glutamate,
retrograde cardioplegia, balloon pump, ultrafiltration and delayed sternal closure
(Cimochowski et al., 1997). Case series have also reported beneficial effects of T3
on weaning from CPB and improved cardiac function after transplant (Malik et al.,
1999; Carrel et al., 2002).
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The first placebo controlled clinical trial of T3 in cardiac surgery was conducted in
24 patients with poor LV function (EF < 30%) having coronary artery bypass graft
(CABG) surgery. T3 serum levels were briefly increased with hormonal therapy
and this group required less post-operative dobutamine and diuretics (Novitzky et
al., 1989a). When the study was repeated in 24 patients with good LV function (EF
> 40%), the T3 group developed higher cardiac output without the need for
inotropes. Three further small studies of T3 in low-risk CABG patients, all reported
no effect on MAP or HR but only one reported an increased cardiac output (Teiger
et al., 1993; Vavouranakis et al., 1994; Spratt et al., 2007). There were no adverse
effects of T3 in any of these clinical studies.
The first large scale randomised controlled trial (RCT) of T3, studied 142 patients
having CABG with poor pre-operative LV function (EF < 40%) (Klemperer et al.,
1995a). Patients were randomly allocated to receive blinded T3 or placebo for 12
hours. Study endpoints were inotrope requirement, haemodynamic indices and
mixed venous saturation over the first 16 hours following CPB. The groups were
evenly matched at baseline and the T3 group developed supra-normal serum
hormone levels for 24 hours. There was no difference between groups in inotrope
requirement (number of patients receiving inotropes, total dose, duration of
therapy), but the T3 patients developed a higher cardiac index (L/min/m2; 3.0 ± 0.7
vs. 2.7 ± 0.6, p<0.01) and lower systemic vascular resistance index (SVRI) during
the first six hours after CPB. There was no difference in mixed venous saturation,
HR, arrhythmias, ventilation hours or hospital length of stay. With only seven
deaths, the study was underpowered to determine an effect of T3 on mortality.
In a post-hoc study, the incidence of AF during the first five post-operative days
was reduced in the group receiving T3 (24% vs. 46%, p < 0.01) (Klemperer et al.,
1996). Although treatment for AF was lower in the T3 group, hospital length of stay
was unchanged. Serum T3 levels were the same for both groups after the first 24
hours, thus any benefit may represent a delayed effect of thyroid hormone. The
manufacturer of parenteral T3 funded this study and it was unclear if the analysis
was undertaken blinded to study group allocation.
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A further clinical trial was conducted in 211 elderly (> 65 years) high-risk patients
(EF < 40% or repeat cardiac surgery) undergoing CABG (Bennett-Guerrero et al.,
1996). In this three-arm study, patients were randomly allocated to receive T3, DA
or placebo for 12 hours following CPB. Primary outcome was inotrope
requirement. Serum T3 levels fell in the DA and placebo groups, and were
elevated in the T3 treatment group. T3 therapy had no effect on any
haemodynamic variable and did not reduce the need for inotropes. Using
multivariate regression analysis considering age, LV function and operative
factors, there was still no effect of T3 on inotrope use. Ventilation time, ICU length
of stay and adverse events did not differ between groups.
T3 therapy was again tested in a randomised controlled trial of 177 patients
undergoing CABG (Mullis-Jansson et al., 1999). In the first 12-hours following
CPB, the T3 group had a significantly higher cardiac index and required less
inotropic therapy. The T3 group had no difference to HR or arrhythmias, but was
less

likely

to

develop

post-operative

myocardial

ischaemia,

pacemaker

dependence or require mechanical supports. The study was underpowered to note
a significant mortality benefit and unfortunately T3 serum levels were not reported.
The largest trial of T3 in cardiac surgery was a 2 x 2 factorial study of 440 CABG
patients randomised to T3 and / or glucose-insulin-potassium (GIK) (Ranasinghe
et al., 2006). The primary endpoint was cardiac index in the first 12 post-operative
hours. The GIK, T3 and GIK + T3 groups all developed a higher cardiac index
post-operatively despite no difference in use of inotropes. There was no difference
in O2 consumption, AF, length of stay or mortality. Again, T3 serum levels were not
reported, so it is unclear how clinical effect may relate to serum levels.
Oral T3 therapy was trialled in an RCT of 80 patients undergoing CABG with a
poor LV (EF < 30%). Daily dosing of T3 commenced one week prior to surgery
and continued until hospital discharge. This regimen normalised serum T3 levels
and suppressed TSH. The T3 group developed higher cardiac index, unchanged
MAP and required shorter ICU length of stay with less need for inotropes and
balloon pumps (Sirlak et al., 2004). A similar study of oral T3 for patients
undergoing cardiac valve surgery did not show any benefit, but the dosing regimen
only briefly restored serum T3 levels (Choi et al., 2009).
51

Meta-analysis of the cardiac surgical RCTs concluded that T3 appears to increase
cardiac output but has not reduced inotrope requirement and has no effect on
length of stay or mortality (Kaptein et al., 2010). Despite earlier concerns that T3
therapy may be dangerous, none of the RCTs reported a change to HR, oxygen
consumption or AF.

2.4.3.3$$$Paediatric$Cardiac$Surgery$
T3 was tested in an RCT of 40 children undergoing cardiac surgery (Bettendorf et
al., 2000). All children received DA for inotropic support and the study drug was
continued until DA was ceased. Serum T3 was low in the placebo group and
increased in the T3 treatment group. The T3 group developed a higher cardiac
index and lower therapeutic intervention score but there was no difference in
ventilation time or ICU length of stay. This study enrolled a very heterogeneous
group of children and did not have a primary endpoint. In a subsequent open label
trial of 28 children having cardiac surgery, T3 did not alter inotrope dose,
therapeutic intervention score, ventilation time or length of stay (Chowdhury et al.,
2001). In post-hoc analysis, T3 appeared to have greater efficacy in neonates and
infants and subsequent clinical trials have tested T3 in this group of patients.
A placebo-controlled trial in 14 infants undergoing surgery for ventricular septal
defect, reported that the T3 group developed increased cardiac performance (peak
pressure x heart rate) but with no difference in the amount of DA required
(Portman et al., 2000). In an RCT of 42 neonates undergoing cardiac surgery, T3
improved a composite clinical score (time to negative fluid balance, time to
extubation, time to sternal closure) without altering HR, pH, O2 consumption,
inotrope requirement or length of stay (Mackie et al., 2005).
The largest trial of T3 in paediatric surgery enrolled 196 children aged less than
two years in a multi-centre trial (TRICC trial) (Portman et al., 2010). There was no
effect of T3 on extubation time (primary endpoint), HR, MAP, inotrope score,
adverse effects or death. T3 treatment increased serum levels only for 12 hours
following surgery and this may account for lack of efficacy. When analysed by age,
infants less than five months randomised to receive T3 had shorter extubation time
and a lower inotrope score. This suggests an age-specific effect of T3 therapy.
52

2.4.4( Haemorrhagic(Shock(
The effect of T3 therapy has been investigated in a dog model of haemorrhagic
shock. Dogs were bled to a MAP of 40 mmHg for 90 minutes and given T3 or
placebo. T3 dogs maintained a slightly higher cardiac output and MAP with a
significantly lower mortality after three days (Shigematsu et al., 1987). T3 levels
were not measured and the study was un-blinded. This study was repeated
comparing the effect on T3 and T4 in thyroidectomised shocked dogs. T4 exerted
no haemodynamic effect while T3 improved cardiac output without altering HR or
O2 consumption (Dulchavsky et al., 1993b).

2.4.5( Renal(Disease(
In animal studies of acute kidney injury, T3 or T4 administration increased inulin
clearance, increased renal cortex Na+/K+-ATPase, reduced fractional Na+
excretion, preserved renal ATP and maintained normal cell morphology (Siegel et
al., 1984; Cronin et al., 1985; Sutter et al., 1988; Seiken et al., 1994).
The effect of T4 therapy on renal function has been tested in a blinded RCT in 59
ICU patients with renal dysfunction (defined as a doubling of serum creatinine in
24 hours) (Acker et al., 2000). At baseline, all patients had low T4 and elevated
rT3. Therapy with T4 did not alter the need for dialysis, time on dialysis or time to
renal recovery. Mortality was higher in the T4 treatment group (43% vs. 13%, p <
0.01), but deaths occurred after many weeks and the mortality rate in the placebo
group was lower than expected. As discussed earlier, T4 is not the most suitable
thyroid hormone to test in early NTIS.
T3 therapy has been studied in an RCT of 38 renal transplant patients with
delayed graft function. These patients had low T3, high rT3 and normal TSH at
baseline. The T3 treatment group had no difference in the number requiring
dialysis, dialysis duration, time to recovery, length of stay or graft survival at one
year (Acker et al., 2002). However, T3 levels were restored to normal for only six
hours and by 24 hours had declined to sub-normal baseline levels.
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2.4.6( Respiratory(Disease(
Thyroid hormone stimulates pulmonary surfactant synthesis and may be beneficial
in lung disease. In an open label, non-randomised trial of T3 in 44 premature
neonates, FiO2 requirement was lower in the group of newborns that received T3
(Amato et al., 1989). However, there was no difference in mortality, arterial O2
concentration, duration of ventilation, or complications of neonatal lung disease.
T3 appeared safe, as HR, blood pressure and temperature were no different
between the groups of neonates.
Low thyroid hormone may also contribute to prolonged mechanical ventilation of
ICU patients. The diminished ventilatory response to hypoxia and hypercapnoea of
hypothyroidism can be rapidly reversed by T3 replacement (Zwillich et al., 1975;
Ladenson et al., 1983; Ambrosino et al., 1985). A case series of four patients
requiring prolonged mechanical ventilation were noted to have low serum T4 and
weaning occurred quickly once thyroxine was administered (Pandya et al., 1989).

2.4.7( Sepsis(
Hypothyroid septic rats, have improved O2 consumption and survival following
replacement of T4 (Reichlin et al., 1958; Moley et al., 1984). When tested in
euthyroid septic rats, T4 therapy was reported to increase mortality (Little, 1985b).
However in this un-blinded study, hormone levels were not altered by T4 therapy
and the number of deaths in each group actually did not differ significantly (T4
mortality 21/23 vs. placebo mortality 19/23).
Several animal studies have reported beneficial effects of providing T3. Following
sepsis induced lung injury in rats, T3 treatment maintained surfactant composition,
reduced pulmonary oedema and improved pulmonary compliance but had no
effect on respiratory rate, blood gases or mortality (Dulchavsky et al., 1991;
Dulchavsky et al., 1993a; Dulchavsky et al., 1995; Ksenzenko et al., 1997; Raafat
et al., 1997). In other septic rat studies, T3 increased myocardial contractility
(Davidson et al., 1996), increased antithrombin-III levels (Chapital et al., 2001),
maintained gut barrier function (Yang et al., 2003), and reduced bacterial cell
counts following peritonitis (Inan et al., 2003). While these results support a
therapeutic effect of T3 replacement, all studies were small and un-blinded.
54

Despite the strong relationship between sepsis and NTIS (Ch. 2.2.5.1) and the
encouraging pre-clinical results of T3 therapy, there have been no controlled trials
in septic patients. The only investigation of T3 therapy in human sepsis was an
observational study in 11 patients with septic shock who required mechanical
ventilation and DA infusion (Hesch et al., 1981). These patients all had low T3, low
T4 and elevated rT3. Infusion of T3 increased serum levels and was associated
with improved MAP and reduction of DA dose. Although four of these critically ill
patients died, the study suggested T3 may provide early haemodynamic benefit
and appears to be safe in septic shock.

2.4.8( Cerebral(Hypoxia(
T4 administered to dogs improved neurological function 12 hours following
transient cerebral hypoxia, but did not alter temperature, heart rate, blood
pressure, glucose, pH, urine output or survival (Facktor et al., 1993). T3 and rT3
infusion did not alter neurological recovery or any other physiological parameter in
these animals (Whitesall et al., 1996; D'Alecy, 1997).

2.4.9( Brain(Death(/(Organ(Donation(
Animal studies of brain death have suggested combinations of T3, T4,
corticosteroids, insulin and vasopressin improved renal function, myocardial
energy stores and reduced need for inotropes (Wicomb et al., 1986; Novitzky et
al., 1987b; Hing et al., 2007). When T3 alone was tested, metabolism of glucose,
lactate and fatty acids increased (Novitzky et al., 1988a) but haemodynamics,
renal and hepatic function did not alter (Washida et al., 1992; Meyers et al., 1993).
In a rat model of heart transplant, hearts pre-treated with T3 developed greater
systolic and diastolic function but did not improve animal survival (Votapka et al.,
1996).
Based on these studies, combination hormone resuscitation following brain death
was proposed to enhance cardiac output and increase yield of transplantable
hearts (Novitzky et al., 1987a; Taniguchi et al., 1992; Salim et al., 2001). This was
further supported in a retrospective cohort study of 171 brain-dead children, where
T4 was used at clinician discretion in 91 patients and was associated with lower
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vasopressor requirements (Zuppa et al., 2004). However all of these studies were
un-blinded, uncontrolled, compared outcomes only to historical cases, and used
other therapies beside thyroid hormones.
Higher quality clinical trials of T3 in brain death have been conducted. In an RCT
of 25 consecutive organ donors, T3 administered prior to organ procurement
caused no difference in donor MAP, inotrope dose, fluid requirement, temperature,
biochemistry and did not alter outcomes in the recipients of liver transplant
(Randell et al., 1992).
Similarly, in a blinded study of 37 organ donors, a single dose of T3 had no effect
on haemodynamics, inotrope dose, O2 consumption or echocardiographic
parameters after 30 minutes or six hours, even in those with poor LV function
(Goarin et al., 1996).
Larger doses of T3 were then tested in a blinded controlled study on 52 organ
donors. Serum T3 levels were markedly increased in the treatment group. While
serum lactate decreased following T3, there was no change in cardiac output, O2
extraction or high-energy phosphate concentrations (Perez-Blanco et al., 2005).
Finally, a 2 x 2 factorial designed randomised and blinded study was undertaken
to determine the effect of T3 and / or methylprednisolone treatment in brain dead
potential heart donors (Venkateswaran et al., 2009). The primary endpoint was
cardiac index at time of organ procurement and the study was powered to detect a
difference of 0.7 L/min/m2 with 19 donors in each group. T3 treatment increased
serum levels but did not alter cardiac index and organ donation rates were
unchanged.
Meta-analysis of studies reporting the effect of T3 or T4 on brain dead potential
organ donors highlighted the different conclusions based on the study design
(Macdonald et al., 2012). All the non-randomised case series studies concluded
that thyroid hormone was beneficial, but when tested in blinded RCTs, no effect
has been noted.
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2.4.10(((Other(Groups(of(Critically(Ill(Patients(
In a study of 100 premature neonates requiring ICU, with alternate children
administered a daily dose of T3 + T4 or placebo, mortality rates were significantly
lower in the group of newborns given thyroid hormones (7% vs. 29%, p < 0.01)
(Schonberger et al., 1979). Unfortunately, no other outcomes were reported and
the study was not blinded.
Small RCT’s in patients with severe burns found that T3 did not alter metabolic
rate or serum catecholamines (Becker et al., 1980a; Becker et al., 1982). No other
outcomes were measured in these studies.
A clinical trial of T4 was undertaken in 23 adult ICU patients who had low serum
total-T4 (Brent et al., 1986). In this open-label study, 11 patients received T4 and
12 received placebo. Overall mortality rate was 74% with no difference between
the T4 and placebo group. The T4 treatment group develop higher rT3, but serum
T4 did not increase until day five and was within normal range by day 13. T3 levels
were unchanged by T4 treatment and remained low in both groups throughout the
study. This study concluded that T4 treatment is ineffective and “the excess
catabolism reported by others should be sufficient to discourage similar treatment
of these patients”. This has often been quoted as the reason why thyroid
hormones should not be used in ICUs. Clearly this study did not test T3
replacement, had very high mortality, enrolled patients with different diseases, was
underpowered, open-label, non-randomised, and serum levels were not restored
for many days. Despite the negative conclusions, this study did not identify any
adverse effects of thyroid hormone therapy.
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2.5(

Should(T3(be(Replaced(in(Septic(Shock?(

Sepsis is one of the most common diseases necessitating care in an ICU. In
Australia / New Zealand, sepsis accounts for 10% of admissions to ICU and has a
hospital mortality rate of 18 – 35% (Kaukonen et al., 2014). Mortality rates have
been higher in earlier studies and in other parts of the world (Padkin et al., 2003;
Finfer et al., 2004; Vincent et al., 2006). Despite timely identification, resuscitation,
source control, antibiotics and intensive organ support, a septic patient’s condition
may deteriorate progressing to multi-organ dysfunction and death.
Patients with septic shock share many clinical similarities to hypothyroid patients.
Both conditions typically feature resistance to vasoactive medications, diastolic
dysfunction, impaired cognition, fluid retention, effusions, anaemia, glucose
intolerance, mucosal atrophy, slowed gastric transit and immunological anergy
(Van den Berghe et al., 1998b). Replacement of T3 in patients with severe
hypothyroidism leads to prompt resolution of their multi-organ dysfunction (Holvey
et al., 1964; Kaptein et al., 1986) and septic patients with NTIS may similarly
benefit.
It has been proposed that, “severely ill septic patients with multi-organ dysfunction
have a number of metabolic and cardiovascular changes that may in part be
explained by reduced level of thyroid hormones. A decreased O2 consumption of
the total body and in single organs like skeletal muscle can be related to low
thyroid hormone levels” (Baue et al., 1984). Restoring T3 levels may increase in
O2 consumption, which may be beneficial during sepsis.
Given the strong association of NTIS with the severity of sepsis (Ch. 2.2.5.1), the
importance of T3 for normal organ function (Ch. 1.9) and the physiological
plausibility that T3 replacement may be beneficial, it is surprising that there have
been relatively few studies to determine effects of T3 replacement in septic shock
(Ch. 2.4.7).
Further research in this field has been limited partly due to the controversy of T3
therapy during critical illness. There has been strong opinion that the decline in T3
is an important beneficial adaptation to illness and a mechanism to limit metabolic
demands (Utiger, 1980, 1995; Wartofsky et al., 1999; Stathatos et al., 2001).
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Furthermore, proposals to test T3 replacement have been countered with
“concerns about negative effects on protein and fat metabolism, adverse effects
on myocardium from synergism between T3 and high levels of catecholamines,
increased O2 demand on coronary circulation with vascular spasm, arrhythmias
and death” (Burman et al., 2001).
Conversely, others have concluded that “there is little convincing evidence that low
T3 is physiologically beneficial” and assuming low T3 to be an adaptive response
in critical illness is a “dangerous dogma” (De Groot, 1999, 2006). The “teleological
excuse” for low T3 may not apply to the critically ill patient in an ICU who is
deteriorating despite receiving definitive treatment and optimised organ support
(Fliers et al., 2001). Despite the lack of clear evidence regarding the effect of T3
replacement, some clinicians are already using T3 for ICU patients with multiorgan dysfunction (Peeters et al., 2003; Van den Berghe et al., 2006).
It has also been proposed that T3 therapy requires co-administration of
hydrocortisone (HC). This is based on the possibility that some patients with
clinical hypothyroidism and severe organ dysfunction could have concurrent
adrenal insufficiency (e.g. Schmidt’s syndrome) (Kronenberg et al., 2008). T3
replacement may also increase metabolic clearance of cortisol and the ability of
the adrenal axis to compensate may be limited in septic shock. Given that septic
shock may also be associated with a state of relative cortisol insufficiency, some
have recommended co-administration of HC with T3 therapy in ICU patients
(Caplan, 1999).
There have been no controlled clinical trials to determine the need to administer
HC with T3. A case series of seven patients with myxoedema coma and
catecholamine resistant hypotension noted rapid clinical improvement after thyroid
hormone replacement. None of these patients developed features of cortisol
deficiency and concluded that “steroid therapy is probably not required — although
it appears not to add to the risks of the disease” (Holvey et al., 1964). The only
controlled study was in adrenalectomised rats, where T3 replacement increased
K+-channel mRNA only when dexamethasone was co-administered (Nishiyama et
al., 1997). The clinical significance of this finding is unknown.

59

Given the burden of disease from sepsis, the marked association of low T3 with
mortality, the physiological plausibility that T3 replacement may provide benefit
and polarised opinions regarding the appropriateness of hormone replacement
during NTIS, the role of T3 therapy in septic shock needs to be investigated in a
well-controlled clinical trial (Chopra, 1997; McIver et al., 1997; Burman et al., 2001;
Mebis et al., 2006). Nevertheless, strongly held concerns regarding the safety of
T3 replacement during critical illness, uncertainty about dose, timing of
administration and whether it needs to be co-administered with hydrocortisone
limit progress straight to a clinical trial. A suitably designed pre-clinical trial will
clarify a number of these questions and allow study of the effect of T3 therapy in
septic shock.

2.6(

Summary(

Non-Thyroidal Illness Syndrome (NTIS) typically involves an early decrease of
serum T3 and reciprocal increase in rT3. These changes occur during most
diseases and are most marked in sepsis. Although disturbance to all components
of the thyroid axis may contribute to NTIS, altered deiodination accounts for most
of the early changes in thyroid hormones.
While T3 replacement leads to rapid recovery in severely hypothyroid patients, its
role in NTIS is unclear. Most clinical trials have been conducted in patients
following cardiac surgery where T3 appears to slightly increase cardiac output but
with no other obvious effect. Low T3 levels may contribute to the multi-organ
dysfunction of sepsis and the effect of T3 replacement in this disease requires
further investigation. Concerns regarding the safety of T3 replacement in critical
illness and the need for co-administration with HC require testing in a pre-clinical
study.
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Chapter(3:((Development(and(Validation(of(an(Ovine(
Model(of(Septic(Shock(

3.1(

Introduction(

Large animal models of septic shock are required to test efficacy and safety of
new therapies; however, most animal models bare little resemblance to the clinical
scenario, and to date, translation of these studies to supportive clinical trials has
been universally disappointing. To study the physiological effects of T3 therapy in
the NTIS of septic shock, a clinically relevant, ovine model of sepsis was
developed. This model replicates many of the pathophysiological features of a
human in ICU with septic shock, has an appropriate mortality rate and reproduces
early thyroid hormone changes. To ensure the physiological changes observed
were due to sepsis, groups of septic and non-septic sheep were studied to validate
the model over time.

3.2(

Sepsis(Models(

Unfortunately, most new medical therapies that have been safe and effective in
animal models have not translated into clinical benefit for humans (Hackam et al.,
2006). This is particularly noteworthy in trials of sepsis therapies, where all positive
pre-clinical studies have progressed to negative or even harmful human clinical
trials (Eidelman et al., 1994; Esmon, 2004; Marshall et al., 2005; Dyson et al.,
2009; Opal et al., 2009). The lack of successful translation from pre-clinical sepsis
trials partly reflects limitations of the animal models.
There has been a vast range of animal models of sepsis. These have varied
according to the species of animal, source of sepsis, duration of the study, severity
of sepsis, supportive therapies provided, mortality of the model and the endpoints
measured (Fink et al., 1990; Piper et al., 1996; Parker et al., 2001; ZanottiCavazzoni et al., 2009). The clinical relevance of animal models to the clinical
setting has been questioned.
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Most pre-clinical sepsis studies have utilised small animals (e.g. rats, mice). These
animals are readily available, relatively inexpensive, easy to handle and can be
standardised genetically. Large numbers can be studied and are often used to
determine mortality rates. Due to their small size and limited blood volume, smallanimal models do not allow multiple physiological parameters to be analysed
simultaneously. Large-animal models (e.g. sheep, pigs, dogs, primates) allow a
range of physiological parameters to be monitored concurrently. Larger blood
volume allows frequent sampling and their size allows supportive care similar to
that used for humans. Large animal studies are expensive and study groups are
relatively small.
Most models of sepsis have studied young animals, mainly due to their availability
and ease of handling. However, the incidence and mortality of human sepsis is
highest with increasing age (Angus et al., 2001). Older animals (including humans)
have a greater cytokine response than younger animals (Turnbull et al., 2003) and
some sepsis therapies have been efficacious only in older animals. The age of
animals studied should reflect the age of septic humans.
A significant limitation with previous animal models of sepsis has been the lack of
supportive therapies provided. The ICU interventions provided to patients with
severe sepsis, such as ventilation, sedation, fluids and vasopressors, may all
affect septic pathophysiology. New therapies should be tested in “managed
models” of sepsis that incorporate these interventions (Fink et al., 1990;
Riedemann et al., 2003; Buras et al., 2005; Poli-de-Figueiredo et al., 2008; Dyson
et al., 2009). Failing to replicate the clinical setting will limit the validity of preclinical studies and impair translation to a clinical trial.
An animal model of sepsis should have a relevant mortality rate. Meta-analysis of
animal sepsis trials reveals an overall mortality rate of 88% (Eichacker et al., 2002)
which is much higher than the 18 – 35% mortality rate of septic patients in an ICU
(Vincent et al., 2009; Kaukonen et al., 2014). Most new therapies have appeared
promising in highly lethal animal models, and their failure to translate to human
studies may be due to the difference in sepsis severity and mortality.
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Sepsis is a very heterogenous condition. It can range from a fulminant rapidly
lethal disease to a more protracted illness leading to only minor decline in organ
function. The severity of sepsis and pattern of disease depends on many variables
including: site of infection, type and amount of infecting microorganism, host
immune competency, pre-existing organ function and timing of definitive treatment.
No single model replicates this range of sepsis syndromes and animal models
need to reflet the clinical scenario that a therapy would be tested in.

3.2.1( Sheep(as(a(Model(of(Human(Sepsis(
One of the hallmarks of severe sepsis in humans is hyperdynamic shock with
arteriolar vasodilation and an accompanying increase in cardiac output (Dellinger
et al., 2013a). Unlike most other animals, sheep (Ovis aries) develop a
cardiovascular response to infection that is very similar to humans. Septic sheep
have previously been used to study the hyperdynamic response to infection,
including the effects of inotropes (Sun et al., 2003a; Sun et al., 2003b), organ
blood flow (Di Giantomasso et al., 2003; Di Giantomasso et al., 2006), tissue
oxygenation, microcirculation (Maybauer et al., 2011; Salgado et al., 2011), renal
function (Wan et al., 2009; Ishikawa et al., 2011) and respiratory function (Wang et
al., 2008; Waerhaug et al., 2009). Their large size allows multiple physiological
parameters to be monitored and application of standard ICU support.

3.2.2( Method(of(Inducing(Sepsis(
Sepsis can be initiated by administering an exogenous bacterial toxin, infusing a
viable pathogen or by breaching an animal’s protective barrier.
3.2.2.1$$$Endotoxin$
Endotoxin comprises fragments of protein, lipids and polysaccharides from the cell
wall of Gram-negative bacteria. These substances evoke a host inflammatory
response that may lead to cardiovascular compromise and “endotoxic shock”.
Endotoxin has been commonly used as an experimental trigger of the septic
cascade in animal models and even human sepsis studies (Suffredini et al., 1989;
Remick et al., 2005). Endotoxin is stable, simple to prepare and has a known
dose-response effect on the host inflammatory reaction.
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There is, however, little evidence that endotoxin is the main factor provoking
sepsis. While pathogenic Neisseria yield more endotoxin than non-pathogenic
forms (Brandtzaeg et al., 1989), severity of illness from other Gram-negative
infections are not related to the amount of endotoxin (Danner et al., 1990; Danner
et al., 2009). In humans with Gram-negative sepsis, endotoxin is detected in less
than 50% and is just as likely to be detected in non-septic ICU patients
(Stumacher et al., 1973; Guidet et al., 1994).
Endotoxin models stimulate only the innate immune system and induce an
exaggerated but brief cytokine response (Cannon et al., 1990a; Remick et al.,
2000). These models do not replicate the effects of bacterial growth, other
virulence factors or response to Gram-positive infection (Ayala et al., 1994;
Hoffman et al., 1996). Therapies efficacious in endotoxin models have been
ineffective in animals with a bacterial focus of infection (Remick et al., 1995).
There is also a dramatic inter-species difference in the sensitivity to endotoxin.
Humans and sheep have similar sensitivity to endotoxin, but rodents are one
million times more resilient (Copeland et al., 2005; Warren et al., 2010).

3.2.2.2$$$Peritonitis$
Polymicrobial abdominal sepsis is a clinically relevant model of infection and can
be induced by caecal ligation and puncture (CLP), bowel ischaemia or intraabdominal implantation of faeces. These are relatively easy techniques to induce
sepsis, however the amount and type of bacteria are variable.
CLP is commonly performed in rats and is reasonably reproducible. In contrast,
large herbivorous animals have omentum that is very effective at localising
contamination and are remarkably tolerant of enteric infection (Wichterman et al.,
1980; Parker et al., 2001). CLP in these animals produces a variable severity of
sepsis (Bersten et al., 1990; Sun et al., 2003a; Buras et al., 2005). While this
diversity of presentation is encountered clinically, the unreliable time to onset of
sepsis and range of sepsis severity is impractical when planning laboratory
facilities and staffing for a septic model that will require ICU support.
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3.2.2.3$$$Bacteraemia$
An infusion of live bacteria is a relevant method of inducing severe sepsis. A
bacterial solution can be prepared from a colony stock culture of known species
and strain. The amount of bacteria administered can be controlled, thus providing
a standardised and reproducible septic insult. Live bacterial infusion stimulates an
ongoing immune reaction, exposes the animal to both bacterial growth and
destruction and produces a more gradual and sustained increase in cytokines, as
seen in the human septic response (Cannon et al., 1990b; Hadjiminas et al., 1994;
Remick et al., 2000; Remick et al., 2005).
Sepsis models induced by infusion of bacteria are not without limitations.
Logistically, preparation of a bacterial solution is more demanding than formulating
purified endotoxin or invoking peritonitis. The choice of bacteria, strain, “dose” and
infusion rate can alter the septic response and a single standardised bacterial
challenge is not typical of the range of infections encountered clinically. Bacterial
contamination of blood provokes a host response that may differ from that which
follows infection in another body compartment (e.g. peritonitis, pneumonia). While
only one-third of patients with septic shock have a confirmed blood stream
infection (Angus et al., 2001; Ranieri et al., 2012) the incidence is thought to be
much higher as detection of bacteraemia is limited by current microbiological
techniques and the effect of early antimicrobial treatment.
Microorganisms commonly used to induce sepsis in animal models have been
Escherichia coli, Pseudomonas, Staphylococcus and Streptococcus. E.coli is
commonly isolated from the blood of septic patients (Vincent et al., 2009) and has
been regularly used in other models of sepsis.
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3.3(

Ovine(Model(of(Septic(Shock(that(Receives(Intensive(Care(Support(

(
3.3.1( Animal(Ethics(
Approval for this study was obtained from the Animal Ethics Committees (AEC) of
the Institute of Medical and Veterinary Science (Project Numbers: 157/08,
December 2008; 80/10, June 2010) and University of Adelaide (Project number M2010-089, July 2010) (Appendix 1). Approved for study were 67 animals and all
procedures were conducted according to the Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes (7th Edition, 2004).

3.3.2( E.coli(Preparation(
An intravenous (i.v.) infusion of E.coli was chosen as it provides the most suitable
combination of clinical relevance and reliability to undertake a complex largeanimal pre-clinical trial.
For each animal study a fresh solution of E.coli was prepared (FDA Strain Seattle,
1946, ATCC 25922). This encapsulated strain of E.coli is a laboratory standard,
resistant to bacteriolytic activity of serum and for which virulence is the main
precipitant of the septic response, rather than the level of endotoxaemia produced.
A working culture of E.coli was subcultured onto a Columbia Horse Blood agar
plate and incubated overnight at 35ºC +/-2ºC in CO2 atmosphere. Colonies of
bacteria were then emulsified into 100 mL 0.85% sterile saline to give a
concentration of approximately 108 Colony Forming Units (CFU) / mL. The
suspension was adjusted to yield an optical density of approximately 0.10 at 550
nm using a UV-visible recording spectrophotometer (Shimadzu UV-160A).
The number of CFUs / mL in each suspension was determined by plating 100 µL
of a 10-5 serial dilution onto three separate Columbia Horse Blood agar plates.
Viable colonies were counted after overnight incubation at 35ºC ± 2ºC in CO2
atmosphere. The average number of colonies per 100 µL was used to determine
the approximate number of CFUs / mL.
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3.3.3( Sheep(Preparation(
Six female sheep (ewes) were studied between February and May 2009 for the
development of a clinically relevant large animal model of sepsis. These sheep
were aged three to four years (equivalent human age 45 – 60 years) and weighed
60 – 68 kg.
At least four weeks prior to the commencement of each study, animals had
undergone a thoracotomy for ligation of their left hemiazygous vein. In sheep, the
coronary sinus receives blood from the coronary veins and the left hemiazygous
vein. Excluding the hemiazygous vein allows sampling of purely coronary venous
blood.
Sheep were allowed to graze freely until the day prior to each study when they
were housed with other animals in pens with free access to food and water.
Following an overnight fast, sheep had anaesthesia induced by i.v. injection of
Thiopentone (1 g), the trachea was intubated and anaesthesia maintained with
spontaneous ventilation of Isoflurane (2%) in oxygen.
An indwelling urethral catheter (Bard, 14Fr, Covington, GA, USA) was placed into
the urinary bladder. This was attached to a burette allowing hourly measurements.
Note that castrated male sheep (wethers) were not considered for this model as
the tortuous anatomy of their urethra renders bladder catheterisation difficult.
The right side of the animal’s neck was shaved and topical iodine applied to the
skin. An incision was made to expose the carotid sheath for insertion of vascular
catheters.

3.3.3.1$$$Arterial$Catheter$
Following dissection of the carotid artery, an arterial catheter (Angiocath 1.7 x 133
mm, Becton Dickinson Pty Ltd, Franklin Lake, NJ, USA) was placed in the right
carotid artery (Image 3.1). The catheter was secured by silk ligature around the
artery and then connected to a pressure monitoring line fluid filled with heparinised
saline.
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3.3.3.2$$$Jugular$Vein$Catheter$
A length of jugular vein was dissected and exposed for insertion of a range of
venous catheters. A quad-lumen central venous catheter (CVC) (8.5 Fr x 20 cm,
Arrow International Inc., Reading, PA, USA) and a large-bore single lumen
catheter (8.5 Fr x 10 cm, Arrow International Inc., Reading, PA, USA) were placed
into the right jugular vein (Image 3.2). Silk ligatures were placed around the vein
and tightened to secure the cannula while still allowing patency of catheter
lumens.

3.3.3.3$$$Pulmonary$Artery$Catheter$
A pulmonary artery catheter that allowed continuous cardiac output monitoring
(Swan Ganz CCOmbo 7.5 Fr x 110 cm, Edwards Lifesciences, Irvine, CA, USA)
was inserted via the large-bore single lumen catheter. Under real-time radiology
imaging, the catheter was advanced into the right ventricle and the flow-directed
balloon was inflated. The catheter was then floated and wedged into a branch of
the pulmonary artery with confirmatory pressure waveforms. The balloon was
deflated, catheter secured and connected to a pressure monitoring line containing
heparinised saline to monitor pulmonary artery and central venous pressures.

3.3.3.4$$$Organ$Venous$Catheters$
Placement of catheters into the veins of organs permits organ-specific blood
sampling and allows comparison of metabolic function between the organs.
Through the exposed length of right jugular vein, a guide-wire (Glidewire, 0.89 mm
x 180 cm, Terumo, Somerset, NJ, USA) was passed with radiological guidance
into the coronary sinus, renal, hepatic and iliac veins. An angulated venous
catheter (Vista Brite Tip, 7 Fr x 100 cm, Cordis, Bridgewater, NJ, USA) was then
inserted into each vein and the position confirmed radiologically using intravenous
contrast (Ultravist-370, Iopromide 769 mg/ml, Bayer Healthcare, Leverkusen,
Germany) (Image 3.3). Catheters were secured to the jugular vein by silk ligature
and flushed every four hours with heparinised saline (Images 3.2 and 3.4).
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Image(3.1:(Exposure(of(a(sheep’s(right(carotid(artery(and(jugular(vein.(

Image(3.2:(Vascular(catheters(inserted(into(the(right(jugular(vein(and(secured(by(silk(ligature.(
(a)!42lumen!central!venous!catheter,!(b)!venous!sheath,!(c)!pulmonary!artery!catheter.!
The!four!blue!catheters!have!their!distal!tip!located!in!the!coronary!sinus,!iliac!vein,!renal!vein!and!
hepatic!vein.(
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Image( 3.3:( XUray( image( intensification( of( a( venous( catheter( placed( in( the( coronary( sinus( and(
flushed(with(radiological(contrast(agent.(
Note!the!blind!ending!of!the!sinus!indicative!of!the!ligation!of!the!hemiazygous!vein.(

Image(3.4:(Vascular(catheters(from(the(right(side(of(the(sheep(neck.(
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3.3.4( Supportive(Care(Protocol(
Sheep were placed in a sling and supported upright for the duration of the study.
Medical and nursing staff with ICU expertise provided continuous care and
monitoring of each animal.

3.3.4.1$$$Sedation$/$Analgesia$
Sedation and analgesia were provided to the sheep to ensure comfort of the
ventilated animal and to replicate ICU care. Animals received i.v. infusion of
diazepam (0.6 – 1.2 mg/kg/h) and were continuously monitored for any signs of
distress. Depth of sedation was titrated to depress the eyelash blink reflex and
abolish nasal flaring. Volatile anaesthesia and further thiopentone were
immediately available if required.

3.3.4.2$$$Ventilation$
Sheep received synchronised intermittent mandatory ventilation (SIMV) using tidal
volume (VT) of 10 mL/kg and positive end expiratory pressure (PEEP) of 5 cmH2O
(Puritan Bennett 7200, Boulder, CO, USA). Respiratory rate and inspiratory flows
were adjusted to maintain end-tidal CO2 of 30 mmHg (Intellivue MP 50, Phillips,
Best, The Netherlands) with an inspiratory to expiratory ratio of 1:2. Fraction of
inspired oxygen (FiO2) was adjusted to maintain pulse O2 saturation (SpO2)
greater than 95%. The normal VT of the sheep is 4 – 9 mL/kg with anatomical dead
space of 100 – 200 mL (Adams et al., 2009). The slightly higher VT used in these
ventilated sheep was to overcome ventilation circuit dead space.
A heat moisture exchanger was used (Medical Filter BB 22-15, Pall Corporation,
Port Washington, NY, USA) and tracheal suctioning was performed hourly using
an inline suction catheter. Peak and plateau inspiratory pressures and pulmonary
compliance (VT/Pplat) were recorded hourly. Note that the pulmonary compliance in
this model was measured using the plateau airway pressure at end expiration in
non-paralysed animals supported by a sling under their chest. This arrangement
impairs chest wall compliance and hence the calculated pulmonary compliance is
used as a guide only.
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3.3.4.3$$$Cardiovascular$
Heart rate (HR), rhythm, mean arterial pressure (MAP), central venous pressure
(CVP) and pulmonary artery (PA) pressures were continuously monitored and
recorded hourly (Intellivue MP 50, Phillips, Best, The Netherlands). Pressure
transducers (Transpac, Hopsira, Lake Forest, IL, USA) were located at the sheep
elbow. Cardiac output was continuously measured (Vigilance Monitor, Edwards
Lifesciences, Irvine, SA, USA), indexed for sheep body surface area (weight
(kg)0.67 x 0.0842) (Dehring et al., 1989) and recorded every 10 minutes. Derived
haemodynamic parameters were calculated using standard formulas.
Parenteral fluids (Hartmann’s solution) were administered by peristaltic pump at 3
mL/kg/h (Baxter Colleague CXE, Deerfield, IL, USA), as this is the maintenance
fluid requirement for sheep (Adams et al., 2009). Total fluid intake (maintenance
fluids + fluid boluses + drugs) and fluid output (urine) was measured for each
animal.
Blood pressure targets were MAP 75 mmHg and CVP 5 mmHg and are the normal
circulatory pressures in sheep (Adams et al., 2009). CVP was measured at end
expiration, bisecting a- and v-wave. If MAP was below 75 mmHg, a 250 mL fluid
bolus (0.9% saline) was delivered until CVP ≥ 5 mmHg. If MAP remained below 75
mmHg, noradrenaline (NorA) infusion was commenced and titrated according to a
management protocol, with maximum dose 1 µg/kg/min (Table 3.1). The NorA
dose and MAP were recorded every 10 minutes.
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If MAP < 75 mmHg and CVP < 5 mmHg ! 250 mL saline bolus
If MAP < 75 mmHg and CVP ≥ 5 mmHg ! NorA infusion and titrate 2 minutely
(maximum NorA dose 1 µg/kg/min)
MAP (mmHg)

NorA dose adjustment

> 100

↓ 10 µg/min

96 – 100

↓ 5 µg/min

91 – 95

↓ 3 µg/min

86 – 90

↓ 2 µg/min

81 – 85

↓ 1 µg/min

75 – 80

No change

70 – 74

↑ 1 µg/min

65 – 69

↑ 2 µg/min

60 – 64

↑ 3 µg/min

55 – 59

↑ 5 µg/min

50 – 54

↑ 10 µg/min

Table(3.1:(Ovine(model(haemodynamic(management(protocol.(
(MAP!=!mean!arterial!pressure,!CVP!=!central!venous!pressure,!NorA!=!noradrenaline)!
!
!

3.3.4.4$$$Temperature$
The normal temperature of healthy sheep is 38.3 to 39.9 oC (Jackson et al., 2002).
Core temperature was measured with the pulmonary artery catheter, maintained
between 38 and 42oC and recorded hourly.
3.3.4.5$$$Nutrition$
Supplementary nutrition was not provided as ruminants have residual nutrition in
their gut that provides energy for more than 24 hours of fasting.
3.3.4.6$$$Study$Termination$
Due to the level of intervention on the animals and the severity of illness induced,
it was considered most ethical that this was a non-survival study. Animals alive at
the completion of their study were euthanised with Pentobarbitone i.v. (6.5 g).
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3.3.5( Induction(of(Sepsis(
Following animal surgery and a stable two hours on ICU supports, baseline
observations were recorded and blood samples collected (0 hours). E.coli solution
was infused intravenously over one hour via a CVC lumen. Sheep then received
ongoing ICU supportive care and monitoring, as described, for 24 hours. To
ensure persistence of bacteraemia and a suitable severity of sepsis, antibiotics
were not administered.

3.3.6( Blood(Analysis(
Arterial blood samples were collected at 0, 2, 12 and 24 hours and placed into clot
activator tubes, K3-ethylene-diamin-etra-acetic acid (EDTA) and sodium citrate
tubes. Blood biochemical analysis included serum electrolytes (Na+, K+, Cl-,
HCO3-), creatinine, urea, bilirubin, alkaline phosphatase (ALP) and alanine
aminotransferase (ALT) (Olympus AU5400 chemistry analyser, Olympus America
Inc., NY, USA). Haematology cell counts were obtained with a SYSMEX-XE-2100
haematology analyser (TOA Medical Electronics, Kobe, Japan) and clotting times
using STA-R Evolution (Roche/Stago, Diagnostica Stago Pty Ltd, Doncaster,
Australia).
Samples were collected from systemic arterial, pulmonary arterial and each
venous catheter at 0, 1, 2, 4, 8, 12, 16, 20 and 24 hours. Blood for pH, gas
analysis and haemoglobin-O2 saturation (Hb-O2 %) were collected into lithium
heparin coated syringes (Siemens) and analysed on a RAPID-Point 405 Blood-gas
Analyser (Siemens Healthcare Diagnostics Inc., Norwood, MA, USA). Blood for
lactate analysis was collected into fluoride EDTA tubes and measured using an
Olympus AU5400 chemistry analyser (Olympus America Inc., NY, USA).
Blood cultures were taken aseptically from the left internal jugular vein at baseline,
repeated at 12 and 24 hours and analysed on the Bactec system (Becton,
Dickinson and Company, USA).
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3.3.7( Model(Development(
(
3.3.7.1$$$Logistic$Studies$
Two sheep were studied to develop surgical technique and for project planning.
Sheep 1 was prepared surgically and allowed familiarisation with the logistics for
this model. It remained anaesthetised on Isoflurane and was euthanised after eight
hours. Sheep 2 was prepared surgically, remained sedated on diazepam and was
administered E.coli 18 x 108 CFUs / kg. Sheep 2 allowed familiarisation with the
management algorithm and the animal was euthanised after eight hours.

3.3.7.2$$$E.coli$Dose$Studies$
Four animals (Sheep 3 – 6) were studied to determine the amount of E.coli that
would reproduce septic shock over 24 hours without marked lethality (Table 3.2).
These four animals developed typical features of septic shock including an
increased cardiac output, lactic acidosis, coagulopathy and elevated creatinine
(Table 3.2). From these studies it was determined that 1.0 x 108 CFUs / kg would
be a suitable amount of E.coli to administer for an ovine model of septic shock that
would survive 24 hours with intensive care support.
In another ovine sepsis model that did not provide ICU support, 18 x 108 CFUs /
kg of the same strain of E.coli was lethal within 18 hours (Peake et al., 2002).
Interestingly, time to survival was not prolonged in this current model with
supportive care provided.
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0.71

1.0

1.0

0.5 x 108

0.8 x 108

1.0 x 108

Sheep 4

Sheep 5

Sheep 6

4.0 ! 7.6

2.8 ! 4.6

3.9 ! 9.6

5.0 ! 7.5

1.4 ! 16.8

1.5 ! 16.8

4.6 ! 13.4

4.6 ! 20.2

21 ! 71

18 ! 200+

22 ! 34

20 ! 148

Table&3.2:&Four&sheep&given&a&dose&of&E.coli&and&managed&with&ICU&support.&
The$changes$in$cardiac$index,$serum$lactate,$prothrombin$time$and$serum$creatinine$are$from$baseline$to$the$end$of$each$study.$
NorA=noradrenaline$

24

22

24

13

1.0

18 x 108

(seconds)

Sheep 3

(L/min/m )

(mmol/L)

(hours)

(µg/kg/min)

(CFUs / kg)

2

Time

Lactate

Survival Time

NorA Dose

E.coli Dose

Cardiac Index

Prothrombin

Maximum

110 ! 509

78 ! 286

94 ! 187

63 ! 154

(µmol/L)

Creatinine

Serum

3.3.7.3$$$Model$Refinement$
Diazepam infusion (0.6 – 1.2 mg/kg/h) produced acceptable sedation levels but
was associated with a prominent non-haemorrhagic red discolouration of urine.
The solvent vehicle of the diazepam solution was thought to be responsible and
may have had an effect on renal function. Sedation regimen was changed to
infusions of midazolam (0.1 – 0.5 mg/kg/h) and ketamine (1 – 5 mg/kg/h) with
boluses as required, to ensure adequate sedation. This provided excellent
sedation and normal urine colour.
Tracheal tubes passing through the sheep larynx appeared to stimulate the
animals to chew. One animal chewed through their tracheal tube and required
urgent replacement. Subsequent animals had tracheal tubes placed via a surgical
tracheostomy (Portex, ID 9.0, 24 cm, Smith’s Medical, St Paul, MN, USA). This
was well tolerated by the animal, reduced ventilation dead space and was a more
secure airway.

3.4$

Validation$of$the$Ovine$Model$of$Septic$Shock$

This ovine model mimics many of the features of human septic shock and utilises
standard intensive care support, but further validation of the model was required.
Firstly, the supportive therapies may affect the animal’s physiology. Understanding
the physiology of non-septic sheep subjected to the surgical preparation and
management algorithm would validate the model over time.
Secondly, this model was designed to study the effects of T3 replacement in
severe sepsis. It was important, therefore, to understand how thyroid hormone
levels change in this model over time in septic and non-septic sheep.
Finally, the study duration required a slight extension. During model development,
signs of sepsis were evident two hours after injection of E.coli. It was anticipated
that in the subsequent pre-clinical trial of T3, a 24-hour infusion of hormone would
commence at this time of clinically obvious sepsis. Hence, the sepsis model
needed to be extended to 26 hours.
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3.4.1$ Methods$
Eleven sheep were studied individually from May to October 2009. Animals were
instrumented as previously described and recovered for two hours while remaining
sedated. Alternate sheep were given E.coli 1.0 x 108 CFUs / kg i.v. over one hour
(septic sheep, n = 6) or placebo (non-septic sheep, n = 5). Sheep then received
ongoing ICU supportive care, monitoring and blood sampling, as previously
described, for 26 hours (Figure 3.1).

Figure$3.1:$Timeline$of$the$ovine$model$of$septic$shock.$

3.4.1.1$$Parameters$Measured$
A large number of physiological parameters were collected simultaneously (Table
3.3). MAP, CI and NorA dose were recorded every 10 minutes while all other
monitored parameters were recorded hourly. The timing of blood sampling was
described earlier, but as the model duration was extended by two hours, the final
blood samples were taken at 26 hours instead of 24 hours.
$
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Cardiovascular

Heart Rate (HR)
Central Venous Pressure (CVP)
Pulmonary Artery Pressure (PAP)
Cardiac Index (CI)
Noradrenaline (NorA) dose
Parenteral fluids required
Systemic Vascular Resistance Index (SVRI)
Pulmonary Vascular Resistance Index (PVRI)
Left Ventricular Stroke Work Index (LVSWI)
Right Ventricular Stroke Work Index (RVSWI)

Respiratory

PaO2: FiO2 (P:F)
Pulmonary Compliance (VT/Pplat)
PaCO2
Lung wet:dry ratio.

Renal

Urine output
Serum creatinine
Serum urea
Fluid balance
Radiological contrast dose

Neurological

Sedation requirements

Hepatic

Alkaline Phosphatase (ALP)
Bilirubin (Bili)
Alanine Transferase (ALT)

Microbiology

Blood Cultures

Table$3.3:$Physiological$parameters$measured$in$the$ovine$model$of$septic$shock.$
$
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Haematological

Haemoglobin (Hb) concentration
Packed Cell Volume (PCV)
White Cell Count (WCC)
Coagulation Indices:
Platelet (PLT) count
Prothrombin Time (PT)
activated Partial Thromboplastin Time (aPTT)
Fibrinogen concentration

Metabolic

Electrolytes:
Na+, K+, Cl-, HCO3-, anion gap (AG)
pH
Lactate
Temperature
O2 extraction ratio
Organ-specific venous Hb-O2 saturation

Hormones

Free T3
Free T4
Reverse T3
TSH
Cortisol

Cytokines

Interleukin-1β (IL-1β)
Interleukin-6 (IL-6)
Tissue Necrosis Factor-α (TNF-α).

Table$3.3$(cont.):$Physiological$parameters$measured$in$the$ovine$model$of$septic$shock.$
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3.4.1.2$$Hormone$/$Cytokine$Assays$
Blood was sampled from the arterial catheter at 0, 2, 6, 12 and 26 hours and
placed into EDTA tubes. These were rested for 30 minutes then centrifuged at
3000 rpm for 10 minutes with the supernatant (plasma) placed into Eppendorf vials
and stored at -80oC until ready for batch hormone and cytokine assay.
3.4.1.2.1$

Free?T3$

Plasma free-T3 concentrations were measured by Chemiluminescent Microparticle Immuno-Assay (CMIA). A Monoclonal T3 Antibody (MAb) conjugated with
alkaline phosphatase competitively binds to free T3 in the sample and T3 attached
to a paramagnetic particle. The paramagnetic particle-T3-MAb complexes are
isolated and a phosphatase reaction emits light. The amount of light is measured
by a luminometer and is inversely proportional to the amount of free T3 in the
sample. This was performed as an automated assay (Beckman Coulter Unicel DXi
800) using commercially available reagents and calibration solutions (“Access”,
free T3, A13422, Beckman Coulter Inc., USA, 2005).
Description of the type of MAb used is under patent protection; however
correspondence from the company confirms the MAb is not raised in sheep
(Personal communication, Ms Reshimi Sharma, Beckman Coulter Inc., May 2010).
The analytical range of this assay is 1.4 – 46 pmol/L with intra-assay coefficient of
variation (CV) 8.0 – 10.6% with T3 in the range of 3.4 – 14.7 pmol/L.
3.4.1.2.2$

Free?T4$

Free-T4 concentrations were measured by CMIA with an analytical range of 1.9 –
77.2 pmol/L and intra-assay CV of 6 – 8% for samples measured between 11 – 61
pmol/L (“Access”, free T4, A3307A, Beckman Coulter Inc., USA, 2006).
3.4.1.2.3$

Reverse?T3$(rT3)$

A radioimmunoassay (RIA) was used to determine rT3 concentrations in plasma.
A known amount of

125

I-rT3 is added to each sample. Rabbit anti-rT3 MAb is

added and the amount of labelled rT3 bound to MAb is inversely proportional to
the amount of rT3 in the sample. Sensitivity of this RIA was 0.01 nmol/L with intraassay CV < 10% (RIAZEN Reverse T3, R-EW-MZ-002, ZenTech, Liege, Belgium,
2006).
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3.4.1.2.4$

TSH$

TSH concentrations in plasma were measured by automated CMIA using a
“sandwich” assay. Goat anti-TSH MAb conjugated with alkaline phosphatase was
added to sample plasma. Paramagnetic particles with attached mouse anti-TSH
MAb are added. The bound TSH is separated and the subsequent quantity of light
reaction is proportional to TSH in the sample. Analytical range is 0.01 – 100 mIU/L
with CV 14% at 0.21 mIU/L and 5% at 5.4 mIU/L (Access HYPERsensitive hTSH,
Beckman Coulter Inc., USA, 2009).
3.4.1.2.5$

Cortisol$

Sheep plasma cortisol concentrations were determined by RIA. This assay utilised
3

H-cortisol and MAb that was raised in rabbits. There were minor cross-reactions

of this anti-serum with other adrenal hormones: cortisone (8%), corticosterone
(4%), progesterone (2%), 17-hydroxyprogesterone (13%), testosterone (< 1%),
and androstenedione (< 1%). Analytical range was 0.5 – 69 nmol/L with intraassay and inter-assay CV 8% and 16% respectively (Bocking et al., 1986).
3.4.1.2.6$

Cytokines$

Plasma concentrations of Interleukin-1β (IL-1β), Interleukin-6 (IL-6) and Tissue
Necrosis Factor-α (TNF-α) were measured by Enzyme-Linked Immunosorbent
Assay (ELISA). These assays used rabbit poly-clonal cytokine antibody then swine
anti-rabbit horseradish peroxidase conjugated immunoglobulin. Recombinant
molecules were used for standard curves and assays were read on ELX80
Universal Microplate Reader (Bio-tek Instruments, VT, USA) (Rahman et al.,
2004).
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3.4.1.3$$$Histopathology$
Post-mortem tissue samples were taken from heart, lung, liver, kidney and skeletal
muscle (hind-limb) tissue. Tissue was formalin-fixed, embedded in paraffin, sliced
and prepared on slides for subsequent histological analysis by a veterinary
pathologist (Dr John Finnie, IMVS). Wet-to-dry lung weight ratio of the left lower
lobe was performed by drying at 70oC until there was no further weight reduction.

3.4.1.4$$$Statistics$
Data from septic and non-septic sheep were compared using: 1) unpaired t-tests
for outcomes measured at a single point in time, and 2) linear mixed effects
models for outcomes measured at multiple time points. Data was stored in Excel
(Microsoft, 2008, version 12.3.6) and analysed with SPSS (IBM, 2012, version 21).
Mixed effects is a statistical model particularly suited for analysis of repeated
measures. Responses from a subject are considered to be the sum of fixed and
random effects. A fixed effect occurs in response to an experimental therapy while
random effects (or subject effect) occur at each sampling time point. The fixed
effect is usually the primary interest while random effects consider the subjects covariation. In contrast to Analysis of Variance (ANOVA), mixed effects models can
analyse data with missing variables and considers unbalanced data by considering
the variability of existing data (Oberg et al., 2007).
For the variable of interest, linear mixed effects modelling determines if there is: 1)
a difference over time (i.e. ignores group effect by combining all data at each time
point, 2) a difference between study groups (i.e. ignores time effect by combining
all data over the duration of the study for each group), or 3) a difference between
groups over time (i.e. considers the pattern of change between groups over the
duration of the study). If a statistically significant (p < 0.05) “group x time”
interaction effect was found, a post-hoc test was performed to determine the
difference of adjusted means at each time point. Where appropriate, skewed data
were log-transformed, prior to model fitting, to better satisfy the assumptions of
this statistical approach.
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3.4.2$ Results$
Eleven sheep were instrumented and commenced ICU supportive care. Six sheep
were given E.coli (mean dose 1.0 ± 0.1 x 108 CFUs / kg); five survived to 26 hours
and one animal died at 21 hours (mortality rate 17%). All five non-septic sheep
survived 26 hours. All animals were mature ewes, but the group of non-septic
sheep were slightly smaller than the group of septic sheep (mean ± SD kg; nonseptic 57 ± 2 vs. septic 62 ± 3, p = 0.01).
Blood cultures were sterile at baseline in all animals. Sheep inoculated with E.coli
had this same species in blood cultures at 12 and 26 hours while all non-septic
animals maintained sterile blood cultures. Temperature increased over time but
there was no difference between septic and non-septic groups (Figure 3.2).
42.0
41.0
40.0
Temperature 39.0
(oC)
38.0
37.0

Non Septic
Septic

36.0
35.0
0

2

4

6

8

10 12 14 16 18 20 22 24 26
Time (hours)

Figure$3.2:$Temperature$in$nonGseptic$(n=5)$and$septic$sheep$(n=6)$managed$with$intensive$care$
support$for$26$hours.!Mean!±!SEM.$
(Group x Time p = 0.39, Group p = 0.34, Time p = 0.01)

All animals were suitably sedated throughout the study without need for further
anaesthesia. There was no difference in the mean amount of midazolam (mean ±
SD mg/kg/h; non-septic 0.3 ± 0.1 vs. septic 0.3 ± 0.1, p = 0.88) or ketamine (mean
± SD mg/kg/h; non-septic 5.7 ± 1.4 vs. septic 5.3 ± 1.4, p = 0.44).
Histological analysis of post-mortem cardiac muscle, lung, kidney, liver and
skeletal muscle was reported as “normal” in all tissue obtained from non-septic
and septic sheep.
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3.4.2.1$$$Cardiovascular$
Septic animals developed a hyperdynamic cardiovascular response with a
significant increase in CI, reduction of MAP and a requirement for NorA (Figure
3.3). Non-septic animals maintained stable CI and MAP and did not require NorA.
HR was stable over time and did not differ between groups (Figure 3.4).
There was no significant difference in the amount of parenteral fluids administered
(mean ± SD mL/kg; non-septic 97 ± 13 vs. septic 115 ± 33 mL/kg, p = 0.27). CVP
did not change over time and there was no difference between groups (Figure
3.5).
SVRI changes were biphasic early after E.coli administration but after six hours
steadily declined and were markedly lower than non-septic sheep (Figure 3.6).
There was no change in LVSWI over time or between groups (Figure 3.7). Mean
PAP promptly increased following E.coli infusion and remained higher than nonseptic animals (Figure 3.5). There was a corresponding slight increase in RVSWI
in septic sheep (Figure 3.7) without change in PVRI (Figure 3.6).
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Figure$ 3.3:$ Mean$ arterial$ pressure$ (MAP),$ cardiac$ index$ (CI)$ and$ noradrenaline$ (NorA)$ dose$ in$
nonGseptic$(n$=$5)$and$septic$(n$=$6)$sheep.$Mean!±!SEM.$
None!of!the!non/septic!sheep!required!NorA.!
(MAP: Group x Time p = 0.10, Group p < 0.01, Time p < 0.01)
(CI: Group x Time p < 0.01)
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Figure$3.4:$Heart$rate$(HR)$in$nonGseptic$(n$=$5)$and$septic$(n$=$6)$sheep.!Mean!±!SEM.$
(Group x Time p = 0.48, Group p = 0.97, Time p = 0.97)
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Figure$3.5:$Central$venous$pressure$(CVP)$and$mean$pulmonary$artery$pressure$(PAP)$in$nonG
septic$(n$=$5)$and$septic$(n$=$6)$sheep.!Mean!±!SEM.$
(CVP: Group x Time p = 0.70, Group p = 0.17, Time p = 0.12)
(PAP: Group x Time p < 0.01)
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Figure$3.6:$Pulmonary$vascular$resistance$index$(PVRI)$and$systemic$vascular$resistance$index$
(SVRI)$in$nonGseptic$(n$=$5)$and$septic$(n$=$6)$sheep.!Mean!±!SEM.$
(PVRI: Group x Time p = 0.85, Group p = 0.39, Time p < 0.01)
(SVRI: Group x Time p < 0.01)
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Figure$3.7:$Left$ventricular$stroke$work$index$(LVSWI)$and$right$ventricular$stroke$work$index$
(RVSWI)$in$nonGseptic$(n$=$5)$and$septic$(n$=$6)$sheep.!Mean!±!SEM.$
(LVSWI: Group x Time p = 0.21, Group p = 0.67, Time p = 0.07)
(RVSWI: Group x Time p = 0.05)
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3.4.2.2$$$Respiratory$
PaCO2 was similarly controlled according to the ventilation algorithm in both
groups (Figure 3.8). Oxygenation was not impaired, with P:F ratios remaining high
throughout the model and no difference between septic and non-septic sheep
(Figure 3.8). Pulmonary compliance was stable for the duration of the model and
there was no difference between groups over time (Figure 3.8). Lung wet:dry ratio
was no different between groups (mean ± SD ratio; non-septic 4.1 ± 0.5 vs. septic
4.5 ± 0.5, p = 0.23).
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Figure$3.8:$PaCO2,$PaO2:FiO2$(P:F)$and$pulmonary$compliance$in$nonGseptic$(n$=$5)$and$septic$(n$
=$6)$sheep.!Mean!±!SEM.$
(PaCO2: Group x Time p = 0.28, Group p = 0.15, Time p = 0.07)
(P:F: Group x Time p = 0.55, Group p = 0.33, Time p = 0.38)
(Compliance: Group x Time p = 0.10, Group p = 0.12, Time p = 0.26)
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3.4.2.3$$$Renal$
Serum electrolytes, urea and creatinine concentration at baseline were within the
normal range for sheep (Jackson et al., 2002; Dias et al., 2010). Both groups of
sheep received similar amounts of radiological contrast (mean ± SD mL; nonseptic 74 ± 13 vs. septic 50 ± 13, p = 0.34). Over the course of the study, septic
sheep developed significantly increased serum creatinine, urea and K+ (Table 3.4).
Hourly urine output declined over time but was not significantly different between
septic and non-septic sheep (Figure 3.9). After 26 hours, total urine output was
similar between groups (mean ± SD mL/kg; non-septic 24 ± 2 vs. septic 31 ± 18, p
= 0.42).
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Figure$3.9:$Hourly$urine$output$in$nonGseptic$(n$=$5)$and$septic$(n$=$6)$sheep.!Mean!±!SEM.$
(Group x Time p = 0.26, Group p = 0.51, Time p < 0.01)

3.4.2.4$$$Hepatic$
ALP, ALT and bilirubin remained within the normal range for all sheep throughout
the study (Jackson et al., 2002; Dias et al., 2010). Serum ALP levels differed
between groups over time, but this statistical difference reflects baseline variability.
Bilirubin and ALT slightly increased over time but there was no difference between
septic and non-septic sheep (Table 3.5).
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Septic

Non-septic

Septic

Non-septic

Septic

Non-septic

Septic

Non-septic

Septic

Non-septic

Septic

Non-septic

Septic

(mmol/L)

K+

(mmol/L)

Cl-

(mmol/L)

HCO3-

(mmol/L)

Anion Gap

(mmol/L)

Urea

(mmol/L)

Creatinine

(µmol/L)

91 ± 12

97 ± 19

9±1

9±2

13 ± 4

14 ± 3

27 ± 4

29 ± 3

109 ± 2

107 ± 3

3.8 ± 0.3

3.8 ± 0.3

145 ± 2

146 ± 1

87 ± 30

84 ± 10

8±1

8±2

17 ± 3

16 ± 3

20 ± 2

24 ± 2

112 ± 2

110 ± 2

3.1 ± 0.2

3.3 ± 0.4

146 ± 1

147 ± 1

2 hrs

197 ± 79 *

75 ± 14

10 ± 1 *

7±2

27 ± 10 *

15 ± 2

13 ± 5

18 ± 1

113 ± 3 *

118 ± 2

4.1 ± 0.5 *

3.7 ± 0.5

149 ± 5

147 ± 2

12 hrs

302 ± 156 *

76 ± 16

12 ± 2 *

7±2

26 ± 8 *

13 ± 1

12 ± 4

17 ± 2

116 ± 6

121 ± 3

5.9 ± 1.2 *

3.8 ± 0.2

148 ± 3

148 ± 1

26 hrs

p<0.01

p<0.01

p<0.01

p=0.75

p=0.01

p<0.01

p=0.44

Group x Time

p<0.01

p=0.06

Time

Table&3.4:&Biochemical&parameters&in&non6septic&(n&=&5)&and&septic&sheep&(n&=&6)&managed&with&intensive&care&support&for&26&hours.&Means&±&SD.&
*&p&<&0.05&for&differences&of&adjusted&means&in&non:septic&vs.&septic&sheep.&

Non-septic

Na+

0 hrs

p=0.03

p=0.98

Group
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Septic

Non-septic

Septic

Non-septic

Septic

(U/L)

Bilirubin

(µmol/L)

ALT

(U/L)

10 ± 2

11 ± 3

5±1

4±2

45 ± 14

85 ± 29 *

11 ± 3

12 ± 4

5±2

7±1

53 ± 21

64 ± 16

2 hrs

24 ± 11

19 ± 6

8±2

11 ± 5

72 ± 43

51 ± 16

12 hrs

Table&3.5:&Hepatic&biomarkers&in&non6septic&(n&=&5)&and&septic&sheep&(n&=&6).&Means&±&SD.&
*&p&<0.05&for&differences&of&adjusted&means&in&non:septic&vs.&septic&sheep.&

Non-septic

ALP

0 hrs

37 ± 8

25 ± 7

7±2

10 ± 3

64 ± 31

42 ± 10

26 hrs

p=0.07

p=0.27

p<0.01

Group x Time

p<0.01

p<0.01

Time

p=0.20

p=0.12

Group

3.4.2.5&&&Metabolic&
Both groups of sheep had a progressive fall in blood pH but there was no
difference between groups over time (Figure 3.10). In non-septic sheep, the lower
pH was associated with a normal anion gap (Table 3.4) reflecting an unaccounted
loss of HCO3-.
Serum lactate levels were significantly higher in septic sheep over time and this
corresponded with a lower oxygen extraction ratio (Figure 3.10). Venous O2
saturation in the pulmonary artery and coronary sinus was higher in septic sheep
over time (Figure 3.11). Hb-O2 saturation in blood from iliac, renal and hepatic
veins did not significantly differ between septic and non-septic sheep (Figure
3.11).

7.60

Non Septic
Septic

7.50
pH

7.40
7.30
7.20
12

Lactate
(mmol / L)

9
6
3
0
0.40
0.30

OER

0.20
0.10
0.00
0

2

4

6

8

10 12 14 16 18 20 22 24 26
Time (hours)

Figure'3.10:'pH,'lactate'and'oxygen'extraction'ratio'(OER)'in'non>septic'(n'='5)'and'septic'sheep'
(n'='6).!Mean!±!SEM.'
(pH: Group x Time p = 0.29, Group p = 0.33, Time p < 0.01).
(Lactate: Group x Time p = 0.04).
(OER: Group x Time p = 0.03).
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Figure'3.11:'Venous'Hb>O2'saturation'from'pulmonary'artery'(mixed'venous),'coronary'sinus,'
iliac,'renal,'and'hepatic'veins'in'non>septic'(n'='5)'and'septic'sheep'(n'='6).!Mean!±!SEM.'
(Mixed Venous: Group x Time p = 0.03)
(Iliac Vein: Group x Time p = 0.32, Group p = 0.29, Time p = 0.26)
(Renal Vein: Group x Time p = 0.16, Group p = 0.09, Time p = 0.39)
(Hepatic Vein: Group x Time p = 0.17, Group p = 0.13, Time p = 0.36)
(Coronary Sinus: Group x Time p = 0.05)
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3.4.2.6&&&Haematology&
Haematological parameters at baseline were within the normal range for sheep
(Jackson et al., 2002; Wilhelmi et al., 2012). Following administration of E.coli, Hb
concentration and PCV significantly increased and there was a transient reduction
of WCC (Table 3.6). Septic animals developed a coagulopathy with increased
clotting times (aPTT and PT) and low fibrinogen concentration (Table 3.6). PLT
counts declined over time but were not significantly different between septic and
non-septic sheep (Table 3.6).
TNFα sharply increased two hours after E.coli infusion and returned toward
baseline by six hours (Figure 3.12). IL-6 concentrations increased steadily over the
26 hours following E.coli. TNFα and IL-6 levels in non-septic animals did not
change from baseline. IL-1β assay yielded very high levels (> 1000 pg/mL) at all
time points in non-septic and septic animals and were not considered further due
to their questionable validity.
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Figure'3.12:'TNFα'and'IL>6'concentrations'in'non>septic'(n=5)'and'septic'sheep'(n=6).'Mean!±!
SEM.'
(TNFα: Group x Time p < 0.01)
(IL-6: Group x Time p < 0.01)
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166 ± 67

163 ± 79

4.8 ± 0.9

6.5 ± 3.0

92 ± 9

99 ± 3

2.0 ± 0.5

1.6 ± 0.3

21 ± 1

22 ± 1

121 ± 90

160 ± 61

1.1 ± 0.1 *

7.2 ± 3.6

0.47 ± 0.04 *

0.36 ± 0.02

132 ± 9 *

106 ± 8

1.9 ± 0.3

1.5 ± 0.3

24 ± 2

22 ± 1

32 ± 4

33 ± 4

2 hrs

110 ± 52

115 ± 36

3.6 ± 1.6 *

9.1 ± 3.8

0.43 ± 0.04 *

0.34 ± 0.07

119 ± 14 *

95 ± 14

0.9 ± 0.4 *

1.9 ± 0.5

37 ± 9 *

23 ± 1

42 ± 10

34 ± 6

12 hrs

76 ± 51

106 ± 27

4.0 ± 1.1

5.6 ± 3.5

0.38 ± 0.05 *

0.33 ± 0.05

108 ± 11 *

92 ± 7

1.0 ± 0.6 *

2.7 ± 0.7

68 ± 33 *

24 ± 2

58 ± 18 *

39 ± 5

26 hrs

Table&3.6:&Haematological&parameters&in&non6septic&(n&=&5)&and&septic&sheep&(n&=&6).&Means&±&SD.&
*&p&<0.05&for&differences&of&adjusted&means&in&non:septic&vs.&septic&sheep.&

9

9

Septic

Septic

(x10 /L)

Non-septic

PCV

Non-septic

Septic

(g/L)

PLTs

Non-septic

Hb

Septic

Septic

(g/L)

(x10 /L)

Non-septic

Fibrinogen

Non-septic

0.32 ± 0.03

Septic

(secs)

WCC

0.35 ± 0.03

Non-septic

PT

29 ± 3

Septic

(secs)

33 ± 9

Non-septic

aPTT

0 hrs

p = 0.19

p < 0.01

p < 0.01

p < 0.01

p < 0.01

p < 0.01

p = 0.03

Group x Time

p = 0.01

Time

p = 0.68

Group

3.4.2.7&&&Endocrine&
Plasma free-T3 and free-T4 concentrations measured at baseline were within the
normal range previously measured in sheep using the same assay techniques
(Dias et al., 2010).
Plasma free-T3 declined over time and was lower in the septic group of sheep, but
there was no difference between groups over 26 hours (Table 3.7). The lack of a
statistically significant difference between groups over time likely reflects small
sample size and baseline variability.
Over the duration of the study plasma free-T4 levels decreased and rT3 increased,
with changes being significantly greater in septic sheep (Table 3.7).
TSH assays returned markedly low levels (≤ 0.01 mIU/L) in septic and non-septic
animals at all time points. Previous experience with this assay had detected TSH
only in thyroidectomised sheep (Personal communication, Professor Iain Clarke,
Department of Physiology, Monash University, November 2013) and thus these
results were not further analysed.
Normal plasma cortisol levels in sheep range between 42 – 82 nmol/L (Jackson et
al., 2002). At baseline, both septic and non-septic sheep had elevated plasma
cortisol levels. Cortisol levels declined to normal levels by 12 hours in non-septic
sheep but remained elevated in septic sheep. Over the course of the study, there
was a trend toward higher cortisol levels in septic animals (Table 3.7).
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Septic

Non-septic

Septic

Non-septic

Septic

Non-septic

Septic

(pmol/L)

fT4

(pmol/L)

rT3

(nmol/L)

Cortisol

(nmol/L)

247 ± 64

241 ± 45

2.2 ± 0.4

2.3 ± 0.2

11.3 ± 1.5

10.8 ± 1.6

5.1 ± 0.3

5.6 ± 0.5

289 ± 55

225 ± 85

2.7 ± 0.4

2.7 ± 0.4

11.0 ± 1.7

12.0 ± 1.9

5.1 ± 0.3

5.7 ± 0.5

2 hrs

282 ± 105

132 ± 81

4.0 ± 1.1

3.1 ± 0.3

10.7 ± 1.9

11.2 ± 2.7

5.0 ± 0.4

5.3 ± 0.7

6 hrs

168 ± 90

37 ± 27

7.6 ± 1.2 *

4.4 ± 0.7

6.5 ± 2.1

9.2 ± 2.4

4.0 ± 0.4

4.8 ± 0.4

12 hrs

124 ± 79

144 ± 169

4.9 ± 1.1

3.7 ± 2.1

3.2 ± 2.2 *

7.0 ± 1.2

3.6 ± 0.2

4.4 ± 0.3

26 hrs

Table&3.7:&Plasma&thyroid&hormones&and&cortisol&in&non7septic&(n&=&5)&and&septic&sheep&(n&=&6).&Means&±&SD.&
*&p&<&0.05&for&differences&of&adjusted&means&in&non:septic&vs.&septic&sheep.&
fT3&=&free&T3,&&fT4&=&free&T4,&&rT3&=&reverse&T3.&

Non-septic

fT3

0 hrs

p = 0.08

p = 0.03

p = 0.02

p = 0.12

Group x Time

p < 0.01

p < 0.01

Time

p = 0.20

p < 0.01

Group

3.4.3$ Discussion$
The response to infection can depend on age, genotype, gender, nutritional status,
comorbidities, source of infection, type of bacteria, choice and timing of antibiotic,
surgical intervention, and the supportive therapies applied. Replicating this
heterogeneity of sepsis in an animal model is impractical.
Instead, this ovine model standardised a number of these variables and addressed
many of the limitations of earlier sepsis models. Namely it:
1. Utilises standard supportive therapies provided to a septic patient in an ICU
2. Replicates the early pathophysiological changes of humans with sepsis
3. Allows repeated and simultaneous assessment of physiological parameters
4. Uses a standardised infectious challenge resulting in a reproducible
bacteraemia
5. Has an appropriate mortality rate
6. Is reproducible
7. Is validated over time.
The haemodynamic response to bacterial infection in sheep was strikingly similar
to humans (Dellinger et al., 2013a). Septic sheep displayed a hyperdynamic
circulation with early increased PA pressure, high CI and progressive systemic
hypotension requiring escalating doses of NorA. In contrast, all non-septic sheep
remained haemodynamically stable and did not require NorA. This model also
replicates the dysoxia typical of septic shock (Abraham et al., 2007), with an
increased O2 delivery but limited O2 extraction and increased serum lactate
concentration. Other changes typical of severe sepsis replicated in this model
include renal dysfunction, coagulopathy, early neutropaenia, increased cytokine
concentration and changes to plasma thyroid hormone levels.
One of the six animals given E.coli died. This animal was no different to the other
animals at baseline, but developed more severe physiological disturbances than
the other animals. This mortality rate is similar to humans with septic shock in an
ICU (Kaukonen et al., 2014).

99

Sedation and analgesia were required to ensure animals were calm and
comfortable. This replicated the induced altered conscious state that occurs with
most ventilated ICU patients. The choice of sedating agents is limited in sheep.
Propofol, opioids and benzodiazepines are commonly used for human sedation
but are rapidly metabolised by sheep and comparatively very large doses are
required. Volatile agents and α2-agonists provide very good sedation but cause
marked haemodynamic depression (Adams et al., 2009). Midazolam and ketamine
infusions were found to produce acceptable levels of sedation without directly
causing an obvious disturbance to other physiological parameters.
Antibiotics were not administered to the sheep. This may not be clinically
appropriate, especially given the survival benefits of timely administration (Kumar
et al., 2006). Nevertheless, antibiotics would have attenuated the septic response
and limited the ability to study the effect of T3 therapy in a 26-hour model that
would likely have been recovering.
Sepsis can induce acute lung injury (ALI) and other septic animal models have
reported impaired oxygenation and diminished pulmonary compliance. This ovine
model did not exhibit features of ALI as PaO2:FiO2 ratios remained high (> 300),
pulmonary compliance did not differ between groups, gross histopathology was
not altered nor was there any difference in the lung wet:dry ratios. Hepatic
dysfunction can also occur as part of the sepsis syndrome yet in this model there
were no significant changes in hepatic function tests and histopathology of the
liver was normal. Respiratory and hepatic dysfunction following E.coli bacteraemia
are likely to require more than 26 hours to become manifest. While a longer-term
model of septic shock would allow the full spectrum of the sepsis syndrome to
evolve, this would be beyond the resources available.
Sheep are ruminants and have markedly different gastro-intestinal function to
humans. Furthermore, the relative contribution of carbohydrate, protein and fat to
energy production is dissimilar to humans. The sheep model was not appropriate
to study gastro-intestinal function or the critical illness induced hyperglycaemia
that is common in septic humans.
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This ovine model permits sampling of venous drainage from multiple organs to
determine the O2 extraction ratio (OER). Oxygenation of venous blood clearly
differed between the organs, being highest from the kidney and lowest from the
cardiac circulation, consistent with the differing O2 demand of these organs.
Coronary sinus Hb-O2 saturation increased with sepsis and may represent
impaired O2 utilisation. However the quantity of blood supplying each organ was
not measured and thus an absolute measure of organ-specific O2 consumption
cannot be made. The OER reflects a change in O2 supply to the organ and / or
organ extraction of O2; for example a decrease in OER may represent increased
supply of O2 and / or decreased O2 consumption. Despite these limitations, OER
provides a guide to changes in the O2 supply / demand relationship and will be
useful when testing the metabolic effects of T3 therapy in this ovine model of
septic shock.
The lack of overt histological change in tissue from septic sheep with multiple
organ dysfunction was surprising. Assessment of the histopathology was
subjective and the pathological changes sought were not established a priori.
Nevertheless, changes such as cell necrosis, interstitial oedema and thrombi in
the microcirculation were not reported. The grossly normal histological appearance
in the setting of marked septic shock and multi-organ dysfunction is worthy of
further study (Ch. 7.4.2).
!
3.4.3.1!!!Model!Validation!
Animal instrumentation and the supportive care algorithm may have had some
impact on the animal’s physiology. Hence studying a group of non-septic animals
subjected to the same interventions as septic sheep allowed validation of the
model over time. Most physiological parameters remained stable in non-septic
sheep and the changes observed following E.coli administration largely reflect the
animal’s response to bacteraemia.
However, there were some important changes that occurred over time in this
model. All non-septic sheep displayed a reduction in blood pH and serum HCO3concentration accompanied by an increased Cl- concentration and normal anion
gap. It was noted during this study that unconscious sheep continually drool
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alkaline saliva. Sheep produce large volumes of saliva that is normally swallowed
as part of ruminant digestion (Adams et al., 2009). This process is impaired when
the animal is unconscious, so that HCO3- is lost. As a result of this observation,
subsequent animal studies will collect lost saliva, replacing this into the rumen via
a nasogastric tube.

3.4.3.2!!!Thyroid!Hormone!and!Cortisol!Changes!
NTIS has been replicated in animal models of sepsis and other diseases (Ch. 2.4).
However these were very lethal, small animal models, which did not receive the
supportive care typically provided during critical illness. This ovine model was
primarily developed to replicate the NTIS of septic patients receiving care in the
ICU and to investigate the effect of T3 therapy.
In both septic and non-septic sheep, plasma T3 and T4 declined over time, while
plasma rT3 increased. Similar thyroid hormone changes occur in response to the
stress of animal restraint and are noted to occur in sheep after shearing (Bianco et
al., 1987; Medica et al., 2006). Nevertheless, the disturbances in thyroid hormone
levels were most marked in septic sheep.
A number of other factors may have also contributed to the altered plasma thyroid
hormone levels. In humans, T3 levels fall and rT3 levels increase in proportion to
increasing body temperature (Ljunggren et al., 1977; Epstein et al., 1979; Kallner
et al., 1979; Wartofsky et al., 1982). In this ovine model, the increasing
temperature may have contributed to changes in plasma thyroid hormone
concentration, but as there were no temperature differences between groups,
would not account for the NTIS observed in septic sheep.
The decline in pH and HCO3- may also have had some effect. A decrease of
plasma free-T3 concentrations can be reproduced by infusing an acid (NH4Cl) and
inducing a normal anion gap metabolic acidosis (Brungger et al., 1997). However
T4 and rT3 concentrations are not altered with this technique and acidosis cannot
be the only mechanism accounting for the thyroid hormone changes.
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Heparinised saline, used to maintain patency of the vascular catheters, can
displace protein bound thyroid hormone (Ch. 2.2.6). Although this could
artefactually increase free thyroid hormone levels, the amount of heparinised fluid
used was the same for septic and non-septic sheep. Other agents used in this
study (e.g. thiopentone, isoflurane, topical iodine, noradrenaline, ketamine,
midazolam and intravenous radiological contrast) do not significantly alter thyroid
hormone kinetics (Oyama et al., 1969; DeGroot et al., 1979; Beng et al., 1980;
Kragie et al., 1992; Brogan et al., 1997). Haemodilution did not account for the
lower T3 and T4 in septic sheep, as there was a corresponding increase of rT3
and both groups of animals received similar amounts of parenteral fluids.
Cytokines may mediate the thyroid hormone changes during illness. IL-6 has a
strong association with NTIS (Ch. 2.2.7) and has been reported to alter deiodinase
activity (Ch. 2.3.4.4). In this sheep model, IL-6 increased dramatically following
E.coli injection and remained elevated for the duration of the study.
Septic sheep appear to be suitable model of NTIS, but kinetics of thyroid hormone
differ somewhat to humans (Table 3.8). Although plasma levels of T3 and T4 are
similar between species, thyroid hormones in sheep have a shorter half-life and
smaller volume of distribution (Dussault et al., 1972). As with humans, more than
90% of sheep T3 is metabolised by deiodination (Fisher et al., 1972). In contrast,
60% of sheep T4 is conjugated and cleared in urine and faeces, 30% deiodinated
to rT3 and only 10% converted to T3 (Chopra et al., 1975b). As a consequence,
half of the circulating T3 in sheep is derived directly from thyroid gland secretion.

Sheep T3

Human T3

Sheep T4

Human T4

VD

15 – 29 L

38 L

8 – 10 L

10 L

t1/2

5 – 7 hrs

24 hrs

1 – 2 days

7 days

Turnover Rates

32 µg/day

25 µg/day

291 µg/day

87 µg/day

Plasma Level

1.2 nmol/L

1.2 – 2.7 nmol/L

54 – 90 nmol/L

58 – 160 nmol/L

(Total Hormone)
Table$3.8:$Comparison$of$thyroid$hormone$kinetics$in$sheep$and$humans.!
Data!adapted!from!(Dussault!et!al.,!1972;!Fisher!et!al.,!1972).!
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In this ovine sepsis model, plasma T4 concentrations decreased more
substantially than T3. This is somewhat different to the pattern of thyroid changes
seen early in human sepsis. Circulating T4 levels typically remain within the
normal range early in illness and eventually decline as illness becomes more
protracted (Ch. 2.2). However, plasma T4 decreased during the 26 hours of this
study, being most marked in septic sheep. The more rapid decline of T4 levels in
this model is consistent with faster turnover of T4 in sheep (Table 3.8) compared
to humans and appears to be increased in response to stress and further altered
by sepsis.
All sheep had markedly elevated plasma cortisol concentrations at baseline. This
likely reflects the animals’ stress response to handling or surgery and are
consistent with cortisol levels measured in sheep immediately after shearing
(Mears et al., 1999). There was a subsequent decline in plasma cortisol to normal
levels in non-septic sheep at 12 hours, but this had increased again by 26 hours.
Septic sheep maintained a high plasma cortisol level but there was only a trend
toward a statistical difference from non-septic sheep. These changes to cortisol
levels imply the ovine model represents a state of stress even in sedated nonseptic sheep.

3.5$

Summary$

This ovine model of septic shock addresses a number of limitations with previous
animal models. It utilises a standard infectious challenge, has a clinically relevant
mortality rate, incorporates intensive care supportive therapy and allows an
extensive range of physiological parameters to be measured. The model replicates
much of the human pathophysiology of septic shock and is stable over time for
most variables. The reciprocal changes of plasma T3 and rT3 concentrations are
typical of early NTIS seen in human sepsis; hence this model is suitable to assess
the physiological effects of T3 supplementation.

$
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Chapter$4:$$T3$Pharmacology$

4.1$

Introduction$

A pharmacological analysis of T3 is required before formally testing its
physiological effects in an ovine model of septic shock. This analysis includes:
1. Literature Review: analysis of all prior animal and human parenteral T3
studies to determine previously used doses, blood levels of T3 achieved,
outcomes measured and study design;
2. Pharmaceutics: preparation of a parenteral form of T3 and to ensure it is
structurally stable and compatible with the administering equipment;
3. Pilot studies: a T3 dose finding study in the ovine model of septic shock.

4.2$

Doses$of$Parenteral$T3$Previously$Studied$

Despite a large number of clinical and pre-clinical studies investigating the effect of
T3 therapy in critical illness, it is unclear what dose should be tested. Doses have
differed depending on the method of hormone administration, disease state,
animal species studied and the desired serum level of T3. To assist with
determining an appropriate dosage strategy for T3 replacement in the ovine model
of septic shock, a systematic literature review was performed.
A PubMed search was conducted using keywords “T3 OR tri-iodothyronine”,
“replacement OR treatment”, “animal OR human” and limited to parenteral
administration (i.e. administered other than via the digestive tact) and publication
in English. Articles not identified by this method but referenced in manuscripts
were included for review. This search identified 87 articles reporting parenteral T3
administration; 36 human and 51 non-human studies. Articles were systematically
analysed to determine the type of animal studied, disease process, dose
administered, dosing regimen (e.g. bolus, continuous infusion), route of
administration (e.g. i.v. intravenous, s.c. subcutaneous, i.p. intraperitoneal) blood
level of T3 achieved (total-T3 and/or free-T3), outcomes and study design. T3
doses were standardised according to the weight of the subjects. In human adult
studies where weight was not specified, it was assumed to be 70 kg.
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4.2.1$ NonFhuman$Studies$
T3 treatment has been studied in a range of animal species (Table 4.1).
Animal

Number of Studies Identified

Rats

28
Sepsis 11
Cardiac 8
Other 9

Dogs

10

Pigs

7

Baboons

2

Rabbits

2

Sheep

2

Total

51

Table$4.1:$Animal$studies$of$parenteral$T3.$

4.2.1.1!!Rat!Sepsis!Studies!
There were 11 studies of T3 in rat sepsis. Infusion of T3 was used in seven
studies and doses ranged from 0.01 to 2.0 µg/kg/h for 24 hours. The only study
that measured blood levels illustrated that 0.01 µg/kg/h could restore plasma totalT3 to normal levels. Six studies reported an effect due to T3; five studies were
randomised, but only one was blinded (Table 4.2).
4.2.1.2!!!Rat!Cardiac!Studies!
Eight rat studies investigated the effect of parenteral T3 on cardiac function (Table
4.3). Doses ranged from 0.25 µg/kg/h (i.v.) to 2000 µg/kg s.c. injection. Infusion of
0.25 µg/kg/h was able to restore the low T3 following myocardial infarction. All
studies showed T3 to have some effect on cardiac physiology; however, only one
study was randomised or blinded.
4.2.1.3!!!Other!Rat!T3!Studies!
The effect of T3 on bone marrow, metabolism, renal function and thyroid hormone
kinetics has been studied in rats (Table 4.4). T3 doses ranged from 0.7 µg/kg (i.v.)
to 2000 µg/kg (i.p.). The only study to report blood levels of T3 showed that
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infusion of 0.1 µg/kg/h restored blood levels. No studies were randomised or
blinded; yet four attributed an effect to T3 administration.
4.2.1.4!!!Dog!Studies!
Eight dog studies assessed haemodynamics and two analysed neurological
recovery following T3 replacement (Table 4.5). T3 infusion was used in four
studies with doses of 0.15 to 1.0 µg/kg/hr restoring plasma levels. All studies
suggested haemodynamic response to T3, including a dose-dependent effect on
cardiac function. Only three studies were randomised and two were blinded.
4.2.1.5!!!Pig!Studies!
Seven studies of T3 in pigs used doses of 0.05 to 100 µg/kg/h but none measured
blood levels (Table 4.6). A physiological effect from T3 administration was
reported in six studies, but only one was randomised and blinded.
4.2.1.6!!!Baboon!Studies!
Two baboon studies of T3 replacement analysed metabolic function after brain
death (Table 4.7). Doses used were 1 µg/kg/h infusion or a 2 µg/kg i.v. bolus.
Blood T3 levels were not measured. The studies were not randomised nor blinded,
but suggested T3 enhanced metabolic status.
4.2.1.7!!!Sheep!Studies!
Two sheep studies assessed the effect of “open-label” 0.8 to 1.2 µg/kg T3 i.v.
bolus on cardiac function and metabolic status (Table 4.7). Within two hours of T3
bolus, blood total-T3 was three to five times higher than baseline, while free-T3
was 17-times higher than baseline.
4.2.1.8!!!Rabbit!Studies!
Two rabbit studies analysed tissue levels and deiodination rates with T3
replacement following burns (Table 4.7). Infusion rates were 0.04 and 0.2 µg/kg/h.
Plasma total-T3 declined following burns and was restored only with the 0.2
µg/kg/h dose.
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24 hrs

compliance, improved
permeability

<230 pmol/L (Septic)
1398 pmol/L (T3)

diastolic function

Enhanced systolic and

Phenylephrine

pressure or response to

No change to arterial

profile and compliance

Maintained phospholipid

maintained lung

Reduced lung oedema,

constituents

Altered surfactant

compliance and histology

Improved lung

Outcome

1044 pmol/L (Pbo)

Free-T3 *

1316 pmol/L (T3)

577 pmol/L (Septic)

Free-T3 *

1450 pmol/L (T3)

<165 pmol/L (Septic)

Free-T3 *

Blood Level

Table&4.2:&Rat&sepsis&studies&of&T3&treatment.&
“i.v.”&=&intra,venous,&“i.p.”&=&intra,peritoneal.&*Free,T3&levels&reported&here&are&markedly&higher&than&expected.&

1996

0.01 µg/kg/h i.v. for

Davidson et al.,

Myocardial function

i.v. for 24 hrs

1996

0.08 – 2 µg/kg/h

Glembot et al.,

Arterial pressure

24 hrs

1995

0.01 µg/kg/h i.v. for

Dulchavsky et al.,

Pulmonary surfactant

24 hrs

1993a

0.01 µg/kg/h i.v. for

Dulchavsky et al.,

Lung function

24 hrs

0.01 µg/kg/h i.v. for

15 µg/kg i.p.

Dose T3

1992

Dulchavsky et al.,

Pulmonary surfactant

Lung function

Dulchavsky et al.,

1991

Main Endpoint

Study

Yes

Yes

Yes

Randomised

Yes

Blinded
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Total-T3

Sepsis severity
for 4 days

4 µg/kg i.p. daily

&

Table&4.2&(cont.):&Rat&sepsis&studies&of&T3&treatment.&
&

2003

Inan et al.,

2003

15 µg/kg i.p.

Yang et al.,

Gut barrier function

for 24 hrs

2001

inflammation

Lower peritoneal

permeability

1.6 pmol/L (Sepsis)
3.4 pmol/L (T3)

and intestinal

Preserved gut structure

III levels

3.4 pmol/L (Baseline)

Free-T3

1.0 nmol/L (T3)

0.5 nmol/L (Sepsis)

1.0 nmol/L (Baseline)

Maintained antithrombin

0.01 µg/kg/h i.v.

Chapital et al.,

Maintained pulmonary

compliance

composition and lung

Maintained surfactant

Outcome

compliance

Antithrombin-III levels

Blood Level

1997

15 µg/kg i.p.

Lung function

Raafat et al.,

0.01 µg/kg/h i.v.
for 24 hrs

Pulmonary surfactant

Ksenzenko et al.,

Dose T3

1997

Main Endpoint

Study

Yes

Yes

Randomised

Blinded
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Cardiac function after transplant

Votapka et al.,

days

6 µg/kg/day i.v. for 28

diastolic function
0.2 nmol (starve)
0.9 nmol/L (T3)

heart weight, systolic and

&

Restored cardiac proteins,

Cardiac indices improved

increase in cardiac function

Dose and time dependent

function

Enhanced systolic and diastolic

increases cardiac ATPase

No increase in plasma T3 but

receptors

Increased number of β-

Outcome

0.9 nmol/L (baseline)

Total-T3

0.5 nmol/L (Thyx+T3)

0.4 nmol/L (Thyx)

1.0 nmol/L (Pbo)

Total-T3

5.1 nmol/L (T3)

1.5 nmol/L (Pbo)

Total-T3

Blood Level

Table&4.3:&Rat&cardiac&studies&of&T3&treatment.&&Only&the&Votapka&et&al.&(1996)&trial&was&randomised&or&blinded.&
“Thyx”&=&thyroidectomy,&

1997

Katzeff et al.,

Cardiac function in starvation

function

1985

1996

20 – 2000 µg/kg s.c.

Dose and time effect on cardiac

Brooks et al.,
3.4 µg/kg i.v. bolus

for 3 days

1983

500 µg/kg s.c. daily

Marriott et al.,

Cardiac function

28 days

1983

3 µg/kg i.p. daily for

Cardiac ATPase

Dillmann et al.,

500 µg/kg s.c. daily
for 3 days

β-receptor number

Williams et al.,

Dose T3

1977

Main Endpoint

Study
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3 days

after MI

2008

&

&

&

&

&

&

&

&

&

&

&

Table&4.3&(cont.):&Rat&cardiac&studies&of&T3&treatment.&
“MI”&=&myocardial&ischaemia.&

14 µg/kg i.p. daily for

Myocardial function and apoptosis

Chen et al.,

6 µg/kg/day i.v. for 2
weeks

Cardiac function following MI

Ojamaa et al.,

Dose T3

2000b

Main Endpoint

Study

11.9 nmol/L (T3)

4.3 nmol/L (MI)

6.2 nmol/L (baseline)

Total T3

0.9 nmol/L (T3)

0.5 nmol/L (MI)

0.9 nmol/L (baseline)

Total-T3

Blood Level

reduced apoptosis

Increased systolic function and

restored cardiac proteins

Increased injection fraction and

Outcome
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TSH response in

Silva et al., 1977

Tissue levels of T3

Escobar-Morreale et al.,
for 12 days

2.5 – 20 µg/kg/day i.v.

100 µg/kg i.p.

3 µg/kg i.p. 10 days

50 µg/kg i.p. 10 days

Table&4.4:&Other&rat&studies&of&T3&treatment.&No&trials&were&randomised&or&blinded.&&&
“Thyx”&=&thyroidectomy.&

1999

Renal function

Seiken et al., 1994

inflammation

plasma T3

< 0.2 nmol/L (Thyx)
5.7 nmol/L (20 µg T3)

1.1 nmol/L (2.5 µg T3)

organs but increased in proportion to

Tissue T3 levels differed between

Lower creatinine

Deiodination not altered by T3

Increased erythroid cells

1.2 nmol/L (baseline)

Total-T3 at 12 days

0.2 (T3 treatment)

0.2 (inflammation)

0.9 nmol/L (baseline)

Deiodination during sterile

Chopra et al., 1987

Total-T3

Erythropoiesis

Malgor et al., 1986

No change in hepatic protein

Hepatic proteins

Carr et al., 1983

2000 µg/kg i.p.

Weight and urea excretion unchanged

1 – 3 µg/kg i.p. 14 days

Metabolism

Starved animals required higher dose

Suppressed TSH

Increased marrow erythroid cells

Outcome

Schwartz et al.,1980

1.8 – 91.3 µg/kg i.p.

0.2 nmol/L (7 hrs)

2.0 nmol/L (1 hr)

Total-T3

Blood Level

of T3 to increase VO2

Metabolism in starvation

0.7 µg/kg i.v. bolus

97.5 µg/kg/h i.v. 8 hrs

Dose T3

1979

Wimpfheimer et al.,

Bone marrow

Malgor et al., 1975

thyroidectomised rats

Main Outcome

Study
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Haemodynamics and

survival – haemorrhagic

Shigematsu et al.,

1987

shock and rT3.

Haemodynamics –

myocardial ischaemia

Haemodynamics –

myocardial ischaemia

Haemodynamics –

haemorrhagic shock

1988

Novitzky et al.,

1991

Yokoyama et al.,

1992

Dulchavsky et al.,

1993b

&

Table&4.5:&Dog&studies&of&T3&treatment.&
“MI”=myocardial&ischaemia,&“Thyx”&=&thyroidectomy.&

Survival – haemorrhagic

Yuan et al.,

shock.

Main Outcome

Study

bolus

cardiac output
0.5 nmol/L (Thyx)
1.5 nmol/L (T3)

pressure and

1.0 nmol/L (Baseline)

Total-T3

Increased arterial

work

4.6 pmol/L (Low T3)

for 3 hrs
12 µg/kg i.v.

compliance and

2.8 pmol/L (MI)

0.25 – 0.5µg/kg/h

8.4 pmol/L (High T3)

increase in cardiac

3.8 pmol/L (Baseline)

Free-T3

Dose dependent

pressures

1.0 pmol/L (Pbo)
4.0 pmol/L (T3)

index, lower cardiac

Higher cardiac

Survival benefit

15 µg/kg

survival benefit with

Haemodynamic and

Outcome

2.0 pmol/L (Baseline)

Free-T3

Blood Level

+

0.25 µg/kg i.v. bolus

hrs

0.4 µg/kg/hr i.v. for 3

15 µg/kg i.v. bolus

bolus

5 – 15 µg/kg i.v.

Dose T3

Yes

Yes

Yes

Randomised

Yes

Yes

Blinded
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Haemodynamics and

ketones after brain

Washida et al.,

1992

0.2 – 20 µg/kg i.v.
bolus

myocardial ischaemia

Neurological recovery –

cardiac arrest

Neurological recovery –

cardiac arrest

Haemodynamics in

cardiomyopathy

1995b

Whitesall et al.,

1996

D'Alecy

1997

Jamall et al.,

1997

flow

8.7 nmol/L (T3)

37.5 nmol/L (20 µg T3)

0.6 nmol/L (Baseline)

Total-T3

with 1 µg/kg/h

work and LVEDP

Increased cardiac

No change

No change

increased coronary

2.0 nmol/L (CPB)
Free- and total-T3 high

compliance,

Improved cardiac

8.3 nmol/L (Baseline)

Total-T3

10.6 pmol/L (T3)

<1.1 pmol/L (BD)

3.6 pmol/L (Baseline)

production

increased ketone

1.4 nmol/L (T3)
Free-T3

function but

pressure or renal

No effect on arterial

Outcome

0.3 nmol/L (BD)

1.1 nmol/L (Baseline)

Total-T3

Blood Level

Table&4.5&(cont.):&Dog&studies&of&T3&treatment.&
“BD”=brain&death,&“CBP”=cardio,pulmonary&bypass,&“Thyx”&=&thyroidectomy,&“MI”=myocardial&ischaemia.&

for 24 hours

1 µg/kg/h i.v.

3 hours

0.1 – 3.0 µg/kg/h for

bolus

Cardiac function –

0.2 µg/kg i.v.

for 4 hrs

1 µg/kg/hr i.v.

Dose T3

Klemperer et al.,

death.

Main Outcome

Study

Yes

Yes

Randomised

Blinded
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hours.
0.5 µg/kg/hr i.v. for 2
hours
0.08 µg i.v. bolus then
0.08 µg/kg/h

Haemodynamics

after CPB and MI

Renal function after

transplant

Haemodynamics

after brain death

Haemodynamics

after CPB and MI

Cardiac function after

MI

Haemodynamics and

inotrope requirement

Novitzky et al.,

1988c

Pienaar et al.,

1990

Meyers et al.,

1993

Dyke et al.,

1993

Hsu et al.,

1995

Hing et al.,

2007

0.05 µg/kg/h for 4 hrs

1 µg/kg i.v. bolus

0.2 µg/kg i.v. bolus

hours

Table&4.6:&Pig&studies&of&T3&treatment.&&No&trials&measured&blood&T3.&
“CPB”&=&cardio,pulmonary&bypass,&“MI”&=&myocardial&ischaemia.&

after brain death

100 µg/kg/h for 2

brain death

1987b

0.1 µg/kg/h i.v. for 2

Cardiac function after

Novitzky et al.,

Dose T3

Main Outcome

Study

improved cardiac function

Reduced inotrope requirement and

demand

Increased cardiac function without O2

energy demand

Improved cardiac function without

No change to cardiac function

Improved renal function

Improved cardiac function and mortality

Increased myocardial glycogen

Outcome

Yes

Yes

Randomised

Yes

Blinded
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Metabolism (CBP, MI)

Cardiac function

Novitzky et al., 1988b

DiPierro et al.,

0.04 – 0.2 µg/kg/h

Tissue thyroid hormone

levels after burns

Debaveye et al.,

2008b

0.2 µg/kg/h for 4

plasma Total-T3

Only 0.2 µg/kg/h increased

and is increased with T3

Total-T3 declines with burns

Higher dose T3 increased tissue levels

Increased clearance of T3 with burns.

Deiodination increased by T3

increase in O2 consumption

Increased cardiac energy without

decreased O2 consumption

Increased cardiac function with

Increased myocardial energy

Increased catabolism

Outcome

Table&4.7:&Baboon,&sheep&and&rabbit&studies&of&T3&treatment.&&Only&the&rabbit&studies&were&randomised&but&none&were&blinded.&
“BD”=brain&death,&“CPB”&=&cardio,pulmonary&bypass,&“MI”&=&myocardial&ischaemia.&

for 4 days

6.2 nmol/L (T3)

2.3 nmol/L (Baseline)

Total-T3

86.6 pmol/L (T3)

5.0 pmol/L (Baseline)

Free-T3

11.5 nmol/L (T3)

2.3 nmol/L (Baseline)

Total-T3

Rabbit Studies

0.8 µg/kg i.v. bolus

1.2 µg/kg i.v. bolus

days

Deiodination after burns

Blood Level

Sheep Studies

2 µg/kg i.v. bolus

1 µg/kg/h for 4 hrs

Dose T3

2008a

Debaveye et al.,

2005

Portman et al.,

Cardiac metabolism

Metabolism (BD)

Novitzky et al., 1988a

1996

Main Outcome

Study

Baboon Studies

4.2.1.9&&&Summary&of&Animal&T3&Studies&
In the 51 non-human studies reporting the effects of parenteral T3 administration,
29 used a bolus dose only (15 i.v., 11 i.p., 3 s.c.), 18 an infusion only, and four
used a bolus with infusion. There were a wide range of T3 doses that increased
blood levels or were reported to cause some physiological effect (Table 4.8). The
median bolus dose was 1.1 µg/kg [IQR 0.59 – 7.50 µg/kg] and median infusion
dose 0.2 µg/kg/h [IQR 0.01 – 1.00 µg/kg/h].

Animal

Intravenous Infusion Rate
µg/kg/h

Rats

0.01 – 0.25

Dogs

0.15 – 1.00

Pigs

0.10 – 1.00

Rabbits

0.20

Table& 4.8:& Dose& range& of& parenteral& T3& that& restored& blood& levels& or& were& reported& to& have& a&
physiological&effect&in&animal&studies.&

Only 23/51 (45%) studies reported blood levels following T3 administration, 17
measured total-T3, and nine measured free-T3 (three reporting both total- and
free-T3).
Of the 51 non-human studies, 42 reported an effect attributable to T3. However
scientific quality varied, with 36 studies placebo-controlled, 14 randomised and in
just five were the investigators blinded to T3 or placebo intervention. Nonrandomised and open label pre-clinical studies are prone to bias and are of
questionable legitimacy when translating findings to the clinical setting (Ch.
5.4.10). Future pre-clinical studies should be conducted with high scientific rigour
to ensure the conclusions are well founded.
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4.2.2& Human&Studies&
There were 36 human studies that administered parenteral T3 (Table 4.9).
Human Study

Number of Studies Identified

Cardiac Surgery

21
Adult 13
Paediatric 8

Organ Donation

8

Heart Failure

3

Other

4

Total

36

Table&4.9:&Human&studies&of&parenteral&T3.&

4.2.2.1&&&Adult&Cardiac&Surgery&
Five studies used T3 infusion at doses of 0.02 to 0.03 µg/kg/h but these did not
increase free-T3 or total-T3 to normal levels following cardiac surgery (Table
4.10). Despite this, four of the studies suggested T3 provided hemodynamic
benefit with two of these studies being blinded.
Eight studies increased total-T3 and free-T3 with doses of 0.04 to 0.625 µg/kg/h.
These studies had variable results from no discernable clinical change to improved
haemodynamics and enhanced recovery. Four of these studies were blinded.
Six of the cardiac surgery studies incorporated a bolus dose of 0.1 µg/kg to 1.0
µg/kg at the time of removal of the aortic cross-clamp. This increased blood T3
levels within one hour.
4.2.2.2&&&Paediatric&Cardiac&Surgery&
There were eight studies of T3 treatment following cardiac surgery in children
(Table 4.11). Total-T3 was restored to normal levels with doses of 0.04 to 0.625
µg/kg/h. Two studies used an i.v. bolus of 0.4 – 0.8 µg/kg which rapidly increased
free-T3 but had fallen again within hours. Outcomes ranged from improved
haemodynamics and enhanced recovery to no clinical change. Six studies were
randomised and four were blinded.
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4.2.2.3&&&Organ&Donation&
There were eight studies of T3 in organ donation (Table 4.12). Six used an
infusion of 0.03 to 0.11 µg/kg/h, three of which incorporated an initial bolus dose of
0.6 to 1.0 µg/kg. Free-T3 was rapidly increased to above normal with bolus and
infusion dosing but led to no clinical change in the only two blinded studies.

4.2.2.4&&&Heart&Failure&
In the three heart failure studies, bolus dosing (0.05 to 0.7 µg/kg) with subsequent
infusion (0.02 to 1 µg/kg/h) promptly maintained free-T3 in the high-normal range
(Table 4.13). Haemodynamic benefit was seen with the higher T3 doses but the
studies were not blinded.

4.2.2.5&&&Other&Studies&
Four other studies reported parenteral T3 administration to humans (Table 4.14).
In hypothyroid patients, an i.v. bolus of 0.4 to 0.7 µg/kg produced a peak serum T3
after 30 minutes and had fallen to normal levels at 24 hours. The higher dose
produced serum levels that were just above normal and appeared to have greater
clinical effect.
In neonates, 1.7 µg/kg/h of T3 restored serum levels to the normal range and
reduced requirement for O2 supplementation.
Patients with delayed renal function after kidney transplant were given T3 as a 0.2
µg/kg i.v. bolus followed by six-hour infusion at 0.03 µg/kg/h. This resulted in only
a transient correction of low free-T3 and did not alter any measure of renal
function.
In the only human trial of T3 in sepsis, 0.08 µg/kg/h infusion restored total-T3 to
normal levels and appeared to reduce inotrope requirements. Neither the duration
of T3 infusion or time of sampling for T3 assay was reported in this study.
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Haemodynamics

after high risk

Novitzky et al.,

1989a

after CPB.

Haemodynamics &

lymphocyte β-

1989b

Teiger et al.,

1993

after low risk CABG

1994
over 20 hrs

0.55 µg/kg i.v.

over 20 hrs

0.55 µg/kg i.v.

bolus

0.1 µg/kg i.v.

T3 did not increase

Graphed data only

'

'

Higher cardiac output

receptor density

0.3 nmol/L (Pbo)
1.1 nmol/L (T3)

haemodynamics or β-

No change in

Enhanced CPB weaning

Higher cardiac output

diuretic use

Reduction in inotrope and

Outcome

1.2 nmol/L (Baseline)

Total-T3

3.6 pmol/L (1 hr)

Free-T3

2.3 pmol/L (24 hrs)

4.0 pmol/L (4 hrs)

0.8 pmol/L (Pbo)

Free-T3

0.8 pmol/L (24 hrs)

7.0 pmol/L (5 mins)

0.8 pmol/L (Pbo)

Free-T3

Blood Level

Table&4.10:&T3&treatment&studies&in&cardiac&surgery.&
“CABG”'='coronary'artery'bypass'grafts,'“CPB”'='cardio:pulmonary'bypass.'

Haemodynamics

Vavouranakis et al.,

receptors

Haemodynamics

over 20 hrs

after low risk CABG

Novitzky et al.,

0.35 µg/kg i.v.

over 8 hrs

0.275 µg/kg i.v.

Dose T3

Haemodynamics

CABG

Main Outcome

Study

Yes

Yes

Randomised

Yes

Blinded
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Haemodynamics

after high risk

Klemperer et al.,

1995a

over 10 hrs

after high-risk

1996

high-risk cardiac

1997
over 24 hrs

0.07 µg/kg/h i.v.

'

'

Table&4.10&(cont.):&T3&treatment&studies&in&cardiac&surgery.&
“CABG”'='coronary'artery'bypass'grafts,'“CPB”'='cardio:pulmonary'bypass.'

surgery.

Survival after

“normal range” (T3)

for 1 – 3 days

Cimochowski et al.,

1.2 pmol/L (post CPB)

0.02 µg/kg/h i.v.

surgery.

3.1 pmol/L (pre-op)

bolus +

high-risk cardiac

1996

Free-T3

2 – 3 µg/kg i.v.

Survival after

5.1 pmol/L (T3 24 hrs)

13.3 pmol/L (T3 1 hr)

1.6 pmol/L (Pbo)

3.5 pmol/L (Baseline)

Free-T3

1.3 nmol/L (T3 24 hrs)

6.8 mmol/L (T3 6 hrs)

1.3 nmol/L (Baseline)

Total-T3

Blood Level

Novitzky et al.,

CABG

0.16 µg/kg/h i.v.

Haemodynamics

over 10 hrs

0.16 µg/kg/h i.v.

Dose T3

Bennett-Guerrero et al.,

CABG

Main Outcome

Study

controls

compared to historical

Improved survival

controls

compared to historical

Improved survival

No haemodynamic effect

Increase cardiac output

Outcome

Yes

Yes

Randomised

Yes

Yes

Blinded
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Haemodynamics

after CABG

Survival after high-

risk cardiac surgery.

Haemodynamics

after CABG

Haemodynamics

after low risk CABG

Mullis-Jansson et al.,

1999

Carrel et al.,

2002

Ranasinghe et al.,

2006

Spratt et al.,

2007

in protein catabolism

0.7 nmol/L (post-op)

hrs

'

'

'

'

2.2 nmol/L (T3)

0.7 nmol/L (Pbo)

output and no change

2.2 nmol/L (baseline)

0.03 µg/kg/h i.v. for 24

Improved cardiac

lower troponin

hrs
0.2 µg/kg i.v. bolus +

haemodynamics and

0.11 µg/kg/h i.v. for 6

Improved

controls

12 hrs
0.8 µg/kg i.v. bolus +

compared to historical

Improved survival

0.01 µg/kg/h i.v. for 6 –

0.04 µg/kg i.v. bolus +

lower mortality

hours

Improved

Outcome
haemodynamics and

Total-T3

Blood Level

0.17 µg/kg/h i.v. over 6

1 µg/kg i.v. bolus +

Dose T3

Table&4.10&(cont.):&T3&treatment&studies&in&cardiac&surgery.&
“CABG”'='coronary'artery'bypass'grafts.'

Main Outcome

Study

Yes

Yes

Randomised

Yes

Yes

Blinded
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daily

interventions

'

Table&4.11:&T3&treatment&studies&in&paediatric&cardiac&surgery.&
'

2000

0.8 µg/kg i.v. bolus

then 1 µg/kg i.v.

and ICU

2000

Haemodynamics

2 µg/kg i.v. bolus

Haemodynamics

Bettendorf et al.,

Portman et al.,

bolus

2000

0.4 – 0.8 µg/kg i.v.

Dosing Study

Mainwaring et al.,

0.05 – 0.15 µg/kg/h
i.v.

Recovery

Chowdhury et al.,

Dose T3

1999

Main Outcome

Study

16 hrs. Bolus dosing
briefly increases T3

4.6 pmo/L (Pbo 24 hrs)
10.8 pmol/L (T3 1 hr)
2.0 pmol/L (T3 72 hrs)

7.7 pmol/L (T3 24 hrs)

haemodynamics. Half-life

Improved

interventions

and less ICU

6.9 pmol/L (Baseline)

Free-T3

“Normal” (T3 72 hrs)

5.8 nmol/L (T3 2 hrs)

Total-T3

same between groups
Higher cardiac output

procedure (7 hrs)

in proportion to the dose.
By 12 hrs T3 was the

children having Fontan

Shorter half-life of T3 in

48 hours

Clinical improvement at

Outcome

T3 increased at 10 mins

Serum Total- and Free-

1.2 nmol/L (T3 12 hrs)

0.2 nmol/L (post-op)

Total-T3

Blood Level

Yes

Yes

Yes

Randomised

Yes

Yes

Blinded
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and inotrope use

2010
12 hours

0.12 µg/kg/h i.v. for

extubation or inotrope
use. Benefit seen in
patients < 5 months.

1.5 nmol/L (Pbo)
2.6 nmol/L (T3)

No change in time to

change to cardiac output

recovery score. No

Improved clinical

controls

compared to historical

Improved survival

2.6 nmol/L (Baseline)

Total-T3

6.8 pmol/L (T3)

3.0 pmol/L (Pbo)

5.3 pmol/L (Baseline)

Free-T3

2.0 nmol/L (T3)

0.8 nmol/L (Pbo)

1.5 nmol/L (Baseline)

Total-T3

Table&4.11&(cont.):&T3&treatment&studies&in&paediatric&cardiac&surgery.&
'

Time to extubation

Portman et al.,

score

and recovery

2005
72 hours

0.05 µg/kg/h i.v. for

0.5 µg/kg i.v. bolus

recovery

2.2 nmol/L (T3)

maintain normal T3

Haemodynamics

Recovery

Carrel et al.,

haemodynamics or

No change in

Outcome

0.6 nmol/L (Baseline)

Total-T3

Blood Level

i.v. adjusted

Mackie et al.,

ICU interventions

2001

0.05 – 0.15 µg/kg/h

+ 0.1 µg/kg/h i.v.

Haemodynamics &

Chowdhury et al.,

Dose T3

2002

Main Outcome

Study

Yes

Yes

Yes

Randomised

Yes

Yes

Blinded
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Haemodynamics

and metabolism

Haemodynamics

Perez-Blanco et al.,

2005

Venkateswaran et al.,

Table&4.12:&T3&treatment&studies&in&organ&donors.&

2009

function of organs

2003a, 2003b

Free-T3

Improved

No change

3.1 pmol/L (Pbo)

retrieval

15.2 pmol/L (T3)

4.6 pmol/L (Baseline)

haemodynamics

No change to

Lactate was lower

20 pmol/L (T3)
Free-T3

haemodynamics.

No change to

yield and function

Improved organ

haemodynamics

Improved

haemodynamics

1.5 pmol/L (Pbo)

Free-T3

7.6 pmol/L (T3)

1.5 pmol/L (Pbo)

1.5 pmol/L (baseline)

0.113 µg/kg/h until organ

0.8 µg/kg i.v. bolus then

0.06µg/kg/h for 3 hours

1 µg/kg i.v. bolus +

0.04 µg/kg/h

0.06 µg/kg i.v. bolus +

Number and

Rosendale et al.,

0.03 µg/kg/h until organ
procurement

Haemodynamics

2002

Carrel et al.,

1996

0.2 µg/kg i.v. bolus

0.6 µg/kg i.v. bolus

0.03 µg/kg/h i.v.

improved

No change to

Haemodynamics

Jeevanandam et al.,

Haemodynamics

Haemodynamics

Randell et al., 1992

every 1 – 2 hrs

Marginal donors

Outcome

Goarin et al.,

cardiac donation

1987a

0.03 µg/kg i.v. bolus

Blood Level

haemodynamics

Suitability for

Novitzky et al.,

Dose T3

1994

Main Outcome

Study

Yes

Yes

Yes

Yes

Randomised

Yes

Yes

Blinded
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5.8 pmol/L (T3)

(∼0.01 µg/kg/h)

'

'

'

'

Table&4.13:&T3&treatment&studies&in&severe&heart&failure.&
Only'the'study'by'Pingitore'et'al'(2008)'was'randomised.'No'studies'were'blinded.&
“NorA”'='noradrenaline,'“BNP”'='brain'natriuretic'peptide.'

2.7 pmol/L (Pbo)

maintain normal T3

changes

2.6 pmol/L (Baseline)

infusion adjusted to

and neuroendocrine

Free-T3

2008

0.5 µg/kg i.v. bolus +

Haemodynamics

hours

0.01 µg/kg/h for 12

0.03 µg/kg i.v. bolus +

free-T3

Graphed data only for

Blood Level

Pingitore et al.,

2002

Haemodynamics

i.v. for 6 hrs

haemodynamics

Carrel et al.,

bolus + 0 – 0.17 µg/kg/h

following T3 and

1998

0.05 – 0.7 µg/kg i.v.

Serum levels

Hamilton et al.,

Dose T3

Main Outcome

Study

Decreased NorA, BNP and aldosterone.

heart rate.

Increased stroke volume and decreased

Improved cardiac function

Higher doses increased cardiac output.

normal.

Bolus + infusion maintained fT3 high-

normal by 12 hours.

Bolus only increased free-T3 but declined to

Outcome
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septic shock

0.08 µg/kg/h i.v.

µg/kg over 6 hrs

transplant

Haemodynamics in

0.2 µg/kg bolus + 0.2

hrs for 2 days

in neonates

Renal function after

20 µg/kg i.v. every 12

Respiratory function

2.8 nmol/L (T3)

< 0.3 nmol/L (Baseline)

Total-T3

2.0 pmol/L (T3 24 hrs)

4.4 pmol/L (T3 6 hrs)

1.8 pmol/L (Baseline)

Improved haemodynamics

No change in renal outcomes

haemodynamics or metabolic status.

1.6 nmol/L (T3)
Free-T3

No change to duration of ventilation,

Lower O2 requirement.

0.6 nmol/L (Baseline)

Total-T3

24 hours. Greatest effect seen with

3.5 nmol/L (50µg T3)
larger dose.

Cardiovascular function improved within

but was normal at 24 hrs.

Serum T3 peaked 30 mins after bolus

Outcome

1.5 nmol/L (25µg T3)

1.0 nmol/L (Baseline)

Total-T3

Blood Level

Table&4.14:&T3&treatment&studies&in&other&diseases.&&The'study'by'Acker'et'al'(2002)'was'randomised'and'blinded.&
&

Hesch et al., 1981

Acker et al., 2002

Amato et al., 1989

i.v. bolus daily for 7 days

T3 in hypothyroid

patients

0.35 µg/kg or 0.70 µg/kg

Dose response of

Ladenson et al., 1983

Dose T3

Main Outcome

Study

4.2.2.6%%%Summary%of%human%studies%
In the 36 human studies reporting the effects of parenteral T3 administration, five
used a bolus only, 18 infusion only, and 13 used a bolus with infusion. The median
bolus dose was 0.75 µg/kg [IQR 0.43 –1.25 µg/kg] and median infusion dose 0.14
µg/kg [IQR 0.05 –0.25 µg/kg/hr] (Table 4.15).

Population

Intravenous Dose Range
(µg/kg/h)

Cardiac Surgery
Adult

0.04 – 0.63

Paediatric

0.05 – 0.15

Organ Donation

0.03 – 0.11

Cardiac Failure

0.04 – 1.03

Neonates

1.67

Sepsis

0.08

Renal

0.07

Table&4.15:&Dose&range&of&parenteral&T3&that&restored&blood&levels&or&were&reported&to&have&a&
physiological&effect&in&human&studies.!Any!bolus!doses!used!are!incorporated!in!the!infusion!rate.&

Blood T3 levels were reported in 26/36 (72%) human studies; 13 measured totalT3 and 15 measured free-T3 (two analysed both total-T3 and free-T3).
There were 20 studies that suggested T3 exerts some clinical effect. Of the 13
blinded studies, nine attributed some effect to T3 while four illustrated no change.
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4.2.3& Discussion&
There have been 87 publications reporting the use of parenteral T3. None have
been conducted on septic sheep. Pre-clinical studies of T3 have been conducted
in small- and large-animals in a range of diseases. Human trials of parenteral T3
have largely been conducted in patients with cardiac disease or following cardiac
surgery. The only studies of T3 in sepsis have been in rats and one small case
series in septic humans. The effect of T3 in sheep has been limited to the study of
its cardiovascular effect in healthy animals.
4.2.3.1%%%T3%Doses%
There has been a 100-fold difference in the dose of parenteral T3 reported to
increase circulating levels or yield a physiological effect. Intravenous infusion
doses of T3 ranged from 0.04 – 1.67 µg/kg/h in human studies and 0.01 – 1.00
µg/kg/h in non-human studies. This wide range of doses used highlights the
uncertainty regarding T3 dosing.
4.2.3.2%%%Dose%Regimen%
Apart from the wide dose range, T3 administration protocols differed between the
studies. T3 was administered as an infusion in 36 studies, a bolus in 34, or a bolus
with infusion in 17 studies.
Bolus administration is logistically straightforward and is thought to rapidly
increase blood levels and saturate T3 binding sites. Both human and non-human
studies showed that bolus doses quickly increase T3 blood levels but these return
to baseline within hours.
In non-human studies, bolus doses were administered via the i.v., i.p., or s.c route.
The i.v. route is preferable as it ensures the dose of T3 is delivered, particularly
during critical illness where blood flow and absorption from extra-vascular tissue
may be variable.
While a T3 bolus can rapidly increase blood levels, studies that utilised a
continuous infusion without a bolus also reported adequate blood T3 levels. The
need to provide a bolus dose with an infusion to rapidly increase circulating T3
levels in sepsis is uncertain.
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4.2.3.3%%%Endpoints%in%T3%Studies%
The most common reported clinical effects of T3 were haemodynamic changes.
Other physiological parameters reported to change with T3 administration included
pulmonary surfactant, pulmonary compliance, inflammation, erythropoiesis, renal
function, metabolism, O2 consumption and the hypothalamo-pituitary-thyroid axis.
4.2.3.4%%%Study%Conduct%
An effect was attributed to T3 in 20/36 (56%) human and 42/51 (82%) animal
studies. Only 12 human and five animal trials were conducted as randomised and
blinded trials. Of these 17 higher quality studies, 12 reported an effect of T3, albeit
of variable magnitude and clinical significance. A pre-defined primary endpoint
was outlined in only six studies and just four calculated the power of the study to
derive their conclusion (duration of inotropic support). Although the remaining
observational studies are not as scientifically robust, they still provide insight into
the doses of T3 used, possible side effects and endpoints of interest.
4.2.3.5%%%T3%Assays%
Surprisingly, circulating T3 levels were reported in only 26/36 (72%) of human
studies and 23/51 (45%) of animal studies. Thus it was not always clear to what
extent administered T3 increased blood levels or if physiological effects were
proportional to the amount of circulating hormone. Further trials of T3 therapy
should involve assay of blood and ideally measure levels in other tissues. This
would advance our understanding of how blood levels relate to tissue levels and
physiological changes (Ch. 7.2.2).
The best measure of blood T3 remains a controversial issue. While free-T3 is
considered a measure of the amount of hormone freely available to cells, total-T3
may better reflect hormonal status during illness (Chapter 2.2.6). Of the 49 studies
that reported T3 levels, 25 (51%) measured total-T3 and 19 (39%) free-T3. Four
(8%) studies measured both total-T3 and free-T3; two illustrated no difference in
the magnitude of change in free- and total-T3 (Whitesall et al., 1996; Mainwaring
et al., 2000), while two illustrated a greater increase in free-T3 (Washida et al.,
1992; DiPierro et al., 1996). Given the inherent limitation of T3 assays during nonthyroidal illness, the choice of free-T3 or total-T3 assay will depend on the
availability of assay, its reliability and an appreciation of the possible limitations.
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4.2.3.6%%%Conclusion%
There has been a large number of pre-clinical and clinical studies of parenteral T3.
The dosing regimens have varied and the amount of T3 administered has differed
100-fold. Haemodynamic changes following T3 administration have been the most
commonly reported endpoint, although most studies have not been placebocontrolled, randomised or blinded.
It remains unclear what dose of T3 should be studied in sepsis, what blood levels
should be targeted and whether a dosage regimen needs to incorporate a bolus
dose. Pilot studies in the ovine sepsis model are required to better determine
dose, regimen and likely magnitude of any physiological effect.

4.3&

A&Solution&of&TriBiodothyronine&

Intravenous formulations of synthetic T3 (liothyronine) are expensive and not
readily available. The commercial price for intravenous T3 (∼US$ 53.07 per µg) is
over 5000 times more expensive than the powder formulation (∼US$ 0.01 per µg)
(GlobalRx, Efland, NC, USA, August, 2008). Furthermore, the i.v. formulation is
not manufactured in Australia and supply is unreliable (Personal Communication,
Mr Peter Slobodian, Pharmacist, Investigational Drugs, Royal Adelaide Hospital).
Preparation of a T3 solution from readily available T3 solute may be suitable for
parenteral administration in sheep.
Pharmaceutical studies are required to determine how to prepare T3 in solution, its
stability over time and quantify any interaction with parenteral administration
apparatus. Understanding these pharmaceutical aspects is vital to ensure reliable
provision of parenteral T3 in a pre-clinical trial.
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4.3.1& Preparation&of&T3&in&Solution&
A T3 stock solution was prepared by diluting 10.6 mg liothyronine sodium solute
(molecular weight = 673 Daltons) with 150 µL of 0.1 M NaOH and 100 mL 0.9%
saline in a glass volumetric flask and sonified for 30 minutes.

4.3.2& Purity&of&T3&in&Solution&
High Performance Liquid Chromatography (HPLC, Shimadzu LC solutions, version
1.23) was used to identify T3 in solution. A solvent delivery module was used to
pump a mobile phase consisting of a 70/30 mix of methanol and acetate buffer (10
mM adjusted to pH 4.8) at a rate of 1 mL / minute through a SIL-20AHT autosampler to an Alltech Altima C18 column (5 µm, 250 mm x 4.6 mm). The T3
solution injection volume was 40 µL. The eluate was monitored for UV absorption
using a photodiode array detector with a resolution of 1.2 nm and a data collection
rate of 1.5625 Hz. The primary wavelength of detection was 230 nm.
In order to assess whether the HPLC conditions could resolve two closely related
compounds, liothyronine sodium (2.4 µg/mL) and thyroxine sodium (2 µg/mL) were
injected simultaneously. The HPLC conditions proved to separate these
compounds satisfactorily (Figure 4.1).

Figure&4.1:&Chromatogram&showing&the&separation&of&liothyronine&sodium&(Rt&=&6.100&mins)&and&
thyroxine&sodium&(Rt&=&8.816&mins).&

Examining the absorption spectrum over 230 nm to 800 nm assessed purity of the
T3 peak. The consistency in absorption throughout this range of wavelengths and
peak purity index (0.9998) indicate a pure solution of liothyronine.
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4.3.3& Concentration&of&T3&in&Solution&
The HPLC system was used to determine T3 concentration in solution. Calibration
standards were prepared by diluting T3 stock solution in 0.9% NaCl to produce
concentrations of 0.4, 0.6, 1.0 and 1.2 µg/mL.
A calibration curve was constructed, demonstrating a strong linear relationship (r2
= 0.9977) between peak height and the concentration of T3 (Figure 4.2). This
relationship was used to convert the average peak height value for each collected
sample to a concentration (T3 µg/mL = (Peak Height + 180) / 2600).
Precision was investigated by conducting five repeat injections of 0.46, 0.92 and
1.8 µg/ml T3 with coefficients of variation 0.5%, 1.1% and 3.9% respectively.
4000
3000
Peak height 2000
1000
0
0.00

P.H. = 2600c - 180
r² = 0.9977

0.20

0.40

0.60

0.80

1.00

1.20

1.40

Liothyronine Concentration (µg / mL)
Figure&4.2:&Calibration&curve&for&liothyronine&in&saline.&

4.3.4& Stability&of&T3&in&Solution&
To determine stability of T3 in solution, a sample from the glass flask was
analysed by HPLC confirming 1 µg/ml.
A sample of stock solution was placed into an Eppendorf tube prior to HPLC
analysis. The T3 concentration in solution from this vial was 0.87 µg/ml indicating
a degree of drug adsorption or loss of structure when T3 solution is stored in
Eppendorf tubes.
133

4.3.5& T3&Compatibility&Studies&
T3 stock solution (1 µg/mL) was drawn up via a needle into a 50 mL polypropylene
syringe (Becton Dickson Medical Products, Republic of Singapore) attached in
series to 1.5 metres of polyethylene tubing (Braun Melsungen AG, Federal
Republic of Germany) and a polyurethane triple lumen catheter (Cook Critical
Care Products, IN USA). A syringe pump (Alaris GH) was used to maintain an
infusion at 2 mL/h.
Samples of 0.5 mL were collected from the syringe and end of the infusion line at
0, 0.5, 1, 2, 3, 4, 6, 23, and 24 hours and placed into Eppendorf tubes. On
completion of the study, all samples were analysed in duplicate using HPLC to
determine the concentration of T3.
The concentration of T3 in solution collected from the syringe was relatively
consistent throughout the 24 hour infusion with measured concentrations between
0.73 and 0.91 µg/mL (Figure 4.3). The lower concentration than stock solution
could be largely accounted for by the effect of storage in Eppendorf tubes.

1.00
0.80
T3
(µg / mL)

0.60
0.40
Infusion solution - syringe only

0.20

Infusion solution - syringe, tubing & catheter

0.00
0

4

8

12
Time (hours)

16

20

24

Figure& 4.3:& Concentration& of& T3& in& the& infusion& samples& from& the& syringe& and& distal& lumen& of&
administration&set&collected&over&24&hours.&

The T3 concentration in the samples collected from the distal lumen of the
administration tubing was initially only 0.23 µg/mL, gradually increasing over two
hours to a level similar to that in the syringe (Figure 4.3). This suggests T3
adsorption to the administration set, which had become saturated after two hours.
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It is not certain which component of the administration set contributed to the
initially lower T3 concentration. The polyethylene tubing (1.5 metres) accounted for
the greatest surface area and may have led to most of the early T3 loss. However,
of the synthetic polymers used in manufacture of infusion lines, polyethylene has a
low adsorption rate and is the preferred component of lines used to administer
other peptide and small molecule drugs (Allen et al., 2005). The triple-lumen
catheter was of smaller surface area, but its constituent polyurethane has the
potential to adsorb a number of drugs (Smith et al., 1996). To determine the extent
to which each component contributes to loss of T3 from solution requires studying
each catheter individually and standardising their surface area.
An earlier study indicated that a polypropylene syringe would adsorb 30% of T3
and that adsorption could be reduced to 14% by adding albumin to the T3 solution
(Odgers, 1984). However, T3 was measured by immunoassay rather than
structural integrity and adsorption of T3 onto collection tubes was not considered.
The quantity of T3 infused was relatively small in this stability study. The infusion
rate of 2 µg/mL/h would be comparable to 0.03 µg/kg/h (assuming a 70 kg
subject), which is in the lower range of reported parenteral T3 infusion rates.
Utilising a low dose infusion for this pharmacological study enhanced sensitivity for
testing stability and concentration changes. Infusing larger amounts of T3 are
likely to have a similar amount of absolute loss from solution, but relatively less
loss overall.

4.3.6& Conclusion&
This study indicates that: 1) T3 solute can be prepared into a solution, 2) T3
solution is structurally stable over 24 hours, 3) Eppendorf tubes adsorb T3, 4)
solution is stable in a 50 mL polypropylene syringe, and 5) there is an initial loss of
T3 from the infusion line for up to two hours. This T3 solution is suitable for use as
parental therapy in pre-clinical trials. Priming the administration set and / or
utilising larger doses of T3 may overcome the initial loss of T3 from infusion
solution.
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4.4&

T3&Dosing&Study&

It is uncertain what dose or regimen of parenteral T3 should be used to investigate
its physiological effect in the sheep model of septic shock. The 100-fold range of
T3 doses, variable use of bolus doses and the limited experience of T3 therapy in
sepsis and sheep provide little guidance.
Relatively higher doses of T3 are likely to be required to restore plasma levels in a
sheep model of sepsis. Sepsis markedly alters deiodination pathways leading to
increased clearance of T3 (Ch. 2.3.4) and sheep metabolise thyroid hormones
faster than humans (Ch. 3.4.3.2).
The need for a bolus dose is also unclear. A loading dose may be required to
saturate adsorption on the infusion administration sets (Ch. 4.3.5) and rapidly
restore T3 levels in sepsis. Conversely, a bolus dose may excessively increase T3
levels.
Haemodynamics have been the most commonly measured endpoint in previous
trials of T3 therapy. However, it is unknown if T3 affects haemodynamics in sepsis
or alters other clinical parameters. Whether a T3 dose should be chosen based on
a desired blood level or a physiological endpoint is uncertain.
An open label dosing study of T3, tested in the septic sheep model, will determine
what dose increases plasma levels and the likely physiological effects. This will
guide what dose of T3 should be tested and which endpoints to measure when
planning a subsequent pre-clinical trial. Dosing studies also provide pilot data
regarding the possible magnitude of effect of a new therapy, allowing calculation of
trial size to ensure adequate power to formally test the effect of T3.

4.4.1& Methods&
Six sheep were studied from May to July 2010 according to the ovine model of
sepsis (Ch. 3.4.1). The only modification to the earlier sheep model was that
drooled saliva was collected and returned into the rumen every hour via a
nasogastric tube (Ch. 3.4.3.1).
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One-hour following completion of E.coli infusion, T3 was administered as a
continuous infusion over 24 hours (Figure 4.4) at rates of 0.5, 1, 2 or 5 µg/kg/h
(Table 4.16). In four animals an initial bolus dose of 1, 10 or 100 µg/kg was also
administered (Table 4.16).

Figure&4.4:&Timeline&of&T3&dose&studies&in&an&ovine&model&of&septic&shock.&

Sheep

Bolus Dose

Infusion Dose

DS-1

1 µg/kg

0.5 µg/kg/h

DS-2

1 µg/kg

1 µg/kg/h

DS-3

10 µg/kg

0.5 µg/kg/h

DS-4

100 µg/kg

5 µg/kg/h

DS-5

Nil

1 µg/kg/h

DS-6

Nil

2 µg/kg/h

Table&4.16:&Doses&of&T3&administered&to&septic&sheep.!“DS”!=!Dose!Sheep.&

T3 solution was prepared as described (Ch. 4.3.1) and was administered “openlabel” with investigators aware of dose.
Blood was collected at baseline and then 2, 6, 12, 26 hours after E.coli injection
(this corresponded to -2, 0, 4, 10 and 24 hours of T3 infusion). Plasma was
separated, stored and batch assayed for free-T3 (Ch. 3.4.1.2.1).
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Endpoints analysed were:
1. Amount of noradrenaline (NorA) required
a. Number of animals requiring NorA
b. Cumulative NorA dose over the 24 hours of T3 infusion
c. Dose of NorA used at 24 hours
2. Serum lactate
a. Maximum level
b. Level after 24 hours of T3
3. Serum creatinine
a. Level after 10 hours of T3
b. Level after 24 hours of T3.
Endpoints and plasma T3 levels were compared to the mean values from the six
septic sheep studied during the validation of the ovine model (Ch. 3.4.2).
Statistical testing was not applied as each sheep received a different dose of T3.

4.4.2& Results&
Sheep were of similar size and received an equivalent amount of E.coli as the
septic animals in the model validation studies (Table 4.17). The amount of
radiological contrast used was less than earlier studies and reflects improved
technique at inserting the venous catheters. All animals had positive blood cultures
12 and 26 hours after injection of E.coli.
&
Septic Sheep in T3

Septic Sheep in Model

Dosing Study (n = 6)

Validation (n = 6)

Weight (kg)

54 ± 10

62 ± 3

E.coli (CFUs / kg x108)

1.0 ± 0.2

1.0 ± 0.1

Radiographic Contrast (mL)

19 ± 10

50 ± 13

Serum Lactate at Baseline (mmol/L)

1.6 ± 0.3

1.4 ± 0.7

Serum Creatinine at Baseline (µmol/L)

79 ± 20

91 ± 12

Table&4.17:&Group&characteristics&of&septic&sheep&in&the&T3&dosing&and&model&validation&studies.&
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One sheep (DS-6) died 22 hours into the infusion of T3. This animal required NorA
within four hours after E.coli administration but did not increase cardiac output and
had a progressive fall in MAP despite 11.6 L of parenteral fluids and maximal dose
of NorA. At baseline, this animal had physiological parameters consistent with the
earlier studies although at post-mortem had a markedly hypertrophied heart.

4.4.2.1%%Plasma%FreeDT3%
All doses of T3 increased plasma free-T3 (Figure 4.5) and levels were higher than
those measured in the model validation studies (Table 4.18).
Plasma free-T3 at four hours was elevated with increasing bolus dose (Table
4.18). In the two animals receiving the same infusion dose (DS-2 and DS-5), freeT3 levels at four and 24 hours were higher when a bolus was not administered
(Table 4.18).
50
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DS-1
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DS-4
DS-5
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Figure&4.5:&Plasma&freeBT3&in&an&ovine&model&of&septic&shock&with&T3&administered&as&a&24Bhour&
continuous&IV&infusion&±&bolus.&
E.coli'was!administered!at!0!hours!and!T3!dosing!commenced!at!2Ahours.!
T3!doses!are!outlined!in!Table!4.16.!
Mean!freeAT3!values!obtained!during!model!development!in!nonAseptic!sheep!(n!=!5)!and!septic!
sheep!(n!=!6)!are!included!for!comparison.!
DSA6!data!is!not!shown!as!the!plasma!T3!levels!were!beyond!the!detection!limit!of!the!assay!(>!46!
pmol/L)!and!the!animal!died!at!22!hours.!
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140

Nil

DS-6

2.0 µg/kg/h

1.0 µg/kg/h
8 µg/kg

4 µg/kg

120 µg/kg

> 46

28.3

> 46

27.5

NA *

24 µg/kg

220 µg/kg

22 µg/kg

25 µg/kg

13 µg/kg

after 24 hours

Cumulative T3 dose

3.6 ± 0.2

4.4 ± 0.3

NA *

9.9

26.9

6.5

7.7

5.3

24 hours of T3 (pmol/L)

Plasma free-T3 after

*DS$6'died'22'hours'after'commencing'T3'infusion.'

“DS”'='Dosing'Sheep,'“NA”'='Not'Available.'

Free$T3' levels' (mean' ±' SD)' in' non$septic' sheep' (n' =' 5)' and' septic' sheep' (n' =' 6)' measured' at' corresponding' times' during' model' validation' are' included' for'
comparison.'

Table&4.18:&Plasma&free1T3&after&4&and&24&hours&of&a&T3&dose&in&an&ovine&model&of&septic&shock.&

5.0 ± 0.4

Nil

DS-5

5.0 µg/kg/h

12 µg/kg

16.9

Septic Group

100 µg/kg

DS-4

0.5 µg/kg/h

5 µg/kg

13.9

4 hours of T3 (pmol/L)

Plasma free-T3 after

5.3 ± 0.7

10 µg/kg

DS-3

1.0 µg/kg/h

3 µg/kg

after 4 hours

Cumulative T3 dose

Non-Septic Group

1 µg/kg

DS-2

0.5 µg/kg/h

Dose

Dose

1 µg/kg

Infusion

Bolus

DS-1

Sheep

4.4.2.2$$Physiological$Endpoints$
Four septic sheep (67%) required NorA at some time during the dosing study with
two animals (33%) still requiring NorA after the 24-hour infusion of T3. In
comparison, all six septic sheep (100%) in the model validation studies required
NorA at some time with four animals (67%) still requiring NorA at the end of the
study. There was no relationship between dose of T3 administered and the
amount of NorA required over 24 hours, or the dose of NorA at the end of the
study (Table 4.19).
At baseline, serum lactate and creatinine were similar to the septic group of sheep
not administered T3 (Table 4.17). All septic sheep given T3 (excluding DS-6) had
a maximum lactate and 24-hour lactate that was lower than mean levels in the
septic sheep model validation studies (Table 4.19). Similarly, serum creatinine
after 10 and 24 hours of T3 infusion was lower than mean levels at corresponding
times in the septic model validation (Table 4.19).
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22

220

24

48

nil

DS-3

DS-4

DS-5

DS-6

Septic Sheep

3.6 ± 0.2

> 46.1*

9.9

26.9

6.5

7.7

554 ± 279

906*

162

0

0

832

572

(µg/kg)

hours

Dose over 24

0.71 ± 0.44

1.0*

0

0

0

1.0

0.67

(µg/kg/min)

hours

Dose at 24

Noradrenaline Dose

8.6 ± 6.9

13.5*

2.9

3.4

3.9

3.5

4.3

(mmol/L)

Maximum

7.2 ± 4.7

13.5*

1.4

2.1

1.7

3.2

3.9

(mmol/L)

At 24 hours

Serum Lactate

*DS?6%died%22%hours%after%commencing%T3%infusion%–%the%values%listed%were%the%final%values%measured%prior%to%death.&

“DS”%=%Dosing%Sheep.%

Data%from%septic%sheep%(n%=%6)%measured%during%model%validation%are%included%for%comparison.%

Table&4.19:&Noradrenaline&doses,&serum&lactate&and&creatinine&in&T3&dosing&studies&in&an&ovine&model&of&septic&shock.&

25

(pmol/L)

(µg/kg)

DS-2

hours

hours

5.3

fT3 at 24

over 24

13

Plasma

Dose of T3

DS-1

Sheep

197 ± 79

84

85

71

94

79

91

(µmol/L)

At 10 hours

302 ± 156

84*

74

67

53

91

182

(µmol/L)

At 24 hours

Serum Creatinine

4.4.3$ Discussion$
4.4.3.1%%Choice%of%T3%Dose%
Doses of T3 used in this pilot study ranged from 0.54 to 9.17 µg/kg/h for 24 hours.
These are much higher than the estimated T3 production rate of 0.02 µg/kg/h in
humans (Kaptein et al., 1994) and are in the upper range of doses used in other
trials of T3 therapy.
As sheep have a faster metabolism of T3, relatively high doses were chosen to
ensure adequate increase of plasma levels. The only other studies of T3 in sheep
were conducted in healthy animals, in which an i.v. bolus of 0.8 – 1.2 µg/kg
increased blood T3 levels only for two hours (Ch. 4.2.1.7, Table 4.7) (DiPierro et
al., 1996; Portman et al., 2005).
Higher doses were also chosen to overcome a possible state of relative “T3
resistance” observed in sepsis; namely increased T3 metabolism, altered cell
transport, impaired receptor binding, attenuated “down-stream signalling” and
reduced tissue levels (Ch. 2.3). The effect of sepsis on plasma T3 levels will be
tested in further studies (Ch. 6.3).
Given the uncertainty about the physiological response to T3 in septic shock,
larger doses were chosen, as these were considered more likely to illustrate an
effect. Higher doses of T3 given to hypothyroid patients lead to greater
improvement of cardiovascular, renal and metabolic status (without adverse
effects) (Ladenson et al., 1983). Similarly, higher doses of T3 therapy led to
greater haemodynamic improvement in patients awaiting cardiac transplant
(Hamilton et al., 1998).
Only a few animal studies have determined the effect of T3 dose during disease.
In isolated rabbit hearts, T3 exerts a dose-dependent increase in cardiac function
and higher doses are required following myocardial ischaemia (Kadletz et al.,
1994). A dosing study in a dog model of cardiac arrest concluded that 1 µg/kg/h
infused for 24 hours was required to restore circulating T3 levels (Whitesall et al.,
1996). Fasting rats required five to 10 times more T3 to increase VO2 than fed
animals (Wimpfheimer et al., 1979) while standard T3 doses did not increment
serum levels during sterile inflammation (Chopra et al., 1987). Similarly, in a rabbit
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model of burn injury, “higher dose” T3 infusion (0.2 µg/kg/h) was required to
restore blood and tissue levels while “physiological dose” infusion (0.04 µg/kg/h)
did not (Debaveye et al., 2008b).
Providing higher doses of T3 also increased the likelihood of detecting any safety
issues. No adverse effects have ever been reported in controlled trials of T3
therapy during illness. In fact, a blinded RCT of T3 during fasting reported
symptoms of thyrotoxicosis more frequently in those on placebo and with lowest
blood T3 levels (Bray et al., 1973). Nevertheless, there is strong belief that
excessive thyroid hormone therapy in the critically ill, will lead to hypermetabolism,
arrhythmias and myocardial ischaemia (Wartofsky et al., 1982; Wartofsky et al.,
1999; Kronenberg et al., 2008). Hence this dosing study incorporated markedly
high (“thyrotoxic”) doses of T3 to identify any obvious adverse effect.
The sheep that died (DS-6) had free-T3 levels that exceeded the assay upper limit
and thus it is possible the death may have been an adverse reaction to T3. This
animal though, had a severely hypertrophied heart that may have contributed to its
cardiovascular demise.
Septic sheep that received the highest dose of T3 (DS-4) had markedly elevated
plasma T3 levels but did not require any NorA, with serum lactate and creatinine
remaining at baseline levels. Although this animal appeared to remain healthy, the
plasma levels achieved with this dose could be considered to be profoundly
thyrotoxic. Targeting these very high plasma levels is likely to be unappealing to
many clinicians.
Using a lower dose of T3 would be a balance between providing adequate
amounts of T3 and avoiding presumed toxic levels. The septic animal that
received 1 µg/kg/h (DS-5) had a plasma free-T3 that was lower than DS-4, but still
maintained supra-physiological T3 levels. This sheep required a relatively small
amount of NorA and also maintained serum lactate and creatinine at baseline
levels. To test the physiological effects of T3 therapy in septic shock, a dose of 1
µg/kg/h is a compromise between testing a pharmacological and physiological
dose of T3.
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4.4.3.2%%Dosage%Regimen%
Previous studies using bolus doses of T3 have only transiently elevated blood
levels (Silva et al., 1977; Ladenson et al., 1983; Novitzky et al., 1989a; DiPierro et
al., 1996; Hamilton et al., 1998; Mainwaring et al., 2000; Portman et al., 2000;
Portman et al., 2005). T3 bolus doses administered after cardio-pulmonary bypass
were reported to have a redistribution half-life of only 25 minutes and an
elimination half-life of 100 minutes (Novitzky et al., 1996). How these half-lives
were derived was not explicitly described, but if true, less than 0.2% of a bolus
dose would be circulating four hours after administration. Hence T3 in this dosing
study was administered as a 24-hour continuous infusion to ensure steady delivery
of hormone, maintain elevated plasma T3 levels and allow adequate time for
equilibration in most tissues (Irvine, 1974).
An initial peak of plasma free-T3 was seen in all six sheep, even in those not given
a bolus of T3. This phenomenon has also been seen when dogs subjected to
cardiac arrest were infused T3 at 1 µg/kg/h. Plasma total-T3 and free-T3 peaked
during the first four to six hours of T3 infusion, but by 24 hours were only slightly
above normal levels (Whitesall et al., 1996) (Figure 4.6). This pattern of change in
plasma hormones is remarkably similar to that observed in this septic sheep
dosing study.
Surprisingly, free-T3 levels were higher in the septic sheep that did not receive an
initial bolus. Bolus dosing may rapidly up-regulate D3 leading to faster T3
clearance rates (Ch. 1.7 & 2.3.4). Infusion doses may lead to a slower increase in
D3 activity, accounting for the longer time taken for T3 to decline to plateau levels.
Further studies (e.g. T2 assay, tissue deiodinase activity) would be required to
understand these potential mechanisms (Ch. 7.2.3).

145

Post-arrest)

tion over time. Normal canine
bar on the y-axis. TT4 was
e Rx-rT3 group from the l-h
24-h post-arrest time point.
on over time. Normal canine
bar on the y-axis. FT4 was
e Rx-rT3 group from the l-h
h post-arrest time point. Error

times of the normal range. The rT3 infusion elevated
neither TT3 nor FT3 levels (Fig. 3, top and bottom).
These levels declined as in the saline infusion therapy

+ 0.2”C) and total urine
pared pair-wise using
st physiologic variables
ghout the first hour of
milar among all three
previously reported for
average MAP (107 f 3
significantly lower than
4-h (124 + 5 mmHg) and
ts but were within nora glucose concentration
mg/dl) was significantly
saline groups at the 4-h
f 8 mg/dl) time points
ed an adverse outcome

12, TT3 hmoles/L~

30 1 FT3 (Dmoles/L)

TIME (Hours Post-an-cd)

Fig. 3. Top panel shows TT3 concentration over time. Normal canine
range for TT3 is represented by black bar on the y-axis. TT3 was
Figure$4.6:$Total6T3$(TT3)$and$Free6T3$(FT3)$in$a$canine$model$of$cardiac$arrest$receiving$infusion$
significantly
elevated (P c: 0.0001) in the Rx-T3 group from the I-h
of$T3$at$1$µg/kg/h$(Whitesall!et*al.,*1996).$Mean*±*SEM.$
post-arrest
sample
time point to the 24-h post-arrest time point.
ns effectively produced
The*normal*canine*range*for*TT3*and*FT3*is*represented*by*a*black*bar*on*the*yDaxis.**
Bottom
panel
shows
FT3 concentration over time. Normal canine
ns and the saline Reproduced*with*permission*(Elsevier).*
conrange for FT3 is represented by black bar on the y-axis. FT3 was
reported dramatic designificantly elevated (P < 0.0001) in the Rx-T3 group from the l-h
and rT3. At an infusion
post-arrest sample time point to the 24-h post-arrtyst time point. Error
n did not elevate serum
bars represent + S.E.M

4.4.3.3%%%Choice%of%Endpoints%

Mortality rates are the definitive primary endpoint in most clinical trials of critical
illness; however mortality studies usually require large numbers to illustrate
significant survival advantage. Trials of new therapies in sepsis are initially
conducted in smaller groups and are usually underpowered to detect an effect on
mortality. Instead, a number of physiological endpoints have been used as
surrogate measures of the severity of illness. In humans, NorA dose, serum
lactate and serum creatinine are related to mortality and are frequently reported in
sepsis studies. It is not known how these three endpoints relate to mortality in
other animals, but their pattern of change in septic sheep mirrors that of human
septic shock.

146

In septic shock, MAP is the haemodynamic variable most predictive of mortality
(Varpula et al., 2005). Patients who require higher doses of NorA to achieve a
desired MAP have a higher mortality (Vincent et al., 1996; Levy et al., 2005) and
dose of NorA required is often used as a measure of severity in septic shock.
Hence, quantifying the amount of NorA required is an important endpoint to
measure when testing the effects of T3 in septic shock, particularly given the
previously described haemodynamic effects of T3 (Ch. 1.9.1). However “dose” of
NorA can be quantified many different ways: it can be reported as the number of
subjects on NorA, duration of NorA requirement, dose of NorA at pre-determined
time points, total dose of NorA over time, time-averaged dose of NorA, and peak
NorA dose. As yet there is no consensus on how best to quantify NorA dose.
Lactate is a marker of anaerobic metabolism and can reflect inadequate O2 supply
or utilisation. In humans, serum lactate levels strongly correlate with organ
dysfunction and death, independent of blood pressure (Bakker et al., 1991; Bakker
et al., 1996; Mikkelsen et al., 2009). Most septic sheep given T3 appeared to have
a lower lactate increment than septic sheep not given T3. Enhanced O2 utilisation
may be a feature of T3 therapy in septic shock and will be an important endpoint in
the pre-clinical trial of T3.
In critically ill humans, elevated serum creatinine is a measure of renal dysfunction
and is independently associated with a 40% greater risk of mortality (Silvester et
al., 2001; Bagshaw et al., 2007). In sheep, creatinine is normally freely filtered by
the nephron and serum levels are a reliable measure of renal function (Garry et
al., 1990). Sheep in this dosing study did not have the same extent of creatinine
increase as that observed in the model validation studies. The lower amount of
radiographic contrast required may have contributed but is unlikely to be the sole
reason for the lower creatinine. T3 has been reported to increase glomerular
filtration in other animal studies (Ch. 2.4.5), hence renal function will be another
important endpoint to assess in the pre-clinical trial of T3 in septic shock.
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4.4.3.4%%Limitations%of%Dosing%Study%
Although these dosing studies are an important component to the subsequent
formal pre-clinical trial of T3, there are a number of limitations of this work.
Septic animals with higher plasma free-T3 appeared to remain more
physiologically stable; however there was no clear relationship between the 24hour dose of T3 and any of the endpoints. This variability may reflect the small
number of animals studied.
Due to the logistics and expense required to test T3 doses in the septic sheep
model, the number of animals allocated for this dosing study was limited to six.
The bolus and infusion doses chosen were an estimate to provide information on
both dose and regimen given the limited number of animals. Furthermore, results
of the plasma assays were not available until after all six dosing studies were
complete. With the benefit of knowing these serum levels, an alternative dosing
study could have been constructed (e.g. 0.1, 0.2, 0.5, 1, 2, and 5 T3 µg/kg/h).
Ideally each dose would be tested on two animals, providing a more reliable
analysis of a dose-response relationship.
Finally, the early peak plasma levels with a continuous infusion were unexpected.
The number of assay time-points was relatively infrequent and it is unclear what is
happening to plasma levels immediately after commencing an infusion. Sampling
plasma more frequently would have clarified the early changes to plasma T3
concentration and provided greater insight into the kinetics of T3.
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4.5$

Summary$

A literature search identified the wide range of doses used in previous trials of T3
and the uncertainty of how dose relates to blood levels or physiological effect.
Extrapolating a dose from these studies is difficult given the range of doses used,
the different metabolism of T3 between animal species and how this differs further
during disease. T3 dosing studies in the septic sheep model were required to
determine the amount of hormone needed to increase plasma levels, clarify if a
bolus dose was required and ascertain what primary endpoints are best
measured.
Pharmaceutical studies were undertaken to prepare a stable solution of T3 and
determine its compatibility with the drug administration devices and plasma
storage containers. Six doses of T3 were then tested in the ovine model of septic
shock. All infusion doses of T3, with or without an initial bolus, increased plasma
free-T3. NorA requirement, serum lactate and serum creatinine appeared to be
lower in these dosing studies compared to early septic studies, but there was no
obvious dose-response relationship. An infusion of 1 µg/kg/h T3 for 24 hours
without a bolus dose increased plasma free-T3 above baseline levels, appeared to
be well tolerated, and is considered a suitable dose to test its effects in a
randomised, blinded, placebo controlled trial in the ovine model of septic shock.
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Chapter$5:$$Tri6iodothyronine$(T3)$Administration,$with$
and$without$Hydrocortisone,$in$an$Ovine$
Model$of$Septic$Shock$

5.1$

Introduction$

T3 is required for normal organ function, yet circulating levels decrease during
septic shock in proportion to the severity of disease. It is unclear if this decline in
circulating T3 is an adaptive response or contributes to the multi-organ dysfunction
of septic shock.
As septic shock progresses, blood pressure decreases and becomes increasingly
resistant

to

catecholamines.

Noradrenaline

(NorA)

is

the

recommended

catecholamine to support arterial blood pressure in septic shock (Dellinger et al.,
2013b) and the amount required is a measure of the severity of disease (Vincent
et al., 1996; Levy et al., 2005; Varpula et al., 2005) (Ch. 4.4.3.3). It is plausible that
supplementary T3 in septic shock may improve blood pressure, reduce the need
for NorA and be associated with other beneficial physiological changes.
Small observational studies have reported that T3 therapy leads to prompt
reduction of catecholamine requirements in patients with septic shock (Hesch et
al., 1981) and also in hypotensive patients with severe hypothyroidism (Holvey et
al., 1964; Kaptein et al., 1986). Some randomised controlled trials (RCTs) of T3 in
cardiac surgery also found that patients receiving T3 required less inotropes
(Mullis-Jansson et al., 1999; Sirlak et al., 2004; Ranasinghe et al., 2006). In septic
rat studies, open-label T3 therapy was reported to enhance respiratory function,
increase myocardial contractility and have anti-microbial effects (Ch. 2.4.7).
However, strongly held opinions maintain that low T3 is an adaptive response and
therapeutically restoring levels may lead to excessive metabolism and adverse
cardiovascular effects (Ch. 2.5).
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Whether T3 therapy requires co-administration of hydrocortisone (HC) is also
unclear. Septic shock may be associated with a relative deficiency of
corticosteroids and it is feared that providing T3 may exacerbate any adrenal
insufficiency. High quality clinical trials of HC supplementation in sepsis have
illustrated a reduction in inotrope requirements (Annane, 2004; Sprung et al.,
2008) and this may augment any haemodynamic effect of T3.
Given the uncertainty regarding the efficacy and safety of T3 therapy in septic
shock, and the need for co-administration of HC, a scientifically rigorous preclinical study was performed to determine whether a 24-hour infusion of T3, with or
without HC, would reduce NorA requirements in an ovine model of septic shock.
Other measures of organ function, metabolism and O2 extraction were also
undertaken.

5.2$

Methods$

This was a randomised, blinded, placebo-controlled, study of T3, with and without
HC, in an ovine model of septic shock. Animal ethics approval was obtained
(Appendix 1) and thirty-two (32) sheep were studied individually from August 2010
to November 2011 according the methods described earlier (Ch. 4.4.1).

5.2.1$ Randomisation$and$Blinding$
Prior to commencing the study a pharmacist, with no role in the trial conduct,
derived computer-generated random numbers to allocate all 32 animals to one of
four groups (Appendix 2):
1. Placebo +

Placebo (Pbo / Pbo) (n = 8)

2. T3

+

Placebo (T3 / Pbo)

(n = 8)

3. HC

+

Placebo (HC / Pbo)

(n = 8)

4. T3

+

HC

(n = 8)

(T3 / HC)

Group allocation remained concealed to all investigators throughout the study.
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5.2.2$ Study$Protocol$
Animals were chosen at random from a large herd of similarly aged sheep.
Following surgical instrumentation and a period of post-operative recovery,
animals were administered an i.v. infusion of E.coli (1 x 108 CFUs / kg) over one
hour and received protocol directed supportive care for 26 hours (Ch. 4.4.1). One
hour following E.coli infusion, study drugs were infused over 24 hours (Figure 5.1).

Figure$5.1:$Timeline$of$each$animal$study$in$a$placebo$controlled$trial$of$T3$±$HC.$

Animal euthanasia occurred at 26 hours. Post-mortem tissue samples were
immediately taken from liver, skeletal muscle, cardiac muscle, kidney, lung,
cerebral cortex, hypothalamus, and pituitary and immediately frozen to -80oC.
These were stored for tissue analysis in future studies (Ch 7.2).

5.2.3$ Study$Drugs$
A pharmacist prepared study drugs the day of each animal study. These were
dispensed to the investigator in opaque black plastic bags. Placebo was 50 mL of
0.9% saline and was indistinguishable from T3 or HC solutions.
T3 was prepared as described earlier (Ch. 4.3.1) and provided in 50 mL syringes
(Becton Dickson Medical Products) labelled “T3 or Placebo: 10 µg/mL”. The dose
of T3 administered was 1 µg/kg/h for 24 hours and was based on earlier dosing
studies in septic sheep (Ch. 4.4).
HC (Pfizer, West Ryde, Australia) was prepared in 0.9% saline and provided in 50
mL syringes labelled “Hydrocortisone or Placebo: 1 mg/mL”. The HC dose
administered was 100 µg/kg/h for 24 hours. HC dose was extrapolated from
infusion rates used in humans with septic shock (Briegel et al., 1999; Keh et al.,
2004) and from cortisol kinetic studies in sheep (Rhind et al., 1999).
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5.2.4$ Endpoints$
Primary outcome of this study was the total amount of NorA required during a 24hour infusion of the study drugs (cumulative NorA dose). Secondary endpoints
included 54 measures of organ function as described earlier (Table 3.4).
Creatinine clearance and fractional excretion of sodium (FE-Na+) were included,
but plasma TSH, IL-1β and TNF-α were not assayed. Histopathology and lung
wet:dry ratio were not assessed given the lack of difference between septic and
non-septic sheep in earlier studies (Ch. 3.4.2).

5.2.5$ Study$Power$
Data from the sheep model development, validation studies and dosing studies
allowed estimation of a sample size required to identify an effect of T3 therapy. All
septic sheep in the model development and validation studies required NorA with
mean 24-hour cumulative dose of 554 (± 279 SD) µg/kg (Ch 3.4). In contrast, only
three of the five sheep in T3 dosing studies required NorA, with mean 24-hour
cumulative dose of 313 (± 372 SD) µg/kg (Ch. 4.4). Note that these preliminary
studies were relatively small and that pooling NorA dose data from the T3 dosing
studies provides only a guide to a possible treatment effect.
Based on these data, a placebo-controlled trial of T3 therapy with eight subjects in
each group would have 80% power to detect a 50% reduction in cumulative 24hour NorA dose with 95% confidence. A 50% reduction of 24-hour NorA
requirement was regarded clinically significant, and would justify progression to a
clinical trial.
The extent of interaction between T3 and HC is unknown and hence a priori power
calculations for this comparison were not possible. A sample size of eight was
chosen for T3/HC and HC/placebo groups.
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5.2.6$ Animal$Exclusion$and$Supplementary$Animals$
Two ewes provided for this study had recently delivered lambs and were lactating.
Following E.coli infusion, these two animals rapidly developed unsupportable
septic shock. One animal required maximal dose NorA by eight hours and was
dead at nine hours. Another animal required maximal dose NorA within five hours,
maintained a very low cardiac output and died at 16 hours.
Given the uncertainty regarding how peri-partum physiology and its endocrine
changes may impact on sepsis and the thyroid axis, a decision was made to
replace these animals while still blinded to their study group allocation.

5.2.7$ Study$Completion$
Upon completion of all animal studies, data were checked for completeness and
error. Final copies of data were distributed to all involved in the study. Consensus
was achieved that the study was complete, that allocation be revealed and
analysis of study groups proceed.

5.2.8$ Statistical$Analysis$
Planned statistical analysis was formulated during the model validation studies
(Ch. 3.4.1.4) and applied to this trial. In the final group of 32 septic sheep, all
animal data were analysed for the groups to which they were allocated. It was
decided a priori that data from any dead animals would be included in the group
analysis and there would be no imputation or assumption of missing data.
Means were calculated for group data and recorded in tables (± SD) or plotted on
graphs (to aid clarity, standard error bars were not included). Group data over
multiple time points was tested for statistical difference by linear mixed effects
models. Cumulative NorA dose is a function of data at previous time-points and
unsuitable for testing with linear mixed models. Two-way ANOVA was instead
used to statistically test group data at single time points. An effect of mortality was
analysed with Log-rank (Mantel-Cox) Test.
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5.3$

Results$

$
5.3.1$ Group$Characteristics$
The 32 animals studied were equally allocated to the four study groups. Each
group contained similar sized animals that received equivalent amounts of E.coli,
radiographic contrast, ketamine and midazolam (Table 5.1). All animals had E.coli
grown in their blood culture.

5.3.2$ Mortality$
Of the group of 32 animals studied, two died before the end of the 24-hour study
drug infusion. One animal died after 18 hours of study drug infusion, while the
other died after 23 hours. On completion of the study and after un-blinding, it was
apparent that these animals were in the Pbo/Pbo group. The mortality rate was not
statistically significantly different to the other groups (p = 0.09).

5.3.3$ Noradrenaline$Requirement$and$Haemodynamics$
All groups of sheep developed hyperdynamic septic shock with decreasing mean
arterial pressure (MAP) and increasing cardiac index (CI) (Figure 5.2).
NorA infusion was required in all groups to maintain the target MAP of 75 mmHg.
Infusion rates increased over time but did not differ between groups (Figure 5.2).
After 24 hours of study drug infusion, there was no significant difference in total
amount of NorA administered in the four groups of septic sheep (mean ± SEM
µg/kg; Pbo/Pbo 208 ± 160; T3/Pbo 501 ± 131; HC/Pbo 167 ± 101; T3+HC group
466 ± 175; p = 0.20) (Figure 5.3). The analysis at 24 hours “missed” the two
animals in the Pbo/Pbo group that died and thus may have under-represented the
NorA requirement in this group. When the NorA dose was analysed 18 hours into
study drug infusion, when all animals were still alive, there remained no difference
between the four groups (p = 0.40) (Figure 5.3).
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Over the duration of the study, MAP differed between groups (p = 0.02) being
slightly but significantly lower in the groups of animals given T3 with or without HC
(mean mmHg (95% CI); Pbo/Pbo 91 (87 – 95), T3/Pbo 86 (82 – 90), HC/Pbo 92
(88 – 96), T3/HC 86 (82 – 89), p = 0.02). There was no difference in the pattern of
change in MAP over time between groups (p = 0.48) (Figure 5.2).
Cardiac index (CI) tended to differ between groups (p = 0.06), the only significant
difference was a higher CI in the group of animals given T3/Pbo compared to the
T3/HC group (mean L/min/m2 (95% CI): Pbo/Pbo 4.2 (3.6 – 4.8), T3/Pbo 5.0 (4.4 –
5.7), HC/Pbo 4.4 (3.8 – 5.0), T3/HC 3.8 (3.2 – 4.4), p < 0.01). There was no
difference in the pattern of change in CI between groups over time (p = 0.51)
(Figure 5.2).
There was no difference between groups in the volume of protocol-directed
parenteral fluid administered (p = 0.75) or fluid balance (p = 0.77) (Table 5.1).
Heart rate (HR) did not change over time and was not altered by the study
hormones (Figure 5.4). Central venous pressure (CVP) and mean pulmonary
artery pressure (PAP) increased over time but there was no difference between
the groups (Figure 5.4).
SVRI initially declined during E.coli infusion, returned to baseline levels and then
steadily decreased over the duration of the study (Figure 5.5). Hormonal therapy
did not alter SVRI or any other derived haemodynamic variable (PVRI, LVSWI and
RVSWI) (Figure 5.5).
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63 ± 8
30 ± 28
5.5 ± 0.8
0.27 ± 0.02
131 ± 48
94 ± 47

Weight (kg)

Radiographic Contrast (mL)

Ketamine (mg/kg/h)

Midazolam (mg/kg/h)

Parenteral Fluid (mL/kg)

Fluid Balance (mL/kg)

96 ± 50

149 ± 41

0.33 ± 0.08

6.4 ± 1.5

12 ± 8

62 ± 1

1.03 ± 0.22

T3/Pbo (n = 8)

72 ± 40

129 ± 29

0.32 ± 0.09

5.8 ± 1.1

15 ± 9

63 ± 11

0.78 ± 0.13

HC/Pbo (n = 8)

Table&5.1:&Characteristics&of&the&four&groups&of&septic&sheep&in&a&placebo&controlled&trial&of&T3&±&HC.!Mean!±!SD.&
Pbo!=!Placebo,!T3!=!Tri5iodothyronine,!HC!=!hydrocortisone.!

1.08 ± 0.50

E.coli Dose (CFUs x 108 / kg)
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Figure' 5.2:' The' mean' arterial' pressure' (MAP),' noradrenaline' (NorA)' infusion' rate' and' cardiac'
index'(CI)'in'four'groups'of'septic'sheep'in'a'placebo'controlled'trial'of'T3'±'HC.!
Intravenous!E.coli!was!administered!at!time!“0”.!Study!drug!infusion!began!at!Time!“2”!and!ran!
for!24!hours.'
(MAP: Group x Time p = 0.48, Group p = 0.02, Time p < 0.01)
(NorA: Group x Time p = 0.93, Group p = 0.52, Time p < 0.01)
(CI: Group x Time p = 0.51, Group p = 0.06, Time p < 0.01)
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Figure'5.3a:'Cumulative'dose'of'noradrenaline'required'in'four'groups'of'septic'sheep'during'24'
hour'infusion'of'study'drugs'(10Mminutely'data'points).'
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Figure'5.3b:'Cumulative'dose'of'noradrenaline'required'in'four'groups'of'septic'sheep'after'6,'
12,'18'and'24'hours'of'study'drug'infusion.'
There!was!no!difference!between!groups!after!six!hours!(p!=!0.32),!12!hours!(p!=!0.25),!18!hours!
(p!=!0.40)!or!24!hours!(p!=!0.20)!of!study!drug!infusion.'
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Figure'5.4:'Heart'rate'(HR),'central'venous'pressure'(CVP)'and'mean'pulmonary'artery'pressure'
(PAP)'in'a'placebo'controlled'trial'of'T3'±'HC.'
(HR: Group x Time p = 0.96, Group p = 0.98, Time p = 0.49)
(CVP: Group x Time p = 0.89, Group p = 0.11, Time p < 0.01)
(PAP: Group x Time p = 0.94, Group p = 0.16, Time p < 0.01)
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Figure'5.5:'Derived'haemodynamic'parameters'in'a'placebo'controlled'trial'of'T3'±'HC.'
(SVRI: Group x Time p = 0.95, Group p = 0.72, Time p < 0.01)
(PVRI: Group x Time p = 0.96, Group p = 0.68, Time p = 0.50)
(LVSWI: Group x Time p = 0.41, Group p = 0.14, Time p < 0.01)
(RVSWI: Group x Time p = 0.88, Group p = 0.07, Time p < 0.01)
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5.3.4' Plasma'Hormone'Levels'
Free-T3 was equivalent between groups at baseline and decreased slightly but
significantly in sheep not administered T3 (p < 0.01) (Table 5.2). Free-T3 markedly
increased in the groups of sheep administered T3 (p < 0.01) and was highest in
the T3/HC group (p = 0.04).
Free-T4 decreased and reverse-T3 increased over time, with no difference
between groups or in the pattern of change (Table 5.2).
Cortisol differed between groups over time (Table 5.2). Plasma cortisol
significantly decreased in the animals not given HC. The groups of sheep that
received HC had significantly higher cortisol levels, being greatest in the T3/HC
group (p < 0.05). Cortisol concentrations did not differ between the Pbo/Pbo and
T3/Pbo groups.
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339 ± 60

321 ± 71

HC/Pbo

T3/HC

297 ± 104 *
380 ± 99 *#

329 ± 77 *#

213 ± 132

168 ± 115

8.2 ± 4.3

6.6 ± 1.6

10.6 ± 7.3

7.7 ± 1.7

2.1 ± 0.9

3.2 ± 1.0

3.1 ± 1.2

245 ± 63

217 ± 99

168 ± 101

10.5 ± 3.4

10.1 ± 3.1

15.1 ± 6.9

11.7 ± 5.3

5.9 ± 1.8

4.8 ± 1.4

5.6 ± 1.0

4.4 ± 1.0

15.6 ± 7.7 *#

16.1 ± 10.2 *#
7.4 ± 2.2

3.0 ± 0.2

10.9 ± 5.6 *

3.7 ± 0.6

26 hrs

3.2 ± 0.3

8.7 ± 3.0 *

3.9 ± 0.7

12 hrs

p < 0.01

p = 0.43

p = 0.38

p < 0.01

Group x Time

Table&5.2:&Plasma&thyroid&hormones&and&cortisol&concentrations&in&a&placebo&controlled&trial&of&T3&±&HC.&Means&±&SD.&
*p&<&0.05&Pbo/Pbo&sheep&vs.&hormone&treated&sheep.&
#
p&<&0.05&T3/Pbo&sheep&vs.&T3/HC&sheep.&

303 ± 58 *

T3/Pbo

(nmol/L)

2.8 ± 0.6

T3/HC

395 ± 74

2.4 ± 0.5

HC/Pbo

Pbo/Pbo

2.5 ± 0.6

T3/Pbo

(nmol/L)

Cortisol

2.5 ± 0.9

12.8 ± 2.6

T3/HC

Pbo/Pbo

13.6 ± 2.3

HC/Pbo
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13.7 ± 2.3

T3/Pbo

(pmol/L)

4.7 ± 0.4
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14.5 ± 1.3

4.7 ± 0.6

HC/Pbo

Pbo/Pbo

4.5 ± 0.8

T3/Pbo

(pmol/L)

Free-T4

5.4 ± 1.1

Pbo/Pbo

Free-T3

0 hrs

p < 0.01

p < 0.01

Time

p = 0.15

p = 0.11

Group

5.3.5$ Respiratory$Parameters$
There was a slight decrease over time in pulmonary compliance and PaO2:FiO2
but these changes were clinically insignificant and were not altered by hormonal
therapy (Figure 5.6).
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Figure$5.6:$Respiratory$parameters$in$a$placebo$controlled$trial$of$T3$±$HC.$
(Minute Ventilation: Group x Time p = 0.39, Group p = 0.90, Time p < 0.01)
(Compliance: Group x Time p = 0.93, Group p = 0.23, Time p < 0.01)
(pCO2: Group x Time p = 0.47, Group p = 0.35, Time p < 0.01)
(PaO2:FiO2: Group x Time p = 0.61, Group p = 0.52, Time p < 0.01)

164

5.3.6$ Renal$Function$/$Electrolytes$
Hourly urine output significantly decreased as sepsis evolved but there was no
difference between study groups (Figure 5.7).
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Figure$5.7:$Urine$output$in$a$placebo$controlled$trial$of$T3$±$HC.$
(Group x Time p = 0.77, Group p = 0.11, Time p < 0.01)

Creatinine clearance decreased over time while serum creatinine, urea and
potassium increased (Table 5.3). There was no significant difference between
groups for any of these parameters of renal function.
Fractional sodium excretion (FE-Na+) decreased over the study while serum
sodium had a small but significant increase. Serum chloride increased,
bicarbonate decreased with the change in ions contributing to an increasing anion
gap. There was no difference between groups for any of these electrolyte
parameters (Table 5.3).

5.3.7$ Hepatic$Markers$
Over the duration of this study, there was a slight but significant increase in
alanine transaminase (ALT), alkaline phosphatase (ALP) and bilirubin. There was
no difference in ALT or bilirubin between groups. ALP was slightly higher in the
Pbo/Pbo group of sheep (Table 5.3).$
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Table&5.3:&Biochemistry&in&a&placebo&controlled&trial&of&T3&±&HC.&Means&±&SD.&

(mmol/L)

HCO3

(mmol/L)

Cl

(mmol/L)

K

(mmol/L)

Na

0 hrs

17 ± 9

20 ± 4

14 ± 5

18 ± 6

116 ± 5

116 ± 3

118 ± 6

116 ± 4

5.1 ± 1.4

4.8 ± 1.2

5.2 ± 0.8

4.8 ± 2.0

148 ± 2

146 ± 2

145 ± 5

146 ± 1

26 hrs

p = 0.34

p = 0.09

p = 0.35

p = 0.91

Group x Time

p < 0.01

p < 0.01

p < 0.01

p < 0.01

Time

p = 0.60

p = 0.49

p = 0.58

p = 0.13

Group
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134 ± 61

229 ± 193

HC/Pbo

T3/HC

(mL/min)

73 ± 18

68 ± 12

73 ± 18

70 ± 20

8±1

9±2

9±1

9±1

13 ± 4

15 ± 3

13 ± 2

13 ± 2

2 hrs

90 ± 84

83 ± 43

77 ± 24

58 ± 34

107 ± 32

110 ± 34

110 ± 26

123 ± 52

10 ± 1

11 ± 2

10 ± 1

11 ± 3

18 ± 2

17 ± 4

14 ± 3

17 ± 5

12 hrs

Table&5.3&(cont.):&Biochemistry&in&a&placebo&controlled&trial&of&T3&±&HC.&Means&±&SD.&

343 ± 592

T3/Pbo

Clearance

93 ± 17

T3/HC

69 ± 41

82 ± 14

HC/Pbo

Pbo/Pbo

94 ± 19

T3/Pbo

(µmol/L)

Creatinine

93 ± 29

8±1

T3/HC

Pbo/Pbo

9±1

HC/Pbo

Creatinine

9±1

T3/Pbo

(mmol/L)

8±2
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Pbo/Pbo

14 ± 4

HC/Pbo

Urea

12 ± 3

T3/Pbo

(mmol/L)

13 ± 3

Pbo/Pbo

Anion Gap

0 hrs

38 ± 50

65 ± 35

38 ± 29

80 ± 71

204 ± 108

165 ± 92

204 ± 95

164 ± 128

13 ± 3

13 ± 5

13 ± 3

13 ± 6

20 ± 10

16 ± 5

19 ± 8

16 ± 6

26 hrs

p = 0.07

p = 0.28

p = 0.69

p = 0.35

Group x Time

p < 0.01

p < 0.01

p < 0.01

p < 0.01

Time

p = 0.57

p = 0.78

p = 0.95

p = 0.93

Group
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113 ± 63
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Table&5.3&(cont.):&Biochemistry&in&a&placebo&controlled&trial&of&T3&±&HC.&Means&±&SD.&

8±2
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(U/L)

2±1
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11 ± 7

3±1

HC/Pbo

Pbo/Pbo

2±2

T3/Pbo

(µm ol/L)

ALT

2±1

59 ± 30

T3/HC

Pbo/Pbo

64 ± 41

HC/Pbo

Bilirubin

58 ± 41

T3/Pbo

2.2 ± 2.1

T3/HC

(U/L)

3.1 ± 1.6

HC/Pbo

91 ± 38

1.7 ± 2.7

1.8 ± 1.2

T3/Pbo

Pbo/Pbo

Pbo/Pbo

+

ALP

(%)

FE-Na

0 hrs

27 ± 15

23 ± 7

19 ± 8

26 ± 13

11 ± 8

16 ± 6

6±4

8±5

68 ± 60

48 ± 32

50 ± 36

93 ± 44

1.3 ± 2.3

0.6 ± 0.8

0.4 ± 0.4

0.6 ± 0.9

26 hrs

p = 0.41

p = 0.58

p = 0.99

p = 0.65

Group x Time

p < 0.01

p < 0.01

p = 0.02

p < 0.01

Time

p = 0.42

p = 0.17

p = 0.02

p = 0.19

Group

5.3.8% Metabolic%Parameters%
Ventilation was controlled to maintain PaCO2 at 30 mmHg. The amount of
ventilation required to achieve this was no different between groups (Figure 5.6).
Temperature increased over time and was no different between groups (Figure
5.8).
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Figure%5.8:%Core%temperature%of%sheep%in%a%placebo%controlled%trial%of%T3%±%HC.%
(Group x Time p = 0.81, Group p = 0.54, Time p < 0.01)

O2 delivery and O2 consumption transiently increased after induction of sepsis
before steadily increasing through the remainder of the study (Figure 5.9). Despite
increasing O2 delivery, lactate increased and arterial pH declined. The pattern of
change of these parameters was not altered by hormonal therapy and there was
no difference between study groups (Figure 5.9).
Systemic and organ specific oxygen extraction ratios (OER) altered through the
course of the study. Following E.coli administration, there was an initial decline in
OER that occurred at a time of transiently higher O2 delivery. OER subsequently
remained stable. There was no effect of hormonal therapy on systemic, cardiac,
renal, hepatic or limb OER (Figure 5.10).
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Figure%5.9:%O2%delivery%(DO2),%O2%consumption%(VO2),%pH%and%serum%lactate%in%a%placebo%
controlled%trial%of%T3%±%HC.%
(DO2: Group x Time p = 0.36, Group p = 0.74, Time p < 0.01)
(VO2: Group x Time p = 0.54, Group p = 0.52, Time p < 0.01)
(pH: Group x Time p = 0.30, Group p = 0.20, Time p < 0.01)
(Lactate: Group x Time p = 0.41, Group p = 0.97, Time p < 0.01)
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Figure%5.10:%Systemic%and%organ%O2%extraction%ratio%(OER)%in%a%placebo%controlled%trial%of%T3%±%HC%
(Systemic OER: Group x Time p = 0.99, Group p = 0.87, Time p < 0.01)
(Cardiac OER: Group x Time p = 0.96, Group p = 0.61, Time p < 0.01)
(Renal OER: Group x Time p = 0.47, Group p = 0.47, Time p < 0.01)
(Hepatic OER: Group x Time p = 0.95, Group p = 0.79, Time p < 0.01)
(Limb OER: Group x Time p = 0.66, Group p = 0.21, Time p < 0.01)
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5.3.9% Haematological%/%Immunological%Parameters%
Following induction of sepsis, there was a significant increase in IL-6, haemoglobin
concentration (Hb), packed cell volume (PCV), partial thromboplastin time (aPTT),
prothrombin time (PT) and a decrease in fibrinogen and platelet (PLT)
concentration. There was a transient decline in white cell concentration (WCC)
that steadily increased as sepsis evolved. There was no significant difference
between study groups for any of these haematological or immunological
parameters (Table 5.4).
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Table&5.4:&Haematological&parameters&in&a&placebo&controlled&trial&of&T3&±&HC.&Means&±&SD.&

94 ± 13
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(g/L)

98 ± 11

2.0 ± 0.6

T3/HC

Pbo/Pbo

2.2 ± 0.5

HC/Pbo

Hb

2.2 ± 0.6

T3/Pbo

(g/L)

2.4 ± 0.4
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Pbo/Pbo

20 ± 1
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21 ± 1

T3/Pbo
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Pbo/Pbo

28 ± 4

HC/Pbo
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28 ± 3

T3/Pbo

(secs)

28 ± 2

Pbo/Pbo

aPTT

0 hrs

113 ± 14

108 ± 14

109 ± 33

114 ± 10

1.0 ± 0.4

1.2 ± 0.8

0.9 ± 0.6

0.9 ± 0.4
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38 ± 6
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63 ± 61
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26 hrs

p = 0.67

p = 0.64

p = 0.87

p = 0.66

Group x Time
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HC/Pbo
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(ng/ml)

95 ± 39

85 ± 47

66 ± 28

119 ± 45
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1.2 ± 0.3

1.3 ± 0.3

1.3 ± 0.5

0.48 ± 0.04

0.46 ± 0.06

0.44 ± 0.08

0.49 ± 0.06

2 hrs
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7.4 ± 3.8

0.41 ± 0.07
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26 hrs

Table&5.4&(cont.):&Haematological&parameters&in&a&placebo&controlled&trial&of&T3&±&HC.&Means&±&SD.&
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9
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9
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4.6 ± 1.8

0.35 ± 0.03

T3/HC

Pbo/Pbo
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HC/Pbo

WCC

0.33 ± 0.06

T3/Pbo

(L/L)

0.35 ± 0.04

Pbo/Pbo

PCV

0 hrs

p = 0.79

p = 0.81

p = 0.23

p = 0.59

Group x Time

p < 0.01

p < 0.01

p < 0.01

p < 0.01

Time

p = 0.85

p = 0.30

p = 0.99

p = 0.85

Group

5.4$

Discussion$

In this randomised, blinded, placebo-controlled study, a 24-hour infusion of T3 with
or without HC did not significantly alter the amount of protocol-guided NorA
required to maintain MAP 75 mmHg in an ovine model of septic shock.

5.4.1$ Cardiovascular$Effects$
5.4.1.1%%%Noradrenaline%Dose%/%Mean%Arterial%Pressure%
T3 has been reported to increase sensitivity to catecholamines, induce synthesis
of adrenoceptors and limit the amount of NorA required to achieve a desired MAP
(Ch. 1.9.1). It was unknown if T3 replacement in septic shock would improve
haemodynamics and have an inotrope sparing effect. The only study of T3 in
septic shock was an uncontrolled observational report of 11 patients which noted
an improved MAP and reduced need for catecholamines after T3 therapy (Hesch
et al., 1981). However in this pre-clinical RCT, T3 did not alter the amount of NorA
required over 24 hours in an ovine model of septic shock. This is consistent with
several other clinical RCTs of T3 albeit in non-septic diseases.
Some RCTs of T3 in the cardiac surgical population have reported an inotrope
sparing effect (Mullis-Jansson et al., 1999; Sirlak et al., 2004; Ranasinghe et al.,
2006), yet other RCTs have found no change (Klemperer et al., 1995a; BennettGuerrero et al., 1996; Spratt et al., 2007) with meta-analysis of these studies
concluding that T3 does not reduce post-operative inotrope requirements (Kaptein
et al., 2010). Similarly, four RCTs of T3 following brain death, failed to illustrate a
change in inotrope dose (Ch. 2.4.9). It is important to recognise however, that
none of the T3 clinical trials standardised choice or dose regimen of inotrope and
none were designed to primarily assess an effect of T3 on inotrope requirements.
While T3 can increase sensitivity to catecholamines (Ch. 1.9.2.3), it has also been
demonstrated to cause arterial vasodilation in vitro (Ch. 1.9.1.3). If vasodilation
was the predominant effect of the supplementary T3 in vivo, then the supraphysiological plasma levels achieved in this study may not have lead to
vasopressor sparing, but instead contributed to arteriolar dilation and exacerbated
systemic hypotension. In this study, groups of septic sheep that received T3
(T3/Pbo and T3/HC) had a slightly lower MAP. The significance of this is uncertain
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as the mean difference was only 6 mmHg and there was no difference in the
pattern of change in MAP between the groups. Furthermore, MAP was not an
independent variable as NorA infusion was titrated to defend a MAP of 75 mmHg.
Note that other clinical studies in patients with severe heart failure (Hamilton et al.,
1996; Hamilton et al., 1998), dilated cardiomyopathy (Pingitore et al., 2008),
cardiac surgery (Teiger et al., 1993; Vavouranakis et al., 1994; Sirlak et al., 2004;
Spratt et al., 2007; Portman et al., 2010) and brain death (Macdonald et al., 2012)
have reported no change to MAP with T3 therapy. Testing T3 in non-septic sheep
and not administering NorA could clarify whether T3 alters arterial blood pressure
(Ch. 6.2).
One of the aims of this study was to determine the effect of co-administration of
HC with T3. HC is a pleiotropic hormone and possesses cardiovascular effects
that may be beneficial in septic shock. HC directly increases catecholamine
receptor sensitivity and stimulates transcription of adrenoceptors (Sambhi et al.,
1962; Kalsner 1969; Altura et al., 1974; Sudhir et al., 1989). It also has a
mineralocorticoid effect favouring Na+ and water retention and directly stimulates
the release of catecholamines from the adrenal medulla (Kronenberg et al., 2008).
Providing

supplementary

HC

may

overcome

any

down-regulation

of

catecholamine and corticosteroid receptors that can occur with septic shock
(Molijn et al., 1995) and limit the amount of NorA required.
The use of corticosteroids in septic shock has been of interest since the 1970s
when observational studies suggested steroids improved survival and provided
more rapid reversal of shock (Motsay et al., 1970; Christy, 1971). These early
studies used high doses of corticosteroid, but when tested in RCTs, were found
not to have an effect on shock reversal and increased rate of death due to
secondary infections (Sprung et al., 1984; Bone et al., 1987). More recent RCTs
have found that lower doses of HC in septic shock allow vasopressors to be
ceased earlier but these studies have been underpowered to reveal an effect on
mortality (Briegel et al., 1999; Annane et al., 2002; Sprung et al., 2008). The
Surviving Sepsis Guidelines currently recommends HC in their “Management
Bundle” for patients who remain shocked despite fluid resuscitation and
vasopressors (Dellinger et al., 2013b).
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In this septic sheep study, HC infusion with and without T3, maintained “stress”
plasma levels of cortisol but did not reduce the amount of NorA subsequently
required over 24 hours. However, this study did not primarily seek to determine the
haemodynamic effects of HC, but rather determine if there were obvious
physiological consequences of supplying T3 without also supplementing HC.
Preliminary studies of HC to determine a dose-response effect on NorA
requirement in the septic sheep model were not undertaken and the study was not
designed to derive a firm conclusion regarding the effect of HC alone.
Despite there being physiological plausibility and published literature supporting a
haemodynamic benefit following T3 and / or HC therapy, no such effect was seen
in this study. Possible reasons for this are discussed further below (Ch. 5.4.9).

5.4.1.2%%%Cardiac%Index%
Cardiac index increased over the duration of this study with a trend to be higher in
the T3/Pbo group. An effect of T3 on cardiac index would not be surprising.
Patients with thyroid disease have changes in cardiac output proportional to the
change in thyroid hormone levels, while open-label human T3 trials have
described increased cardiac output in healthy volunteers and patients with heart
failure (Ch 2.4). Most RCTs of T3 in cardiac surgical patients reported an increase
in cardiac index and this conclusion has subsequently been supported in metaanalysis of these studies (Kaptein et al., 2010). In contrast, RCTs of T3 in brain
death all indicate no change in cardiac output (Macdonald et al., 2012). No trials
have analysed the effect of T3 therapy on cardiac output in septic shock.
Interestingly, the group of sheep that received a combination of T3 and HC
developed a slight but significantly lower cardiac index than the T3/Pbo group. It is
unclear why the addition of HC to T3 could limit the cardiac index. Given the lack
of haemodynamic or other physiological effects of HC/Pbo in this study, the
difference in cardiac index is likely to be a chance finding.
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5.4.1.3%%%Heart%Rate%
Clinicians have long been concerned that T3 therapy may induce tachycardia and
arrhythmias. A number of animal studies have also indicated that high doses of T3
can directly and rapidly increase atrial excitability and heart rate in vitro (Ch.
1.9.1.1).
While prolonged high dose thyroid hormone can induce tachycardia, acute
administration of T3 during illness appears not to increase heart rate. In the
present study, the heart rate of septic sheep was not altered by hormonal therapy.
All previous RCTs in non-thyroidal illness have similarly concluded that T3 therapy
did not change HR or increase the incidence of arrhythmias (Ch 2.4) (Kaptein et
al., 2009). The observational study of T3 in human sepsis also reported no change
in heart rate with T3 infusion (Hesch et al., 1981).

5.4.1.4%%%Preload%
Preload is an important determinant of cardiac output. Thyrotoxic animals have
reduced venous compliance and higher mean systemic filling pressures favouring
higher venous return and cardiac output (Ch 1.9.1.2). Whether T3 has an acute
effect on venous physiology is unknown.
In this ovine sepsis study, estimates of preload were CVP and fluid balance.
These parameters are dependent on many variables and provide only a guide to
intravascular volume and preload. With these limitations in mind, CVP and fluid
balance increased over the course of the study, but were not altered by hormonal
therapy. This is consistent with other clinical RCTs in non-thyroidal illness that
indicate no change in these parameters with T3 (Ch 2.4.2).
Enhanced diastolic function may have accounted for the trend to higher cardiac
index in sheep given T3. In animal and human studies, T3 augments diastolic
relaxation (lusitropy) leading to higher end diastolic volumes and increased cardiac
index (Ch. 1.9.1.2, Ch. 2.4.3). Assessment of diastolic function and its relationship
to cardiac output would have required echocardiography and was not performed in
this ovine study.
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5.4.1.5%%%Contractility%
The trend for T3 to increase cardiac index may be via an effect on enhancing
myocardial contractility. Many in vitro studies have reported increased contractility
induced by T3 (Ch 1.9.1.4), including a rapid inotropic effect on isolated hearts
from septic rats (Davidson et al., 1996).
Measures of cardiac contractility in this study were limited to estimates of
ventricular stroke work. Left Ventricular Stroke Work Index (LVSWI) decreased
slightly over time while Right Ventricular Stroke Work Index (RVSWI) slightly
increased. Neither of these parameters were altered by hormonal therapy. Again,
this is consistent with human RCTs that have reported no change to these indices
(Ch 2.4). Further study of the haemodynamic effect of T3 on contractility in vivo
could involve echocardiographic assessment of myocardial performance.

5.4.1.6%%%Afterload%
Measures of afterload are difficult to quantify in vivo and Systemic Vascular
Resistance Index (SVRI) is a commonly used estimate. SVRI decreased in this
ovine model, typical of septic shock, but was not altered by T3 with or without HC.
This is not surprising given the little or no difference between study groups for the
three measured variables (MAP, CVP, CI) used to derive SVRI.
Although some RCTs of T3 in cardiac surgical patients have reported a decrease
in SVRI (Novitzky et al., 1989b; Klemperer et al., 1995a; Sirlak et al., 2004) this
has occurred in conjunction with an increase in cardiac index. It is important to
recognise that a decline of SVRI is a consequence rather than a cause of an
increased cardiac index.

5.4.1.7%%%Myocardial%O2%Extraction%
One of the major safety concerns about T3 therapy was that it would increase
myocardial O2 demand. In this study, T3 did not alter OER, which is even more
noteworthy given that the group of T3/Pbo sheep tended to develop a higher
cardiac index. Other studies have noted improved cardiac efficiency by thyroid
hormone and hyperthyroid humans have an increase in myocardial work that
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exceeds the change in myocardial O2 consumption (Ch 1.9.1.5). Furthermore, a
parenteral bolus of T3 given to healthy sheep has been reported to increase
myocardial ATP and cardiac output without increasing O2 consumption (DiPierro et
al., 1996; Portman et al., 2005).

5.4.2$ Respiratory$Function$
T3 has been proposed to alter pulmonary surfactant and improve pulmonary
compliance (Ch. 1.9.3, Ch. 2.4.6). Respiratory function as measured by PaO2:FiO2
and pulmonary compliance decreased only slightly over time in this ovine sepsis
model and were not different between the study groups. Without clinically apparent
changes in lung function over 24 hours, there was little yield in expanding the
study to involve analysis of pulmonary surfactant.

5.4.3$ Renal$Function$/$Electrolytes$
T3 therapy can promptly increase creatinine clearance, natriuresis and H2O
clearance in hypothyroid patients (Ch. 1.9.8, Ch. 2.4.5). However in this sepsis
study, T3 with or without HC did not alter serum creatinine, urea, creatinine
clearance or urine flow.
T3 has multiple and contradictory effects on Na+ and water reabsorption. T3
favours Na+ reabsorption by directly stimulating Na+/K+ pumps and release of
renin. In contrast, T3 increases levels of natriuretic peptides leading to renal loss
of Na+ and H2O (Ch. 1.9.7). In this study FE-Na+ decreased over time, suggesting
that in early septic shock, tubular function is preserved and the kidney attempts to
retain filtered Na+ and maintain plasma H2O. However T3 did not appear to have
an effect on renal tubule handling of Na+, as the FE-Na+ and serum Na+ were
unchanged. Despite its mineralocorticoid effect, HC also did not alter Na+
homeostasis in this model.
The increase in serum K+ noted during the study can be a consequence of both
the renal dysfunction and declining pH. Assuming that serum K+ increases 0.5
mmol/L for every 0.1 pH decrease (Aronson et al., 2011), the hyperkalaemia in this
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study would be accounted for by the acidosis rather than the renal dysfunction.
Again, K+ homeostasis was not altered by hormonal therapy.
The kidney has the lowest O2 extraction ratio of all the organs measured and
decreased slightly but significantly over time. Renal OER was no different between
study groups and is consistent with the lack of difference observed in other
variables of renal function.

5.4.4$ Hepatic$Function$
While T3 has been reported to promote synthesis of hepatic enzymes, the effect of
T3 on serum hepatic biomarkers is unknown (Ch. 1.9.6). In this study, hormonal
therapy did not alter serum ALT or bilirubin. ALP was slightly higher in the
Pbo/Pbo group of sheep but a higher baseline level in this group contributed to this
observation. In conjunction with the lack of obvious hepatic dysfunction, liver OER
was not altered by T3 with or without HC.

5.4.5$ Skeletal$Muscle$
Early studies have indicated that T3 may enhance skeletal muscle function in
hypothyroid patients (Ch 1.9.8). The only measure of skeletal muscle function in
this non-survivable sepsis model in sedated sheep was OER from the hind-limb.
OER decreased slightly over time but was not altered by hormonal therapy. This is
consistent with earlier studies that found skeletal muscle O2 extraction was no
different in ICU patients with low T3 compared to healthy volunteers with normal
T3 levels (Aun et al., 1983).

5.4.6$ Haematology$/$Immunology$
T3 can increase synthesis and clearance of pro-coagulant and anti-coagulant
clotting factors, with the overall effect on coagulation unclear (Ch 1.9.5). While all
groups of septic sheep in this study developed a coagulopathy, this was not
altered by hormonal therapy.
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Haemoglobin and packed cell volume (PCV) increased following induction of
sepsis but this was no different between groups. While T3 is known to stimulate
erythropoiesis (Ch. 1.9.5), this effect would not have been noticeable during the
relatively short time frame of this model. A more plausible explanation is that the
increased PCV may represent haemoconcentration of RBC from endothelial
plasma leak or “auto-transfusion” of splenic erythrocytes. PCV may provide a
simple measure of change in circulating plasma volume in sepsis and is worthy of
further study (Ch. 7.4.3).
T3 therapy may have antimicrobial effects by enhancing function of phagocytic
cells, increasing cytokine production and being a source of iodide (Ch. 1.9.6).
However, enhanced immunological function was not apparent in this trial, as
hormonal therapy did not alter white cell count or the IL-6 response, and all sheep
grew E.coli throughout the duration of the study. Interestingly, the dose of HC used
in this study has previously been noted to reduce pro-inflammatory mediators (e.g.
IL-6) after two days of therapy in septic humans (Briegel et al., 1994; Oppert et al.,
2005; Kaufmann et al., 2008).

5.4.7$ Metabolism$
Thyroid hormones are often considered a “metabolic hormone” because thyrotoxic
humans have higher metabolic rates. Providing supplementary T3 during critical
illness has been thought to induce an inappropriate thyrotoxic state, increasing
metabolism and O2 demand. However low T3 coincides with low O2 consumption
in sepsis and may contribute to the pathophysiology of septic shock.
Septic rats develop a decrease in O2 consumption that is most marked in
hypothyroid animals (Moley et al., 1984). In septic humans, the decline of serum
T3 correlates with the extent of impaired O2 utilisation (Palazzo et al., 1991). Thus
it was possible that T3 therapy may enhance O2 consumption and reduce lactic
acidosis during septic shock. However in this sepsis study, O2 consumption,
serum lactate and acidosis were not altered by T3 with or without HC.
Each organ system has different O2 requirements and this can vary further during
sepsis. To understand the organ specific changes in metabolic demand, Oxygen
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Extraction Ratios (OERs) were determined across the systemic, cardiac, renal,
hepatic and leg circulation. Systemic and organ specific OER changed over the
duration of the study and remained relatively low given the worsening anaerobic
metabolism, but were not altered by hormonal therapy.
Other markers of metabolism were not altered by hormonal therapy. Thyroid
hormone has well characterised effects on thermogenesis mediated by uncoupling
oxidative energy pathways (Ch. 1.9.11). In this sepsis study, all groups of septic
animals developed a febrile response, but the temperature was no different
between groups. Furthermore, the amount of ventilation required to maintain
arterial CO2 at 30 mmHg was no different between groups and implies that CO2
production was not altered by hormonal therapy. The lack of metabolic effect of
short-term T3 therapy is consistent with the results from RCTs in burn and cardiac
surgical patients (Becker et al., 1982; Klemperer et al., 1995a; Mackie et al., 2005;
Ranasinghe et al., 2006; Spratt et al., 2007).
ICU patients have accelerated protein catabolism and thyroid hormone therapy
has been proposed to further increase proteolysis (Ch. 1.9.10). However, restoring
T3 for 24 hours following CABG does not alter urinary nitrogen or leucine flux
(Spratt et al., 2007) and protein catabolism was actually slowed in ICU patients
when T3 was increased with TRH + GHRH (Van den Berghe et al., 1999). The
relative contribution of glucose, fatty acids and protein to energy markedly differ
between sheep and humans, thus was not investigated in this study.

5.4.8$ Endocrinology$
5.4.8.1%%%Plasma%Thyroid%Hormone%Levels%
Plasma free-T3 and free-T4 levels decreased while reverse-T3 increased,
consistent with the changes of NTIS. Although there was a statistically significant
decline of plasma free-T3 over time in the group of Pbo/Pbo animals, the absolute
decrease was slight. T3 administration increased plasma free-T3 throughout the
study, consistent with levels measured in the preliminary dosing studies (Ch.
4.4.2.1).
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Some components of the sepsis model are known to alter free-T3 homeostasis.
Heparin impairs T3 protein binding, haemodilution can reduce free-T3 plasma
concentration while acidosis, hyperthermia and IL-6 can induce low serum T3 (Ch.
2.3). However these variables were equivalent for all study groups thus any
confounding effect was balanced. No other drugs known to alter thyroid hormone
physiology were used in this study. Of note, dopamine, a previously commonly
used vasoactive agent in septic shock but potent pituitary suppressant, was not
used.
The fall in free-T4 (≈70%) over 24 hours was more marked than the decline in
free-T3 (≈30%) and is consistent with the changes observed during validation of
this ovine model (Ch. 3.4.2.7). An early and more pronounced decline of free-T4 is
different to the changes observed in human illness where T3 declines before
changes in T4. The pattern of change in T3 and T4 likely reflect different thyroid
hormone metabolism kinetics in sheep compared to humans (Ch. 3.4.3.2). Sheep
derive a larger proportion (50%) of circulating T3 from thyroidal secretion, which
may have limited the decline in serum T3.
Hypothalamo-pituitary suppression by exogenous T3 may have been expected to
diminish thyroidal secretion of T4 and exacerbate the decline of plasma free-T4.
However, the decline in T4 was similar in all groups. The extent of pituitary
suppression is unknown, as TSH was not assayed. TSH mRNA assay on stored
post-mortem pituitary tissue could clarify the effect of hormonal therapy on the
central control of thyroid hormone (Ch. 7.2.4).
Exogenous T3 may have altered the deiodinase system. Although D3 can be
upregulated by illness and by high endogenous T3 levels (Ch. 2.3.4), human
studies have reported that T3 therapy does not alter rT3 or alter activity of D3
(Gardner et al., 1979; Peeters et al., 2005b; Heemstra et al., 2009). Similarly in
this sheep study, the increased rT3 was not altered by T3 or HC therapy.
Understanding how hormonal therapy alters thyroid hormone metabolism could be
determined by analysing deiodinase activity in the range of sheep tissue collected
at post-mortem (Ch. 7.2.3).
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T3:T4 and T3:rT3 ratios reflect the pattern of thyroid hormone changes during
illness and standardises for changes in plasma volume and thyroid hormone
binding proteins. The T3:T4 and T3:rT3 ratios fall during disease and are inversely
correlated with severity of illness (Ch. 2.2). In this ovine study, the greater decline
in T4 than T3 lead to an increasing T3:T4 ratio as the animals became more
unwell. Although the T3:rT3 ratio appeared to decline, this may not be a valid
observation as the assay of T3 measured free hormone, while rT3 assay included
protein bound hormone.

5.4.8.2%%%Corticosteroid%/%Thyroid%Hormone%Interaction%
The adrenocortical axis has been implicated in the thyroid hormone changes
during illness (Ch 2.3.5). While there is experimental evidence that steroids can
alter the thyroid axis, it remains unknown to what extent this occurs following HC
supplementation.
In this study, plasma cortisol at baseline was higher than normal in all groups of
sheep and likely reflects the stress of animal preparation and surgery (Ch.
3.4.3.2). Cortisol concentrations decreased in animals not administered HC, while
HC therapy maintained the higher “stress levels” of cortisol, avoiding possible
cortisol deficiency during T3 therapy.
HC alone did not alter plasma free-T3, free-T4 or rT3. The acute effect of
corticosteroids on thyroid hormone levels is controversial (Ch. 2.3.5) but most
recent human studies suggest no relationship between exogenous steroid
administration and thyroid hormone changes during critical illness (Loh et al.,
1995; Peeters et al., 2005c).
The only significant effect of HC in this study was that it augmented plasma freeT3 in the group of animals administered T3. It is not clear why HC would further
increase plasma free-T3 only in animals administered T3. Altered metabolism of
T3 seems unlikely, as plasma T4 and rT3 were unchanged. It may be that HC
limits serum protein binding of supra-physiological amounts of plasma T3. Assays
of protein bound thyroid hormone would be required to determine whether this is
the case (Ch. 7.2.1).
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Exogenous T3 has been proposed to enhance metabolism and clearance of
cortisol. There was no evidence of this, as supra-physiological plasma levels of T3
did not alter cortisol levels in the T3/Pbo or T3/HC group of animals.

5.4.8.3%%%T3%Biomarkers%
There are no specific clinical features of adequacy of thyroid hormone in critical
illness and the only reliable biomarker available is TSH. Although TSH reflects the
amount of thyroid hormone reaching the pituitary, it may not be indicative of
adequate thyroid hormone supply to peripheral tissue during critical illness.
Some proposed biomarkers include Angiotensin-Converting Enzyme (ACE), SexHormone Binding Globulin (SHBG) and osteocalcin as they require T3 for
synthesis and are low in hypothyroidism (Brent et al., 1984; Cavaliere et al., 1988;
Seppel et al., 1996). Hepatic enzymes (e.g. α-glycero-phosphate dehydrogenase,
malate dehydrogenase) (Lim et al., 1980) and erythrocyte Na+/K+-ATPase
(Ogasawara et al., 1993) activity are also altered in hypothyroid states.
Unfortunately these markers are not specific for T3, their levels can alter with
disease and their relationship to organ function in illness is unknown.

5.4.8.4%%%Cellular%Regulation%of%T3%
Many aspects of thyroid hormone physiology during critical illness remain unclear.
Changes to tissue levels, the deiodinases system, transporters, receptors and T3sensitive genes may all change during illness and be further altered by exogenous
T3 or HC administration. The lack of change to organ function in this study may be
a consequence of the cells adapting to a maintain state of euthyroidism despite
supra-physiological T3. Further in vitro analysis of tissue samples from this study
may provide further insight into the cellular regulation of thyroid hormones (Ch.
7.2).
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5.4.9$ Why$was$there$no$significant$effect$of$hormonal$therapy?$
Several factors may account for the lack of significant effect of hormonal therapy in
this study.
5.4.9.1%%%Study%Power%
The study was powered to detect a 50% change in NorA requirement over 24
hours between the T3/Pbo group and Pbo/Pbo group of septic sheep. Expecting
such a significant reduction in inotrope requirements may have been considered
ambitious. However T3 has been reported to promptly decrease vasopressor
requirements in hypothyroid patients (Ch. 1.9.1) and it was plausible that it may
have had a similar effect in sheep with septic shock. Furthermore, a strongly
significant clinical effect was likely to be required to illustrate potential benefit, for
T3 to be subsequently tested in a clinical setting.
A smaller magnitude of effect may have existed, but the study did not contain
enough animals to identify this. Eight animals in each group allowed analysis of an
extensive number of parameters but it is underpowered to notice subtle
physiological changes. Based on the data from this study, if a 25% change in NorA
dose over 24 hours was to be identified, over 400 animals would need to be
studied. This is obviously impractical and reflects the marked heterogeneity of
septic response in sheep after a standardised infectious challenge. Nevertheless,
the results indicate that T3 with or without HC do not have a marked vasopressor
sparing effect in early sepsis. This remains an important finding.
With four study groups, this trial may be considered a 2 x 2 factorial designed
study. However the primary aim of this study was to test the effect of T3 against
placebo and was powered for this comparison. A T3/HC group was included due
to concerns that possible cortisol deficiency should be corrected when providing
T3. Therefore an HC/Pbo group was included to control for the effect of HC rather
than primarily serve as a study of its own accord. If the primary aim was to
determine an interaction between T3 and HC, then the study group size needed
be increased four-fold (Montgomery et al., 2003). Studying 128 sheep (four groups
of 32 animals) was beyond the capacity of this study.
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Even though the study was not primarily designed or powered to determine the
effect of supplementary HC, it is interesting to compare its lack of haemodynamic
effect to that reported in earlier clinical studies. In the study by Annane et al.
(2002), 300 patients were enrolled and those given HC required vasopressors for
a mean of seven days compared to nine days in the placebo group. Similarly, the
CORTICUS trial found HC reduced time on vasopressors from 5.8 to 3.3 days in
500 patients with septic shock (Sprung et al., 2008). Of note, these studies
required a large number of patients to show a haemodynamic effect and this was
evident only after several days of HC treatment. In contrast this pre-clinical study
was conducted with only eight animals per group and over 24 hours.
The heterogeneity of the septic response contributed to the limited power of the
study. This in itself is an interesting observation and an area of burgeoning
research to determine why some become more unwell than others, despite similar
baseline characteristics and an identical infectious challenge (Riedemann et al.,
2003; Villar et al., 2004; Wynn et al., 2010). This study did not contain enough
animals to retrospectively analyse if any variable predicted which animals became
more unwell or those in which hormonal therapy may have exerted some effect.
Two animals died in this trial. While both animal deaths occurred in the Pbo/Pbo
group, it is important to emphasise that this study was not designed or powered to
determine a change to mortality. If mortality were a primary endpoint, then a much
larger sample size would be required. This is not practical with the ovine model
and small animal models may be more suitable (Ch. 7.3.1).

5.4.9.2%%%Timing%of%Therapy%
Hormonal therapy was commenced early in sepsis, before hypotension and
features of shock were evident. Treatment at this early stage was postulated to
slow progression of septic shock. The inability to illustrate an effect on NorA dose
in this trial may be because T3 was provided too early during disease. Animals
may not have been “sick” enough and hormonal disturbances not as marked
before the study drugs were commenced. Testing hormonal therapy later in
disease when there is a more profound decline in circulating T3 may have led to
different results.
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Waiting until the animal had established hypotension, clearly dependent on NorA
may have been a more clinically appropriate time to commence the hormonal
therapy. This would be consistent with the Surviving Sepsis Guidelines for
commencing HC therapy (Dellinger et al., 2013b). While some pre-clinical and
human studies suggest a greater haemodynamic benefit when HC is given soon
after recognition of sepsis (Motsay et al., 1970; Schumer 1976; Confalonieri et al.,
2005), no such effect was noted in this study.
The duration of hormonal therapy was limited to a 24-hour infusion. This relatively
short duration of therapy should have allowed the rapid hormonal effects to be
evident (Ch. 1.8). Administering the study drugs for longer would allow more time
for hormonal therapy to exert their delayed effects that require genomic
transcription and protein synthesis (Ch. 1.8.3).
Acute and prolonged critical illness are different neuroendocrine paradigms (Van
den Berghe et al., 1998b), and the effects of T3 therapy may differ according to
the stage of critical illness. Acute changes during critical illness seem to involve
changes in peripheral metabolism, hormone binding and receptor occupancy while
in chronic critical illness disturbance of the central control of thyroid hormone
seems to predominate (Ch. 2.3). This study tested T3 therapy only in the very
acute phase of critical illness.
Adjusting the study protocol to delay administering study drugs until septic shock
was advanced or prolonging infusion duration beyond 24 hours would have
required significantly greater logistics in what was already a very resource
dependent model. Furthermore, this would likely have become a very lethal model,
and disease may have been too advanced to notice an effect of hormonal therapy.
Animal models with protracted disease or high lethality have translated poorly into
clinical trials (Ch. 3.2) and pose significant ethical issues. For these reasons,
testing T3 over 24 hours as septic shock developed was considered most
appropriate.
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5.4.9.3%%%Dose%of%Hormones%
Metabolism of T3 is faster in sheep and is further increased by sepsis, hence the
dose required was higher than that used in humans (Ch. 4.2). Although plasma
levels of free-T3 were supra-physiological with the doses used, these levels were
deliberately targeted to increase the likelihood of noticing any beneficial or adverse
effect of T3 therapy. This study was thus a test of both efficacy and safety of T3.
Although there was no significant beneficial effect from inducing supraphysiological plasma free-T3, there was also none of the proposed adverse
changes (Ch. 2.5). In particular there was no tachycardia, arrhythmias, features of
increased O2 demand or hyper-metabolism. The lack of adverse physiological
changes in this sheep study is consistent with previous clinical experience with T3.
In all clinical trials, T3 has been safe in hypothyroid patients, euthyroid volunteers
and in the critically ill (Ch. 2.4). In fact, T3 is already used in some ICUs for
patients with multi-organ dysfunction (Van den Berghe et al., 2006) and in
premature neonates (Schonberger et al., 1979).

5.4.9.4%%%Animal%Model%Limitations%
The lack of effect of T3 therapy in this model may be species specific. Although
thyroid hormones are essential in all mammals, sheep may respond differently to
supplementary T3 than humans. However, open-label studies of T3 administered
to sheep have previously reported that a bolus dose increases circulating levels
and is associated with enhanced cardiac function (DiPierro et al., 1996; Portman
et al., 2005). Further study is required to clarify the effect of a 24-hour infusion of
T3 in non-septic sheep (Ch. 6).
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5.4.10$$$Conduct$of$PrePClinical$Study$
A major strength of this pre-clinical trial was that the study design and conduct
addressed many limitations of most previous animal studies.
T3 was tested in a pre-clinical model that was designed to replicate the clinical
setting of a septic human in ICU (Ch. 3). Algorithm guided supportive care was
provided and the model had a relevant mortality rate. However, it was “only” a
model of E.coli septic shock and T3 may have different effects if tested in a
different type of sepsis (e.g. peritonitis), with different organisms (e.g.
Staphylococcal sepsis) or different disease (e.g. heart failure).
Most pre-clinical studies are usually not conducted with the same scientific rigour
as many clinical trials. The vast majority of pre-clinical trials have not been
randomised, blinded, do not have clinically significant endpoints, and have not
been adequately powered to derive their conclusion (Pound et al., 2004). It is
concerning that animal studies that do not report randomisation, blinding or
account for animals that were excluded or died, were much more likely to report a
treatment effect (Bebarta et al., 2003; Couzin-Frankel 2013). This has contributed
to limited validity of pre-clinical studies and their poor translation to clinical trials.
A review of pre-clinical animal studies, from the seven leading scientific journals,
identified 76 studies each of which was cited more than 500 times, and all of which
reported beneficial changes to the outcome of interest. While most studies
included dose-response gradients and clinically relevant outcomes, half used only
five animals per group and only 20% of these studies were blinded and few were
randomised or defined a primary outcome. Of the 76 studies identified, 28
proceeded to clinical trial and only eight therapies were subsequently approved for
clinical use (Hackam et al., 2006).
This trial of T3 therapy sought to consider many of these study design issues.
Following model validation and T3 dosing studies, a clinically relevant primary
endpoint was determined (NorA dose), statistical analysis plan developed and the
study was powered to determine a meaningful change to this endpoint. The trial
was free of bias, being placebo controlled and conducted in a randomised and
blinded manner.
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5.5$

Summary$

The effect of T3 replacement (with and without HC) in an ovine model of septic
shock was tested in a randomised, blinded, placebo-controlled trial. Despite the
treatment groups having supra-physiological plasma hormone levels, NorA dose
required during the 24 hours of hormone infusion did not differ between groups. T3
with or without HC did not significantly alter cardiovascular parameters, metabolic
status or any other measure of organ function.
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Chapter$6:$$$TriPiodothyronine$(T3)$in$NonPseptic$Sheep$

6.1$

Introduction$

T3 provided to septic sheep did not alter inotrope requirements or any other
physiological parameters. The same dose of T3 will be tested in non-septic
animals to determine:
1) The effect on euthyroid non-septic sheep over 24 hours
2) How plasma levels differ between septic and non-septic sheep.

6.2$

Effects$of$TriPiodothyronine$(T3)$in$NonPseptic$Sheep$

Much of our understanding of the effects of T3 has been derived from the clinical
features of patients with established hyperthyroidism (Ch. 1.9). Excess thyroid
hormone typically causes an increase in metabolic rate associated with
augmented haemodynamics. While these changes occur with prolonged exposure
to excessive thyroid hormone, the effects of short-term exposure to T3 are
unclear.
In an ovine model of septic shock, a 24-hour infusion of T3 produced supraphysiological plasma concentrations but did not alter the need for inotrope support
nor significantly change any other physiological variables. Testing T3 therapy for
24 hours in non-septic euthyroid sheep will provide further information about its
acute effect.

6.2.1$ Methods$
This was an observational study of a 24-hour infusion of T3 in non-septic sheep.
Animal ethics approval was obtained (Appendix 1), and five sheep were studied
individually from May to June 2012. Sheep were subject to the same surgical
interventions and supportive care algorithm as described earlier (Ch. 4.4.1).
Following animal preparation, a bolus of 0.9% saline (1 mL/kg over one hour) was
administered instead of E.coli.
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Two hours after commencing the saline bolus, animals received an open-label
infusion of T3 of 1 µg/kg/h for 24 hours. This was the same dose administered
previously in the septic sheep model (Ch. 5.2.3). A pharmacist prepared the study
drug solution each day of the animal study.
Study protocol, blood sampling, tissue collection and study endpoints were
identical to the study of T3 in septic shock (Ch. 5.2).
Data from this group of non-septic animals administered T3 (n = 5) were
compared to the group of non-septic animals studied during the earlier model
validation (n = 5) that were not administered T3 (Ch. 3.4). Data was analysed,
summarised and presented as in the earlier studies.

6.2.2$ Results$
6.2.2.1$$$Group$Characteristics$
All five sheep survived the study and maintained sterile blood cultures. Animals
were of comparable size and received similar amounts of ketamine and
midazolam as the earlier group of non-septic sheep not given T3 (Table 6.1). The
amount of radiographic contrast used was substantially lower (Table 6.1) and likely
represents refinement of catheter insertion technique over the intervening studies
of 44 animals.

Non-Septic

Non-Septic

No T3 (n = 5)

T3 (n = 5)

Weight (kg)

57 ± 2

61 ± 4

p = 0.06

Radiographic Contrast (mL)

74 ± 13

4±2

p < 0.01

Ketamine (mg/kg/h)

5.7 ± 1.4

7.1 ± 2.3

p = 0.48

Midazolam (mg/kg/h)

0.3 ± 0.1

0.4 ± 0.2

p = 0.50

Parenteral Fluid (mL/kg)

97 ± 13

87 ± 5

p = 0.15

Fluid Balance (mL/kg)

94 ± 47

64 ± 10

p = 0.22

Table$6.1:$Characteristics$of$two$groups$of$nonPseptic$sheep,$with$(n=5)$and$without$(n=5)$a$24P
hour$infusion$of$T3$(1$µg/kg/h$i.v.$for$24$hours).$Means&±&SD.&
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6.2.2.2%%%Plasma%Hormone%Levels%
Free-T3 plasma levels were markedly increased by T3 infusion, being nearly eight
times higher than those in non-septic sheep not given T3 (Table 6.2). Free-T4
decreased over time in both groups of non-septic animals and was not significantly
altered by T3 infusion. The decrease in T3 and T4 levels over 26 hours in nonseptic sheep has been described earlier (Ch. 3.4.2.7).
Cortisol declined from elevated baseline levels before increasing by the end of the
study. This pattern of change and cortisol plasma levels was not altered by T3
infusion (Table 6.2).
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T3

No T3

T3

No T3

T3

(pmol/L)

fT4

(pmol/L)

Cortisol

(nmol/L)

150 ± 41

241 ± 45

10.2 ± 2.3

10.8 ± 1.6

4.1 ± 0.8

5.6 ± 0.5

66 ± 44

37 ± 27

6.6 ± 2.7

9.2 ± 2.4

26.9 ± 14.4 *

4.8 ± 0.4

12 hrs

126 ± 70

144 ± 169

4.7 ± 1.7

7.0 ± 1.2

34.9 ± 9.9 *

4.4 ± 0.3

26 hrs

p = 0.24

p = 0.26

p < 0.01

Group x Time

p < 0.01

p < 0.01

Time

p = 0.40

p = 0.15

Group

fT3&=&freeDT3,&&fT4&=&freeDT4

*&p&<&0.05&for&differences&of&adjusted&means&between&“No&T3”&vs.&“T3”&sheep&

Table&6.2:&Plasma&free0T3,&free0T4&and&cortisol&in&two&groups&of&non0septic&sheep,&with&(n=5)&and&without&(n=5)&a&240hour&infusion&of&T3.&Means&±&SD.&

No T3

fT3

0 hrs

6.2.2.3%%%Haemodynamics%
Both groups of non-septic sheep maintained a stable MAP (Figure 6.1) and no
animals required NorA. The T3 group had a slightly higher MAP (mean mmHg
(95% CI); No T3 105 (99 – 111) vs. T3 119 (114 – 124), p < 0.01), but MAP
differed between groups before T3 treatment commenced and this relationship did
not change during the 24 hour infusion of T3 (p = 0.99).
Cardiac index did not differ between the two groups over time (Figure 6.1).
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Figure' 6.1:' Mean' arterial' pressure' (MAP)' and' cardiac' index' (CI)' in' two' groups' of' non?septic'
sheep,'with'(n=5)'and'without'(n=5)'a'24?hour'infusion'of'T3.'Mean%±%SEM.
(MAP: Group x Time p = 0.99, Group p < 0.01, Time p = 0.68)
(CI: Group x Time p = 0.62, Group p = 0.89, Time p = 0.79)
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CVP was significantly higher in the T3 group of animals at baseline and persisted
through the duration of the study (Figure 6.2). PAP was higher in the T3 group,
increased over time, but over the duration of the study was no different between
groups (Figure 6.2). The volume of parenteral fluid administered and overall fluid
balance was similar between groups (Table 6.1).
HR and the derived haemodynamic indices (SVRI, PVRI, LVSWI, and RVSWI) did
not differ between the two groups over time (Figures 6.2 and 6.3).
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Figure'6.2:'Heart'rate'(HR),'central'venous'pressure'(CVP)'and'mean'pulmonary'artery'pressure'
(PAP)'in'two'groups'of'non?septic'sheep,'with'(n=5)'and'without'(n=5)'a'24?hour'infusion'of'T3.%
Mean%±%SEM.'
(HR: Group x Time p = 0.74, Group p = 0.82, Time p = 0.10)
(CVP: Group x Time p = 0.05)
(PAP: Group x Time p = 0.25, Group p < 0.01 Time p = 0.01)
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Figure' 6.3:' Systemic' vascular' resistance' index' (SVRI),' pulmonary' vascular' resistance' index'
(PVRI),' left' ventricular' stroke' work' index' (LVSWI)' and' right' ventricular' stroke' work' index'
(RVSWI)'in'two'groups'of'non?septic'sheep,'with'(n=5)'and'without'(n=5)'a'24?hour'infusion'of'
T3.%Mean%±%SEM.'
(SVRI: Group x Time p = 0.07, Group p = 0.74, Time p = 0.16)
(PVRI: Group x Time p = 0.69, Group p = 0.53, Time p = 0.46)
(LVSWI: Group x Time p = 0.39, Group p = 0.94, Time p = 0.49)
(RVSWI: Group x Time p = 0.59, Group p = 0.39, Time p < 0.01)
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6.2.2.4%%%Respiratory%Parameters%
T3 treatment did not alter any parameter of respiratory function. PaCO2 was
maintained at equivalent levels in both groups with no difference in the amount of
ventilation required. PaO2:FiO2 ratios and pulmonary compliance did not differ
between groups (Figure 6.4).
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Figure' 6.4:' PaO2:FiO2' (P:F),' PaCO2,' minute' ventilation' (VA)' and' pulmonary' compliance' in' two'
groups'of'non?septic'sheep,'with'(n=5)'and'without'(n=5)'a'24?hour'infusion'of'T3.%Mean%±%SEM.'
(P:F: Group x Time p = 0.46, Group p = 0.24, Time p = 0.22)
(PaCO2: Group x Time p = 0.24, Group p = 0.31, Time p = 0.13)
(VA: Group x Time p = 0.47, Group p = 0.06, Time p = 0.04)
(Compliance: Group x Time p = 0.77, Group p = 0.55, Time p = 0.22)
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6.2.2.5%%%Renal%Function%/%Electrolytes%/%Hepatic%Biomarkers%
T3 treatment did not alter urine output (Figure 6.5) or serum creatinine (Table 6.3).
Serum urea was slightly lower in the T3 group but this was evident at baseline and
there was no significant treatment effect over time (Table 6.3).
4
3
Hourly
Urine
Output

2

(mL / h / kg)

1
0
0

2

4

6

8

10

12

14

16

18

20

22

24

26

Time (hours)
Figure'6.5:'Urine'output'(UO)'in'two'groups'of'non?septic'sheep,'with'(n=5)'and'without'(n=5)'a'
24?hour'infusion'of'T3.%Mean%±%SEM.%
Data%is%missing%for%T3%group%at%hours%1%and%2.'
(UO: Group x Time p = 0.36, Group p = 0.40, Time p < 0.01)

Serum sodium and potassium were slightly lower in the T3 group, but remained
stable over time without any significant treatment effect (Table 6.3).
Serum bicarbonate decreased while chloride increased, consistent with the
observations noted during development of the sheep model (Ch. 3.4.2.3). These
changes were not altered by T3 treatment (Table 6.3).
ALT activity slightly, but significantly, increased in animals not administered T3
(Table 6.3). There were minor changes in bilirubin and ALP over time but this was
not an effect of T3 treatment.
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T3

No T3

T3

No T3

T3

No T3

T3

No T3

T3

No T3

T3

No T3

T3

(mmol/L)

K+

(mmol/L)

Cl-

(mmol/L)

HCO3-

(mmol/L)

Anion Gap

(mmol/L)

Urea

(mmol/L)

Creatinine

(µmol/L)

83 ± 20

97 ± 19

5±2

9±2

11 ± 2

14 ± 3

31 ± 2

29 ± 3

105 ± 2

107 ± 3

3.5 ± 0.3

3.8 ± 0.3

143 ± 1

146 ± 1

77 ± 15

84 ± 10

5±2

8±2

10 ± 3

16 ± 3

29 ± 3

24 ± 2

106 ± 2

110 ± 2

3.0 ± 0.2

3.3 ± 0.4

143 ± 1

147 ± 1

2 hrs

84 ± 40

75 ± 14

4±2

7±2

12 ± 3

15 ± 2

21 ± 4

18 ± 1

112 ± 2

118 ± 2

3.5 ± 0.3

3.7 ± 0.5

142 ± 3

147 ± 2

12 hrs

110 ± 39

76 ± 16

4±2

7±2

12 ± 7

13 ± 1

16 ± 6

17 ± 2

118 ± 3

121 ± 3

3.6 ± 0.3

3.8 ± 0.2

142 ± 1

148 ± 1

26 hrs

p = 0.10

p = 0.72

p = 0.89

p = 0.27

p = 0.28

p = 0.87

p = 0.14

Group x Time

p = 0.22

p < 0.01

p = 0.67

p < 0.01

p < 0.01

p = 0.11

p = 0.83

Time

Table&6.3:&Serum&biochemistry&in&two&groups&of&non;septic&sheep,&with&(n=5)&and&without&(n=5)&a&24;hour&infusion&of&T3.&Means&±&SD.&
*&p&<&0.05&for&differences&of&adjusted&means&in&non:septic&vs.&septic&sheep.&

No T3

Na+

0 hrs

p = 0.71

p = 0.02

p = 0.10

p = 0.06

p = 0.01

p = 0.05

p < 0.01

Group
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T3

No T3

T3

No T3

T3

(U/L)

Bilirubin

(µmol/L)

ALT

(U/L)

10 ± 7

11 ± 3

2±1

4±2

53 ± 23

85 ± 29 *

12 ± 6

12 ± 4

4±2

7±1

45 ± 14

64 ± 16

2 hrs

12 ± 7

19 ± 6

8±5

11 ± 5

38 ± 8

51 ± 16

12 hrs

13 ± 7

25 ± 7 *

8±8

10 ± 3

32 ± 17

42 ± 10

26 hrs

p = 0.01

p = 0.91

p = 0.27

Group x Time

p < 0.01

p < 0.01

Time

Table&6.3&(cont.):&Serum&biochemistry&in&two&groups&of&non;septic&sheep,&with&(n=5)&and&without&(n=5)&a&24;hour&infusion&of&T3.&Means&±&SD.&
*&p&<&0.05&for&differences&of&adjusted&means&in&non:septic&vs.&septic&sheep.

No T3

ALP

0 hrs

p = 0.21

p = 0.11

Group

6.2.2.6$$$Metabolic$Parameters$
Temperature increased over time in both groups of sheep but was not altered by
T3 therapy (Figure 6.6).
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Figure'6.6:'Core'temperature'in'two'groups'of'non5septic'sheep,'with'(n=5)'and'without'(n=5)'a'
245hour'infusion'of'T3.'Mean%±%SEM.'
(Temp: Group x Time p = 0.95, Group p = 0.28, Time p = 0.01)

Serum lactate was significantly lower in the T3 sheep (Figure 6.7). When
comparing the differences of adjusted means at each time point, the groups were
significantly different just prior to starting the T3 infusion (hour two) and for the
initial six hours of T3 infusion (i.e. to hour eight). Thereafter there was no
difference in lactate between groups.
pH decreased over time in both groups but was not altered by T3 (Figure 6.7).
Hb-O2 saturation in blood from the pulmonary artery, coronary sinus, renal, hepatic
and iliac veins was no different between the groups over time (Figure 6.8).

6.2.2.7$$$Haematological$Parameters$
T3 treatment did not alter circulating concentration of haemoglobin, fibrinogen,
white cells or platelets (Table 6.4). There was a slight increase in aPTT over time
in both groups and may be an effect of catheter flushes with heparin, but this was
not different between groups.
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Figure' 6.7:' Arterial' blood' pH' and' serum' lactate' concentration' in' two' groups' of' non5septic'
sheep,'with'(n=5)'and'without'(n=5)'a'245hour'infusion'of'T3.'Mean%±%SEM.'
(pH: Group x Time p = 0.22, Group p = 0.92, Time p < 0.01)
(Lactate: Group x Time p = 0.04, p < 0.05 between groups at 2, 4 and 8 hours)
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Figure'6.8:'Hb5O2'saturation'in'blood'from'mixed'venous'(MV),'coronary'sinus'(CS),'renal'vein'
(RV),' hepatic' vein' (HV)' and' iliac' vein' (IV)' in' two' groups' of' non5septic' sheep,' with' (n=5)' and'
without'(n=5)'a'245hour'infusion'of'T3.'%Mean%±%SEM.'
(MV: Group x Time p = 0.22, Group p = 0.07, Time p = 0.97)
(CS: Group x Time p = 0.81, Group p = 0.88, Time p = 0.76)
(RV: Group x Time p = 0.88, Group p = 0.15, Time p = 0.31)
(HV: Group x Time p = 0.33, Group p = 0.06, Time p = 0.94)
(IV: Group x Time p = 0.22, Group p = 0.48, Time p = 0.80)
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207

T3

No T3

T3

No T3

T3

No T3

T3

No T3

T3

No T3

T3

(secs)

PT

(secs)

Fibrinogen

(g/L)

Hb

(g/L)

WCC

(x109/L)

PLTs

(x109/L)

192 ± 46

163 ± 79

4.5 ± 1.7

6.5 ± 3.0

80 ± 10

99 ± 3

2.0 ± 0.2

1.6 ± 0.3

22 ± 4

22 ± 1

30 ± 4

33 ± 9

174 ± 35

160 ± 61

5.9 ± 1.4

7.2 ± 3.6

84 ± 7

106 ± 8

2.1 ± 0.3

1.5 ± 0.3

22 ± 3

22 ± 1

32 ± 6

33 ± 4

2 hrs

85 ± 38

115 ± 36

7.0 ± 1.2

9.1 ± 3.8

91 ± 5

95 ± 14

2.3 ± 0.4

1.9 ± 0.5

26 ± 9

23 ± 1

41 ± 9

34 ± 6

12 hrs

108 ± 26

106 ± 27

4.9 ± 0.9

5.6 ± 3.5

86 ± 11

92 ± 7

3.3 ± 0.3

2.7 ± 0.7

26 ± 8

24 ± 2

42 ± 8

39 ± 5

26 hrs

p = 0.20

p = 0.57

p =0 .06

p = 0.42

p = 0.46

p = 0.26

Group x Time

p < 0.01

p < 0.01

p = 0.34

p < 0.01

p = 0.08

p = 0.02

Time

Table&6.4:&Haematological&parameters&in&two&groups&of&non9septic&sheep,&with&(n=5)&and&without&(n=5)&a&249hour&infusion&of&T3.&Means&±&SD.&

No T3

aPTT

0 hrs

p = 0.70

p = 0.31

p < 0.01

p = 0.12

p = 0.65

p = 0.65

Group

6.2.3% Discussion%
A 24-hour infusion of T3 in non-septic sheep managed with intensive care support
produced supra-physiological plasma levels, yet was not associated with any
significant physiological change when compared to a similarly managed sheep
group not administered T3.

6.2.3.1&&&Haemodynamics&
In the earlier T3 / HC trial, MAP was slightly lower in a group of septic sheep given
T3. The significance of this was uncertain given that MAP was controlled by a
NorA infusion. In this study of T3 in non-septic sheep, MAP appeared to be higher
in the group of animals given T3. However, differences between groups existed
before T3 was commenced and there was no change to MAP over time.
Furthermore, the group of non-septic animals given T3 also had higher CVP and
PAP without significant changes in these haemodynamic parameters over time.
Hence it is unlikely there is an obvious treatment effect of T3 on MAP.
Cardiac index was unchanged by T3 in non-septic sheep. This is somewhat
surprising given that other studies conclude that T3 acutely increases cardiac
output. A bolus of T3 (1.2 µg/kg) given to sheep increased cardiac function within
two hours. Similarly in pigs, T3 (20 µg i.v.) rapidly increased myocardial
contractility and cardiac output by 50% (Gotzsche, 1994a). In isolated heart
studies, 100 to 1500 pmol T3 added to perfusate would increase papillary
contractility within 30 minutes (Skelton et al., 1973; Holland et al., 1992; Snow et
al., 1992; Tielens et al., 1996). Isolated pig myocytes developed enhanced
shortening following exposure to 80 – 100 pmol T3 (Walker et al., 1994b; Walker
et al., 1994a; Walker et al., 1995a; Wang et al., 2003), while in cat myocytes a
similar effect occur with 10 nmol T3 (Wang et al., 2003).
Perhaps there was some aspect of the sheep model that limited the ability to
detect a change to cardiac output following T3. Ketamine was used as a sedating
agent and is known to increase cardiac output in humans (Sigtermans et al., 2009)
and sheep (Coulson et al., 1991). T3 may have no other additional cardiovascular
effect when ketamine is also being infused.
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SVRI is lower in thyrotoxicity and has been reported to decrease following T3
treatment in several animal studies and clinical RCTs (Ch. 2.4.3). This did not
occur in this observational study in euthyroid animals and is consistent with the
lack of change in MAP and cardiac index.
The acute effect of T3 on CVP is uncertain. While thyrotoxic animals have reduced
venous compliance and elevated CVP (Gay et al., 1987; Gay et al., 1988), T3 has
been proposed to acutely enhance diastolic relaxation (Ririe et al., 1995; Ojamaa
et al., 2000a) favouring a lower CVP. In this study, CVP was higher in the T3
group of sheep, but this was evident before hormonal infusion commenced and
remained high throughout the study. It is not clear why the CVP would have been
higher in these animals as it was recorded in an identical manner, pressure
transducers were always secured to the sheep elbow and the amount of fluid
administered was similar between groups.
&
6.2.3.2&&&Other&Physiological&Parameters&
T3 rapidly stimulates Na+/K+-ATPase on alveolar membranes (Folkesson et al.,
2000; Lei et al., 2003) and renal tubule cells (Lin et al., 1997) in vitro. This was not
clinically apparent in this study, as supra-physiological plasma T3 levels were not
associated with any significant change to respiratory function, renal function or
serum biochemistry. Lack of change to these variables has also been reported in
clinical trials of T3 in neonatal respiratory failure (Amato et al., 1989) and renal
transplant dysfunction (Acker et al., 2002).
T3 has been proposed to excessively stimulate metabolism and O2 demand, but
this was not seen in this study. Sheep given T3 for 24 hours did not develop a
higher temperature and did not require more ventilation to control PaCO2. Hb-O2
saturation from mixed venous blood and from the different organs remained stable
over the duration of the study and did not differ between groups. Slightly higher
lactate occurred early in the study and a difference between groups was evident
before T3 infusion commenced.
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6.2.3.3&&&Endocrinology&
It may have been expected that exogenous T3 would alter T4 plasma levels, given
that T3 can increase D1 synthesis (Miyashita et al., 1995; St Germain et al., 1997;
Amma et al., 2001; Debaveye et al., 2008a; Debaveye et al., 2008b) and upregulate D3 activity (Esfandiari et al., 1992; Tu et al., 1999). Exogenous T3 can
also suppress D2, which would conversely limit deiodination of T4 (Burmeister et
al., 1997; Kim et al., 1998). T3 therapy could theoretically both increase and
decrease deiodination of T4. In this study, T3 did not alter plasma levels of T4, but
understanding how supra-physiological T3 alters the deiodinase enzymes requires
further investigation (Ch. 7.2.3).
T3 induced changes to D1 and D2 may also lead to an increase in rT3. Although
rT3 was not assayed in this study, the lack of change to plasma T4 suggests T3
did not alter deiodination pathways. Other work supports this presumption.
Observational studies of ICU patients who received T3 report rT3 levels no
different to those who did not receive T3 (Gardner et al., 1979; Peeters et al.,
2003; Peeters et al., 2005b; Van den Berghe et al., 2006). Similary, T3 infusion did
not alter rT3 levels in the septic sheep study (Ch. 5.4.8).
T3 can also upregulate steroid dehydrogenase and reductase enzymes leading to
increased clearance of cortisol (Kronenberg et al., 2008). This however, may take
more than 24 hours to become evident, as there were no changes to plasma
cortisol levels in non-septic sheep given T3.

6.2.3.4&&&Why&the&lack&of&effect&of&T3&in&non?septic&sheep?&
A 24-hour infusion of T3 was enough to produce supra-physiological plasma
levels; however, the duration of therapy may have been too short to allow T3 to
exert any noticeable effect in euthyroid sheep. Although T3 has rapid cell
membrane effects in vitro (Ch. 1.8), these may not manifest clinically within 24
hours in euthyroid sheep. An acute clinical change following T3 administration may
be more likely when restoring hormone levels in established hypothyroid states
(Ladenson et al., 1983; Brooks et al., 1985).
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The genomic and mitochondrial effects of T3 may require more than 24 hours to
manifest. Studies that have reported T3 induced changes in heart rate (Brooks et
al., 1985), venous compliance (Gay et al., 1987; Gay et al., 1988), diastolic
function (Arai et al., 1991; Seppet et al., 1993; Khoury et al., 1996; Ojamaa et al.,
2000b; Forini et al., 2001), myocardial contractility (Taylor et al., 1969; Marcus et
al., 1987), and metabolic rate (Wilson et al., 1966; Aoki et al., 1967; Ladenson et
al., 1983) have administered hormone for at least seven days.
The effect of exogenous T3 may be species-specific, with sheep having limited
response to acute therapy. However as already discussed (Ch. 4.2.1.7), two openlabel studies on sheep have reported an acute effect of T3. Haemodynamics were
assessed in sheep before and after a T3 bolus (1.2 µg/kg) (DiPierro et al., 1996).
Two hours following T3 there was a significant increase plasma free-T3 (80
pmol/L) and cardiac output. When tested on hypothyroid lambs, T3 increased high
energy phosphate compounds within 20 minutes but did not alter HR, MAP,
coronary blood flow or myocardial O2 consumption (Portman et al., 2005).
Most studies of T3 administered to euthyroid animals and humans have been unblinded and not randomised. This may have led to a greater likelihood to report an
effect of T3 therapy. Interestingly, the only randomised, blinded, placebo controlled
study of T3 (100 µg i.v. bolus) administered to euthyroid human volunteers,
reported no effect on cardiac output, HR or MAP over 45 minutes (Schmidt et al.,
2002). It is thus reasonable to conclude that T3 does not exert an acute effect on
haemodynamics in euthyroid subjects.
There are a number of limitations to the conduct of this sheep study. Firstly, it was
not randomised or blinded and hence is subject to bias. Secondly, the group of
non-septic sheep given T3 was compared to a group of historical controls studied
up to three years earlier. Despite the lag time between studies, sheep were
obtained from the same herd, were of a similar size, received an identical
management protocol, and staffing expertise of the model was consistent over all
studies. Finally, the number of sheep in each group was relatively small. Five
animals were chosen, as this was the number of non-septic sheep in the earlier
model validation studies. A relatively small group size number limits the power of
the study to detect a subtle effect of T3.
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6.2.4% Conclusion%
The effects of supplementary T3 were observed in a group of non-septic sheep
and compared to an earlier studied group of non-septic sheep not administered
T3. The two groups of animals had similar baseline characteristics and were
managed with identical protocol-guided intensive care support. The group
receiving a 24-hour infusion of T3 developed supra-physiological plasma levels but
haemodynamic, metabolic and all other physiological parameters did not differ
between the groups over time. T3 therapy does not exert a clinically significant
effect over 24 hours in euthyroid sheep receiving intensive care support.
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6.3%

Plasma%T3%Levels%in%Non8septic%and%Septic%Sheep%Given%T3%

In earlier pilot studies (Ch. 4.4), relatively high doses of T3 were provided to septic
sheep to account for the faster metabolism of T3 in sheep and the increased
clearance noted in other septic animals. The extent to which sepsis alters
circulating levels of supplementary T3 in sheep has not been examined previously.
An observational study was undertaken to compare plasma hormone levels in
septic and non-septic sheep that received the same dose of supplementary T3.

6.3.1& Methods&
This was a retrospective analysis of data collected from earlier studies. The
“Septic T3 Sheep” group (n = 8) were those animals allocated to receive T3/Pbo in
the ovine sepsis study (Ch. 5). The “Non-septic T3 Sheep” group (n = 5) are
described above (Ch. 6.2.1). Animals in both groups received the same surgical
interventions, supportive care algorithm and a T3 infusion of 1 µg/kg/h for 24
hours. Plasma hormone levels were compared between groups over time and
analysed by linear mixed effects modelling.

6.3.2& Results&
The groups of septic and non-septic sheep given T3, were of similar size and
received a similar amount of sedation but slightly less radiographic contrast (Table
6.5). Greater amounts of parenteral fluid was administered in the septic group of
sheep but overall fluid balance did not differ between groups.
Plasma free-T3 was equivalent at baseline, increased in both groups of sheep, but
was over three times higher in the non-septic sheep (Table 6.6). Free-T4
decreased and was significantly lower over time in the septic group of sheep.
Cortisol decreased over time but did not differ between groups.
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Non-Septic T3

Septic T3

Weight (kg)

61 ± 4

62 ± 1

p = 0.70

Radiographic Contrast (mL)

4±2

12 ± 8

p = 0.02

Ketamine (mg/kg/h)

7.1 ± 2.3

6.4 ± 1.5

p = 0.59

Midazolam (mg/kg/h)

0.4 ± 0.2

0.3 ± 0.1

p = 0.45

Parenteral Fluid (mL/kg)

87 ± 5

149 ± 41

p < 0.01

Fluid Balance (mL/kg)

64 ± 10

96 ± 50

p = 0.12

Table%6.5:%Characteristics%of%non8septic%(n=5)%and%septic%sheep%(n=8)%that%received%an%infusion%of%
T3%(1%µg/kg/h)%for%24%hours.%Means&±&SD.&
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4.2 ± 0.8
13.6 ± 2.3
10.2 ± 2.3 *
110 ± 21
150 ± 41

Non-Septic + T3

Septic + T3

Non-Septic + T3

Septic + T3

Non-Septic + T3

(pmol/L)

fT4

(pmol/L)

Cortisol

(nmol/L)

66 ± 44

79 ± 36

6.6 ± 2.7

5.6 ± 1.0

26.9 ± 14.4 *

8.7 ± 3.0

12 hrs

126 ± 70

77 ± 47

4.7 ± 1.7

3.1 ± 1.2

34.9 ± 9.9 *

10.9 ± 5.6

26 hrs

p = 0.13

p < 0.01

p < 0.01

Group x Time

p = 0.02

Time

p = 0.11

Group

Table&6.6:&Plasma&free/T3,&free/T4&and&cortisol&in&septic&(n&=&8)&and&non/septic&sheep&(n&=&5)&administered&T3&(1&µg/kg/h)&for&24&hours.&Means&±&SD.&
*&p&<&0.05&for&differences&of&adjusted&means&between&“Septic&T3”&vs.&“NonBSeptic&T3”.

4.5 ± 0.8

Septic + T3

fT3

0 hrs

6.3.3$ Discussion$
Sepsis has long been known to increase clearance of thyroid hormones (Bondy et
al., 1952; Sterling et al., 1956; Shambaugh et al., 1966; Gregerman et al., 1967;
Woeber 1971; DeRubertis et al., 1973; Goretzki et al., 1983) and is thought to be
mediated by changes to the deiodinase system. D3 converts T3 to T2 and this
enzyme is significantly up-regulated by cytokines (e.g. IL-6) and during critical
illness (Ch. 2.3.4). D1 and D2 activity is reduced in sepsis but these enzymes
contribute little to T3 clearance. Analysis of plasma T2, tissue deiodinase
expression and enzyme activity would help clarify the extent to which changes in
deiodination contribute to the clearance of T3 in sepsis (Ch. 7.2.3).
Tissue uptake of iodothyronines has been reported to increase in sepsis and may
contribute to lower plasma levels (DeRubertis et al., 1972, 1973; Goretzki et al.,
1983). The rate of T3 uptake into different tissue during sepsis is unknown and
requires further study (Ch. 7.2.2).
Septic sheep required 1.7 times the amount of parenteral fluid as non-septic
sheep. Although this may suggest an element of haemodilution, overall fluid
balance was equivalent between groups and is unlikely to account for the
difference in free-T3 levels.
Sepsis may alter circulating thyroid hormone proteins, contributing to changes in
free-T3 levels. As discussed earlier, the effect of illness on unbound thyroid
hormone and performance of free-T3 assays remains unclear (Ch. 2.2.6).
Measuring plasma binding proteins and levels of total-thyroid hormones may help
clarify the sepsis induced changes to protein binding (Ch. 7.2.1).
An effect of T3 on central control of thyroid hormone levels was not determined.
The attenuated T3 levels and more marked decline of free-T4 in septic sheep may
in part be from impaired HPT stimulation of thyroidal secretion. Analysis of TSH
and TRH from stored hypothalamic and pituitary tissue may provide useful data
regarding how T3 and sepsis affects neuroendocrine control of thyroid hormone
(Ch. 7.2.4).
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6.4$

Summary$

The effect of T3 infusion was studied in non-septic sheep. Plasma levels of free-T3
were markedly elevated but there was no significant change to any physiological
parameter. A longer duration of therapy may be required to observe an effect.
Despite a standard dose of T3, plasma levels were much higher in non-septic
compared to septic animals. This is likely to be the consequence of increased
metabolism and clearance of T3 during sepsis.
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Chapter$7:$$Future$Studies$

7.1$

Introduction$

Although there was no perceived benefit of T3 replacement in the ovine model of
septic shock, a number of other research questions became apparent during the
conduct of these studies. Further investigation of the physiology of thyroid
hormone, the role of additional studies of T3 replacement and further projects
understanding the pathophysiology of septic shock are proposed.

7.2$

Thyroid$Hormone$Physiology$

Analysis of sheep tissue and plasma samples stored from earlier studies will
provide insight into how thyroid hormone physiology changes with sepsis and
supplemental T3 administration.
Collaboration has been established with The Thyroid Research Group at Erasmus
Medical Centre (Dr Theo Visser, Dr Robin Peeters, Rotterdam, The Netherlands).
This group performs assays for a large number of thyroid hormone related
molecules including: total-T3, total-T4; D1, D2 and D3 mRNA and activity; TSH
mRNA and TRH mRNA. These assays are suitable for analysis of sheep plasma
and other tissue (Morreale de Escobar et al., 1994; Peeters et al., 2003; Peeters et
al., 2005b).

7.2.1$ Plasma$FreeC$and$TotalCthyroid$Hormone$
It remains controversial whether free-T3 or total-T3 is the most appropriate
measure of circulating hormone in sepsis (Ch. 2.2.6). Unbound T3 represents the
amount of hormone immediately available to the cells, but free-hormone assays
can be unreliable in critical illness. Total-T3 may be a better measure during nonthyroidal illness, but a total-T3 assay for sheep plasma was not available for the
earlier studies.
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Studies conducted on the ovine model provide an opportunity to analyse the
relationship between free- and total-hormone in a controlled setting with many
assay confounders standardised (Ch. 2.2.6). Sheep were managed identically,
received a standardised infectious challenge, were administered the same amount
of medications, temperature did not differ and sample collection occurred at the
same time for every animal.
Plasma samples available for assay are from:
1) Non-septic sheep: No T3 (n = 5), T3 (n = 5)
2) Septic sheep: Placebo (n = 8), T3 (n = 8), HC (n = 8), T3 + HC (n = 8).
From each animal, five plasma samples were collected (0, 4, 6, 12 and 26 hours),
stored at -80oC and transported frozen as one consignment to Erasmus Medical
Centre.
Analysis of these samples will provide an understanding of the relationship
between free- and total-thyroid hormones over time and how this may differ
between non-septic and septic animals. Of note, it will determine if there was a
more noticeable fall of total-T3 compared to the relatively mild decline of free-T3 in
the ovine septic model.
T3 and HC therapy could also alter the relationship between plasma free- and
total-T3. Infusing T3 may preferentially increase free hormone, particularly if
thyroid binding proteins are already saturated or if there is a reduction of protein
binding capacity during sepsis (Ch. 2.3.1). HC therapy may also modify protein
binding of T3 (Ch. 2.3.5).
Finally, measuring total-T3 will allow the T3:rT3 ratio to be calculated. This ratio
typically decreases with NTIS and is inversely correlated with severity of illness
(Ch. 2.2). It is anticipated that T3:rT3 will decrease in septic sheep, reflecting a
change in the deiodination pathways in sepsis.
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7.2.2$ Tissue$Levels$of$Thyroid$Hormones$
It is uncertain how plasma concentration of thyroid hormones relates to levels in
other tissues during sepsis. The lack of noticeable effect from supra-physiological
plasma free-T3 in healthy and septic sheep may be because tissue levels were not
incremented.
In an observational study of 79 ICU patients with a range of diseases, plasma
levels of total-T3, total-T4 and rT3 correlated with the amount of hormone in postmortem samples of liver and skeletal muscle (Peeters et al., 2005b). Patients that
received T3 therapy had a much larger increment in liver tissue compared to
skeletal muscle but the amount of thyroid hormone in other tissues and how this
may change during sepsis is not known.
Tissue samples collected following each sheep study provide an opportunity to
analyse thyroid hormone concentration in a range of organs. Samples were
collected from liver, skeletal muscle, renal cortex, myocardium, lung, cerebral
cortex, hypothalamus and pituitary, stored at -80oC and transported frozen (with
the plasma samples) to Erasmus Medical Centre.
Samples available for analysis are from:
1) Non-septic sheep: No T3 (n = 2), T3 (n = 5)
2) Septic sheep: Placebo (n = 8), T3 (n = 8), HC (n = 8), T3 + HC (n = 8).
Note that there are tissue samples from only two non-septic sheep not given T3.
These were from early model validation studies (Ch. 3.4), where most of the tissue
was stored in formalin for histopathology and hence not suitable for tissue assay.
Analysis of tissue hormone concentration involves: homogenising tissue in
methanol, adding radio-labelled tracer (T3, T4 or rT3), purifying extracted fluid on
a resin column and then counting the amount of tracer on an antibody.
These studies will quantify the concentrations of thyroid hormones in a range of
tissues in sepsis and the change in tissue levels with T3 therapy (in sepsis and
non-septic sheep. It will also allow comparison with plasma free-T3 and total-T3 to
determine what form of circulating hormone most closely relates to tissue levels.
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7.2.3$ Tissue$Deiodinase$Activity$
Metabolism of T3 and T4 is accelerated by sepsis (Ch. 2.3.4). D1 and D2 are
typically down-regulated and D3 is up-regulated. Changes to the deiodination
pathways provide homeostatic mechanisms controlling cellular exposure to thyroid
hormone during disease. How the deiodination system differs between the organs
during sepsis is not known.
T3 therapy itself may alter deiodinase activity (Ch. 1.7). D1 synthesis and activity
is increased, while D2 is suppressed by supplemental T3 (Berry et al., 1991;
Debaveye et al., 2008a; Debaveye et al., 2008b). Interestingly, D3 activity was not
altered in post-mortem samples from ICU patients administered T3 (Peeters et al.,
2005b). Changes to deiodinases may occur with supra-physiological levels of T3
as a response to limit the effect of excessive thyroid hormone therapy.
Deiodinase expression and enzyme activity can be measured in the sheep tissue
samples described. Assay of enzyme activity involves incubating tissue
homogenate with enough substrate to saturate the deiodinase enzyme; for
example, rT3 is added to saturate D1, T4 is added to saturate D2 and T3 is used
to saturate D3. Supernatant is then analysed using HPLC.
These studies will describe D1, D2 and D3 activity in a range of organs during
sepsis and whether T3 ± HC alters enzyme activity. Comparing these results with
tissue and plasma levels of thyroid hormones will help clarify the role of the
deiodination system in hormone homeostasis.

221

7.2.4$ Central$Regulation$of$Thyroid$Hormone$
Circulating TSH is usually within the normal range during acute illness. This may
be considered “inappropriately” normal given the low circulating T3 and T4. Altered
hypothalamic and pituitary function seems to be more pronounced with prolonged
critical illness but how this contributes to the NTIS of acute illness is unclear.
The effect of T3 therapy on thyrotroph function could not be determined in the
sheep studies as a suitable TSH assay was not available. T3 therapy would be
expected to decrease TSH by negative feedback on the hypothalamus and
pituitary. It would be useful to determine if there was any effect of T3 infusion on
sheep HPT function, particularly given that markedly elevated plasma levels did
not cause any other significant physiological changes over 24 hours.
The effect of “stress dose” HC on the HPT axis is also not known. Exogenous high
dose steroids can inhibit the central control of the thyroid axis (Ch. 2.3.5) but TRH
and thyroid hormone levels are usually normal in patients on long-term steroids.
TSH mRNA and TRH mRNA will be assayed from sheep pituitary and
hypothalamic tissue. In conjunction with plasma thyroid hormone levels (free- and
total-hormone), these results will help identify how HPT function may alter during
sepsis and with exogenous T3 and HC.
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7.3$

Thyroid$Hormone$Replacement$Studies$

T3 infusion yielding supra-physiological plasma levels did not lead to any
significant physiological change in a 24-hour ovine model of early septic shock.
Possible reasons for lack of benefit have been discussed (Ch. 5.4.9). Principally,
the sepsis model was very acute and T3 levels had not fallen dramatically when
hormonal therapy was tested.
A more appropriate time to test T3 therapy in sepsis may be later in disease when
shock is established. Patients with intractable septic shock and progressive multiorgan dysfunction, despite optimal medical therapies, may be “missing something”
from their therapy. This could be the group of patients who benefit from T3
therapy, but how best to further investigate this remains controversial.

7.3.1$ Further$PreCclinical$Studies$
Developing a pre-clinical model of protracted sepsis may better replicate the
clinical setting in which T3 may be beneficial. Modifications to the ovine model
could include providing antibiotics at the time NorA is administrated and
commencing T3 once the animal is clearly dependent on vasopressor support
(e.g. 0.5 µg/kg/min NorA). Similar physiological parameters to those measured in
the earlier studies could be monitored, but once again the study size would likely
be too small to detect a significant effect on mortality.
A mouse study may be a more suitable model to test the effects of T3. Although
the amount of physiological monitoring is limited, mice can be studied in larger
numbers allowing mortality studies to be conducted. Access to genetically identical
animals of the same age with the same infection exposure limits much of the
variability seen in sepsis studies in large animals and humans. Local colleagues
have established a mouse model of sepsis, induced by caecal ligation and
puncture (Deane et al., 2014). These animals remain unwell for several days with
20% dying before euthanasia at five days. A model such as this may allow T3 to
be tested after several days of sepsis with established low plasma T3 levels. A
randomised, blinded, placebo controlled trial of T3 could be performed with the
primary outcome being the duration of survival. If survival benefit is noted, then a
clinical trial of T3 becomes more compelling.
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While pre-clinical mortality studies may be useful for testing a new therapy,
translation from a tightly controlled mouse population to a heterogeneous human
population is questionable. Furthermore, animal studies where death is the main
endpoint raise significant ethical concerns and few of these projects are now being
approved (Personal Communication, Dr Tim Kuchel, Animal Ethics Committee,
SAHMRI). Nevertheless, mortality studies are likely to be an important research
component to investigate whether a new therapy is likely to be of benefit in
humans, particularly given the poor translation of animal studies that have
primarily investigated physiological endpoints.

7.3.2$ Clinical$Trial$of$T3$
Ideally the effect of T3 replacement in established septic shock would be tested in
a clinical trial. The only clinical report of T3 being used in sepsis was an
observational study of 11 patients who had advanced septic shock, requiring
dopamine and having renal dysfunction (Hesch et al., 1981). These patients had
undetectable serum T3 and within 24 hours of commencing an infusion of T3 (100
– 200 µg / 24 h), six patients did not require any further dopamine and this
corresponded with improved renal function. Although the study was uncontrolled, it
provides some support that T3 may help in advanced septic shock.
As it is unclear how best to further investigate T3 replacement in a pre-clinical
setting, it may be most appropriate to conduct a phase-one clinical trial. Concerns
about safety of T3 have limited ability to conduct this in septic patients, yet all
published reports of T3 use in critical illness have never identified any adverse
effects. Furthermore, T3 replacement to supra-physiological levels for 24 hours in
this series of sheep studies also could not provoke any adverse changes.
A phase-one clinical study would involve open label administration of T3 to a
relatively small number of patients in a limited number of ICUs. This would
examine safety and efficacy of T3 by measuring individual markers of organ
function and a global metric of severity of illness (e.g. APACHE score), but would
be underpowered to determine an effect on mortality. A phase-one study would
provide “proof of concept” before testing in higher quality phase-two and phasethree studies.
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There are several limitations to commencing a clinical trial of T3 in advanced
septic shock. While the number of patients with sepsis being admitted to ICU in
Australia is increasing, fewer patients are developing intractable septic shock and
consequently fewer patients are dying (Kaukonen et al., 2014). This implies there
are a declining number of septic patients in which to test T3 therapy. Study
duration would likely be prolonged, with difficult patient recruitment and limited
clinical validity. Adverse effects of T3 may also remain a concern, as the sheep
studies did not examine longer term consequences and did not include
assessment of its effect on the hypothalamus and pituitary.
The suitability of conducting a phase-one study of T3 in established septic shock
will be presented and discussed at the forthcoming Australian and New Zealand
Intensive Care Society – Clinical Trials Group Meeting (Queensland, March 2015).
Finally, replacing hypothalamic hormones, particularly in prolonged critical illness,
may be an alternative therapeutic option (Ch. 2.3.3.3). TRH administration in
critical illness can restore circulating thyroid hormone levels within one day and
excessive plasma levels are avoided, as pituitary feedback mechanisms remain
intact (Van den Berghe et al., 1998a). When GHRH is co-administered, TSH
pulsatility and deiodinase activity is restored and rT3 levels diminish (Van den
Berghe et al., 2002; Weekers et al., 2004; Debaveye et al., 2005). The
combination of TRH + GHRH has never been tested in clinical trials and these
hypothalamic releasing factors may be a more suitable method of restoring thyroid
hormone homeostasis during critical illness.
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7.4$

Studies$from$the$Ovine$Sepsis$Model$

Understanding the pathophysiology of sepsis and finding a treatment that will
improve recovery for the vast range of clinical syndromes is difficult. The ovine
model of septic shock standardises many variables of sepsis and allows
prospective controlled studies to be conducted.

7.4.1$ Venous$Blood$for$the$Analysis$of$Acid$Base$Status$During$Septic$Shock$
The acute assessment of a patient with severe sepsis includes analysis of acidbase state. This has traditionally relied on pH and blood gas measurement from
arterial blood. However arterial puncture is uncomfortable and technically more
difficult than venous blood sampling (Giner et al., 1996). Venepuncture is routinely
performed during early assessment of septic patients and analysing acid-base
status in venous blood may assist in the initial management.
The suitability of analysis of peripheral venous blood to determine acid-base status
has previously been assessed in diabetic ketoacidosis (Brandenburg et al., 1998;
Gokel et al., 2000; Rang et al., 2002; Ma et al., 2003) and in mixed populations of
patients (Gennis et al., 1985; Kelly et al., 2001; Kelly et al., 2002; Eizadi-Mood et
al., 2005; Malatesha et al., 2007; Toftegaard et al., 2008). These studies have
reported a close correlation between peripheral venous and arterial acid-base
analysis, with limits of agreement that many clinicians find acceptable (Rang et al.,
2002; Kelly, 2010). However, these studies were conducted in patients who were
haemodynamically stable and did not have sepsis.
The ovine model of septic shock provides a controlled setting to determine the
relationship between arterial and venous acid-base assessment. Furthermore,
ventilation was titrated to maintain constant PaCO2, thus controlling the respiratory
component of acid-base disturbance. Retrospective analysis can be performed on
paired blood gas samples taken from the arterial and hind-limb cannula of septic
and non-septic sheep. Venous blood estimates of arterial values can be
constructed and concordance between these determined with Bland-Altman limits
of agreement. Understanding the arterio-venous relationship of acid-base status
will assist with correct interpretation of venous blood samples.
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7.4.2$ Histopathological$Changes$of$the$Kidney$in$Septic$Shock$
Acute Kidney Injury (AKI) is present in 5% of patients admitted to ICU and is
independently associated with increased mortality (Bagshaw et al., 2007). Sepsis
is the most common disease associated with AKI but it is not clear how this leads
to renal dysfunction (Silvester et al., 2001; Uchino et al., 2004; Bagshaw et al.,
2007). Mechanisms that have been proposed to lead to septic AKI include: i)
decreased renal blood flow, ii) Acute Tubular Necrosis (ATN), iii) glomerular
thrombosis, and iv) apoptosis (Shimamura et al., 1983; Brivet et al., 1996; Hoste et
al., 2003; Schrier et al., 2004; Lameire et al., 2005). The evidence for these,
however, is limited.
It has been presumed that hypotension during septic shock leads to reduced renal
blood flow and AKI. While animal models of septic AKI with a low cardiac output
have reduced renal blood flow, septic humans typically have a hyperdynamic
circulation (Langenberg et al., 2005; Langenberg et al., 2006). The few renal blood
flow studies conducted in septic AKI patients have all shown renal blood flow to be
increased (Langenberg et al., 2005) and animal sepsis models that replicate a
hyperdynamic circulation also have increased renal blood flow (Langenberg et al.,
2007).
ATN has commonly been associated with septic AKI and is thought to represent
pathological changes due to impaired renal blood flow. Clotting derangements
during sepsis have also been thought to form micro-thrombi that impair glomerular
filtration. Apoptosis of renal tubule cells has also been detected in patients who
died with septic AKI (Lerolle et al., 2010). However, the pathology studies that
report these changes have been observational, with different definitions of renal
failure, variable severity of illness and differing use of supportive therapies (e.g.
fluids, inotropes, nephrotoxin exposure, dialysis). Furthermore, most studies have
analysed renal tissue from post-mortem samples, representing advanced endstage disease and any pre-morbid renal disease is not considered. Therefore
these studies do not reliably account for the pathological processes occurring as
septic AKI evolves.
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Much of the uncertainty regarding pathological process in septic AKI can be
clarified by conducting a controlled study. The ovine model of sepsis replicates the
human hyperdynamic response to sepsis, reliably reproduces features of AKI and
utilises the standard supportive treatments provided in ICU (Ch. 3.4).
The model can be developed further to allow measurement of renal blood flow,
monitor renal metabolic function and perform serial renal tissue sampling as
sepsis and renal dysfunction evolve. This would involve preparing sheep as
described previously (Ch. 3.4), placing a Doppler ultrasound flow probe placed
around the renal artery and taking renal tissue samples with an 18G biopsy needle
at baseline and at set intervals after induction of E.coli sepsis. A group of nonseptic sheep will also be studied to control for the effect of time.
A histopathological scoring system will be developed that allows changes at light
and electron microscopy to be quantified for each component of the nephron. An
expert renal pathologist will conduct tissue analysis blinded to time and sepsis
status of the sample.
Measuring renal blood flow and sampling renal venous blood will also permit study
of renal O2 delivery, O2 consumption, lactate production, metabolite production
and renal clearance rates. This provides a combined assessment of kidney
structure and function during sepsis.
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7.4.3$ Packed$Cell$Volume$in$Septic$Shock$
Packed cell volume (or Haematocrit) is the ratio of red blood cells (RBCs) relative
to the total volume of whole blood. It is a simple measure that is performed
routinely in most haematological laboratories. PCV can increase when loss of
plasma fluid leads to haemoconcentration of RBCs. Inflammatory conditions such
as sepsis, burns and pancreatitis can cause plasma leak through compromised
capillary endothelium leading to reduced circulating volume and hypotension.
Fluid resuscitation is considered an important component of the immediate
treatment of septic shock (Dellinger et al., 2013b), but providing parenteral fluids is
a “double edged sword”; not enough fluid resuscitation and circulating volume is
compromised, leading to impaired O2 delivery. Conversely, too much parenteral
fluid leads to accumulation of excessive fluid in the interstitium with increased
tissue pressure and greater diffusion distance for O2 and other metabolites. Not
surprisingly, the extent of fluid accumulation in sepsis is independently associated
with organ dysfunction, longer length of stay in ICU and mortality (Vincent et al.,
2006; Bellomo et al., 2012).
Unfortunately there is no ideal method of assessing the amount of fluid to
administer during septic shock. Clinical parameters (e.g. heart rate, blood
pressure, thirst, urine output) and metabolic parameters (e.g. lactate, blood pH,
mixed venous Hb-O2 saturation) provide a guide to adequacy of the circulation and
O2 delivery. Central venous pressure (CVP) traditionally has been used as a
surrogate measure of venous volume, but is notoriously unreliable and poorly
relates to the response to extra parenteral fluids (Osman et al., 2007; Marik et al.,
2008). Despite this, The Surviving Sepsis Guidelines continue to recommend
replacing parenteral fluid until CVP is 8 – 12 mmHg (Dellinger et al., 2013b). Other
measures, such as pulse pressure variation and systolic pressure variation, are
more reliable but apply only to ventilated patients without arrhythmias.
PCV may be a useful measure of the extent of endothelial dysfunction and plasma
leak in sepsis. It could contribute to the assessment of how much parenteral fluid
is required to optimise circulating volume. In conjunction with other clinical
variables, PCV may further guide who would respond to a fluid challenge or who
may benefit from vasoactive medications.
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In the ovine model of sepsis, PCV increased by 30 – 50% within two hours of
E.coli infusion. This was consistently noted in the model validation studies (Ch.
3.4.2.6) and in the T3 study on septic sheep (Ch. 5.3.8). This is even more
significant given that animals were receiving boluses of parenteral fluids at this
time and were not given extra red cells. Of note, PCV increased while CVP did not
change, supporting the notion that these are very different measures of circulating
volume.
Surprisingly, there has been little other study into the utility of PCV in sepsis. A
septic rat study measured plasma volume after induction of sepsis and reported an
increase in PCV as plasma volume decreased (Lundblad et al., 2013).
A recently completed large clinical trial of patients with septic shock could provide
further information regarding the changes to PCV and its potential clinical utility.
The ARISE (Australasian Resuscitation in Sepsis Evaluation) trial enrolled 1600
patients presenting to an ED with septic shock (Delaney et al., 2013; Peake et al.,
2014). Patients were randomly allocated to receive early goal directed therapy
(EGDT) or standard care and primary outcome was 90-day mortality. Baseline
data of all patients included PCV, other physiological data, treatment provided,
and the amount of fluid administered. These variables were monitored for six
hours as patients were resuscitated and again 72 hours after resuscitation.
Patients transfused red-blood cells (13.6% in EGDT group, 7.0% in standard care)
would be excluded from analysis.
Aims of this study are to:
1. Determine if PCV at presentation or the change in PCV over time is related
to the severity of sepsis and outcomes.
2. Study the relationship between PCV, CVP and the amount of fluid
administered.
The intent of this study has been discussed with the chair of the ARISE
Investigators (Associate Professor Sandra Peake) and application will be made for
retrospective analysis of the data.
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7.5$

Summary$

Developing the ovine model and conducting a controlled study of T3 has provided
important insights into sepsis and thyroid hormone physiology in critical illness.
Although the administration of T3 did not reduce vasopressor requirements in
septic shock, the conduct of this project has provided a platform for further
research opportunities.

231

Appendices$
Appendix$1:$$Animal'Ethics'Committee'Approvals$

232

233

234

Appendix$2:$$Randomisation'Chart$

235
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International Symposium on Intensive Care and Emergency Medicine
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Poster Presentation
Australia & New Zealand Intensive Care Society, Annual Scientific Meeting
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Oral Presentation
2012
Society of Critical Care Medicine, Annual Congress
Texas
Poster Presentation
College of Intensive Care Medicine, Annual Scientific Meeting
Melbourne
Oral Presentation
Australia & New Zealand Intensive Care Society, Annual Scientific Meeting
Adelaide
Oral Presentation
Australasian College for Emergency Medicine, Annual Scientific Meeting
Hobart
Oral Presentation
2013
American Thoracic Society, Annual Conference
Philadelphia
Poster Presentation
Endocrine Society, Annual Conference
San Francisco
Poster Presentation
College of Intensive Care Medicine, Annual Scientific Meeting
Melbourne
Oral Presentation
2014
European Thyroid Association, Annual Conference
Santiago de Compostela
Oral Presentation
Australia & New Zealand Intensive Care Society, Annual Scientific Meeting
Melbourne
Oral Presentation

236

Appendix$4:$'Publications'During'Candidature'
Maiden MJ, Peake S
Overview of Shock
Oh’s Intensive Care Manual, 7th Edition (2013), Ch. 15, pp. 115-121

Maiden MJ, Chapman MJ
Multi-Organ Dysfunction Syndrome
Oh’s Intensive Care Manual, 7th Edition (2013), Ch. 17, pp. 138-145

Peake S, Maiden MJ
Septic Shock - Management
Oxford Textbook of Critical Care, in press
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Intensive Care Foundation – Research Grant
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College of Intensive Care Medicine, Annual Scientific Meeting
Best Free Paper Presentation
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