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ZUSAMMENFASSUNG

Hintergrund und Zweck: Die Atiologie des Keratokonus ist multifaktoriell, letztendlich aber bislang
unklar. Finige frithere klinische Beobachtungen legen nahe, dass die Hypothyreose eine Rolle bei der
Entstehung und Ausprigung des Keratokonus spielt. Das Ziel unserer Studie war es, die
tomographischen und biomechanischen Parameter zwischen Keratoconus-Patienten mit und ohne
Hypothyreose zu vergleichen, in einer Querschnitts- und Léangschnitt-Betrachtung aus dem

Homburger Keratokonuszentrum bei Einschluss und nach einem Jahr.

Methoden: 28 Patienten mit Keratokonus und Hypothyreose (Gruppe HT) und 56 Keratokonus-
Patienten ohne Schilddriisenfunktionsstorung (Gruppe WHT), die geschlechts- und altersméaBig
iibereinstimmten, wurden analysiert. Das Durchschnittsalter betrug 40,3 Jahre (von 14 bis 57) in der
Gruppe HT und 40,3 Jahre (von 14 bis 57) in der Gruppe WHT. Die ophthalmologischen
Routineuntersuchungen bestanden aus Hornhauttomographie und biomechanischen Parametern. Wir
analysierten die folgenden Keratoconus-Parameter aus der Pentacam (Pentacam HR, Oculus, Wetzlar,
Deutschland): Astigmatismus, Rmin (minimaler Radius), Kmax (steilster Kriimmungsradius), ARC
(vordere korneale Kriimmungsradien), PRC (hintere korneale Kriimmungsradien), TP (minimale
Hornhautdicke), IVA (Index of Vertical Asymmetry), IHD (Index of Heigh Decentration), KI
(Keratokonus Index), CKI (Central Keratoconus Index) und sowie aus dem Ocular Response Analyzer
(ORA, Reichert Ophthalmic Instruments, Depew, NY, USA) die CH (korneale Hysterese), den CRF

(kornealen Resistance-Faktor) sowie den KMI (Keratokonus-Match-Index).

Ergebnisse: Die Ergebnisse der tomographischen und biomechanischen Werte zeigten sowohl in der
Querschnitts- als auch in der Langsschnittanalyse keine signifikanten Unterschiede zwischen der HT-

und WHT-Gruppe.

Schlussfolgerung: Die Schwere des KK scheint basierend auf biomechanischen und tomographischen

Parametern nicht von der Hypothyreose beeinflusst zu sein.



SUMMARY

Background and Purpose: The etiology of Keratoconus is supposedly multifactorial but remains
ultimately unknown. Previous scientific observations suggested that hypothyroidism might play a role
in the development and progression of Keratoconus. The purpose of this study was to analyze the
tomographic and biomechanical parameters in Keratoconus patients with or without hypothyroidism at
the time of inclusion (cross-sectional aspect) in the Homburg Keratoconus Center (HKC) and after

one-year follow-up (longitudinal aspect).

Methods: 28 patients with Keratoconus and hypothyroidism (group HT) and 56 patients Keratoconus
patients without thyroid dysfunction (group WHT) with matching sex and age were analyzed. Mean
age was 40.3 years (range 14-57) in the group HT and 40.3 years (range 14-57) in the WHT group.
Routine ophthalmic examinations consisted of corneal tomography and biomechanical parameters. We
extracted the following Keratoconus parameters from the Pentacam (Pentacam HR, Oculus, Wetzlar,
Germany): astigmatism, Rmin (mean of the minimum radius of curvature), Kmax (maximum
Keratometry), ARC (Anterior Radius of Curvature), PRC (Posterior Radius of Curvature), TP
(Thinnest Pachymetry), IVA (Index of vertical asymmetry), IHD (Index of Height Decentration), KI
(Keratoconus Index) and, CKI (Central Keratoconus Index). From the Ocular Response Analyzer
(ORA, Reichert Ophthalmic Instruments, Depew, NY, USA) we extracted the CH (Corneal
Hysteresis), CRF (Corneal Resistance factor) and KMI (Keratoconus Match Index).

Results: The comparison of the tomographic and biomechanical values from cross-sectional and

longitudinal analyses showed no significant differences between the HT and WHT groups.

Conclusion: The severity of KC based on tomographical and biomechanical parameters does not seem

to depend on the presence of hypothyroidism.



1. Introduction
1.1.  Corneal anatomy

1.1.1. General aspects

Corneal epithelium
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Figure 1 : Schema of the corneal layers in a normal cornea.

The cornea is a transparent avascular connective tissue which acts as the primary infectious and
structural barrier for the eye. Together with the overlying tear film, it provides a proper anterior
refractive surface for the eye. Its clarity is the result of multiple factors including the structural
anatomy and physiology of its cellular components. The maintenance of corneal shape and

transparency is critical for optimizing the eye’s refractive power [122].

The cornea is the foremost transparent, strongly curved section that occupies the center of the anterior

pole of the ocular globe. Transparency of the cornea is essential for the necessary normal functioning



of the eye. The cornea in itself has no blood vessels, it consists of one continuous homogeneous
structure. To improve the optical properties of the cornea, it is covered by a tear film consisting of tear
fluid. The cornea is approximately 1000 um thick at its periphery and 500 pm thick centrally [21]. In
the average adult, the horizontal diameter of the cornea is 11,5 to 12,0 mm [97]. In humans, the cornea
forms a positive lens with the refractive power of about 42 diopters (D) and constitutes the main

refractive element of the eye.

The human cornea consists of 5 layers, 3 cellular (the epithelium, stroma and endothelium) and 2
interfaces (Bowman’s layer, Descemet’s membrane). Figure 1 presents the schema of the corneal

layers in a normal functioning cornea.

1.1.2. Corneal Layers

Epithelium
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Figure 2: Schema of the corneal epithelium in a normal cornea.

The corneal epithelium is the outermost peripheral layer of the cornea and creates the first barrier to
the outside environment. It is a squamous nonkeratinized epithelium of about 40 to 50 um [21]. Figure
2 shows the schema of the corneal epithelium. The epithelium is composed of three different types of
layers: A single layer of basal cells adhere to the underlying basement membrane using
hemidesmosomes and are bound together with tight junctions. Located above them are two or three
layers of wing cells and the superficial cells, which consist of 2-3 layers made up of flat polygonal

cells. The microplicae and microvilli on the surface increase the surface area and they are involved in



the exchanges between the cornea and the precorneal tear film. In addition, highly resistant tight
junctions between adjacent epithelial cells provide a protective layer and form an effective barrier
against fluid loss and pathogen penetration [21]. The corneal epithelium and overlying tear film
maintain a symbiotic relationship both anatomically and physiologically. The epithelial basement

membrane, approximately 0.05 um thick, is composed of type IV collagen and laminin [21].

Bowman’s layer

The Bowman’s layer or anterior limiting lamina is about 10-15 pm thick and localized at the interface
between the corneal epithelium and the stroma. It consists of randomly dispersed collagen fibrils and

is strictly acellular. When disrupted, it will not regenerate, and scar tissue can form [21].

Stroma

The stroma is about 500 um and makes up approximately 80% of the total corneal thickness in the
human eye [21]. It is comprised of collagen-producing keratocytes and a precise organization of the
collagen fibers and the extracellular matrix [76]. The collagen fibers are arranged in parallel bundles
called fibrils, and these fibrils are packed in parallel ranged layers or lamellae [21]. Collagen types are
mainly I but also V [30]. Extracellular matrix consists of proteoglycans that run along and between the
collagen fibrils. The major stromal proteoglycans are keratan sulfate or chondroitin sulfate/dermatan
sulfate side chains, which assist in regulating hydration and structural properties. The keratocytes are
located between the corneal lamellae and synthesize both collagen and proteoglycans [21]. Within
each lamella, collagen fibrils are parallel, tightly packed, and highly uniform in diameter. This
organized architecture is responsible for the transparency of the cornea, and any disruption in this

organization leads to a severely opaque cornea [45].

The Dua’s layer is an airtight, extremely tear-resistant layer approximately 15 um thick, which is
located between the stroma and the Descemet’s membrane. It contains five to eight compact thin

lamellae of type I collagen and has an abundance of type VI (long spacing) collagen [23].

Descemet’s membrane

Descemet’s membrane or lamina limitans posterior is a membrane which separates the endothelial
layer from the corneal stroma. Similarly to Bowman’s layer, it is an acellular layer and therefore not

continuous with the collagen fibrils of the stroma [21].



Endothelium

The corneal endothelium is comprised of a single layer of mostly hexagonal cells and appears as a
honeycomb-shaped mosaic when viewed from the posterior side, as shown in Figure 3 [21]. The main
function of the endothelium is to regulate the water content of the corneal stroma. The endothelial cell
density and tomography continue to change throughout its lifespan. From the second to eighth decade

of life, the cell density declines from 3000 to 4000 cells/mm? to around 2600 cells/mm?*[128].

Figure 3: Schema of the corneal endothelium in a normal cornea.

1.2. Keratoconus
1.2.1. Definition and epidemiology

The keratoconus (KC) was first described in the literature more than 150 years ago by Nottingham in
1854 [84] and further detailed in 1998 by Rabinowitz [90]. It derives from the Greek words (cornea)
and konos (cone) and is the most common primary corneal ectasia. It was first described as a non-
inflammatory corneal thinning disorder characterized by progressive central or paracentral corneal
stroma thinning and loss of structural integrity, leading to a protrusion of the cornea (cone shape
appearance in KC) and in the most advanced cases, to corneal scarring [65]. More recent reports
suggest an additional underlying inflammatory process [39,79]. The corneal protrusion causes high
myopia and irregular astigmatism, which result in distorted and therefore decreased vision. The KC is

mostly bilateral [61,129] and asymmetric [13,131].

It usually commences over the course of the second decade of life, during puberty [61,90] and
progresses until the third or fourth decade. However, its progression differs among patients; it has also

been found to develop both earlier but also later in life [3,90,93].



Incidence and prevalence observed in the general population are estimated to be between 50 and 230
per 100 000, and 5.4 per 10 000, respectively [61,65,90,96]. The prevalence of KC varies greatly
worldwide; it was reported at 0.0003% in Russia [53], 0.0086% in Denmark [83], 0.249% in Iran
[132] and 2.3% in central India [56]. The prevalence of KC changes with geographical variation,
perhaps partly due to the way the data is collected but may also be due to accessibility to advanced
technology. It will not be surprising to notice an increase in the incidence and prevalence detection
rates of KC over the years given the significant improvement in topographic, tomographic and

biomechanical detection devices.

KC affects both genders [90,127], but most of the recent publications report a male preponderance
[36,130]. KC is known to affect all ethnicities [61,90,96,120,123].

1.2.2. Etiology

Although many different pathways including biochemical, genetic, mechanical and often

multifactorial origins have been investigated, the etiology of KC remains unclear [18,90].

The most common presentation of KC is a sporadic disorder [61,90], but it has long been recognized
that a significant minority of patients have a family medical history [29,37,95]. A positive family
medical history has been reported in 6-8% of the cases and its prevalence in first-degree relatives is 15

to 67 times higher than those in general population [121].

In an - as yet unknown - proportion of patients, one of the etiological factors can certainly be
attributed to genetic make-up [24,54,88,90,91]. The genetic is evidenced by the familial inheritance of
the genetic condition, its discordance between monozygotic and dizygotic twins and its association
with other known genetic disorders such as Down’s syndrome and Marfan syndrome. Possible genetic
predisposition towards increasing sensitivity to apoptotic mediators by keratocytes has also been

hypothesized [24].

KC is most commonly an isolated disorder, although several reports describe an association with
Down’s syndrome, Leber congenital amaurosis, mitral valve prolapse and connective tissue diseases

[8,101,110].

Associations have also been made with atopy and eye rubbing [7,41,77,82,90,92,123], which can be
related to a biomechanical effect. It has been established that most KC patients with disease
progression rub their eyes excessively [60]. Most authors described eye rubbing as an aggravating
factor in predisposed patients [111,124]. Moran et al. even suggest eye-rubbing to be the root cause of
developing KC [81]. This association may be due to the activation of wound healing processes and

signaling pathways secondary to mechanical stress, in the form of epithelial trauma but, also



mechanical trauma of keratocytes or even increased hydrostatic pressure [78]. Contact lens wearing is

another form of corneal microtrauma which could eventually induce a KC [2,74].

1.2.3. Histopathology

Maintenance of corneal shape and transparency is critical for optimizing the eye’s refractive power.
Researchers have used a variety of different advanced techniques to evaluate major morphological
corneal changes in KC patients. Morphological changes have been outlined in every layer of the
keratoconic cornea. From a histopathological point of view, there are three notable signs which
typically characterize KC: stromal corneal thinning, Bowman’s layer breaks, and iron deposits within

the corneal epithelium’s basal layer [65,90].

In vivo confocal microscopy show that superficial epithelial cells located at the apex of the cone are
extremely elongated and arranged in a whorl-like fashion [104]. Basal epithelial density is decreased
in both moderate and advanced KC in comparison to normal corneas [122]. Teng et al. observed with
an electron microscope that the keratoconic basement membrane assumes an irregular appearance and
localized breaks [114]. The keratoconic cornea exhibited sharply edged ruptures and fragmentation in
the Bowman's layer in comparison to normal corneas, in which the surface of the Bowman’s layer
remained smooth and collagen fibrils regularly arranged. The coexistence of a proliferative
collagenous tissue derived from the anterior stroma just beneath the Bowman’s layer was also

observed [98,102].

In the stroma, a decrease in the number of lamellae and keratocytes is detected but the thickness of
collagen lamellae remains unaltered [113]. Changes in the orientation of collagen fibrils within the
lamellae have also been noticed [19,80]. Studies carried out using confocal microscopy have
demonstrated a reduction in the number of keratocytes in KC compared to normal subjects. The

reduction seems to be more pronounced in more advanced disease [28,67,104].

Ruptures and folds in the Descemet’s membrane were described in KC and cause an acute corneal
hydrops [126]. The endothelium is generally unaffected by the disease [122] although pleomorphism
and endothelial cells pointing towards the cone have been reported [90,102] and eventually a change
in endothelial cells density in KC patients in comparison with a normal cornea [49]. It has also been
demonstrated that corneal nerves in KC have thicker fiber bundles, reduced density, and subepithelial

plexus compared to normal subjects [35,89].



1.2.4. Clinical features and diagnosis

Table 1: Characteristic signs of keratoconus

Retinoscopy :

- Myopic astigmatism

- Scissors reflex

Slit lamp findings :

- Stromal thinning can be centrally or paracentrally most commonly inferiorly or
inferotemporally

- Central or eccentric corneal protrusion
- Fleischer ring

- Vogt’s striae

- Enlarged corneal nerves

- Anterior stromal scars

External signs :

- Munson’s sign

- Rizzuti’s sign

The ocular symptoms and signs of KC are variable and depend on the stage of the progression of the
disorder. At incipient stages, also referred as subclinical, the KC rarely produce symptoms and thus
can go unnoticed unless specific tests (corneal tomography and/or biomechanical assessments) are
undertaken for diagnosis. In advanced cases it leads to a significant distortion in vision accompanied
by profound visual loss, which consequently can no longer be compensated for by wearing of

spectacles.

In KC the stromal thinning can be centrally or paracentrally, most commonly inferiorly or
inferotemporally and which leads to a conical protrusion. In moderate and advanced cases, an iron line
partially or completely surrounding the cone can appear (Fleischer ring [34,90]) as well as fine vertical
lines in the deep stroma and Descemet’s membrane, which are parallel to the axis of the cone and
disappear transiently on gentle digital pressure (Vogt’s striae [72]). Other accompanying signs may
include anterior stromal scars, enlarged corneal nerves, increased intensity of the corneal endothelial

reflex and subepithelial fibrillary lines [90].



Munson’s sign (V-shaped conformation of the lower lid in downgaze) and Rizzuti’s sign (sharply
focused beam of light near the nasal limbus, produced by lateral illumination of the cornea) are useful

external signs but only seen in advanced cases [72].

Breaks in the Descemet’s membrane have been described in severe KC, causing acute stromal edema,
known as corneal hydrops, sudden vision loss and significant pain [116]. The Table 1 summarizes the

clinical characteristic signs that can be encountered in KC.

1.2.5. Classification

Table 2: Staging of keratoconus according to the standard Amsler-Krumeich keratoconus
classification based on the spectacle refraction, central keratometry, presence of scarring and

central corneal thickness.

Eccentric steepening
Stage 1 Myopia/astigmatism <5.00 D
Mean K <48.0 D

Myopia/astigmatism >5.00 D but < 8.00D
Mean K <53.0 D

Stage I1
Absence of scarring

Minimal apical corneal thickness <400um

Myopia/astigmatism >8.00 D but < 10.00D
Mean K >53.0 D

Stage I11
Absence of scarring

Minimal apical corneal thickness <400pm but > 300pm

Refraction not possible
Mean K >55.0 D

Stage IV
Central corneal scarring

Minimal apical corneal thickness <300um

Stage is determined if one of the characteristics applies, stage I being the least severe and IV
the more severe.

D: Diopters, K: Keratometry




For the therapeutic decision and for studies, the classification of KC into stages is essential.
Unfortunately, the oldest and most widely classification for the staging of KC has not been thus fas
sufficient. Both the Amsler-Krumeich classification [3,66] and, the classification for the Collaborative
Longitudinal Evaluation of Keratoconus Study (CLEK) [120] do not include topographic or

tomographic criteria.

KC can be classified in 4 stages using the Amsler-Krumeich classification (Table 2). The 4 stages are
based on spectacle refraction, central keratometry, presence or absence of scarring and central corneal

thickness. The Table 3 shows the CLEK classification depending on the Kmax value.

Table 3: Staging of keratoconus according to the Collaborative Longitudinal Evaluation of

Keratoconus Study Classification based on the Kmax (maximum Keratometry).

Stage Kmax
Mild <45.00 D
Moderate 45.00-52.00 D
Advanced 52.00D
D: Diopters

There are a variety of KC indices available today - especially for early detection and classification.
Experienced clinicians base their (early) diagnosis mainly on topographic and tomographic indices
from the Pentacam (OCULUS Optikgerite GmbH, Wetzlar, Germany), the TMS-5 (Tomey GmbH,
Nagoya, Japan) and the anterior segment OCT CASIA 2 (Tomey GmbH, Nagoya, Japan).
Biomechanical parameters have also been found to be useful for the detection of KC, using the Ocular
Response Analyzer (ORA) (Reichert Inc., Depew, USA) and more recently the Corneal Visualization
Scheimpflug Technology (CORVIS ST, OCULUS Optikgerdte GmbH, Wetzlar, Germany) [68].

The ABCD classification recently published by Belin and Duncan represents a useful and clear
method of documenting the stages and progression of KC [9,36]. It includes a graduation of the
“Anterior Radius of Curvature (ARC)” (A), the “Posterior Radius of Curvature (PRC)” (B), the
“Corneal pachymetry at thinnest point” (C) and the “Distance best-corrected vision with spectacles”
(D). In contrast to the classical Amsler-Krumeich classification, the ABCD classification has a
different severity of 0-4 for all four parameters. A “-*“ is added if no scars are visible, “+” for scars that

leave iris details visible and “++” for scars that hide iris details (Table 4).



Table 4: ABCD Keratoconus grading system by Belin and Duncan, based on the ARC (Anterior
radius of curvature), PCR (Posterior radius of curvature), thinnest pachymetry using Pentacam
(Oculus Optikgerite GmbH, Wetzlar, Germany) as well as BCVA (best corrected visual acuity)

and cornea’s scarring [9].

A B C D
ABCD Ceriteria ARC PRC Thinnest BCVA Scarring
(3mm zone) (3mm zone) pachymetry (nm)
>7.25 mm >20/20
Stage 0 > 5.90mm >490um -
(<46.5 D) (=1.0)
>7.05 mm <20/20
Stage I >5.70mm >450pum .
(<48.0 D) (<1.0)
>6.35 mm <20/40
Stage II >5.15mm >400pm .
(<53.0D) (<0.5)
>6.15 mm <20/100
Stage 111 >4.95mm >300pm -t
(<55.0D) (<0.2)
<6.15 mm <20/400
Stage IV <4.95mm <300um -
(=255.0D) (<0.05)

Scarring - clear, no scarring (-), scarring, iris details visible (+), scarring, iris obscured (++);
D: Diopters, also shown for anterior radius of curvature

ARC: Anterior Radius of Curvature

PRC: Posterior Radius of Curvature

BCVA: Best Corrected Visual Acuity

1.2.6. Treatment

KC management varies depending on the severity of the disorder. In the less severe cases, the initial
option is to wear spectacles to improve vision. In mild to advanced cases, spectacles alone do not
provide sufficient vision, due to irregular astigmatism and the increase in myopia. The wearing of gas
permeable and hybrid or rigid oxygen permeable contact lenses becomes necessary in these cases

[99].




When it is no longer possible to correct the vision with contact lenses, it is possible to perform a
keratoplasty (penetrating keratoplasty (PKP) or deep anterior lamellar keratoplasty (DALK))
[51,99,109].

In the case of contact lens intolerance, intracorneal ring segments (ICRS) can be implanted to flatten
and regularize the cornea. This not only improves vision, but also improves contact lens tolerance

[99].

Other surgical procedures such as corneal crosslinking are used to stabilize the deformation of the
cornea [99]. Phakic intraocular lens implantation (pIOL) is also described to improve the vision
[11,52,96]. Photorefractive keratectomy (PRK) before/during/after CXL has been proposed as a
refractive surgical laser ablative procedure [59]. However, due to its "unpredictability", this method
has not been found suitable into the stepwise therapy schema of KC in Germany. The same is true for
the so-called "Bowman’s layer Transplantation" [117,119]. All other refractive surgery procedures are

contraindicated in KC.

1.3. Hypothyroidism
1.3.1. Definition

Hypothyroidism is defined as a thyroid hormone deficiency. The definition of hypothyroidism is based
on statistical reference ranges in relevant biochemical parameters due to the large variation in clinical
presentation and general absence of symptom specificity. It is increasingly a matter of debate. Overt or
clinical primary hypothyroidism is defined on an increase in TSH (by lifting the negative feedback of
thyroid hormones on the pituitary thyroid cells). If the TSH is above the reference range, the free
thyroxine (fT4) will then be determined in a second step to help refine the diagnosis. If the
concentration in fT4 is “inappropriately” normal, it is described as frustrated (or subclinical)
hypothyroidism and in this case, the TSH is moderately increased, most often between 4 and 10
mUI/L. If the fT4 is below the range reference, it is an overt (or clinical) hypothyroidism, in which
case the TSH is usually higher, above 10 mUI/L. Primary hypothyroidism is the most common
etiology of hypothyroidism. The prevalence of overt hypothyroidism in the general population varies
between 0.2% and 5.3% in Europe [5,40]. Moreover, hypothyroidism is more common in patients with
autoimmune diseases. The existing reference ranges of TSH and fT4 used to define thyroid
dysfunction is a matter for debate. For this study we apply the reference ranges as predefined by the
Central University Laboratory of the Saarland University [133]. The reference ranges can also differ

with age, sex, and ethnic origin [12,20].



1.3.2. Hormones

Triiodothyronine (T3) and thyroxine (T4), are tyrosine-based hormones produced by the thyroid gland
and play a crucial role in the control of energy metabolism, and, influencing cardiovascular function,
growth and bone metabolism. They are important for the normal development of gonadal functions
and the nervous system. The major form of thyroid hormone in the blood is T4, it is essential for the
proper development and differentiation of all cells in the human body, regulating protein, fat, and

carbohydrate metabolism, but also affecting how human cells use energetic compounds.

Thyroid-stimulating hormone (TSH)

Definition:

TSH is produced in the pituitary gland and stimulates the thyroid gland to secrete thyroid hormones.
TSH secretion is stimulated by a thyrotropin-releasing hormone (TRH) from the hypothalamus and
inhibited by thyroid hormones via a negative feedback loop. For an orientation examination of thyroid
function, TSH determination alone, without fT3 and fT4, is most often sufficient. The TSH

stimulation test (TRH test) is only necessary in doubtful cases of borderline basal values.

Reference values:

The reference values for TSH from the Central University Laboratory of the Saarland University
Medical Center are [133]:

- 11 to 18 years old: 0.51 —4.30 mU/L

- 18 years old and more: 0.27 —4.20 mU/L

Test:

For the quantitative determination of TSH in human serum, 4.7 mL of blood is collected in a tube S-
Monovette Serum-Gel. Our laboratory wuses an immunological in vitro test: The

Electrochemiluminescence Immunoassay “ECLIA” (Figure 4).
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Figure 4: Schematic representation of the ECLIA measurement: Electrochemiluminescence

immunoassay for the determination of TSH.

Principe of electrochemiluminescence immunoassay for the quantitative determination of TSH in

human serum [134]:

- First step: Incubation of the blood sample with a biotinylated monoclonal TSH-specific
antibody and a ruthenium complex-labeled monoclonal TSH-specific antibody. A
sandwich complex will be formed between: Biotinylated antibody - TSH — Ruthenium

antibody.

- Second step: Incubation and addition of streptavidin-coated paramagnetic microparticles, the

immune complex is bound to the solid phase via biotin-streptavidin.

- Third step: The reaction mixture is transferred into the measuring cell, where the
microparticles are magnetically fixed on the electrode surface. Afterwards, the unbound
substances are washed off. The application of an electrical voltage induces a
chemiluminescence emission which is measured by a photomultiplier. The power of the
signal detected is directly proportional to the concentration of the TSH contained in the

sample.

Disruptive factors of TSH measurement:

- Increased values: Medication with Amiodarone, Benserazide, Clomiphene, lodide,

Lithium, Metoclopramide, Morphine, Neuroleptic, Antithyroid agent.

- Decreased values: Medication with Bromocriptine, Carbamazepine, Corticosteroid,

Dopamine, Heparine, L-Dopa.



Free Thyroxine (ft4)

Definition:

T4 is the main thyroid hormone secreted into the blood by the thyroid gland. Together with T3, it
plays a crucial role in controlling energy metabolism, influences cardiovascular function, growth, and
bone metabolism, and it is important for normal development of gonadal function and the nervous
system. T4 circulates in the blood equally as both free and serum-bound hormone. FT4 is the unbound
and biologically active form, accounting for only about 0.03% of total T4. The remaining T4 is
inactive and bound to serum proteins such as thyroxine-binding globulin (75%), prealbumin (15%),
and albumin (10%). The determination of fT4 has the advantage of being independent of variations in
the concentration of the binding properties of these proteins, thus eliminating the need for additional
determination of a binding parameter. Therefore, fT4 is a useful tool in routine clinical diagnostics for

the assessment of thyroid status.

Reference values:

The reference values for fT4 from the Central University Laboratory of the Saarland University
Medical Center are [133]:

- 11 to 18 years old: 0.98 — 1.63 ng/dL (12.5-21pmol/L)

- 18 years old and more: 0.93 — 1.70 ng/dL (12-22pmol/L)

Test:

For the quantitative determination of ft4 in human serum, our laboratory also uses an immunological

in vitro test: The Electrochemiluminescence Immunoassay “ECLIA”.

Disruptive factors of ft4 measurement:
- Increased values: Medication with Amiodarone, Acetylsalicylic acid, Propanolol.

- Decreased values: Medication with Rifampicin, Anticonvulsants.



Free Triiodothyronine (fT3)

Definition

FT3 is biologically about 5 times more potent than fT4 and 80% derives from conversion of T4 to T3
(25 pg/d). Only about 20% of circulating total T3 comes directly from the thyroid gland. T3 circulates
in the blood equally as free and serum-bound hormone. It is the unbound and biologically active form,
accounting for only about 0.2-0.4% of total T3. The remaining T3 is inactive and bound to serum
proteins. In plasma, T3 is primarily bound to thyroxine-binding globulin. The determination of fT3 has
the advantage of being independent of variations in the concentration of binding protein and binding

properties, thus eliminating the need for additional determination of a binding parameter.

Reference values:

The reference values for fT3 from our Central University Laboratory of the Saarland University

Medical Center are [133]:
- 11 to 18 years old: 2.6-5 pg/mL

- 18 years old and more: 2-4.4 pg/mL

Test:

For the quantitative determination of fT3 in human serum, our laboratory also uses an immunological

in vitro test: The Electrochemiluminescence Immunoassay “ECLIA”.

Disruptive factors for ft3 measurement:

- Decreased values: Medication with Phenytoin, Propanolol, Valproate.

1.4. Background and Purpose of our studies

Up until today the exact etiology of KC remains unknown. Numerous therapies have been developed
over years of research to manage or slow the progression and deal with complications of KC, but the
incomplete understanding of the pathophysiological mechanisms and etiology of KC limits the
development of curative therapy. Several clinical observations suggest that hormonal changes, and in

particular thyroid disorders, may indeed contribute to the appearance or aggravation of KC. Already,



as far back as 1936, Appelbaum observed the increased prevalence of hypothyroidism in patients with
KC, compared to those in the general population [4]. Moreover, cases of KC development have been
diagnosed in patients with hypothyroidism secondary to thyroidectomy [62] and more recently in a

patient treated with radioactive iodine treatment [71].

KC is known to be mostly progressive during puberty and progresses until the third or fourth decade
of life, which may coincide with the hormonal changes described during puberty, when the level of
T4-binding globulin is lowest [32]. Several studies reported the progression of the KC during
pregnancy which is also associated with major changes of thyroid hormones
[10,42,44,55,87,87,103,107]. It must also be noted, that certain disorders frequently associated with
hypothyroid, such as Down’s syndrome and Alagille syndrome, are more frequently associated with

KC [70,90,108].

Biochemical research also suggests that tT4 has an influence on the cornea. The presence of T4
receptors (T4Rs) has been proven in chicken’s cornea [14]. Coulombre et al. injected T4 into chicken
embryo eggs and demonstrated that thyroid hormones induce a corneal dehydration and transparency
during embryonic development [16,17]. Masterson et al. demonstrated that T4 treatment accelerated
the development of endothelial cells and had a role in the development of the chicken’s cornea [75]. In
humans, T4Rs have been found in the lacrimal gland by Thanos et al., confirming that the tear
producing gland is a target organ of T4 [22]. Furthermore, T4 levels were found to be higher in the
tears of KC patients [115] in particular during the progression of KC [57] but also in the aqueous
humor [106].

The purpose of this study was to analyze the tomographic and biomechanical corneal parameters of
KC patients with or without hypothyroidism at the time of inclusion (cross-sectional aspect) in the

Homburg Keratoconus Center (HKC) and after one-year follow-up (longitudinal aspect).

2. Patients and Methods
2.1. Study design

Composed of a retrospective single-center comparative study conducted at the Department of
Ophthalmology, Saarland University Medical Center in Homburg/Saar, Germany. The study was
approved by the local ethics committee (Number 157/10) and followed the tenets of the Declaration of
Helsinki. Informed written consent for the collection and analysis of data and blood samples was

obtained from all subjects [94].



2.2. Patient selection

All patients were recruited from the “Homburger Keratoconus Center” (HKC), which was established
in the Department of Ophthalmology at the Saarland University Medical Center in Homburg/Saar,
Germany in 2010. More than 2200 patients with KC have been registered between the months of
October 2010 and August 2021. For our study, we recruited and sorted 84 patients into two different
groups. We included in the first group (HT group) 28 patients with KC and documented
hypothyroidism at the time of inclusion in the HKC and according to the criteria described below.
Additionally, we included a second group which was sex- and age-matched and consisted of 56

patients with KC but free from thyroid disease (WHT group) [94].

Inclusion criterion for all the patients was KC, which was diagnosed based on clinical and
tomographic evaluations [47]. Exclusion criteria included previous history of trauma or ocular
surgery, uveitis or other intraocular inflammatory eye diseases, and any other associated corneal
diseases. In addition, to eliminate known risk factors for developing KC, we excluded participants
with a history of eye rubbing, atopy, vernal keratoconjunctivitis, atopic dermatitis, Down’s syndrome,
Leber congenital amaurosis, Turner syndrome or congenital rubella. Patients with diabetes mellitus

were also excluded because of its known influence on biomechanical corneal parameters [50,64].

In the HT group, we included patients with hypothyroidism based on their medical history. Between
October 2010 and January 2020, we detected 180 patients with thyroid dysfunction from the HKC by
method of a questionnaire. Twenty-eight of them were included in the study with previously
diagnosed hypothyroidism and who are currently under treatment. We excluded 152 patients from the
study due to the following exclusion criteria; (8) Graves’ disease, (20) Hashimoto’s thyroiditis, (6)
Hyperthyroidism, (4) Cold nodule, (1) Thyroid carcinoma, (12) Thyroid Operation, (77) unclear or
incomplete data about thyroid dysfunction and/or the patients who could not be reached and (24) other

exclusion criteria (Figure 5).

In the WHT group, we excluded all patients with a previous thyroid disease or thyroid surgery, and
abnormal thyroid parameters according to the reference values of our laboratories (Central University
Laboratory of the Saarland University Medical Center): TSH (thyroid-stimulating hormone) 0.27-4.20
mU/L, fT4 (free thyroxine) 0.93-1.70ng/dL, fT3 (free triiodothyronine) 2-4.4pg/mL and antibodies
against TPO (Anti-TPO) <34IU/mL [133]. Patients with hormone levels within these ranges were

classified as euthyroid. Patients were also excluded if they had incomplete medical records.
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Patients included without
thyroid dysfunction
N =56

Patients included with
Hypothyroidism
N=28

Figure 5: Flowchart of patient inclusion in this study

At the first examination, patients were required to complete a questionnaire regarding thyroid disease
in their medical history (Figure 6). Information was requested on the type of thyroid dysfunction, since
when the diagnosis was, how and when they had been treated. If cases were unclear, patients also
received a further telephone call to clarify details about their thyroid dysfunction. Additionally, all
patients were required to have a blood thyroid hormone status at the time of inclusion to the HKC

including TSH, {fT3, fT4, Anti-TPO to exclude undiagnosed pathologies [94].
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Figure 6: Questionnaire regarding thyroid dysfunction within the HKC.

2.3. Methods of investigation

Every patient underwent a routine ophthalmic examination (contact lens wearing was stopped at least
three days before the examination) consisting of corneal tomography, pachymetry and biomechanical
parameters. We extracted the following KC parameters from the Pentacam (Pentacam HR, Oculus,
Wetzlar, Germany) [46]: astigmatism, Rmin (mean of the minimum radius of curvature), Kmax
(maximum Keratometry), ARC (Anterior Radius of Curvature), PRC (Posterior Radius of Curvature),
TP (Thinnest Pachymetry), IVA (Index of vertical asymmetry), IHD (Index of Height Decentration),
KI (Keratokonus Index) and CKI (Central Keratoconus Index) [15]. From the Ocular Response
Analyzer (ORA, Reichert Ophthalmic Instruments, Deprew, NY, USA) [26], we extracted the CH
(Corneal Hysteresis), CRF (Corneal Resistance factor) and KMI (Keratoconus Match Index) [94].

The study was divided into two parts. We first carried out a cross-sectional study to highlight a
difference in the tomographic and the biomechanical parameters with respect to KC severity between

the patients in the HT group compared to the patients in the WHT group. In addition, we assessed in a
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longitudinal analysis, whether corneas in the HT group displayed a more severe progression than

corneas in the WHT group after one-year of follow-up.

The cross-sectional and longitudinal analysis were first performed on the eye with the more severe KC
stage in each patient between the HT group and the WHT group [27]. The eye selection in each patient
was made according to the KC severity, based on the TKC (Tomographical Keratoconus
Classification) and on the Kmax (maximal keratometry) if the TKC stage was the same in both eyes.
Then, we compared the eye with the less severe KC stage in each patient. In cases where only one eye

of a patient was included in the study, we used it for both analyses [94].

2.3.1 Pentacam

L

Figure 7: Pentacam HR, Oculus Optikgeriite GmbH, Wetzlar, Germany

The Pentacam (Pentacam HR, Oculus Optikgerdte GmbH, Wetzlar, Germany) is based on a rotating
Scheimpflug camera, giving three-dimensional images (25,000 distinct elevation points allowing 3D
visualisation) to measure anterior and posterior corneal surfaces and other anterior segment structures

(Figure 7). It is currently used as a routine tool to detect corneal ectasia such as keratoconus [85].



For the study we analyzed the following parameters:

Corneal Astigmatism (expressed in diopter) is an imperfection in the curvature of the cornea.

In KC the astigmatism is increased and irregular.

Rmin (mean of the minimum radius of curvature, expressed in mm) is the smallest radius of

sagittal/axial corneal curvature. It denotes the maximum steepness of the cone [58].

Kmax (maximum Keratometry) indicates the degree of central steepening of the central

cornea.

ARC (Anterior Radius of Curvature, expressed in mm) is the average anterior radius of

curvature in the 3.0mm zone centered on the thinnest location of the cornea [9].

PRC (Posterior Radius of Curvature, expressed in mm) is the average posterior radius of

curvature in the 3.0mm zone centered on the thinnest location of the cornea [9].

IVA (Index of vertical asymmetry) is the mean difference between superior and inferior

corneal curvature [58].

IHD (Index of Height Decentration, expressed in pm) reflects the degree of vertical

decentration of corneal elevation data [118].

KI (Keratoconus Index) is the ratio between mean radius values in the upper half and lower

half of the cornea [58].

CKI (Central Keratoconus Index) is the ratio between mean radius of curvature in a peripheral
placido ring and mean radius of curvature of central ring. It increases with severity for central

keratoconus [58].

In Table 5, we have gathered the abnormal values of the above-mentioned indices. IVA, ISV, IHD,
IHA, KI, CKI are increased in KC, whereas Rmin is decreased.
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Table 5: Abnormal and/or tomographic values of the following index [58,118]

Index Abnormal Pathologic
Rmin [mm] <6.71 <6.71
IVA >0.28 <0.32
IHD [um] >0.014 >0.016
KI >1.07 >1.07
CKI >1.03 >1.03

2.3.2. Ocular Response Analyzer (ORA)

Figure 8: Ocular Response Analyzer (ORA, Reichert Ophthalmic Instruments, Depew, NY,
USA)



To measure the biomechanical properties of the cornea, the patients were examined with the Ocular

Response Analyzer (ORA, Reichert Ophthalmic Instruments, Depew, NY, USA) (Figure 8).

It provides data allowing KC diagnosis and classification by assessing corneal hysteresis and
resistance [48,68]. The following parameters were analyzed: Keratoconus Match Index (KMI),
Corneal Hysteresis (CH), and Corneal Resistance Factor (CRF). A previous study found the two latter

two values to be significantly lower in KC compared to normal and post-LASIK subjects [26].

The ORA is based on a dynamic bidirectional applanation process. A controlled amount of air pulse
such as the traditional air-puff tonometer deforms the cornea (Figure 9), and the kinetics of the cornea

during inward and outward movement are analyzed [73].

Figure 9: Schema of air pulse causing the corneal applanation.

The air-puff causes the cornea to deform inwards, passing a flattening point or applanation point (peak
1) and taking on a concave shape. The cornea then deforms outwards, passes the applanation point
(peak 2) again and returns to its original shape. Due to the viscoelastic properties of the cornea, the
return to applanation (peak 2) is slower and the pressures P1 and P2 are therefore different from each
other; the pressure during outwards flattening (peak 2) is lower than the pressure during inwards
flattening. The greater the difference is between the two measures, the more mechanical energy was

absorbed by the cornea [69]. An electrooptical collimator detects light reflecting from the central 3



mm of the cornea throughout the 20-millisecond measurement, with the resulting voltage change

being recorded to create the pressure-corneal deformation profile [73] (Figure 10).
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Figure 10: The different steps during a measurement by the ORA (Reichert Ophthalmic
Instruments, Depew, NY, USA)

Corneal Hysteresis (CH), (expressed in mmHg) corresponds to the difference between the pressures at

the 2 applanation times [125]. It reflects the capability of the corneal tissue to absorb and dissipate

energy (damping) due to its viscoelastic properties [73].

Corneal Resistance Factor (CRF), (expressed in mmHg) is based on CH, calculated as a linear

function of the pressures at the 2 applanation times using a proprietary algorithm, and is thought to

indicate the total resistance of the cornea [86].



Several studies, reported that keratoconic corneas have a lower CH and CRF than normal corneas
[63,73,86,100] and appears to be related to the severity of the condition [100,125]. The mean CH and
CREF values in normal corneas are around 11mmHg and respectively around 7.5 and 6.5mmHg in a
keratoconic cornea [86]. However, in subclinical KC, there is no significant difference in comparison

to normal eyes [63,86,100].

The Keratoconus Match Index (KMI) is the outcome of a neural network calculation of seven

waveform scores and represents the similarity of the waveform of the examined eye when compared
against the same average waveform scores of the KC eyes in the machine’s database. The value in a

normal cornea is around 1 and <0.7 in the keratoconic cornea [38,68].

2.4 Statistical analysis

All of the data weas collected into a Microsoft excel sheet (Microsoft Corporation, Redmond,
Washington, USA) designed for specific data collection and evaluation. Statistical processing using
IBM SPSS for windows, version 20 (SPSS, Inc., Chicago, IL, USA) was carried out on the basis of the

database created with Microsoft excel sheets.

For the cross-sectional analysis, we analyzed the Pentacam- and ORA-parameters descriptively and
the results were expressed as mean + standard deviation (SD). The corresponding p-values were
calculated with t-test for normally distributed parameters, otherwise a non-parametric Mann-Whitney
U-test was used. For the longitudinal analysis, we analyzed the Pentacam parameters descriptively and
the results were expressed as mean difference (A) + standard deviation (SD) between the first
examination and the examination after a one-year of follow-up. The corresponding p-value was also
calculated with a t-test when normally distributed or Mann-Whitney U-test otherwise. P-values below

0.05 were considered statistically significant.



3. Results

3.1. Demographic data

For our study, we recruited 84 patients into two groups. In the HT group (with KC and
Hypothyroidism), 28 patients were included, of which 19 male and 9 were female (67% male and 33%
female), with a mean age of 40.3£10.6 years (range 14-57). The WHT group was selected from the
HKC database to match gender and age of the HT group. There were 56 patients, of which 38 male
and 18 female (67% male and 33% female), with a mean age of 40.3£10.9 years (range 14-57). In
addition, 53% and 55% of patients wore contact lenses in the HT and WHT groups respectively. Table
6 shows the distribution of KC severity according to the TKC. Table 7 displays the values for serum
thyroid hormones: TSH, fT3, fT4, anti-TPO between HT and WHT group [94].

Table 6: Keratoconus severity according to the Topographic Keratoconus Classification (TKC)
measured with Pentacam (Oculus Optikgerite GmbH, Wetzlar Germany) comparing the HT
(with hypothyroidism) and the WHT group (without thyroid dysfunction) (N=84).

Group NH Group WHT
Caas (N = 28 eyes) (N = 56 eyes)
1 7 (25%) 15 (27.5%)
2 13 (46.5%) 21 (37.5%)
3 6 (21.5%) 18 (32%)
4 2 (7%) 2 (3.5%)
Classification into grade 1 (suspect), 2 (mild), 3 (moderate), or
4 (severe)




Table 7: Mean % standard deviation (SD) values and corresponding p-values for serum thyroid
hormones: TSH (thyroid-stimulating hormone), fT3 (free triiodthyronin), fT4 (free thyroxine),
anti-TPO (thyroid peroxidase antibodies) comparing keratoconus (KC) patients with

hypothyroidism (HT) and without thyroid dysfunction (WHT).

Disease group TSH fT3 fT4
Group HT 1.80+1.37 3.36+0.53 1.384+0.21
Group WHT 1.44+0.63 3.38+0.56 1.24+0.14
P Value 0.39* 0.22%* 0.01*
P* values compare HT and WHT groups with Independent-samples-Mann-Whitney U test

3.2. Comparison between the HT and WHT groups concerning the eye with the more severe KC

stage in each patient

We compared the corneal tomographic and biomechanical parameters in the eye with the more severe

KC stage in each patient between the KC patients in the HT group and WHT group at the time of
inclusion in the HKC (Table 8 and 9). We also compared the change of the tomographic parameters in
the eye with the more severe KC stage in each patient between the HT and the WHT group from the
first preliminary examination to a one-year follow-up (Table 8). We did not detect any significant

differences between the HT and WHT group neither at baseline nor after a one-year of follow-up [94].



Table 8 : Mean t standard deviation values and corresponding p-values for astigmatism, Rmin

(mean of the minimum radius of curvature ), Kmax (maximum Keratometry), ARC (Anterior

Radius of Curvature), PRC (Posterior Radius of Curvature), TP (Thinnest Pachymetry), IVA

(Index of vertical asymmetry), IHD (Index of Height Decentration), KI (Keratokonus Index) and

CKI (Central Keratoconus Index) using Pentacam (Oculus Optikgerite GmbH, Wetzlar,

Germany) in the more severe eye between keratoconus (KC) patients with hypothyroidism

(HT) and without thyroid dysfunction (WHT) at the first examination baseline. Mean difference

(A) = standard deviation of the same tomographic values between the first examination and the

one-year follow-up.

Cross-sectional study at the time of first

Longitudinal study (mean difference between

examination first examination and at one-year follow-up)
With Without With Without
Hypothyroidism | Hypothyroidism | P-Value | Hypothyroidism | Hypothyroidism | P-Value
Group HT Group WHT Group HT Group WHT
(N= 28 eyes) (N=56 eyes) (N= 28 eyes) (N=56 eyes)
Astigmatism 2.84+1.64 2.88+1.83 0.37* -0.08+1.10 -0-05+0.64 0.60°
[D]
Rmin [mm] 7.32+0.51 7.3340.59 0.77% -0.03+0.20 0.04+0.25 0.12?
Kmax [D] 52.73+6.06 53.09+6.35 0.632 -0.35+1.79 -0.21£1.92 0.46°
ARC [mm] 6.95+0.58 6.95+062 0.30° 0.06+0.15 0.01£0.22 0.35%
PRC [mm] 5.31+0.65 5.18+0.71 0.612 0.04+0.21 -0.01£0.33 0.90?
TP [um] 479.7+53.82 472.1+46.20 0.19° 4.96+15.02 2.67+13.35 0.432
IVA 0.80+045 0.83+0.45 0.482 -0.08+0.14 -0.01£0.15 0.75%
IHD 0.10+0.07 0.21+0.89 0.95! -0.01+0.025 0.11+0.89 0.76!
KI 1.17+0.15 1.19+0.14 0.41" -0.02+0.04 -0.01£0.05 0.70!
CKI 1.03+0.05 1.03+0.04 0.44" 0.01+0.02 -0.0120.01 0.07"

! P-values compare the HT and WHT group with non-parametric test (Independent-samples-Mann-Whitney-U-test)

2 P-values compare the HT and WHT group with parametric test (t-test)




Table 9: Mean * standard deviation values and corresponding p-values for CH (Corneal
Hysteresis), CRF (Corneal Resistance Factor) and KMI (Keratoconus Match Index) using the
Ocular Response Analyzer (ORA, Reichert Ophthalmic instruments, Depew, NY, USA) in the

more severe eyes comparing keratoconus (KC) patients with hypothyroidism (HT) and without

thyroid dysfunction (WHT) at the time of first examination.

With Hypothyroidism Without Hypothyroidism P Value
Group HT Group WHT
(N = 28 eyes) (N=56 eyes)
CH 8.36+1.84 8.37+2.00 0.982
CRF 7.61+1.94 7.42+2.40 0.65°
KMI 0.16+0.42 0.09+0.36 0.47°

! P-Values compare the HT and WHT group with non-parametric test (Independent-samples-Mann-Whitney-U-test)

2 P-Values compare the HT and WHT group with parametric test (t-test)

3.3. Comparison between HT and WHT groups concerning the eye with the less severe KC stage

in each patient

In Table 10 and 11, we also compared the mean + SD of tomographic and biomechanical values in the

less severe KC eyes between the HT and the WHT group at the first examination. Then, we compared

the mean difference (A) = SD of tomographic values in the less severe eyes from each patient between
the HT and the WHT group between the first examination and after the one-year follow-up. There
were no significant differences between the HT and WHT group [94].




Table 10: Mean t standard deviation values and corresponding p-values for astigmatism, Rmin

(mean of the minimum radius of curvature ), Kmax (maximum Keratometry), ARC (Anterior

Radius of Curvature), PRC (Posterior Radius of Curvature), TP (Thinnest Pachymetry), IVA

(Index of vertical asymmetry), IHD (Index of Height Decentration), KI (Keratokonus Index) and

CKI (Central Keratoconus Index) using Pentacam (Oculus Optikgerite GmbH, Wetzlar,

Germany) in the less severe eyes between keratoconus (KC) patients with hypothyroidism (HT)

and without thyroid dysfunction (WHT) at the first examination. Mean difference (A) %

standard deviation of the same tomographical values between the first examination and after

one-year of follow-up.

Cross-sectional study at the time of first

Longitudinal study (mean difference between

examination first examination and at one-year follow-up)
With Without With Without
Hypothyroidism | Hypothyroidism P-Value Hypothyroidism | Hypothyroidism P-Value
Group HT Group WHT Group HT Group WHT
(N= 28 eyes) (N=56) (N= 28 eyes) (N=56)
Astigmatism 2.84+1.61 2.59+1.88 0.54! -0.21+1.02 0.01£0.77 0.99!
[D]
Rmin [mm] 6.52+0.69 6.58+0.73 0.06> 0.06+0.20 0.12+0.58 0.25%
Kmax [D] 51.845.14 51.9+6.23 0.10! 0.45+1.82 -0.39+1.87 0.42!
ARC [mm] 6.97+0.57 7.01+0.62 0.76" -0.06+0.16 0.08+0.47 0.24!
PRC [mm] 5.32+40.64 5.31+0.73 0.76! 0.03+£0.21 -0.02+0.39 0.95!
TP [um] 480.5+53.1 477.38+45.1 0.79* 3.78+15.83 2.19+12.23 0.40?
IVA 0.78+0.44 0.75+0.43 0.76! -0.09+0.15 -0.20+0.15 0.73!
IHD 0.08+0.05 0.20+0.89 0.58! -0.13+0.02 0.11+0.89 0.73!
KI 1.14+0.11 1.174+0.12 0.65! -0.27+0.50 -0.01+0.05 0.77"
CKI 1.02+0.04 1.0320.04 0.66! 0.01+0.02 -0.01+0.01 0.06!

! P-values compare the HT and WHT group with non-parametric test (Independent-samples-Mann-Whitney-U-test)

2 P-values compare the HT and WHT group with parametric test (T-test)




Table 11: Mean * standard deviation values and corresponding p-values for CH (Corneal
Hysteresis), CRF (Corneal Resistance Factor) and KMI (Keratoconus Match Index) using the
Ocular Response Analyzer (ORA, Reichert Ophthalmic instruments, Depew, NY, USA) in the

less severe eyes comparing keratoconus (KC) patients with hypothyroidism (HT) and without

thyroid dysfunction (WHT) at the time of first examination.

With Hypothyroidism Without Hypothyroidism P Value
Group HT Group WHT
(N = 28 eyes) (N=56 eyes)
CH 8.36+1.84 8.26+1.69 0.81°
CRF 7.60£1.95 7.34+2.27 0.60°
KMI 0.16+0.42 0.17+0.37 0.90°

! P-values compare the HT and WHT group with non-parametric test (Independent-samples-Mann-Whitney-U-test)

2 P-values compare the HT and WHT group with parametric test (t-test)

4. Discussion

Keratoconus (KC) was described in detail in 1998 by Rabinowitz [90]. Despite extensive research
over the last few decades, the etiology and pathogenesis for development of KC remain insufficiently
understood. Several hypotheses propose genetic, environmental, immunological, and biochemical

causes and mechanisms.

Over the last decades, there has been increasing evidence that hormonal influences may play a role in
the pathogenesis of corneal ectasia. The importance of thyroid hormones in corneal dehydration and
transparency during embryonic development was previously described in 1964 [17,18]. Masterson et
al. showed that the thyroxine (T4) treatment accelerated the development of endothelial cells and had a
role in the development in chicken’s cornea [75]. Furthermore, the presence of T4 receptors (T4Rs)
has been proven in chicken’s cornea [14]. In humans, T4Rs have been found in the lacrimal gland,
confirming that the tear producing gland is indeed a target organ of T4 [22]. Some studies have
demonstrated that T4 is increased in the tears of KC patients [115], in particular during the progression

of KC [57] but also in the aqueous humor [106].




Based on these previous findings, we analyzed the relationship between KC and hypothyroidism in
our cross-sectional study and more specifically, the impact of hypothyroidism on corneal tomography
and biomechanics. It showed no statistically significant difference neither for tomographic
(Astigmatism, Rmin, Kmax, ARC, PRC, TP, IVA, IHD, KI, CKI) nor for biomechanical (KMI, CH,
CRF) parameters between the HT group with hypothyroidism and the WHT group without thyroid
dysfunction. To our knowledge, this is the first study of its kind introducing this unique design
comparing the tomographic and biomechanical parameters in KC patients related to hypothyroidism

[94].

Flasko et al. compared 626 subjects, divided in 4 groups with and without KC, with and without
hypothyroidism. They found that approximately 80% of patients diagnosed with KC were classified as
euthyroid, whereas only 20% with KC and hypothyroidism and concluded that there was no
association between KC and hypothyroidism and even that KC occurs more frequently in euthyroid
patients [33]. Alhawari et al. investigated whether KC was associated with autoimmune thyroid
disease. They found no significant difference in the prevalence of KC and/or suspected KC between

patients with (2.9%) or without autoimmune thyroid disease (3.2%) [1].

On the contrary, previous studies about the prevalence of hypothyroidism in KC patients appear to
indicate that the prevalence of KC is higher in patients with hypothyroidism than in a healthy
population. Indeed, Appelbaum reported in 1936 that KC patients often show unusual signs of
hypothyroidism [4]. El-Massary et al. suggested a higher prevalence of thyroid gland dysfunction
among KC patients compared to healthy controls (5.35% and 1.1% respectively). However, the higher
prevalence was regardless of the type of thyroid dysfunction. Moreover, the prevalence in their control
group was lower than the previously reported prevalence of thyroid dysfunction in adults in the
general population (3.82%) in Europe [25,40]. This can possibly be explained by environmental

factors when comparing Arab/Middle Eastern countries and Europe.

The results of our study were limited by the small sample size, which may ultimately affect the power
and, therefore, the impact of the study. In the HT group of KC patients with hypothyroidism, we solely
included 28 patients out of over 180 patients with thyroid dysfunction. It was essential to make up the
most homogeneous group possible in order to eliminate possible biases induced by other pathological
mechanisms such as pathologies known or suspected to cause a progression of KC, which explains the
amount of exclusion criteria. We also excluded Hashimoto’s thyroiditis to eliminate the potential

influence of antibodies in the development of KC, independently of thyroid values. In addition, 77 KC



patients with thyroid dysfunction were excluded due to a lack of data (patients lost to follow-up and

unreachable).

Selection bias related to the Department of Ophthalmology of our hospital which is specialized in
corneal pathologies has to be taken into account. A certain number of patients are regularly followed
by their “treating” or “primary care” ophthalmologist in the context of their KC and are referred to us
only if there is a suspicion of KC progression and/or with indication for sugery. Patients who
underwent surgery between the first appointment and the follow-up at one-year had to be excluded
from the longitudinal analysis, because the tomographic and biomechanical values could not be
compared on an already operated eye. Beyond this, other patients are referred to us for a second
medical opinion after surgery. Patients who have already undergone surgery once were excluded from
our study because a comparison of the corneal parameters is not reliable on a previously operated eye

and, therefore, the worse advanced or progressive cases were excluded.

In the HT group, the patients with hypothyroidism were selected by means of the medical
questionnaire and were already being medically treated, which may lead to a bias due to normalization
of thyroid values. Ethically, it was not possible to leave them untreated in order to accurately analyze
the effect of hypothyroidism on the cornea during a one-year follow-up period. However, we surmised
that in case hypothyroidism led to an irreversible worsening of KC, there would be a significant
difference in KC severity at the first baseline examination. Secondly, the possible fluctuation of
thyroid values despite treatment could have led to a worsening of the KC in the longitudinal analysis,
which was not the case. The hypothesis that hypothyroidism does reversibly induce corneal changes in
the acute phase, has already been highlighted [42,43]. Bahgeci et al. described an increase in corneal
thickness during the acute phase of hypothyroidism in normal cornea patients, which decreased with
hormonal treatment. After stabilization of the thyroid parameters (after 9 months), the cornea returned
to its original thickness [6]. Other authors also proved transient and reversible corneal changes in KC,

associated with hormonal changes during gestation [42,55].

The lack of a difference between our two groups with or without hypothyroidism could also be
explained by the hypothesis of a single local T4 effect on the cornea, independent of the thyroid
dysfunction (serum’s level). This may be consistent with the finding of Kahan et al. who demonstrated
that tear T4 levels were higher during the progression of KC and declined when corneal curvature

reached a steady value [57], and the finding of Stachon et al. which highlighted an increase of the T4



level in KC patients in the aqueous humor in comparison to patients with healthy corneas [106]. In our

study neither tear nor aqueous humor thyroxin was measured.

The higher prevalence of KC patients in some disorders such as Down’s syndrome could also be

explained by the fact that they tend to often rub their eyes.

Regarding the reported progression tendency of KC during pregnancy, several hypotheses have been
put forward. In our study we concluded that hypothyroidism does not, in fact lead to irreversible
changes in the cornea. This does not exclude the possibility of KC aggravation in an acute phase of
thyroid disease, which would be consistent with the studies cited above [42,43,55]. A second
hypothesis could well be that the corneal changes during gestation are not due to thyroid changes but
instead to hormonal changes such as estrogen or progesterone change. Based on their report that
women have a higher tendency to develop keratectasia after laser-assisted in situ keratomileusis
(LASIK) than men, Spoerl et al. evaluated the influence of estrogen receptors in porcine corneas and
showed the influence of estrogen in the biomechanical stability of the cornea [105]. The expression of
sex steroid hormone receptors in the human cornea were also reported by Suzuki et al. [112].
However, the study of Fink et al. opposes this last hypothesis. They investigated the influence of
gender and hormone status on the severity and progression of KC and could not verify any significant

differences between midlife males, “hormone-active” females, and “hormone-inactive” females [31].

To conclude, the severity of keratoconus based on biomechanical and tomographic values does not

seem to depend on thyroid dysfunction.
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