UiT The Arctic University of Norway

Faculty of Health Sciences, Department of Clinical Dentistry

Molar-Incisor Hypomineralization (MIH)

Prevalence among 16-year-old adolescents: A case-control study of
children with a low Apgar score at birth and a study on tooth formation and

antibiotics in mice
Andreas Jorn Schmalfuss

A dissertation for the degree of Philosophiae Doctor - Januar 2022







P*5

To Juliane

iii






Contents

Acknowledgments ........cuiiuiiiiiiiiiiiiiiiiieittttttttttttttttetttttntensns ix
ADDreviations . ... .coiuiiiiiiiiiiiiiiiii ittt ittt ittt xi
List of Papers ... vvtiiiiiiii ittt iiiiiittttteteetescessnssessnssnssnsonns xiii
N 113 3 o Tt PP XV
L Introduction .. .covitii ittt ittt iiiiieieiteaenenesacasncncescncncnenas 1
1.1. Molar-Incisor Hypomineralization (MIH). . .. ... .. ... .. . . ... . .. . . .. oo, 1
1.1.1. Indices for MIH used in the past and proposed for the future. . ... ............ 1

1.1.2. The principles of disturbances leadingto MIH. . .......... ... ... .. .. ... ... 3

1.1.3. MIH prevalence inaglobal view . ........ ... ... .. .. .. . . .. 4

1.1.4. MIH-affected teeth (severity and distribution) . .. ......................... 4

1.1.5. Hypomineralized second primary molar (HSPM) ......................... 6

1.1.6. MIH - histological, chemical and mechanical properties . ................... 7

1.1.7. MIH - challenges in patient treatment. . . .. ........ .. .. ... oiiuinao.... 8

1.2. Development of enamel . . .. ... ... .. . . . . . ... 8
1.2.1. Timing of tooth developmentin humans ............ ... .. ... .. .. ... ... 8

1.2.2. The physiological formation of enamel ............. .. ... ... .. .. ... ... 10

1.2.3. Pathophysiological aspects within amelogenesis ... ....................... 11

1.2.4. Pathological and medical conditions affecting amelogenesis................. 11

1.2.5. Inherited defects affecting amelogenesis .............. ... ... ... ...... 12

1.3. Etiology of MIH . . . . .. .. . . 12
1.3.1. Amelogenesis - etiology of MIH. . .. ... ... ... .. ... ... .. .. . ... 12

1.3.2. Amelogenesis genes and susceptibility to developing MIH . ................ 12

1.3.3. MIH - pre- and perinatal factors . .. ........ ... .. i 13

1.3.4. MIH - postnatal factors . .. .......... ... i 14

1.4. The role of animal studies in enamel research. . ... ............ ... ... ......... 15

1.4.1. MIH - in vitro and in vivo experiments using animal models in enamel research 16

1.5. Overall aim of this thesSis . . . ... .. .. e 19
2. Materialsand Methods . .......coiiiiiiiiiiii ittt iiiiiiieneneencnenenns 21
2.1, Paper 1. . ... . . 21



2.1.1. Study population . . . ... . 21

2.1.2. Diagnostics of MIH. . . . ... ... . . 22
2.1.3. Statistical analyses. . .. ... ... 24
2.2. Paper 1l . ... ... 25
2.2.1. Sample population. . . ... 25
2.2.2. Data collection and analysis . ............... it 26
2.2.3. Statistical analyses. . . .. ... 27
2.3. Paper 1ll. . . . ... . 28
231, Animal model ... ... 28
2.3.2. Macrophotography ... ...... ...t 29
2.3.3. Micro-CT imaging. . . .. ..ottt ettt e e e et 30
2.3.4. Statistical analysiS. . ... ... 31

3. Summary of results ... ..ottt i i i i i it ittt it 33

3.1. Paper I. MIH prevalence, the distribution of affected teeth and MIH severity study . .. 33

3.2. Paper II. Association between asphyxia during birth and the occurrence of MIH . . . . . 35
3.3. Paper III. Effects of antibiotics on developing enamel in neonatal mice in vivo . . . . .. 37

R D ] E V) T 1) 1 PP 41
4.1. Consideration of methodological aspects . ........... ... .. ... .. ... ... .. 41
4011, Paper L. ..o 41

4.1.2. Paper Il . .o 43

4.1.3. Paper D11, . ..o 44

4.2. General discussion of the main results (Paperl) .......... ... ... ... .......... 46
4.2.1. MIH prevalence data. .. ...........i it 46

4.2.2. MIH and the affection of canines . ............. ... . ... 46

423. MIHdatainmoredetail .......... ... .. .. . . i 47

4.3. General discussion of the main results (PaperIl). ... ... ... ... ... ... ........ 48
4.3.1. MIH and Apgarscores <5 at Smin..............uuintirineneneanennn.. 48

43,2, HYPOXIA. o o oottt et ettt e e e e 49

4.4. General discussion of the main results (PaperIIl) . ............. .. ... .......... 50

TR 1) 1 T 1 1) | 53

vi



RS {3 ) 1 oL 55

Papers I-IIL. . ..ottt ittt ittt iieteeeeeeeseessnssnssnssnsannns 69
Paper 1. . . . 70
Paper I1. . . . . . 78
Paper III . . . . . 86

Vil






Acknowledgments

The work included in this thesis has been carried out during my years as a PhD student at
the Department of Clinical Dentistry at The Arctic University of Norway (UiT). I want to express
my gratitude to all those who helped me in this project, with special thanks to the following
individuals:

I want to thank my main supervisor, Ivar Espelid, who inspired me and made this project
possible. His guidance and advice carried me through large parts of my work. Ivar passed away at
the age of 66 years. [ will remember Ivar as an enthusiastic, open-minded, charismatic person with
extensive knowledge.

[ want to thank my main supervisor, Christer Ullbro, who carried me especially through the
final parts of my project. Thank you for the never-ending motivation.

Furthermore, I want to thank my cosupervisor, Ingvild J. Brusevold. Thank you for the
close cooperation, especially with the exploration within animal research.

I would like to especially thank Claes-Goran Crossner. He had a key role in enabling a
dental part of “Fit Futures”. His surprising comeback after being retired helped me enormously to
finalize my thesis.

Thanks to all my coauthors for the collaboration, Kjersti R. Stenhagen, Anne Bjorg Tveit,
Rivan Sidaly, Anne Skaare, Amer Sehic and Tom Stiris.

I would also like to thank all the staff of UiT, UiO and TkNN for helping me gather and
prepare data for my projects, especially loanna Dallari Jacobsen, Anniken Lorentzen, Benny
Geronimo, Per Gran, Jonas Wengenroth and Beata Petrovski.

The biggest thanks is addressed to my family for their continuous support and understanding
when [ was conducting my research and writing my thesis. Thank you, Juliane Hesse (P*5), for all
your critical notes, constructive suggestions and, last but not least, the memorable time with you.
Thanks to my children, Louis, Benjamin, Josefine and Felix Hesse, for your positive distraction

and never-ending energy.






Abbreviations

Al Amelogenesis imperfecta
ANOVA: Analysis of variance
ARRIVE: Animal Research: Reporting of In Vivo Experiments

BMP: Dental behavior management problem
BPA: Bisphenol A

CIL: Confidence interval

DEJ: Dentin-enamel junction

DFA: Dental fear and anxiety

Ell: Embryonic day 11

EAPD: European Academy of Paediatric Dentistry
ENAM: Enamelin

FDI: Federation Dentaire International

FOTS: Norwegian food safety authority

FPM: First permanent molar

HIFI-o: Hypoxia-inducible factor 1-a

HSPM: Hypomineralized second primary molar
KLK4: Kallikrein-related peptidase 4

mDDE: Modified developmental defects of the enamel
micro-CT: X-ray microtomography

MIH: Molar-Incisor Hypomineralization
MMP20: Matrix metallopeptidase 20

P1: Postnatal day one

PCB: Polychlorinated biphenyls

PDHS: Public Dental Health Service

PEB: Posteruptive breakdown

qBSE: Quantitative backscattered electron

SEM: Scanning electron microscopy

REK: Regional Committee of Medical and Health Research Ethics
SD: Standard deviation

TRPVI: Transient receptor potential ion channel
UiT: Arctic University of Norway

VDR: Vitamin D receptor






List of papers

This thesis is based on the following three papers, referred to in the text by their corresponding

Roman numerals.

Paper 1
Schmalfuss A, Stenhagen KR, Tveit AB, Crossner CG, Espelid I.
Canines are affected in 16-year-olds with molar-incisor hypomineralisation (MIH): an
epidemiological study based on the Tromse study: “Fit Futures”.
Eur Arch Paediatr Dent. 2016;17(2):107-113.
doi:10.1007/s40368-015-0216-6

Paper I
Sidaly R, Schmalfuss A, Skaare AB, Sehic A, Stiris T, Espelid I.
Five-minute Apgar score<5 and Molar Incisor Hypomineralisation (MIH) - a case control
study.
BMC Oral Health. 2016;17(1):25.
doi:10.1186/s12903-016-0253-5

Paper 111
Schmalfuss AJ, Sehic A, Brusevold 1J.
Effects of antibiotics on the developing enamel in neonatal mice [published online ahead
of print, 2021 Oct 29].
Eur Arch Paediatr Dent. 2021;10.1007/s40368-021-00677-4.
doi:10.1007/s40368-021-00677-4

xiii



xiv



Abstract

Background/Aims: Molar-Incisor Hypomineralization (MIH) is one of the most common dental
developmental disorders. The global prevalence if MIH is estimated to be approximately 13%. The
etiology of MIH is still elusive. Suspected etiological factors are prenatal, perinatal or early-life
illnesses or events; several medications; environmental toxins; and genetic factors. The evidence
is weak or absent for most of these factors. The overall aim of this thesis was to assess the MIH
prevalence, distribution of affected teeth and MIH severity in northern Norway and to examine a
possible association between birth asphyxia and MIH. Additionally, the effects of gentamycin and

ampicillin on the developing enamel in neonatal mice in vivo were investigated.

Methods: To assess the MIH prevalence, the distribution of affected teeth and MIH severity, a
cross-sectional health survey including 16-year-olds was performed. The diagnosis of MIH was
based on clinical photographs. To examine the association between birth asphyxia (Apgar score
<5 after 5 min) and MIH, a cross-sectional, case-control study of 8- to 10-year-old children was
performed. The diagnosis of MIH was based on clinical examination and photographs. The effects
of gentamycin and ampicillin on the developing enamel were assessed in neonatal mice treated
with intravenous injections of these antibiotics for 4 days. X-ray microtomography (micro-CT)
was used to analyze the mineral density (MD) of the enamel and the proportion of the enamel

object volume (vol%) in first molars and incisors.

Results: The prevalence of MIH in northern Norway was 13.9%. Maxillary molars were 1.6 times
more frequently affected than mandibular molars. Affected incisors were recorded in 41.8% and
affected canines in 22.8% of the participants with MIH. Only opacities were reported in 54% of
the affected molars, while the other MIH features were more severe. The prevalence of MIH did
not differ between the children born with an Apgar score < 5 registered 5 min after delivery and
the control group. Regarding the effect of antibiotics on developing enamel in neonatal mice, the
analysis showed significantly lower vol% in maxillary and mandibular molars in the study group
than in the control group. A lower vol% and lower MD of the enamel in most segments of incisors

were observed in treated mice than in control mice.

Conclusions: The prevalence of MIH (13.9%) as well as the distribution pattern and severity of
affection were consistent with previous Scandinavian reports. Approximately one-quarter of all
participants affected by MIH had at least one affected canine. An Apgar score < 5 at 5 min after
delivery did not increase the incidence of MIH. Intervention with high-dose antibiotics given to
neonatal mice influenced the development of molars and incisors. The analysis of teeth in neonatal

mice with micro-CT could be a valid model for further research on MIH.
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1. Introduction

1.1. Molar-Incisor Hypomineralization (MIH)

Inthelate 1970s, anincreasing number of children with idiopathic enamel hypomineralization
of incisors and first permanent molars (FPMs) were reported within the Public Dental Services
in Sweden. In 1987, Koch et al. (1987) described this condition for the first time, and the
description was consistent with the current definition of Molar-Incisor Hypomineralization (MIH).
Several different terms for this condition were used during the following years by clinicians and
researchers. Initiated by the arising confusion with the use of different definitions of MIH in several
presentations and publications, it was deemed urgent to clearly define the term MIH. A proposed
definition of the term MIH was published subsequent to the 5™ Congress of the European Academy
of Paediatric Dentistry (EAPD) in 2000 (Weerheijm et al., 2001), and since 2001, it has been the
generally accepted term.

MIH is one of the most prevalent dental developmental aberrations of systemic origin
and has asymmetric distribution in the dentition (Weerheijm et al., 2001). Following the EAPD
criteria, MIH is now defined as ‘demarcated, qualitative developmental defects of the enamel of
one or more FPMs with or without the affection of permanent incisors and canines’ (Lygidakis et
al., 2010, Weerheijm et al., 2003).

The global prevalence is assumed to be 13.1% (Elhennawy et al., 2018). In 2015, it was
estimated that approximately 878 million people in the world were affected by MIH, with 17.5
million new cases each year (Schwendicke et al., 2018). The prevalence of MIH seems to vary
considerably among countries as well as regions, the reason for which is not apparent.

The exact etiology of MIH remains unclear despite intensified research activity in recent
decades (Figure 1). However, prenatal, perinatal or early-life illnesses or events; several medicines;
environmental toxins; and genetic factors are suspected to be associated etiological factors (Dantas-
Neta et al., 2018, Silva et al., 2016, Teixeira et al., 2018). The evidence is weak or absent for most
of these factors, and it is assumed that the etiology is multifactorial (Serna et al., 2016, Silva et al.,
2016).

1.1.1. Indices for MIH used in the past and proposed for the future

Developmental defects of the enamel are described as demarcated or diffuse opacities
or hypoplasias or both. These defects are usually classified in line with the index for modified
developmental defects of the enamel (mDDE) of the Federation Dentaire International (FDI)
(FDI, 1992). Concerning MIH, the mDDE index has strong deficiencies. Using the mDDE index,
hypomineralizations due to MIH, dental fluorosis or other enamel defects cannot be differentiated
(Weerheijm et al., 2003). To make precise distinctions between posteruptive breakdown (PEB), a

prominent feature in MIH, and enamel hypoplasia, the mDDE index is not considered to be

1
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Figur 1: Number of publications per year about developmental defects of the enamel consistent
with MIH. The data were conducted using specific search terms (Table 1) in the PubMed databases
from the year 1946 to 2020. A distinct increase is shown especially in the years after the enamel
defect was termed MIH by the EAPD in 2001 (Weerheijm et al., 2001).

Search Search Query in PubMed Items found
#3 #1 AND #2 2924
0 ;Iél;rrr?%ns”[AllFields] OR “human”[All Fields] AND “humans”[MeSH 18981428

“dental enamel hypoplasia”’[MeSH Terms] OR (“dental”’[All Fields]
AND “enamel”[All Fields] AND “hypoplasia”[All Fields]) OR
#1 “dental enamel hypoplasia”[All Fields] OR (“molar’[All Fields] 3350
AND “incisor”’[All Fields] AND “hypomineralization”[All Fields])
OR “molar incisor hypomineralization”[ All Fields].

Table 1: Search Query in PubMed. By using the key words “molar, incisor and hypomineralization”,
a systematic search in the PubMed database was conducted, where both free and MeSH terms were
used. Animal research was excluded in this search. The number of articles published each year
from 1946 to 2020 is presented (Figure 1).



adequate. In addition, treatments of atypical caries and restorations as well as extractions due to
MIH are not included in the mDDE index (Jalevik et al., 2018).

Several terms for the clinical description of this phenomenon, such as “idiopathic enamel
hypomineralization”, “nonfluoride hypomineralization in permanent molars”, “cheese molars”,
and “Morbus S”, were initially used (Koch et al., 1987, van Amerongen and Kreulen, 1995,
Weerheijm et al., 2001). In 2001, MIH was defined by the EAPD as a hypomineralization of
systemic origin of one to four FPMs, frequently associated with affected incisors. The clinical
description of MIH-affected teeth ranges from white, yellow or brown demarcated opacities to
severely affected enamel with PEB. The clinical description of MIH-affected teeth also includes
atypical restorations as well as extracted molars due to MIH (Weerheijm et al., 2001).

Revised editions of the EAPD criteria for MIH with several clarifications were published in
2003 and 2010 (Weerheijm et al., 2003, Lygidakis et al., 2010). It was then concluded that secondary
primary molars as well as the tips of the permanent canines could be affected, in addition to FPMs
and incisors. Furthermore, it was recommended that defects less than 1 mm should not be reported
(Lygidakis et al., 2010). The severity of teeth affected by MIH is classified as mild or severe.
However, the hypersensitivity of affected teeth and the need for treatment of the affected tooth
are not included in the evaluation of the severity. The utilization of internationally standardized
diagnostic criteria would make studies of MIH prevalence and treatment outcomes comparable.

Several new MIH indices have been published in the last decade. These indices focus on
a more detailed description of the location and extent of opacities, PEB and atypical restorations
due to MIH. Additionally, possible problems with hypersensitivity as well as the risk for further
decay and increasing symptoms due to hypersensitivity should be evaluated (Steffen et al., 2017,
Oliver et al., 2014, Cabral et al., 2020). The main intention of a new MIH index is to obtain an
exact description of the effects and to offer dental practitioners help with a standardized approach

for dental treatment of MIH (Steffen et al., 2017).

1.1.2. The principles of disturbances leading to MIH

The causative factors for MIH are still uncertain, and the biological process leading to
the disruption of amelogenesis is not known. It is accepted that MIH is caused by a disturbance
in amelogenesis within the phase of the secretion of enamel matrix proteins, the following short
transitional phase or the maturation phase. The time interval for interferences in amelogenesis
related to MIH extends from the prenatal period to early childhood. The ameloblasts are sensitive
to both direct and indirect insults during the complex process of amelogenesis. Basic research
demonstrates that ameloblasts are highly susceptible to even minor changes in their environment,
such as temperature increases, hypocalcemia and changes in pH levels (Sui et al., 2003, Tung et
al., 2006, Yamaguti et al., 2005). Such conditions might be experienced in relation to not only birth
but also early childhood.



1.1.3. MIH prevalence in a global view
The mean (95% CI) global prevalence of MIH is 13.1% (11.8-14.5%), with a significant

difference among regions and countries (Elhennawy et al., 2018). The prevalence of MIH varies
from 1.2% in New Delhi, India (Goswami et al., 2019), to 40.2% in Rio de Janeiro, Brazil (Soviero
et al., 2009). The highest mean prevalence at the country level is reported for Spain (21.1%;
17.7-24.7) and at the continent level for South America (18.0%; 13.8-22.2), and the lowest mean
prevalence is reported for Africa (10.9%; 4.2-17.6), while the prevalence is moderate in Europe
(14.3%; 12.2-16.3) (Zhao et al., 2018). In Nordic countries, the prevalence ranges from 12.2% in
Sweden (Jalevik et al., 2018), 13.9% in Norway (Schmalfuss et al., 2016), and 17.0% in Finland
(Alaluusua et al., 1996b) to 37.3% in Denmark (Wogelius et al., 2008). Additionally, within
different regions in Germany or different age groups in Sweden, wide ranges of prevalence rates,
from 4.3% to 14.6% and 4.4% to 15.4%, respectively, have been reported (Petrou et al., 2013,
Koch et al., 1987). The variations in the prevalence of MIH may be explained by ethnic variations,
environmental differences, the use of different diagnostic criteria and the examination of different
age groups (Schmalfuss et al., 2016, Vieira, 2019b, Weerheijm et al., 2001).

1.1.4. MIH-affected teeth (severity and distribution)

Opacities of the enamel are the primary characteristics of FPMs and incisors affected by
MIH. The affected enamel is described as clearly demarcated and variable in size and shows
an alteration of translucency, with a color varying from white to yellow or brown (Figure 2)
(Jalevik and Noren, 2000, Weerheijm, 2004). Most opacities extend to less than one-third of the
tooth surface. Due to the porosity of the affected enamel, parts of the enamel can easily chip off
after eruption, usually due to masticatory forces. These defects are referred to in the literature as
PEB, which affects approximately one-fifth of molars diagnosed with MIH. These defects are
most frequently located on occlusal surfaces due to the enamel’s reduced physical properties and
natural bite pressure. PEB is less frequent in affected incisors (Petrou et al., 2015). The restoration
of affected enamel, usually due to PEB or atypical caries, is termed atypical restoration. These
restorations are often distinct from other restorative treatments due to their size, shape or location.
Atypical caries are often located on cusps, extending to the buccal and palatal or lingual surfaces,
which is an atypical location for cavities due to caries (Oliver et al., 2014). In addition, opacities
are frequently seen at the margin of atypical restorations. It is believed that most teeth affected
by MIH, even opacities camouflaged by direct restorations, can be detected. Prosthetic crowns
are occasionally used for the restoration of FPMs with severe enamel defects. This treatment is
mainly done in adults and rarely in children or adolescents (Zagdwon et al., 2003). An exception
is stainless-steel crowns, which are an approved temporary treatment for severely affected FPMs

in children and adults (Zagdwon et al., 2003).



Figur 2: Examples of affected first permanent molars from three participants with MIH. Defects
vary in color, from white (a) and cream (b) to brown (c).

In cases when an FPM is extracted (Figure 3), it is difficult to know whether the FPM was
extracted due to MIH or a different diagnosis. The extraction of FPMs due to MIH is an accepted
solution in cases of severely affected FPMs (Eichenberger et al., 2015, Jalevik and Moller, 2007).
In any such case, the persisting FPMs and incisors should be examined to assess whether the tooth
has been removed due to MIH. In addition, considerable information can be obtained from dental
records available from dental services as well as patient interviews.

The variable clinical presentation, leading to enormous heterogeneity in published data,

is a typical feature of MIH. The number and location of affected teeth as well as the location of

Figur 3: Participant with extracted first permanent molars due to MIH in the upper jaw (a & b) and
first permanent molars affected by MIH in the mandible (¢ & d). Tooth 36 is mildly affected and

shows an opacity (d). Tooth 46 is severe affected, showing an opacity and posteruptive breakdown

of the enamel (c¢).



affected enamel on the tooth surface are usually asymmetrically distributed. Approximately 2.8 =
1.7 teeth are affected in each individual with MIH (Petrou et al., 2013), while the mean number
of hypomineralized FPMs is reported to be 2.0 = 1.1 (Petrou et al., 2015). The proportion of
individuals with only one affected FPM varies from 10.4% (Elzein et al., 2019) to 39.2% (Petrou
et al., 2015). A positive correlation between the number of affected teeth and the severity of MIH
has been reported (Petrou et al., 2013).

MIH defects are described on permanent cuspids as well. A Finnish study showed that
10.7% of affected patients had at least one affected canine (Tseveenjav et al., 2020), while another
study showed that 19.3% of all participants diagnosed with MIH had one or more affected canines
(Dietrich et al., 2003).

Conflicting results are presented regarding the susceptibility of upper and lower, as well as
right and left arch, FPMs (Elzein et al., 2019, Vieira and Manton, 2019). Most studies show that
maxillary permanent incisors are more frequently affected than mandibular incisors (Lygidakis et
al., 2008a, Cho et al., 2008). A typical clinical feature of MIH is the asymmetrical presence and
severity of MIH lesions, which contrasts with most other enamel hypoplasias and hypomaturations
(Biondi et al., 2019).

Several approaches exist to classify the severity of MIH. The most common is the rating of
Lygidakis et al. (2010) distinguishing between mild and severe affection. In this rating, opacities
without PEB and atypical restorations are labeled mild cases, while all other cases, including those
with hypersensitive teeth, are labeled severe. Several other more complex scoring systems of MIH
have been published, focusing on the extension of enamel defects, the number of affected teeth,
and symptoms caused by affected teeth, to yield a more exact description of the severity. These
scoring systems are both tooth- and patient-based (Ghanim et al., 2015, Cabral et al., 2020). Other
MIH indices are designed to describe the need for treatment of the affected patient (Steffen et al.,
2017).

1.1.5. Hypomineralized second primary molar (HSPM)

Second primary molars are reported to be affected by MIH, similar to FPMs (Figure 4)
(Sidhu et al., 2020). This condition is termed hypomineralized second primary molar (HSPM) in
the literature (Elfrink et al., 2008, Elfrink et al., 2009), and the reported prevalence ranges from
0-21.8% (Elfrink et al., 2015). Similar to MIH in FPMs, the etiology of HSPM remains unclear
(Serna Muioz et al., 2020). Since the period of enamel maturation for second primary molars and
FPMs coincides, it is speculated that HSPM and MIH have the same etiology (Elfrink et al., 2012,
Butler, 1967, da Silva Figueiredo Se et al., 2017). The presence of HSPM seems to be a clinical
predictive factor for MIH (Taylor, 2017, Temilola et al., 2015), and children with HSPM have an
approximately 4.7 times higher risk of being diagnosed with MIH (Garot et al., 2018).



Figur 4: Examples of affected second primary molars and first permanent molars from three
participants with MIH (a&c) and HSPMs (b&c). Defects vary in severity from diffuse yellow
opacities in teeth 16 (¢) and 55 (b) to more severe changes such as PEB in teeth 16 (a) and 55 (c).

1.1.6. MIH - histological, chemical and mechanical properties

The histological, chemical and mechanical properties of hypomineralized enamel due to
MIH are in clear contrast to those of sound enamel (Farah et al., 2010b, Elfrink et al., 2012).
Concomitantly, the properties of MIH-affected enamel are highly variable both within and between
lesions (Crombie et al., 2013). Affected, hypomineralized enamel can be distinguished from sound
enamel visually due to its opacity and color, varying from white and cream to brown. In general,
all surfaces of the crown can be affected, while the cervical regions are typically spared (Crombie
et al., 2013). In affected FPMs, the occlusal surface is most often affected, followed by the buccal
surface. The buccal surface of the crown is predominantly affected in incisors (Petrou et al., 2015).
A possible explanation of the phenomenon that the occlusal and buccal surfaces are more often
affected is their increased thicknesses compared with those of the lingual, palatal, and cervical
regions of enamel (Lygidakis et al., 2010, Jalevik and Noren, 2000).

The characteristic opacity and color of hypomineralized enamel is caused by less organized
enamel prisms as well as larger interprismatic spaces. Usually, enamel from the surface to the
enamel-dentin junction is affected (Mahoney et al., 2004). Affected enamel shows an increased
porosity percentage, ranging from 5 to 25%, compared with sound enamel (Crombie et al., 2013).
The higher the degree of opaqueness, the higher the porosity percentage (Xie et al., 2007). Creamy
or brown opacities have a higher content of serum proteins such as albumin, an inhibitor of crystal

growth, leading to more porous enamel and worse mechanical properties, than white opacities (Da



Costa-Silva et al., 2011, Farah et al., 2010a). Hypomineralized enamel has a 3-15 times higher
protein content than normal enamel (Mangum et al., 2010). Analyses of the microstructure show a
well-demarcated border between affected and normal enamel (Fagrell et al., 2010). Nevertheless,
enamel adjacent to a clinically visible opacity seems to have lower mechanical properties as well
(Chan et al., 2010). This fact is important to keep in mind for the clinical assessment of MIH-
affected teeth.

Regarding chemical properties, affected enamel shows a significant decrease in mineral
content, primarily calcium and phosphorus, while an increase in carbon content is shown compared

with nonaffected enamel (Martinovic et al., 2015).

1.1.7. MIH - challenges in patient treatment

The treatment and management of MIH is challenging for the patient as well as the clinician.
Children with severe MIH undergo dental treatment nearly ten times as often as children without
MIH (Jalevik and Klingberg, 2002). Difficulties in achieving adequate anesthesia, the reduced
mechanical properties of affected enamel, and a high risk for PEB are challenges to the success of
interventions. Almost half of 18-year-olds with restorative treatment on FPMs due to MIH have
restorations with unacceptable quality (Mejare et al., 2005). The economic aspects of treatment for
MIH must be considered for the patients, their parents and public dental health services (Hubbard
etal., 2017).

It is well documented that treatments for MIH-affected teeth may cause discomfort and
pain (Rodd et al., 2007) and that painful treatments may cause dental fear and anxiety (DFA) and
dental behavior management problems (BMPs) (Jalevik and Klingberg, 2002). Both DFA and
BMP have been shown to be more common in children repeatedly treated for MIH (Jalevik and
Klingberg, 2002). A longitudinal study of children treated for MIH, examined as adults, showed
that these adults had undergone over four times more dental treatments and had significantly more
common BMPs than the control group (Jalevik and Klingberg, 2012). However, the DFA level in
these adults did not differ from that in the control group (Jalevik and Klingberg, 2012).

1.2. Development of enamel

1.2.1. Timing of tooth development in humans

The crowns of permanent teeth are formed between week 32 in utero up to the age of 14
years. In the primary dentition, the crowns mainly form prenatally. The formation of teeth starts
at the cusp and ends at the cervical part (Proffit et al., 2018). Due to the tightly regulated process
of tooth development and the absence of a capacity to repair defective enamel, clinicians can
roughly estimate when an enamel disturbance occurred. The neonatal line is a band of incremental

growth lines seen in histological sections of FPMs due to physiological changes at birth (Nanci,



Dental lamina

Epithelial
Ectomesenchyme band

Ectomesenchyme

Figur 5: Stages of tooth crown development (Nanci, 2017).

2017). This line is a solid reference to estimate the timing of insults, such as nutritional deficiency,
diseases and their treatments, in tooth development.

The development of the tooth crown is, based on histological observations, commonly
divided into five stages. The earliest histological indication of tooth development is the initiation
stage, followed by the bud, cap, bell and late bell stages (Figure 5). In the permanent dentition,
the initiation stage for FPMs starts before birth, and the development of the crown is finished 3-4
years later (Table 2). Closely related but occurring slightly later than the initiation stage for FPMs
is the beginning of the development of incisors and canines. The second deciduous molar, affected
in patients with HSPM, is the last tooth in the primary dentition to develop and is chronologically
related to the development of FPMs (Table 2). The development of the permanent premolars and
second and third molars initiates later. Regarding the development of MIH, it is assumed that the
late bell stage is crucial. This stage includes the maturation and calcification of enamel (Nanci,
2017).

Calcification begins Crown completed Eruption

| Colcificationbegins  Crowncompleted  Eruption |
3 months 3 months 4’ years 3’ years 7% years 6% years
11 months 3 months 5% years 4 years 8V years Tz years
4 months 4 months 6 years 5% years 1l years 10% years

351 \:lvé erl;s = ‘l)lvé ilés gy, years 3% years 6" years 6 years

Second
deciduous 18 weeks in utero 11 months
molar

Table 2: Chronology of tooth development for permanent incisors, canines, FPMs and second
deciduous molars (Schroeder, 1987, Proffit et al., 2018)



1.2.2. The phvsiological formation of enamel

The formation of enamel, also termed amelogenesis, is described in detail (Nanci, 2017).
To understand the pathophysiological processes within amelogenesis, such as the characteristic
hypomineralization of MIH-affected teeth, it is important to have a knowledge of the physiological
processes.

Amelogenesis is a complicated process, taking from start to finish approximately thousand
days for a permanent tooth. Disturbances during amelogenesis can result in qualitative and
quantitative effects on enamel, depending on their timing and nature. Developmental insults of
enamel are critical since enamel, unlike bone, is acellular and once formed is not remade (Lacruz
et al., 2017).

Amelogenesis occurs in different stages (Reith, 1970, Nanci, 2017). In the first step,
representing the presecretory and secretory stage, the enamel space is formed and partially
mineralized up to 30%. In the second step, the maturation stage, the organic matrix and water are
removed, and minerals are added (Nanci, 2017).

Each ameloblast exhibits a unique life cycle during amelogenesis, which has been
described in seven different phases characterized by phenotypic changes that reflect the primary
activity of the ameloblast at various times of enamel formation (Nanci, 2017). The first phase
is the morphogenetic phase, followed by the histodifferentiation, initial secretory, and secretory
phases, and finally maturation during the ruffle-ended and smooth-ended ameloblast phases. All
these phases coexist since the onset of amelogenesis occurs first at the tip of the cusp and proceeds
downward from the crown, finally initiating cervical amelogenesis (Figure 6). After amelogenesis
is completed, the ameloblast remains in the so-called protective phase until the tooth erupts. In this

last phase, the composition of enamel can still be modified (Nanci, 2017).

Enamel disturbances are usually detected years after
amelogenesis is completed and the tooth is erupted. The effect
of an insult on amelogenesis depends on its timing, duration
and intensity. A disturbance within the secretory stage of
amelogenesis will lead to hypoplasia, while hypomineralization
will most likely emerge as a result of a disturbance during the

maturation stage (Suckling, 1980).

Figur 6: Schematic representation of the six phases of an
ameloblast: morphogenetic phase (1), histodifferentiation phase
(2), initial secretory phase (no Tomes' process) (3), secretory
phase (Tomes' process) (4), ruffle-ended (5) and smooth-ended
(6) ameloblast phase of the maturation stage and finally the
protective (7) phase (Nanci, 2017).




1.2.3. Pathophysiological aspects within amelogenesis

Anthropological studies have shown that dental developmental disorders were present
at high frequencies in previous centuries. These disorders were predominantly linear enamel
hypoplasias (30%) in addition to other enamel disorders (20%), such as diffuse opacities and
Turner’s teeth. Only 3% of dental development disorders were classified as MIH (Kuhnisch et al.,
2016). The causes behind these disorders are strikingly different from those currently. The reasons
are proposed to be malnutrition, severe illnesses with a lack of effective treatment opportunities
and physical stress during childhood (Kuhnisch et al., 2016). In modern times, enamel defects are
still common, affecting between 20 and 80% of the world’s population (Lacruz et al., 2017). Linear
enamel hypoplasias are present in clearly lower frequencies (4%), while dental developmental

disorders such as dental fluorosis and MIH are quite common (Jalevik et al., 2018).

1.2.4. Pathological and medical conditions affecting amelogenesis

Factors that may cause enamel defects in the permanent dentition can be classified into
local or systemic factors. Common local factors are traumatic injuries to the primary dentition as
well as periapical osteitis of primary teeth (Pindborg, 1982).

Several systemic factors may affect amelogenesis. Examples are bacterial and viral
infections; deficiencies in oxygen saturation related to delivery; treatment with antibiotics,
chemotherapeutics or other medications; radiation exposure; low birth weight; prematurity;
metabolic disturbances; and environmental pollution (Pindborg, 1982, Tredwin et al., 2005).

Common bacterial or viral infections that may affect amelogenesis are infections of the
urinary tract, otitis media and upper respiratory infections. Amelogenesis can be directly affected
by a bacteria/virus, or it can be indirectly affected by a high fever resulting from an infection
(Beentjes et al., 2002, Kusku et al., 2008). In cases of respiratory illnesses, it is speculated that
ameloblasts are affected by the lack of oxygen, which can cause enamel hypomineralization (van
Amerongen and Kreulen, 1995). Viral infections such as mumps, measles and chicken pox have
also been associated with enamel defects (Ford et al., 2009, Sonmez et al., 2013).

In addition, the treatment of an infection using, for example, antibiotics may affect
amelogenesis. Regarding the antibiotic tetracycline, its ability to chelate calcium ions is well
documented. The chelated calcium ions are incorporated within enamel mineralization and are
clinically visible typically as discolorations of the teeth (Sanchez et al., 2004).

Metabolic disturbances, primarily those that affect mineral balance, may have an impact on
amelogenesis. Examples of such metabolic disturbances are vitamin D deficiency, hypocalcemia,
and coeliac disease (Souto-Souza et al., 2018, Uwitonze et al., 2020).

Several environmental pollutants are linked to defects in enamel development. Examples

are high levels of fluoride, dioxins, or polychlorinated biphenyls such as bisphenol A (BPA) (Jedeon
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et al., 2013, Alaluusua, 2010).

1.2.5. Inherited defects affecting amelogenesis

Amelogenesis is a complex process that is tightly controlled at the molecular level and
involves thousands of genes (Wright et al., 2015). A disruption in the formation of enamel due to
genetic factors is traditionally referred to as amelogenesis imperfecta (Al). Al is a genetically and
phenotypically heterogeneous group of conditions that is characterized by the failure of normal
amelogenesis. Al is seen in both the primary and permanent dentitions and will affect all teeth in
the dentition.

In addition to Al is a group of hereditary, dermatological conditions associated with enamel
defects. This group includes ectodermal dysplasia, epidermolysis bullosa and tuberous sclerosis
complex (Freiman et al., 2009). The genetic background for these conditions and their impact
on enamel development varies, although they all involve ectodermal tissues. It is speculated that

genetic susceptibility is also associated with MIH (Jeremias et al., 2013b).

1.3. Etiology of MIH

1.3.1. Amelogenesis - etiology of MIH

It is widely accepted that MIH is associated with pre-, peri- and postnatal etiological factors
(Lygidakis et al., 2008b, Alaluusua, 2010). Many different factors are suspected to cause MIH,
but the exact pathogenesis is still unclear. Interestingly, all these factors seem to affect mainly
FPMs but additionally incisors and canines, while premolars and second and third molars are not
affected. This certainly depends on the timing of the insult taking place within the time span for
amelogenesis of every affected tooth and obviously at a certain age of the patient.

The low number of MIH-affected dentitions shown in archaeological case series may support
the hypothesis that MIH can be linked to contemporary living conditions and/or environmental
factors. Examples are systemically administered pharmacological agents such as antibiotics and
environmental pollutants such as polychlorinated biphenyls and dioxins (Kuhnisch et al., 2016).
The most putative factors associated with MIH involve childhood illnesses, the use of medications
during amelogenesis and environmental toxins. A multifactorial pathology is expected, and an

individual hereditary susceptibility to MIH is suggested as well (Jeremias et al., 2013b).

1.3.2. Amelogenesis genes and susceptibility to developing MIH

Genetic susceptibility may be associated with MIH (Jeremias et al., 2013b). It is speculated
that a genetically changed structure of matrix proteins leads to poor clearance by ameloblasts
during calcification. A protein in focus within MIH genetic research is Kallikrein-related peptidase
4 (KLK4), which seems to have an important role during enamel maturation. Other elements

within amelogenesis that could be affected genetically and are discussed in the literature are ion
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transport (for example, Ca®" transport), pH balance and the apoptosis of ameloblasts.

Genetic research, including family-based genetic association studies, has shown variations
in proteins related to amelogenesis that are associated with a higher susceptibility to MIH
development (Jeremias et al., 2013b, Kuhnisch et al., 2014c, Pang et al., 2020, Jeremias et al.,
2016). Vieira (2019a) suggested that MIH could be explained by a gene-environmental model where
multiple genes individually have minor effects on MIH but should be considered a causative factor
in combination with environmental risk factors. Other authors suggested an interaction between
amelogenesis and immune-related genes. An interaction of asthma and respiratory diseases has
been evaluated, and the authors concluded that immune-related genes may have an additive effect

on susceptibility to MIH (Bussaneli et al., 2019).

1.3.3. MIH - pre- and perinatal factors

Several pre- and perinatal factors are suspected to have an association with MIH. Infants
born preterm, with low birth weight or cesarean delivery, associated with insufficient oxygen levels,
seem to have an increased risk of MIH (Brogardh-Roth et al., 2011, Silva et al., 2016, Souza et al.,
2012, Jacobsen et al., 2014, Aine et al., 2000). Additionally, maternal smoking, stress and mothers’
use of medications such as antibiotics, cortisone and chemotherapy during pregnancy have been
mentioned as possible causative factors (Whatling and Fearne, 2008, Silva et al., 2016, Fagrell et
al., 2011). Due to the heterogeneity of these factors, as well as the close connection between many
of them, it is challenging to point out any specific pre- or perinatal determinants of MIH.

Children born preterm are significantly more often affected by MIH or HSPM than children
born at term. The exact mechanisms underlying these enamel defects are not fully understood
(Aine et al., 2000, Brogardh-Roth et al., 2011, Lima et al., 2020). However, it is hypothesized that
a lack of bone minerals such as calcium and phosphorus or a lack of vitamin D could be etiological
factors behind dental developmental defects of the primary and permanent dentitions in preterm
children (Aine et al., 2000, Kuhnisch et al., 2015, van der Tas et al., 2018, Seow, 1996).

The fetus normally accumulates a sufficient amount of calcium during the last trimester of
pregnancy. During the first days of life, newborns experience neonatal hypocalcemia. Full-term
infants show only slightly decreased calcium concentrations, which usually return to normal within
5-10 days (Salle et al., 2000). However, preterm infants do not have enough accumulated calcium
(Alaluusua, 2010, Lygidakis et al., 2008b), and breast milk does not contain enough calcium and
phosphorus to ensure optimal mineral retention in the bone tissue (Koo and Tsang, 1991, Schanler
and Abrams, 1995). It is suspected that inadequate mineral retention leads to disturbances in
amelogenesis. It seems that the lower the gestational age is at birth, and the longer the duration of
parenteral nutrition is, the higher the number of affected teeth will be. Mineral supplementation
for children born preterm may diminish, but not totally prevent, enamel defects (Aine et al., 2000).

Vitamin D deficiency is common in low-birth-weight, preterm infants (<1500 g) (Munshi
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etal., 2018, Burris et al., 2014). Vitamin D binds to the vitamin D receptor (VDR), the most highly
expressed steroid receptor in the enamel maturation phase, and both vitamin D and VDR are
closely associated with enamel mineralization (Babajko et al., 2017). A balanced concentration of
vitamin D during odontogenesis is important to avoid disturbances in enamel maturation (Dhamo
et al., 2019). However, the results of studies on whether a lack of perinatal vitamin D status is
associated with MIH and/or HSPM show conflicting results (Kuhnisch et al., 2015, van der Tas et
al., 2018). Vitamin D, as well as mineral supplementation, is recommended, especially for infants
born prematurely. Further studies are needed to clarify the effects, as well as the optimal doses,
of vitamin D supplementation to avoid subsequent enamel defects due to a possible vitamin D
deficiency (Aine et al., 2000).

1.3.4. MIH - postnatal factors

Several postnatal factors have been proposed to be associated with MIH (Alaluusua, 2010,
Serna et al., 2016, Silva et al., 2016, Tourino et al., 2016). Health problems or medical treatments
within the first year of life seem to have a higher statistically demonstrated influence on the
prevalence of MIH than health problems during the second and third years of life (Jalevik et al.,
2001b).

An association between long-term breastfeeding and MIH seems to exist (Alaluusua et
al., 1996a). Environmental contaminants such as dioxin or polychlorinated biphenyls (PCBs)
are lipophilic substances that can be passed to the newborn via mother’s breast milk. It seems
reasonable to suggest that a dose-response relationship exists between perinatal PCB exposure and
enamel defects (Wang et al., 2003). Even if the pollution of these environmental contaminants has
decreased during the past decades in Europe, exposure to toxins through breastfeeding might be
considered a potential factor for MIH, especially in regions with high pollution (Alaluusua et al.,
1996b, Kuhnisch et al., 2014b).

Early respiratory diseases such as asthma, pneumonia and upper respiratory infections,
as well as otitis media, may have an impact on the risk of developing MIH (Jalevik et al., 2001b,
Kuhnisch et al., 2014b, Flexeder et al., 2020). It is difficult to discriminate whether the infection
itself or the systemic treatment of the infection has a greater influence. Frequent use of aerosol
therapy with, for example, corticosteroids in early childhood is a risk factor for the development of
MIH (Loli et al., 2015). Animal research has shown that corticosteroids can disrupt amelogenesis
(Pawlicki et al., 1992). Antibiotics, which may potentially cause MIH, are widely used within the
treatment of respiratory diseases and other bacterial infections (Laisi et al., 2009, Kuhnisch et al.,
2014b).

Drugs used in chemotherapy for the treatment of epilepsy and the use of antibiotics
prescribed during the first years life are suspected to be associated with MIH (Serna et al., 2016).
In addition to vitamin D deficiency (Kuhnisch et al., 2015), vitamin A deficiency is proposed to be
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a triggering factor for MIH (Mishra and Pandey, 2016).

1.4. The role of animal studies in enamel research

A considerable proportion of contemporary knowledge about amelogenesis and its
pathogenesis is based on animal research (Fejerskov, 1979). Animal models, both in vitro and in
vivo, are essential to obtain an understanding of the basic biology of amelogenesis as well as to
evaluate the effects of various medications and toxins on amelogenesis. Important requirements
are that tooth development should be comparable with that of humans, that tooth development
should take a reasonable time and that nutritional requirements should be well known (Fejerskov,
1979).

Rodent incisors are especially evaluated since they erupt continuously during the lifespan of
the animal, allowing us to study all stages of amelogenesis within the same tissue section. Profound
knowledge about the amelogenesis time schedule as well as the most important physiological
processes could be gained by animal research, mainly performed on rodents. The enamel basic
structure, as well as the mode of formation, is comparable with the enamel structure of humans
(Warshawsky et al., 1981, Moinichen et al., 1996). Rodent molars are quite comparable to human
molars regarding shape and morphology (Figure 7, 8 and 9) (Tucker and Sharpe, 2004). In contrast
to the molars, the morphology of rodent incisors differs obviously from that of human incisors
(Figure 9c&d). Only the buccal surface of a rodent incisor is covered with enamel, and the enamel

on this surface is continuously formed throughout a rodent’s lifetime. The eruption rate is 200 um/

Figur 7: Macrophotography of lower incisors (left) and lower first, second and third molars (right).
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Figur 8: Scanning electron microscopy of an 18-day-old

mouse from the study group: a left mouse mandible, lingual

view with the first mandibular molar on the right side.

day for mandibular and 160 wm/day for maxillary incisors (Sidaly et al., 2015b).

The development of transgenic animal models allows the study of the function of enamel
matrix proteins during enamel formation. An important benefit of animal models in general is the
possibility of standardizing them for valid comparative studies. However, the transferability to
findings to humans must be evaluated critically, and the interpretation of results based on animal

research should always be taken with caution.

1.4.1. MIH - in vitro and in vivo experiments using animal models in enamel research

Many different study designs have involved rodents within enamel research. One approach
is in vitro studies using tooth germs from embryos that are cultured for several days under exposure
to different agents. The developmental stage of mouse first molars at embryonic day 18 (E18)
corresponds approximately to that of FPMs in humans slightly before birth (Sahlberg et al., 2013).
The advantage of this study approach is the isolated examination of one or several factors affecting
amelogenesis. This approach has been used to examine the effect of the antibiotic amoxicillin and
fluorides, alone or in combination, on enamel formation (Sahlberg et al., 2013, Laisi et al., 2009).
The results using this approach should be interpreted with care because the in vitro environment
differs from the natural environment.

In vivo studies using rodents such as mice and rats, both pups and adult animals, are
common within enamel research. Pregnant animals can be used if prenatal intervention is required.
Many results due to physiological as well as pathophysiological processes within amelogenesis
have been gained using incisors since these teeth show all stages of amelogenesis at the same time.

Several results within MIH research using animals in experimental models have been
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Figur 9: Three-dimensional reconstruction of slices from micro-CT of 18-day-old mice from the
study group: right mouse mandible, buccal view (a); isolated crown of the first mandibular molar
(b); isolated crown of a mandibular incisor (c); a mandibular incisor divided into six segments
(S1-S6) (d).

published. Factors such as fever; environmental toxins such as dioxin and PCBs; antibiotics
such as amoxicillin, erythromycin, and macrolide; hypoxia; and hypocalcemia seem to affect
amelogenesis and may be related to MIH (Elfrink et al., 2014, Alaluusua, 2010). Amelogenesis
seems to be sensitive to these factors only during a specific time window, which corresponds to the
appearance of MIH in humans. This fact has been demonstrated in rats treated with BPA starting
with perinatal exposure until day 30 of life (Jedeon et al., 2013). The rats in this study group
showed enamel hypomineralization, similar to human MIH. Another study group was exposed
to BPA starting with perinatal exposure until day 100 of life. The erupting enamel does not show
more enamel hypomineralization in comparison to the study group with BPA exposure until day
30 of life. The authors suggest that BPA disrupts normal protein removal only during a specific

time window. The dependence on the timing of an insult to result in enamel hypomineralization is
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characteristic of MIH, but the causal link for this fact is not yet fully understood.
Animal experiments could be used to improve the knowledge about the pathophysiology

behind MIH. The validation of an animal model in MIH research does not seem to exist.
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1.5. Overall aim of this thesis

The general objectives of this thesis were as follows:

A. To investigate the MIH prevalence, the distribution of affected teeth and MIH severity
in 16-year-olds from northern Norway.

B. To test a possible association between hypoxia during birth and MIH in a group of 8- to
10-year-olds.

C. To determine whether the use of high-dose ampicillin and gentamicin in combination,
usually given to preterm infants with suspected sepsis, could cause mineralization

disturbances in dental enamel using a newborn mouse model.
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2. Materials and Methods

2.1. Paperl

2.1.1. Study population

This study regarding the prevalence of MIH in northern Norway was part of a larger
epidemiological general health project called “Fit Futures” conducted in Troms country (Jacobsen
et al., 2012, Winther et al., 2014). In September 2010 to May 2011, all first-year upper-secondary-
school students from the two neighboring municipalities of Tromse (7 schools) and Balsfjord (1
school) were invited to join this cross-sectional health survey.

The Norwegian Data Protection Authority and the Regional Committee of Medical
and Health Research Ethics (reference numbers 2009/1282 and 2011/1702/REK, respectively)
approved the study in July 2010 and October 2011, respectively.

Recruitment took place at schools, and information was presented orally, electronically and
by distributing a brochure to students and parents/guardians. Students interested in participating
in the study confirmed this interest via an internet link sent to their personal e-mail address and
signed a written consent upon arrival for the examination. All participants who had turned 16
years of age by the day of examination as well as the guardians of the younger participants gave
written informed consent. To obtain a high participation rate, the survey was conducted during
school hours. The participants were transported from the schools to the examination stations at the
university by mini-buses, and a 200 NOK (US $35) voucher was handed out.

The invited cohort included 1,117 participants, mainly between 15 and 19 years old, and
a total of 1,038 adolescents (508 girls and 530 boys) accepted and participated (Figure 10). Thus,
the Fit Futures attendance rate was 92.9% (Winther et al., 2014).

The oral health part of Fit Futures included all individuals born in 1994 and was performed
at the University Dental Clinic of the Arctic University of Norway (UiT) in Tromse (Jacobsen
et al., 2016). A clinical examination with two bitewing radiographs, replacing the annual dental
examination at the Public Dental Health Service (PDHS), was carried out by an experienced and
calibrated dentist assisted by a dental nurse. The participants were examined in a dental chair. Dental
lighting, mirrors and blunt probes were used to examine all visible tooth surfaces. Additionally,
impressions of both jaws were taken.

As a part of the clinical examination, eight photographs (Canon EOS 60D; Canon 105 mm;
Sigma EM-140 DG) were taken by experienced trained dental nurses or dentists in the following
order: the buccal surfaces of the teeth in the first and fourth quadrants (#1), the corresponding
surfaces in the second and third quadrants, the buccal surfaces of maxillary and mandibular anterior
teeth (#3), the occlusal surfaces of the upper teeth (#4 & 5) and lower teeth (#6 & 7) and the palatal
surfaces of the upper anterior teeth (#8) (Figure 11). All photographs were taken with the use of
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Figur 10: Participant inclusion flowchart for Fit Futures.

cheek retractors. Additionally, for picture #3, an occlusal mirror was used, and for photographs #5
to #8, a buccal/lingual double-ended photography mirror was used. To enable the evaluation of the
complete buccal surfaces of incisors, picture #1 was taken with slight mouth opening. The tooth
surfaces were kept moist, avoiding abundant saliva. All photographs were critically evaluated and
repeated if required.

In the present study, the data from the 869 individuals born in 1994 were evaluated. In total,
7 participants were excluded due to missing or inadequate clinical photographs, and 68 participants
were excluded due to fixed orthodontic appliances in one or both jaws. In total, 794 individuals

(380 girls and 414 boys) with complete datasets were included in the present study (Figure 10).

2.1.2. Diagnostics of MIH

The clinical photographs of the 794 adolescents were shown on a flat screen in a room with
indirect, standardized lighting and examined independently by three experienced and calibrated
dentists. In line with the EAPD guidelines for MIH (Lygidakis et al., 2010), the buccal, occlusal and
palatal/lingual surfaces of all FPMs were examined, as well as the labial surfaces of all central and
lateral incisors and canines. Characteristics such as opacities (white/cream/yellow-brown color),
PEB, atypical restorations and extractions judged as being due to MIH were recorded. Opacities

>1 mm were registered (Lygidakis et al., 2010). The examiners recorded the data individually and
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Figur 11: Example of the clinical photographs of one participant.




independently. A joint score was decided for each recording, and a consensus was reached through
discussion when individual scores differed. The classification of MIH-affected teeth and surfaces
was based on the most severe diagnosis recorded (opacity\PEB\atypical restoration).

Affected MIH teeth were given a dichotomous score classifying the lesions as mild or
severe. Surfaces or teeth with opacities only were defined as mild (grade 1). Surfaces or teeth with
PEB, atypical fillings and teeth that had been extracted were defined as severe (grade 2). If an
opacity and PEB or restoration occurred on the same surface, it was scored as severe (Lygidakis
etal., 2010).

To calculate the intra- and interexaminer agreement, a re-examination was performed one
month later. The examiners repeated the registrations of 10% (n = 11) of photographs randomly
selected with MIH diagnoses and 10% (n = 68) without MIH diagnoses. The photographs were
mixed and “blinded” before the re-examination. The codes that were used in the kappa calculations

(tooth level) were 0 = MIH free and 1 = MIH affected.

2.1.3. Statistical analyses

The data were analyzed using the SPSS package version 21.0 (IBM SPSS Inc., Chicago,
IL, USA). Interobserver analyses (kappa statistics) were performed with MedCalc version 13
(MedCalc Software, Ostend, Belgium).
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2.2. Paper II

2.2.1. Sample population

This cross-sectional, case-control study was conducted in Oslo and Akershus counties,
southern Norway.

The Norwegian Data Protection Authority and the Regional Committee of Medical and
Health Research Ethics (reference number 2013/1072/REK ser-ost) approved the study. Informed
consent was signed by each child’s parents prior to data collection.

Two groups of children were investigated based on clinical and photographic examinations
of 8—10-year-old children (n = 266) (Figure 13). The study group had been diagnosed with birth
asphyxia, defined as an Apgar score < 5 (Group 1) 5 min after delivery. The Apgar score is a
vitality index, ranging from 0 to 10, that summates five clinical signs, heart rate, respiratory effort,
reflex irritability, muscle tone and color, each given a score of 0, 1, or 2. Today, the Apgar score is
routinely determined at Oslo University Hospital for every newborn at one, five and ten minutes
after birth. An Apgar score of 7-10 is considered normal, while a lower score is an indicator
of decreased vitality (Apgar, 2015). The study group comprised all children born in 2004-2006
and admitted to the Neonatal Intensive Care, Ullevél, Oslo University Hospital, with an Apgar
score < 5 at 5 min. Originally, this group comprised 107 children, of whom 80 were invited to

participate and 67 were included in the final study group (Figure 12). The national population

Total
individuals
/ 266 \
Group 1 Group 2
107 159
Deceased: 15
Missing contact information: 12
Received
the invitation
80 3 L.
Declined invitation: 9 Declined invitation
Moved abroad: 3 2
Accepted
the invitation
68
Excluded because of Down
syndrome: 1
Included Included
67 157

Figur 12: Flowchart of individuals enrolled in the study. Group 1 represents the study group and
group 2 the control group.
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register (Folkeregisteret) was contacted to confirm the contact details obtained from the medical
records. The control group (Group 2) comprised 157 8- to 10-year-old randomly selected children
healthy at birth attending the Public Dental Health Service (PDHS) in Lillestrom in the county of
Akershus (Figure 12). The controls were age-matched with the study cases (born in 2004-2006).
The percentages of boys and girls in the study group were 53.0% and 47.0%, respectively, and the
corresponding percentages in the control group were 49.7% and 50.3%. The mean age in the study
group was 9.0 years (SD 0.84, range 8—10), and that in the control group was 9.0 years (SD 0.80,
range 8—10).

2.2.2. Data collection and analysis

A structured medical history questionnaire was sent or handed to the parents of the
participating children. The questionnaire included data on maternal health, pregnancy, delivery,
prematurity, breastfeeding, the use of antibiotics and infections during early childhood, as described
in previous studies (Koch et al., 1987, Laisi et al., 2009). The children were examined in a dental
clinic for the presence and severity of MIH by two dentists (RS and AS). Dental lighting, mirrors
and blunt probes were used. After the clinical examination, seven photographs (Canon EOS 60D;
Canon 100 mm; Canon Ring Lite MR -14EX) were taken according to a standardized protocol
in the following order: the buccal surfaces of the teeth in the first and fourth quadrants (#1), the
corresponding surfaces in the second and third quadrants (#2), the buccal surfaces of the upper
and lower anterior teeth (#3), and the occlusal surfaces of the upper teeth (#4 & 5) and lower teeth
(#6 & 7). Most of the photographs were taken by the same photographer. To enable the evaluation
of the complete buccal surfaces of incisors, picture #1 was taken with slight mouth opening. The
tooth surfaces were kept moist, avoiding abundant saliva.

For the diagnosis of MIH based on intraoral photographs, the photographs were displayed
on a Sony 55” TV monitor (Sony Model no. KDL 55WB02A LCD-TV, Sony Corporation, Japan)
in a room with covered windows and dimmed room lighting. The intraoral photographs were then
evaluated for enamel defects by three independent and blinded observers and authors (AS, ABS
and IE).

In a few cases, when the quality of the photographs was not optimal due to poor patient
compliance, the clinical diagnosis was taken into account.

Prior to the clinical examination as well as the diagnostics according to MIH based on
the clinical photographs, a calibration exercise was conducted among all authors. The examiners
applied the diagnostic criteria that were agreed upon at a workshop organized by the EAPD
(Lygidakis et al., 2010). All second primary molars and index teeth, which included FPMs and
all permanent incisors, were examined for demarcated opacity (white/cream/yellow-brown
color), PEB, atypical restorations and extractions due to MIH. Opacities >1 mm in diameter were

registered. The term MIH was used for dentitions with one or more hypomineralized FPMs with or
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without hypomineralized permanent incisors (Weerheijm and Mejare, 2003). When more than one
defect occurred on a tooth surface, the most severe defect was recorded. Sum scores of recordings
on FPMs were calculated to express the severity of MIH in each individual. For each person with
MIH, the sum score theoretically could range from 1 to 8, as each FPM received a score of 1 for
opacity or 2 for PEB, an atypical filling or an extraction due to MIH. The final diagnosis of MIH
was based on consensus among the observers based on the clinical photographs and in a few cases
in combination with the clinical examination.

One month later, the clinical photographs of a subsample of children (n = 35, 15.5%) were
re-examined in the same room under identical lighting conditions on the same TV monitor. The
photographs were mixed and “blinded” before the re-examination. Cohen’s kappa was calculated
for inter- and intraexaminer agreement at the tooth level using the codes 0 = MIH free and 1 =
MIH aftected.

2.2.3. Statistical analyses
The data were analyzed using SPSS version 22.0 (IBM SPSS Inc., Chicago, IL, USA).

The chi-square test was used for comparisons. Significance was set at p < 0.05. Interobserver
analyses (kappa statistics) were performed with MedCalc version 13 (MedCalc Software, Ostend,

Belgium).
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2.3. Paper II1

2.3.1. Animal model

To meet the requirements for reliable power analysis calculations, a spontaneous effect on
amelogenesis within a control group must be covered. No data are available regarding spontaneous
affection on amelogenesis in neonatal mice, so enamel affection in line with MIH were estimated to
be 5% in mice without intervention. The effect on the study group was estimated to be 30%, which
is in line with the effect on children born preterm and commonly treated with high-dose antibiotics
(Brogardh-Roth et al., 2011). Based on a power analysis, the study was planned to be conducted on
a total of 80 mice, with 40 mice each in the control and study groups. The project was started with
two pregnant mice followed by another three shortly thereafter. Five pregnant mice (CD-1 strain)
were maintained on a 12-h light-dark cycle at 21°C and at a relative humidity of 55%. The mice
were given standard laboratory fodder and water ad libitum. The animals were kept according to
the regulations of the Norwegian Gene Technology Act of 1994, and the experiment was approved
by the Local Veterinary Service (FOTS ID 8325). This study conformed to the ARRIVE (Animal
Research: Reporting of In Vivo Experiments) guidelines.

In total, 71 neonatal mice were obtained and randomly allocated to a study group (n=36)
and a control group (n=35) (Figure 13). Cutting the tail tip marked the mice of the control group.
Starting at postnatal day one (P1) or two (P2), drugs (described later) were intravenously injected
for four days in the morning as described by Glascock et al. (2011). Filtered green food dye (1:100)
was added to the solutions to control access to the intravenous injection. The green dye rendered
the drug distribution visible, as the normal pink skin color of the neonates was converted to green.
Before injection, the facial vein was made visible by using a Wee Sight™ transilluminator (Philips,
Amsterdam, Netherland). The solution was slowly injected with an insulin syringe (Micro-Fine™
8 mm x 30 G; Becton Dickinson, New Jersey, USA) using a 2.5X magnifying visor loupe (Lactona,
Bergen op Zoom, Netherland). Bleeding from the injection site was stopped by applying pressure
with a gauze swab. After the transient stress from the injection was relieved, the mice were returned
to the cage and kept under standard conditions.

All neonatal mice were sacrificed by cervical dislocation at the age of P16 to P18. The jaws,
including incisor and molar teeth, were dissected out and fixed in 70% ethanol. After fixation, the
jaws were thoroughly cleaned by gentle brushing in running tap water using a stereomicroscope
with a light source (SteREO Discovery V8 & SteREO CL 1500 ECO; ZEISS, Oberkochen,
Germany). Teeth with visible iatrogenic decay accidentally inflicted during preparation were
excluded from the study.

All medicines were purchased from the hospital pharmacy (Sykehusapoteket Rikshospitalet,

Oslo, Norway) and prepared for the study group as follows: the ampicillin solution was prepared
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Figur 13: Experimental setup and treatment.

by mixing powder and sterile physiological saline according to the manufacturer’s instructions
(Pentrexyl; Bristol-Myers Squibb, Lysaker, Norway) and adding sterile filtered green food dye
(1:100). Gentamicin (Gentamicin; B. Brown, Melsungen, Germany) was administered using a
prefabricated solution (3 mg/ml) for injections. Before use, both antibiotic solutions were mixed
according to the requested dose: ampicillin solution (200 mg/kg) 2.0 ul/g mouse body weight and
gentamicin solution (4 mg/kg) 1.3 ul/g mouse body weight, equivalent to what is given to preterm
infants in Norwegian hospitals. The injected volume per mouse was between 6.6 pl and 15.2 pl,
corresponding to the body weight (2.0-4.6 g). For the control group, sterile saline was prepared
with sterile filtered green food dye (1:100), and a volume corresponding to 3.3 pl/g mouse body

weight was injected.

2.3.2. Macrophotography

As a part of the enamel examination, photographs were taken using a digital single-lens
reflex camera with a macrolens (D700 & AF Micro Nikkor 60 mm, 1:1; Nikon, Tokyo, Japan) and
extension tubes (DG 12, 20 and 36 mm; Kenko Tokina, Tokyo, Japan) with standardized camera
settings (ISO 200, 32, 3 sec): the labial aspects of the upper and lower incisors and the occlusal
surfaces of the first upper and lower molars were photographed (Figure 14). The photographs were
projected on a flat screen in a room with indirect, standardized lighting and examined individually
and independently by three experienced dentists. The photographs were randomized and blinded
before the examination. Enamel disturbances such as demarcated opacities (white, yellow and
brown color), hypoplasias and other enamel defects were recorded. A joint score was decided
for each recording, and consensus was reached through discussion when individual examiners
differed.
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Figur 14: Photographs of teeth from mice in the study group: (a) maxillary

mouse incisors; (b) maxillary mouse molars; (c) mandibular mouse incisors;

(d) mandibular mouse molars.

2.3.3. Micro-CT imaging

A micro-CT scanner (SkyScan 1172; Bruker, Brussels, Belgium) was used to obtain three-
dimensional images of mouse incisors and first molars to determine the enamel volume and density.
The scanning protocol and parameters for human teeth described in previous studies (Johnsen et
al., 2016) were used with adjustments to the requirements for the analysis of murine dentitions.
Samples were mounted vertically in customized tubes. Hydroxyapatite phantoms with known
density were used to calibrate the instruments. The scanning parameters were 4.96 pum isotropic
pixel size with a medium camera resolution and X-ray source (100 kV, 100 mA, 10 W) using a
0.5 mm Al filter. Samples were rotated 360° around their vertical axes, with a 0.4-rotation step
and frame averaging of three. A flat field correction was performed before every scan. The X-ray
attenuation coefficients for serial coronally oriented tomograms were reconstructed with SkyScan

software Nrecon (Bruker, Brussels, Belgium) using a modified algorithm, with a beam hardening
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of 20%, a ring artifact correction of 12 and an attenuation coefficient range of 0.00 to 0.05. The
grayscale was first defined using control mouse enamel, allowing the isolation of enamel alone
without any other structure. The resulting histogram was used to determine a binary threshold of
60 to 255 for hard tissue, including enamel and dentine, and 130 to 255 for isolated enamel.

Before analyzing the enamel, first molars and incisors were isolated from the surrounding
tissue prepared digitally using DataViewer (Bruker, Brussels, Belgium). The crown of the molars
was isolated from the root at the cementoenamel junction in a standardized way (Figure 15).
Incisors were divided into six segments, each being 0.7 mm long starting at the incisal edge with
S1 and ending at the most apical part of the tooth representing S6 following a standard protocol
(Figure 9). All images were inspected visually and with micro-CT, and iatrogenic artifacts were
registered.

SkyScan software CTan and CTvol (Bruker, Brussels, Belgium) were used to determine
enamel quality and quantity. The enamel was analyzed regarding mineral density and the proportion

of the enamel’s object volume (vol%) of the tooth’s or segment’s total hard dental tissue.

2.3.4. Statistical analysis

The results (enamel volume and density) are expressed as the mean + SD of independent
experiments in the upper and lower first molars and in every single segment (S1 to S6) of
incisors. Shapiro-Wilk’s test was used to test normal distribution. If normality failed, values were
transformed using log10, VX or 1/X, and Shapiro-Wilk’s test was repeated. One-way ANOVA was
used to analyze the variance.

Welch’s t-test was performed in cases where both normality and variance failed. Student’s

t-test was used in cases with normal distribution and equal variance. The Mann-Whitney U-test was

performed when normality failed, and the variance was equal. Results were considered statistically
different if p<0.05. All calculations were carried out using SPSS version 24.0 (IBM SPSS Inc.,
Chicago, USA).

Figur 15: Illustration of the isolation

Y of the crown (blue cylinder) and the

‘ i_;—,,‘ six segments (S1-S6).
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3. Summary of results

3.1. Paper I. MIH prevalence, the distribution of affected teeth and MIH severity
study

The mean age of the participants was 16.6 years (range 15.8—17.3 years). Interexaminer
and intraexaminer agreement for MIH diagnosis at the patient level, measured by Cohen’s kappa
(95% CI), was in the range of 0.91-0.99 and 0.86—0.88, respectively.

The prevalence of MIH was 13.9% (110 of 794 participants). Girls were more often affected
than boys (16.3% vs. 11.6%; P=0.054). The number of affected teeth among the individuals with
MIH is presented in Figure 16. The mean numbers of affected index teeth together as well as the

mean number of affected FPMs and incisors isolated were 2.9, 2.0 and 0.9, respectively.
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Figur 16: Number of affected teeth among 110 individuals with MIH.

Altogether, 201 FPMs were affected in the 110 individuals with MIH. The numbers of
affected FPMs showed that 48.2% of individuals had one affected FPM, 30.0% had two FPMs,
12.7% had three FPMs and 9.1% had four affected FPMs. Maxillary FPMs were 1.6 times more
frequently affected than mandibular FPMs (P<0.001), and FPMs on the right side were 1.2 times
more often affected than those on the left side (P=0.038) (Figure 17). Opacities were recorded in
only 54.0% of these molars, while 24.3% had PEB. In addition, atypical restorations were found
in 18.8% of the affected FPMs, and six teeth (3.0%) had been extracted due to MIH. The buccal
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Figur 17: Proportion (%) and distribution of the affected MIH teeth among 110 individuals with
MIH.

surfaces (78.6%) were most often affected, followed by the occlusal surfaces (39.3%), while the
lingual surfaces (27.9%) were least frequently affected. According to Figure 18, more severe lesions
(grade 2) were found in mandibular FPMs than in maxillary FPMs, 37.1% and 59.1%, respectively
(P=0.002). Following the EAPD policy document, the registration of demarcated opacities at the
lingual and palatal part of the crown is not recommended. In total, eight participants had solely
an affection of the palatal (7 participants, 8 FPMs) or lingual (1 participant, 1 FPM) surface,
increasing the overall prevalence from 12.8 to 13.9%.

Incisor involvement was recorded in 41.8% of the participants with MIH. A total of 32.8%
had one or two affected incisors, and 9.0% had three to five affected incisors. Five was the maximum
number of affected incisors in the same individual. Maxillary incisors were 2.5 times more often
affected than mandibular incisors (P<0.001) (Figure 17). In the affected incisors, opacities were
found on the buccal surfaces. No PEB was registered in incisors. In total, 91 affected incisors were
registered, and no incisor was extracted due to MIH. The central incisors in the maxilla were more
often affected than the lateral incisors, in contrast to the mandible, where the lateral incisors were
most frequently affected.

Canines were involved in 22.8% of the individuals in the MIH group compared to 1.6%
of those without MIH (P<0.001). All disturbances were localized in the incisal third, and in 10
out of 33 individuals, the cusp tip was affected. The number of affected canines in the MIH group
ranged from 1 (15.5%) to 2 (7.3%), and maxillary canines were 2.3 times more often affected than
mandibular canines (P=0.019). Of the 33 affected canines, no PEB was found in the mandible, but
13.0% had PEB or atypical fillings in the maxilla.
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Figur 18: The distribution (proportion) and severity of the 201 affected FPMs in 110 individuals
with MIH.

3.2. Paper Il. Association between asphyxia during birth and the occurrence of
MIH

Interexaminer and intraexaminer agreement for MIH diagnosis at the patient level,
measured by Cohen’s kappa, was in the range of 0.60-0.78 (mean 0.69) and 0.55-0.76 (mean
0.65), respectively.

The results of the joint decisions, based on the examination of the intraoral photographs,
showed that the MIH prevalence in the asphyxia group was 29.4% and in the control group was
31.2% (p = 0.79). There was a slightly higher proportion of controls (5.7%) than cases (2.9%)
who had an MIH sum score between 5 and 8 (Table 3), and there was no significant difference in
the average severity score per tooth between the two groups (p = 0.42). Furthermore, there were

no statistically significant differences in the distribution of affected index teeth or second primary
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Group

MIH score Group 1 Group 2 p-value
(n=68) (n=157)

0 69.1 67.5 094

1-2 16.2 144 069

34 18 124 005

5-8 29 57 040

Total 1000 1000

Table 3: Distribution of individuals according to MIH score in the study

group (group 1) (Apgar score < 5) and control group (group 2). The MIH

score is cumulative score for all four FPMs in each individual. The scores

for each tooth may vary from 0 (no MIH) to 2 according to severity. No

statistically significant differences were observed between groups.

molars between the individuals within the groups (Table 4). An analysis of the medical records of

the children in the study group who did not wish to participate showed that there was no increased

morbidity during the first year of life in these children when compared with the children in the

study group who participated.

There was no statistically significant difference in MIH prevalence between girls and boys

in either the study group (p = 0.75) or the control group (p = 0.57).

Analyses of the self-reported health information (questionnaires) revealed that there was

no statistically significant association with MIH and health-related variables between groups.

Affected tooth group
Upper FPM
Lower FPM
Upper central incisors

Upper lateral incisors

Upper second primary molars

Lower central incisors

Lower lateral incisors

Lower second primary molars

Group
Group 1 Group 2
228 213
110 185
53 6.1
35 38
8.2 54
29 25
30 26
82 4.

p-value
063
0.13
061
0.54
043
064
0.77
0.08

Table 4: Distribution of affected index teeth and second primary molars in

individuals with an Apgar score <5 in the study group (group 1) compared

to the control group (group 2). No statistically significant differences were

observed between groups.
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3.3. Paper III. Effects of antibiotics on developing enamel in neonatal mice in
vivo

A flowchart of animals and teeth included in the final evaluation step of the study is
presented in Figure 19. None of the mice died during or immediately after an injection; however,
during the observation period until P16 to P18, 18/36 mice in the study group and 9/35 mice in
the control group died (Figure 19). The mean (SD) age of the mice at the final time point was 16.9
(£0.78) days. Among the included mice, 14 first molars and incisors (7.9%) were excluded due to
iatrogenic artifacts. In total, 18 mice from the study group with 65 first molars and incisors were
included. In the control group, 26 mice with 97 first molars and incisors were evaluated (Figure
19).

When dividing incisors into six equal segments, the apical part of the enamel at approximately
S5-S6 was less mineralized than the enamel closer to the incisal edge (Figure 20), which made
the apical enamel more vulnerable during the dissection process, and in two cases, the most apical
segments (S6) were excluded because of enamel fractures.

No enamel disturbances, such as demarcated opacities (white, yellow and brown color),
hypoplasias or other enamel defects, were observed, neither in the study nor in the control group,

by visual examination of macrophotographs (Figure 14). The enamel vol% in first molars was

71 mice

CD-1
study group
36 mice

5 litters

excluded
9 mice died (25.7%)

gentamycin (1.3 ul/g)

terile sali
ampicillin (2.0 ul/g) Stertie satne

A

excluded
18 mice died (50.0%

34 maxillary first molars

31 mandibular first molars
31 maxillary incisors

34 mandibular incisors

52 maxillary first molars

45 mandibular first molars
50 macxillary incisors

47 mandibular incisors

Figur 19: Flowchart of animals enrolled in the study.
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Figur 20: Median and interquartile range of enamel mineral density g/cm3 of maxillary and
mandibular incisor segments (S1-S6); *significant difference between the study group and the

control group (p<0.05).

significantly lower in the study group than in the control group in both the upper (30.9% vs.
32.7%; p=0.004) and lower (32.5% vs. 34.6%; p=0.015) jaws (Figure 21). The enamel vol% of the
study group was significantly lower in mandibular incisors (p<0.05) in all segments (S1-S6). In the
maxilla, two incisor segments (S3, S4) in the study group showed a significantly lower vol% than
in the control group (Figure 22). The MD of the enamel from the study group was significantly
lower (p<0.05) in four segments (S1-S4) from maxillary incisors than that from the control group.
In mandibular incisors, the MD of the enamel was significantly lower in segments S1, S2, and S4
than in other segments (Figure 20). There was no significant difference between the MD of enamel

from any of the first molars when comparing the study and the control groups.
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4. Discussion

4.1. Consideration of methodological aspects

This thesis consists of three studies with different study designs and study populations.

4.1.1. Paperl

Paper I was based on the health survey Fit Futures, and only adolescents born in 1994
were included in the survey. Most adolescents in Norway follow the normal school curriculum,
but 16-year-olds not attending first-year upper-secondary schools were not a part of this survey.
Reasons for missing one or more school years are many and varied. Factors such as sex,
socioeconomic background, parents’ education, earlier school accomplishments/achievement and
too many missed school hours are mentioned in the literature (Markussen and Sandberg, 2010).
Most of these factors may have no or little influence on the results regarding MIH. However,
pupils with very special educational needs attend special classes or schools and are therefore
not included in this study. Causes for special educational needs are mainly learning disabilities,
which can be caused by certain circumstances, such as the mother becoming ill during pregnancy,
problems during birth due to a lack of oxygen, genetic factors, illnesses such as meningitis and
injury in early childhood. It has been speculated that adolescents with special educational needs
are more frequently affected by MIH than healthy adolescents (Prokocimer et al., 2015), and a
recent publication concluded that MIH is quite common in children with intellectual disabilities
(Brzovic Rajic et al., 2021). The prevalence of MIH might be slightly underrepresented in the
present study, since not all adolescents born in 1994 were invited to participate. On the other hand,
the Fit Future participation rate (93%) was very high, ensuring good representativeness of the data.

Regardless of the attempts to ensure a high participation rate in this study, dropouts did
occur. Possible causes for dropouts are many and varied. It has been reported that BMPs and DFA
are more common in children with MIH than in controls (Jalevik and Klingberg, 2002). Therefore,
it could be suspected that children with MIH would, for that reason, avoid dental examinations,
especially when participation in an oral health research project is voluntary. However, in another
study, there was no significant difference in DFA between children with severe MIH and children
without MIH (Kosma et al., 2016). Since the main part of the Fit Futures health survey did not
involve dental health, dropouts due to problems visiting dental services probably had no or only a
negligible effect on the results.

Recommendations for studies on MIH, including the prevalence, severity, and number and
distribution of affected teeth, were published in an EAPD policy document in 2003 (Weerheijm et
al., 2003) and updated in 2010 (Lygidakis et al., 2010). Teenage participants are assumed to be a
strength in MIH studies. The examination of participants at this age allows the assessment of all

permanent teeth that could be affected by MIH, including canines. In addition to the prevalence
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of MIH, the variability of the defects over time can be evaluated. The risk of underestimating the
number and extent of MIH defects in older individuals due to caries lesions in affected areas or that
PEB had been restored was not a problem in the present study. Norwegian dentists show positive
attitudes towards minimally invasive dentistry, and Black’s principles ‘extension for prevention’
are no longer tenable (Kopperud et al., 2016, Tyas et al., 2000). It is, however, recommended by
William et al. (2006) that “All defective enamel should be removed to gain a better bonding of the
adhesive material”. Even if this recommendation is followed, it is assumed that MIH can be detected
in most affected patients through the examination of the affection of other teeth. Experience during
the scoring of the clinical photographs of the presented material suggested that it is unlikely that
the presence of many restorations masks enamel disturbances. On the other hand, orthodontic
treatment with fixed appliances can camouflage MIH lesions, and 68 participants (7.8% of the
study group) had to be excluded for that reason.

While the EAPD policy document recommends the registration of demarcated opacities at
the occlusal and buccal part of the crown (Lygidakis et al., 2010), the lingual and palatal surface of
the crown were evaluated as well in this study, resulting in a slightly increased prevalence.

There is a substantial consensus to register the color of the opacities due to MIH, ranging
from white, creamy or yellow to brownish. The colors of the opacities were not included in the
analyses. Categorizing the clinical presentation of the opacities into these three groups (white,
creamy or yellow to brownish) is difficult due to their heterogeneity, and the color of the opacities
does not affect the severity classification of the affected tooth. The color is, however, of great
importance for the characterization of the mechanical properties. Brown opacities have much
lower mechanical resistance than white opacities (Fagrell et al., 2010).

Different gradations have been used regarding the minimal size of registered opacities.
The current valid guidelines from the EAPD used in this study state that opacities less than 1
mm are not to be reported (Lygidakis et al., 2010), which is in line with the recommendation of
developmental defects of enamel in general (FDI, 1992). One of the first MIH prevalence reports
did not mention a minimal opacity size as an inclusion criterion (Koch et al., 1987), while in
other publications, defects less than 2 mm are excluded (Jalevik et al., 2001b). A detailed list
of judgment criteria for the diagnosis of MIH was published after a meeting of experts at the
6th Congress of the EAPD, but a specification of the criteria according to the size of opacities
was lacking (Weerheijm et al., 2003). These earlier vague size definitions of opacities leading
to different criteria may influence the comparability between various studies (Jalevik, 2010). In
studies based on a clinical examination, a periodontal probe can be used to measure the size of an
opacity, while in studies based on clinical photographs, the size of the opacity must be estimated,
which could lead to misjudgments. In the present study, the difficulty of including opacities that

were too small or excluded large enough opacities was solved by good calibration as well as
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discussions leading to a joint decision.

The use of clinical photographs to diagnose MIH is an approved method even if most of the
first prevalence studies from Scandinavia are based on data from clinical examinations (Alaluusua
et al., 1996b, Jalevik et al., 2001a, Leppaniemi et al., 2001). A combination of both methods
showed that there is a high agreement between clinical and photographic evaluations (Brogardh-
Roth et al., 2011). Training and calibration of examiners using photographs may be easier, and
standardized intraoral photographs may enable better comparability between different studies. It
has been shown that the sensitivity and specificity of photograph-based detection of HSPM, which
are comparable with those of MIH detection, are high, and the use of intraoral photographs is
recommended in clinical practice as well as in epidemiological studies (Elfrink et al., 2009).

Observer variation is a factor that has to be considered when comparing results from
different studies (Kopans, 2000). In the present study, these concerns were addressed using three
observers who scored independently, and a final decision was made by consensus agreement.

In addition, the evaluation of clinical photographs by several experts is a more objective
procedure and less invasive for the participant. The use of photographs facilitates randomization
and blinding, limiting observer bias, which is important in a study such as this.

Other enamel disturbances must be differentiated from MIH. The most relevant differential
diagnoses are dental fluorosis and amelogenesis imperfecta. Dental fluorosis is characterized by
diffuse opacities that affect the teeth symmetrically (Soviero et al., 2009). Amelogenesis imperfecta
affects the whole dentition, usually with opacities of the same degree. Teeth affected by MIH are
rarely affected in the same degree (Mahoney and Morrison, 2009). The differentiation of MIH
from other enamel disturbances is much easier when all permanent teeth can be evaluated. The risk

of incorrect diagnosis is thereby minimized in the present age group.

4.1.2. Paper 1l

Paper Il was based on a cross-sectional, case-control study. To reach an acceptable number
of participants in the study group and enable the examination of all participants within a short
period of time, ensuring consistent results and avoiding additional calibrations, a cohort born
between 2004 and 2006 was chosen. All participants in the study could be examined at the age of
8-10 years. This age interval is favorable for the diagnosis of MIH. The age of 8 years is, according
to the EAPD policy document, the best age for a cross-sectional study (Lygidakis et al., 2010). The
examination of younger children raises the risk that not all FPMs are fully erupted. In addition,
the risk of camouflaging MIH due to dental treatments/restorations increases with advancing age.

Since the Apgar score is based on a subjective grading, a calibration of the involved nurses
and doctors might have been beneficial. The data were used retrospectively, and several of the
participants with an Apgar score < 5 after 5 minutes did not have a low score after 10 minutes.

The use of the Apgar score after 10 minutes might have led to a study group including a higher
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proportion of participants with a diagnosis of perinatal asphyxia. Due to a lack of sufficient
registrations, such as metabolic acidosis, to confirm the diagnosis of perinatal asphyxia, the Apgar
score after 5 minutes was used.

The dental examination of the participants in the study group was not part of a routine
follow-up at the hospital. This dental examination required the additional cooperation of the
parents, leading to a number of dropouts. Several of the participants in the study group had a high
number of needed medical treatments, resulting in parents focusing on examinations with high
benefits and the avoidance of additional examinations. It could be speculated that participants with
a high grade of impairment declined participation to a higher degree than participants with a low
grade of impairments.

The control group was recruited from a recall list. Since the recall interval is usually
determined to be between 3 months and 24 months, patients with shorter recall intervals are likely
overrepresented. Usually, patients with tooth development disturbances such as severe MIH have
shorter recall intervals than patients with healthy teeth. Since this problem was not discovered
before recruitment, an overrepresentation of MIH-affected participants could be expected.

The registration of MIH was done in line with the study in Paper 1. The lower age of the
participants might have affected their ability to cooperate, and to ensure the registration of defects
due to MIH, a clinical examination was performed as well.

Differentiating MIH from other disturbances in tooth development was slightly more
difficult than in the study in Paper I because of the lower age of the participants, in whom all

permanent teeth may not have erupted.

4.1.3. Paper I1ll

Paper I1I was based on results from an animal model using 71 neonatal mice. The mortality
rate was not included in the calculation for the number of animals to be used. The reasons for the high
mortality (27/71) are not fully understood. All animals died closely related to the treatment period,
with an equal distribution within the first five days, which suggests that the injection technique
itself, the contents of the injections used in both the study and control groups, or a combination
of these factors may have been the cause of the unexpectedly high mortality. Antibiotics were
administered intravenously, consistent with the treatment of human preterm infants diagnosed
with sepsis. It could be speculated that the intravenous injection technique was too traumatic for
some of the neonatal mice. A reported common problem when using an intravenous technique is
the size and visibility of the target vein and the insertion the needle far enough into the vessels so
that the bevel of the needle is completely surrounded by the vessel (Glascock et al., 2011). Both a
Wee Sight Transilluminator and the addition of green dye to the solutions allowed visualization and
were supposed to ensure a successful intravenous injection. The presented antibiotic administration

technique is advanced, and mice at days 1-5 are small, so the risk for partial paravenous or
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subcutancous administration was obvious. This form of administration, however, was assumed to
be likely effective. Therapeutic drug monitoring is possible by measuring the drug levels in blood,
but this was not done to avoid additional burden for the animals.

The green food dye used in both groups to visualize and ensure proper injection resulted in
a dramatically altered skin tone, which may have led to some pups being rejected by their mother
(Glascock et al., 2011), which may partly explain the high mortality rate.

All these adverse side effects should be able to be detected shortly after injection and
would cause the death of the animal. Although no obvious adverse effects were observed during or
shortly after the injection, this evaluation was difficult since the mice did not show much activity
the first days after delivery.

The mortality in the study group was twice as high as that in the control group. Since the
difference in the mortality rate was so distinct, the dosage of the antibiotics used may have been
responsible for the deaths in the study group. The potential for differences in pharmacokinetics
between neonatal humans and mice remains uncertain (Warshawsky et al., 1981) and to our
knowledge, there are no data available regarding the dosage or the combination of antibiotics used
in neonatal mice.

All work with the animals was performed under the supervision of a well-trained animal
keeper. The use of anesthesia prior to the intravenous injections was considered. However, the use
of anesthesia prior to intravenous injections is normally not necessary in human neonates.

Several factors, which could not be addressed and examined in detail in this study, may have
led to the high mortality rate. Several modifications to improve this protocol should be evaluated.
Nevertheless, the presented protocol is considered a valid model for further research on MIH.

In enamel research, micro-CT is commonly accepted as a noninvasive technique to evaluate
enamel density and volume. Hypomineralized enamel manifests as areas with lower density, while
hypoplasia manifests as areas with a reduced volume. In contrast to analyses with a significantly
higher resolution, such as scanning electron microscopy (SEM) or quantitative backscattered
electron (BSE) imaging, micro-CT is not dependent on the grinding of sections, and the grinding
of longitudinal sections of mouse incisors is difficult (Sidaly et al., 2015b). Micro-CT enables a
three-dimensional analysis of the enamel in the selected area (Fagrell et al., 2013), and defects
can be detected independently of their location in the enamel. The use of an additional control
group, using medication with tetracycline, would have enabled obtaining results to ensure the
exact localization of the defect, and the number of sections included in the analyses would have
been reduced. The analyses may have been done exclusively with only three sections: two sections
representing the enamel formed right before and after the treatment with antibiotics and one section
representing the affected enamel.

Severely hypomineralized enamel may be misinterpreted as dentine by micro-CT. This bias
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was prevented by a visual examination of both clinical photographs and micro-CT images where
misinterpretations could have been registered.

The difterence in the MD of enamel between the study and control groups was less than 4%
in the present study. The entire section, both sound and affected enamel, was analyzed. Due to the
size of the human molars, affected enamel can be analyzed separately, which may result in greater
differences (Fearne et al., 2004). The local temporary areas of hypomineralized enamel shown by
Lyngstadaas et al. (1998) using SEM were not seen in the present study. It might be that micro-CT
may not be sensitive enough to visualize these microscopic hypomineralizations (Neboda et al.,
2017).

4.2. General discussion of the main results (Paper 1)

4.2.1. MIH prevalence data

The present study reports the first MIH prevalence data in Norwegian adolescents. The
prevalence of MIH was 13.9%, which is in line with most of the other Scandinavian studies. In
Finland, Leppaniemi et al. (2001) reported an MIH prevalence of 19.3%, while in Sweden, Koch
et al. (1987) found values varying from 3.6 to 15.4% depending on the age cohort included. Other
Swedish studies reported prevalences of 18.4% (Jalevik et al., 2001a) and 16.0% (Brogardh-Roth
et al., 2011). However, in a Danish study, a much higher prevalence (37.3%) was found (Wogelius
etal., 2008), emphasizing the fact that the MIH prevalence is reported to vary considerably (Elfrink
etal., 2015). The cause of this wide range in the reported prevalence of MIH is not yet understood,
but geographical variations (Petrou et al., 2013, Wogelius et al., 2008) as well as differences
between age cohorts (Koch et al., 1987, Kukleva et al., 2008) have been suggested. In general,
the results from different studies might be difficult to compare due to the use of various indices
and diagnostic criteria, the variability of analysis and the selection of participants (Hernandez et
al., 2016). However, a meta-analysis based on studies from 43 countries yielded a mean (95%
CI) prevalence of 13.1% (11.8-14.5%) (Schwendicke et al., 2018), which corresponds well to the

results of the present study.

4.2.2. MIH and the affection of canines

Almost one-quarter of the MIH-affected individuals had one or more canines with signs of
MIH. Studies reporting an affection of canines are rare. The great majority of studies focusing on
the prevalence include 8—10-year-old participants (Elfrink et al., 2015). The median age (years) for
the full eruption of permanent canines in the maxilla is 12.5 years, and in the mandible, it is 11.5
years (AlQahtani et al., 2010); this explains why the affection of canines is not reported by most
studies. In the present study, maxillary canines were more than twice as often affected as lower

canines. Mandibular canines showed only opacities, while PEB and atypical restorations occurred
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in maxillary canines.

To our knowledge, only two publications have mentioned the affection of canines. Bhaskar
and Hegde (2014) showed that 27.3% of MIH-affected children in India had hypomineralized
canines and premolars, but they did not report the types of defects or the numbers of canines
affected. The age of their study population ranged from 11 to 13 years. Dietrich et al. (2003)
examined 2408 individuals aged 10 to 17 years and showed that 19.2% of the individuals with
MIH had opacities on the cusps of canines. The frequency results of both of these studies were
comparable with those of the present study, but no data about the distribution and MIH severity of
the affected permanent canines were mentioned in these studies.

The presented data showed that a considerable proportion of canines were affected by
MIH. This fact may be considered within research about the etiology of MIH, even if the affection
of FPMs is the main focus. The tooth development of canines is delayed in comparison to FPMs.
The calcification of FPMs starts in week 32 in utero, while the corresponding time is 4 months
postpartum for canines. The crown of an FPM is completed at the age of 4 years and 3 months,
compared to 6 years of age for the crown of a canine (Proffit et al., 2018, Schroeder, 1987).

Regarding the etiology, HSPM seems to be closely related to MIH. The calcification of the
second deciduous molar starts at 18 weeks in utero, and the crown is completed at the age of 11
months (Schroeder, 1987). Consequently, the time period for the development of HSPM and MIH

starts at 18 weeks in utero and is completed at the age of 6 years.

4.2.3. MIH data in more detail

The recorded difference in MIH prevalence between girls and boys (16.3% vs. 11.6%) was
close to being statistically significant (P=0.054). The majority of international publications have
not shown any statistically significant sex difference regarding MIH (Garcia-Margarit et al., 2014,
Jasulaityte et al., 2007, Martinez Gomez et al., 2012, Preusser et al., 2007), nor have studies from
Scandinavia (Leppaniemi et al., 2001, Wogelius et al., 2008). A few studies report that females are
more frequently affected (Cho et al., 2008, Jeremias et al., 2013a), which is in line with the present
study, where girls showed a somewhat higher prevalence than boys.

In the present study, the mean number of affected teeth (canines not included) was 2.9
among individuals with MIH, which is somewhat lower than that reported in other Scandinavian
data, varying from 3.2 (Jalevik et al., 2001a) to 3.6 teeth (Wogelius et al., 2008). FPMs were
more frequently affected than incisors, which is in line with previous reports (Jankovic et al.,
2014, Kuhnisch et al., 2014a, Lygidakis et al., 2008b). The mean number of affected FPMs was
2.0, which corresponds well with other Scandinavian reports, in which the numbers ranged from
1.5 to 2.5 teeth (Brogardh-Roth et al., 2011, Wogelius et al., 2008). The mean number of affected
incisors was 0.9, which is considerably lower than the 2.2 teeth affected reported in a Greek study
(Lygidakis et al., 2008b).
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Maxillary FPMs, incisors and canines were more often affected by MIH than mandibular
FPMs, which is in accordance with most other studies (Leppaniemi et al., 2001, Martinez Gomez
et al., 2012, Preusser et al., 2007). The upper right FPM has previously been reported to be the
most frequently affected tooth (Lygidakis et al., 2008a, Martinez Gomez et al., 2012), which is
consistent with the finding in the present study.

In agreement with previous studies, opacities were the most frequent enamel defect in MIH
teeth (Allazzam et al., 2014, da Costa-Silva et al., 2010, Ghanim et al., 2011, Jasulaityte et al.,
2007, Muratbegovic et al., 2007, Soviero et al., 2009, Wogelius et al., 2008). On the other hand, the
frequencies of PEB and atypical restorations in FPMs were higher than those in most other reports
(Ghanim et al., 2015, Petrou et al., 2015, Wogelius et al., 2008). The surface of some opacities may
break down when the tooth has been exposed to the oral environment for a longer time, explaining
the relatively high frequency of PEB in the present study.

The variations in the occurrence of MIH between homologous teeth is a characteristic that
is not yet understood. This clinical experience is supported by the present results. Only 10.0%
of participants showed a symmetrical distribution of enamel disturbances, which means that the
same tooth on both sides was affected. Furthermore, the severity of the lesions varied between the
corresponding teeth in most of these participants. The nonsymmetrical occurrence of enamel lesions
could suggest that insults causing defective enamel are of short duration and affect ameloblasts
in a critical phase (Fearne et al., 2004). In addition, considerable individual variation in the start
of mineralization between homologous teeth (Sahlstrand et al., 2013) may cause nonsymmetrical
MIH occurrence.

The occlusal and buccal surfaces were most often affected in FPMs, as well as the labial
surface in incisors, also reported by Petrou et al. (2015). These surfaces have thicker enamel than
the lingual/palatial surfaces in FPMs (Lygidakis et al., 2010). The thicker the enamel is, the longer
the formation period, which increases the possibility of enamel disturbances (Lygidakis et al.,
2010). Another interesting phenomenon of MIH is that the cervical third of the tooth is usually not
affected (Jalevik and Noren, 2000, Preusser et al., 2007), which might be related to the thin enamel
in this area. Further studies are needed to describe the location of defects on the enamel surface and

to relate these findings to enamel thickness and the duration of amelogenesis.

4.3. General discussion of the main results (Paper I1)

4.3.1. MIH and Apgar scores <5 at 5 min

In the present study, it was tested whether Apgar scores <5 at 5 min increased the risk

of MIH development. However, no statistically significant difference in the prevalence of MIH
between the study group and the control group was shown. Furthermore, the number of affected

FPMs or the severity of MIH in affected teeth did not differ between groups.
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The prevalence of MIH corresponds well with findings from some other studies within
Scandinavia (Wogelius et al., 2008), (Jalevik et al., 2001a, Jalevik et al., 2018). The prevalence
of MIH in this study, however, was considerably higher than the prevalence reported in Paper
I, although the same recording methods were used. As mentioned before, the cause of this wide
range in the reported prevalence of MIH is not yet understood, but geographical variations (Petrou
et al., 2013, Wogelius et al., 2008) as well as differences between age cohorts (Koch et al., 1987,
Kukleva et al., 2008) have been suggested.

There was no significant difference in the prevalence of MIH between sexes in this study,
which is in line with most MIH studies from Scandinavia (Leppaniemi et al., 2001, Wogelius et al.,
2008) as well as international publications (Jasulaityte et al., 2007, Martinez Gomez et al., 2012,
Preusser et al., 2007). The relative distribution of MIH between tooth groups and the upper and
lower jaw is consistent with the findings that have been reported in Paper I and by (Lygidakis et
al., 2008a).

4.3.2. Hypoxia
Human cells respond to reduced oxygen availability. The reason for this response, with

numerous adaptive mechanisms, is to facilitate cell survival by maintaining cellular activity at
a minimum level of oxygen. Normally, when the oxygen level is restored, the hypoxic response
will cease (Chen et al., 2020). Whether this damage will be temporary or permanent depends
on the affected tissue, as well as on the duration and the level of oxygen. Since a disturbance in
amelogenesis is not reversible, any damage during hypoxia might be visible forever.

Cellular adaptations to hypoxia rely on the transcription factor hypoxia-inducible factor
I-a (HIF1-av). Studies show that tuftelin, an acidic protein that plays an important role in tooth
development and enamel mineralization, is also involved in adaptation to hypoxic conditions (Shilo
et al., 2019). Tuftelin is found in the extracellular developing enamel, and it is concentrated at the
dentin-enamel junction (DEJ), where the mineralization of the enamel commences (Deutsch et al.,
1995). The failure of these adaptation mechanisms during hypoxia results in cellular dysfunction
and can lead to irreversible cell damage. Furthermore, it may be speculated that compensatory
mechanisms such as increased expression of HIF1-a, which is shown to be upregulated in
ameloblast cells following hypoxia (Sidaly et al., 2015a), may be the reason why MIH does not
develop in patients with mild hypoxia.

Birth asphyxia is associated with metabolic acidosis, which is measured in arterial umbilical
cord blood. A close association between Apgar scores and rates of metabolic acidosis exists. In
2004-2006, umbilical blood gases were usually not analyzed in Norway. Therefore, an Apgar score
<5 at 5 min was used as an entry criterion for further neontological diagnosis/treatment at that time.
Even if an association between the Apgar score and metabolic acidosis exists, it cannot be assumed

that all participants with an Apgar score <5 at 5 min had severe hypoxia. Thus, the hypoxia of the
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study group might not have been severe enough to induce changes in the ameloblasts to cause
MIH.

Several studies have suggested that hypoxia may adversely affect ameloblast function
(Beentjes et al., 2002, Jalevik, 2001, Johnsen et al., 1984, van Amerongen and Kreulen, 1995).
The results from the present clinical investigation were not consistent with the findings reported
in an animal study (Sidaly et al., 2015b), where a short episode of induced severe hypoxia in adult

mice left its mark on mouse incisors in the form of enamel defects.

4.4. General discussion of the main results (Paper I11)

The visual examination of the teeth in the study group did not show any opacities. Therefore,
standardized sections were defined to evaluate the effect of the antibiotics on amelogenesis. The
analyses were performed by comparing each section with the neighboring section. The results
demonstrated that therapeutic doses of the antibiotic combination of ampicillin and gentamicin
affected both the quality and quantity of enamel in mice. It was demonstrated that the use of these
antibiotics reduced incisor MD values. Similar alterations are observed in teeth affected by MIH.
The enamel volume was reduced as well, which is consistent with MIH. In MIH-affected human
molars, the MD value is reported to be approximately 20% lower than that in clinically sound
teeth, while the quantity of enamel is not affected (Fearne et al., 2004).

In mouse molars, the secretion of enamel (7 wm/d) takes approximately 15 days, with a
final enamel thickness of approximately 100 um (Lyngstadaas et al., 1998). In the present study,
the enamel volume of the first molars was significantly reduced in the mice that received the
drugs. A reduced volume of enamel leads to hypoplasia, indicating that the secretory phase of
amelogenesis is affected. This is consistent with results showing thinner enamel in rats treated with
amoxicillin during the secretory stage of amelogenesis (de Souza et al., 2016).

The major odontogenic signaling interactions are almost identical among various
mammalian species, including mice and humans. Mouse models may help to contribute to the
understanding of tooth developmental defects such as MIH (Fleischmannova et al., 2008). The use
of mice as model organisms to study human biology is common. Nevertheless, mouse age must
be determined in relation to human age (Dutta and Sengupta, 2016), which is crucial in research
within MIH, where mouse amelogenesis takes place in a very short period of time. Until now, no
animal model of MIH has been established, and spontaneous effects on mouse incisors and molars
in line with MIH have never been reported.

Studies of the effect of antibiotics in mice, focusing on the effect on amelogenesis, are rare
and show conflicting results. In contrast to the present results, amoxicillin and ampicillin used in
embryonic mouse molars in vitro produced an increased enamel thickness (Laisi et al., 2009). The

authors speculated that amoxicillin interferes with the function of the ameloblasts by delaying the

50



differentiation of ameloblasts into secretory cells. The altered pattern of amelogenesis due to the
early use of amoxicillin within the initiation phase of amelogenesis or the enamel secretion rate
could explain the hypomineralization in MIH (Laisi et al., 2009). While a significantly thinner
enamel in rats treated pre- and postnatally with amoxicillin has been demonstrated by de Souza et
al. (2016), no effect on enamel after amoxicillin treatment in rats was shown by Kumazawa et al.
(2012). However, even if no effect on enamel thickness was shown in rats treated prenatally with
amoxicillin, dose-dependent enamel hypomineralization has been observed (Gottberg et al., 2014).
This result was confirmed in a study on mice by Mihalas et al. (2016). The authors concluded that
chronic exposure to amoxicillin in doses used in humans led to hypomineralized enamel. It has
been suggested that amoxicillin affects the expression of matrix metallopeptidase 20 (MMP20),
which has an important role in the degradation and removal of enamel proteins (Sahlberg et al.,
2013).

Studies on mice have shown that in the first molars, ameloblasts at the tips of intended
cusps enter the secretory phase just after birth, while at day two, crown mineralization advances by
involving more ameloblasts in enamel production. On the fourth day, dental crown morphogenesis
is completed (Lungova et al., 2011). Other studies have shown different results. According to
Miyata et al. (2007), the first molar of mice at day six shows the mid- or early stage of crown
formation. However, different strains of mice are used in these studies, and differences in timing
should be expected. Lungova et al. (2011) described a partially erupted first molar on day 16. At
the same time, all first molars fully erupted at day 18 in the present study. Medical treatment was
performed from days 2 to 5, and the maturation stage of enamel morphogenesis could possibly be
affected but probably not the initial phase of amelogenesis.

In contrast to incisors, mouse molars present a rapidly developing model for odontogenesis
in human molars. The mean formation time of the crown in human FPMs is more than three years
(Reid and Dean, 2006), while it is approximately three weeks in mice (Lungova et al., 2011).
This quick sequence of stages in mice may make a direct comparison difficult (Fejerskov, 1979),
especially for the study of the transition stage (between secretion and maturation), which has been
assumed to be the most vulnerable stage for the affection of ameloblasts (Fearne et al., 2004).

Mice have just a single dentition, probably the equivalent to human deciduous teeth (Tucker
and Sharpe, 2004). Although the present study aimed to explore MIH in the human permanent
dentition, similar defects exist in the primary dentition (Elfrink et al., 2012). It is not clear whether
the human conditions of MIH or HSPM can be reproduced in mice. Additionally, the extrapolation
of findings from the animal model to humans should be taken with care. Animal research is ideal
for studying genetic defects or to characterize genetic-environmental interactions (Muthanandam
et al., 2020). The limitations are that the genetic aspects within MIH are suspected but not clear
(Vieira, 2019a).
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5. Conclusion

The prevalence of MIH was 13.9% in the presented cross-sectional health survey of
16-year-olds from northern Norway. This prevalence as well as the distribution of affected teeth
and the severity of MIH were consistent with previous Scandinavian reports. The distribution
pattern showed that one in four participants with MIH had at least one affected canine. Further
studies are needed to describe the location of defects on the enamel surface and to relate these
findings to enamel thickness and the duration of amelogenesis.

No association between a low Apgar score at 5 min and the appearance of MIH or the
number of affected FPMs was shown in the presented cross-sectional, case-control study of 8- to
10-year-old children. A low Apgar score is not necessarily associated with severe hypoxia, which
1s supposed to be an etiological factor for MIH. In further MIH studies, a low Apgar score should
be associated with other clinical markers of asphyxia, such as acidosis.

Based on the results of animal research using neonatal mice, intervention with the high-
dose antibiotics gentamycin and ampicillin influenced the development of molars and incisors.
The reduced enamel MD and volume of first molars and the erupted part of incisors are likely
to have been caused by antibiotics. The analysis of teeth in neonatal mice with micro-CT could
be a valid model for further research on MIH. As research on the effect of antibiotics on enamel

development did not show conclusive results, further research is needed.

53



54



References

AINE, L., BACKSTROM, M. C., MAKI, R., KUUSELA, A. L., KOIVISTO, A. M., IKONEN,
R. S. & MAKI, M. 2000. Enamel defects in primary and permanent teeth of children born
prematurely. J Oral Pathol Med, 29, 403-9.

ALALUUSUA, S. 2010. Aetiology of Molar-Incisor Hypomineralisation: A systematic review.
Eur Arch Paediatr Dent, 11, 53-8.

ALALUUSUA, S., LUKINMAA, P. L., KOSKIMIES, M., PIRINEN, S., HOLTTA, P., KALLIO,
M., HOLTTINEN, T. & SALMENPERA, L. 1996a. Developmental dental defects
associated with long breast feeding. Eur J Oral Sci, 104, 493-7.

ALALUUSUA, S., LUKINMAA, P. L., VARTIAINEN, T., PARTANEN, M., TORPPA, J. &
TUOMISTO, J. 1996b. Polychlorinated dibenzo-p-dioxins and dibenzofurans via mother’s
milk may cause developmental defects in the child’s teeth. Environ Toxicol Pharmacol, 1,
193-7.

ALLAZZAM, S.M.,ALAKI, S. M. & ELMELIGY, O. A. 2014. Molar incisor hypomineralization,
prevalence, and etiology. Int J Dent, 2014, 234508.

ALQAHTANI, S. J., HECTOR, M. P. & LIVERSIDGE, H. M. 2010. Brief communication: The
London atlas of human tooth development and eruption. Am J Phys Anthropol, 142,481-90.

APGAR, V. 2015. A Proposal for a New Method of Evaluation of the Newborn Infant. Originally
published in July 1953, volume 32, pages 250-259. Anesth Analg, 120, 1056-9.

BABAIJKO, S., JEDEON, K., HOUARLI, S., LOIODICE, S. & BERDAL, A. 2017. Disruption of
Steroid Axis, a New Paradigm for Molar Incisor Hypomineralization (MIH). 8.

BEENTIJES, V. E., WEERHEIIM, K. L. & GROEN, H. J. 2002. Factors involved in the aetiology
of molar-incisor hypomineralisation (MIH). Eur J Paediatr Dent, 3, 9-13.

BHASKAR, S. A. & HEGDE, S. 2014. Molar-incisor hypomineralization: prevalence, severity
and clinical characteristics in 8- to 13-year-old children of Udaipur, India. J Indian Soc
Pedod Prev Dent, 32, 322-9.

BIONDI, A. M., CORTESE, S. G., BABINO, L. & TOSCANO, M. A. 2019. Molar incisor
hypomineralization: Analysis of asymmetry of lesions. Acta Odontol Latinoam, 32, 44-48.

BROGARDH-ROTH, S., MATSSON, L. & KLINGBERG, G. 2011. Molar-incisor
hypomineralization and oral hygiene in 10- to-12-yr-old Swedish children born preterm.
FEur J Oral Sci, 119, 33-9.

BRZOVIC RAIJIC, V., MODRIC, V. E., IVANISEVIC MALCIC, A., GORSETA, K., KARLOVIC,
Z. & VERZAK, Z. 2021. Molar Incisor Hypomineralization in Children with Intellectual
Disabilities. Dentistry Journal, 9, 21.

BURRIS, H. H., VAN MARTER, L. J., MCELRATH, T. F., TABATABALI, P., LITONJUA, A.
A., WEISS, S. T. & CHRISTOU, H. 2014. Vitamin D status among preterm and full-term
infants at birth. Pediatr Res, 75, 75-80.

BUSSANELI, D. G., RESTREPO, M., FRAGELLI, C. M. B., SANTOS-PINTO, L., JEREMIAS,
F., CORDEIRO, R. C. L., BEZAMAT, M., VIEIRA, A. R. & SCAREL-CAMINAGA, R.
M. 2019. Genes Regulating Immune Response and Amelogenesis Interact in Increasing the
Susceptibility to Molar-Incisor Hypomineralization. Caries Res, 53, 217-227.

BUTLER, P. M. 1967. Comparison of the development of the second deciduous molar and first
permanent molar in man. Arch Oral Biol, 12, 1245-60.

55



CABRAL, R. N, NYVAD, B., SOVIERO, V., FREITAS, E. & LEAL, S. C. 2020. Reliability and
validity of a new classification of MIH based on severity. Clin Oral Investig, 24, 727-734.

CHAN, Y. L., NGAN, A. H. & KING, N. M. 2010. Degraded prism sheaths in the transition region
of hypomineralized teeth. J Dent, 38, 237-44.

CHEN, P.-S., CHIU, W.-T., HSU, P.-L., LIN, S.-C., PENG, I. C., WANG, C.-Y. & TSAI, S.-I.
2020. Pathophysiological implications of hypoxia in human diseases. Journal of Biomedical
Science, 27.

CHO, S. Y., KL, Y. & CHU, V. 2008. Molar incisor hypomineralization in Hong Kong Chinese
children. Int J Paediatr Dent, 18, 348-52.

CROMBIE, F. A., MANTON, D. J., PALAMARA, J. E., ZALIZNIAK, 1., COCHRANE, N. J. &
REYNOLDS, E. C. 2013. Characterisation of developmentally hypomineralised human
enamel. J Dent, 41, 611-8.

DA COSTA-SILVA, C. M., AMBROSANO, G. M., JEREMIAS, F., DE SOUZA, J. F. &« MIALHE,
F.L.2011. Increase in severity of molar-incisor hypomineralization and its relationship with
the colour of enamel opacity: a prospective cohort study. /nt J Paediatr Dent, 21, 333-41.

DA COSTA-SILVA, C. M., JEREMIAS, F., DE SOUZA, J. F., CORDEIRO RDE, C., SANTOS-
PINTO, L. & ZUANON, A. C. 2010. Molar incisor hypomineralization: prevalence,
severity and clinical consequences in Brazilian children. /nt J Paediatr Dent, 20, 426-34.

DA SILVA FIGUEIREDO SE, M. J., RIBEIRO, A. P. D.,, DOS SANTOS-PINTO, L. A.
M., DE CASSIA LOIOLA CORDEIRO, R., CABRAL, R. N. & LEAL, S. C. 2017.
Are Hypomineralized Primary Molars and Canines Associated with Molar-Incisor
Hypomineralization? Pediatr Dent, 39, 445-449.

DANTAS-NETA, N. B., SOARES FIGUEIREDO, M., LIMA, C. C. B., BENDO, C. B., MATOS
DE ANDRADE, E. M., LIMA, M. D. M., PORDEUS, I. A. & PAIVA, S. M. 2018. Factors
associated with molar-incisor hypomineralisation in schoolchildren aged 8-10 years: a
case-control study. /nt J Paediatr Dent, 28, 570-577.

DE SOUZA, J. F., GRAMASCO, M., JEREMIAS, F., SANTOS-PINTO, L., GIOVANINI, A. F.,
CERRI, P. S. & CORDEIRO, R. D. C. L. 2016. Amoxicillin diminishes the thickness of
the enamel matrix that is deposited during the secretory stage in rats. [Oxford, England] :.

DEUTSCH, D., PALMON, A., DAFNI, L., CATALANO-SHERMAN, J., YOUNG, M. F. &
FISHER, L. W. 1995. The enamelin (tuftelin) gene. Int J Dev Biol, 39, 135-43.

DHAMO, B., MILIKU, K., VOORTMAN, T., TIEMEIER, H., JADDOE, V. W., WOLVIUS, E. B.
& ONGKOSUWITO, E. M. 2019. The Associations of Maternal and Neonatal Vitamin D
with Dental Development in Childhood. Curr Dev Nutr, 3, nzy100.

DIETRICH, G., SPERLING, S. & HETZER, G. 2003. Molar incisor hypomineralisation in a group
of children and adolescents living in Dresden (Germany). Eur J Paediatr Dent, 4, 133-7.

DUTTA, S. & SENGUPTA, P. 2016. Men and mice: Relating their ages. Life Sciences, 152, 244-
248.

EICHENBERGER, M., ERB, J., ZWAHLEN, M. & SCHATZLE, M. 2015. The timing of
extraction of non-restorable first permanent molars: a systematic review. Eur J Paediatr
Dent, 16, 272-8.

ELFRINK, M. E., GHANIM, A., MANTON, D. J. & WEERHEIJM, K. L. 2015. Standardised
studies on Molar Incisor Hypomineralisation (MIH) and Hypomineralised Second Primary
Molars (HSPM): a need. Eur Arch Paediatr Dent, 16, 247-55.

56



ELFRINK, M. E., MOLL, H. A., KIEFTE-DE JONG, J. C., JADDOE, V. W., HOFMAN, A., TEN
CATE, J. M. & VEERKAMP, J. S. 2014. Pre- and postnatal determinants of deciduous
molar hypomineralisation in 6-year-old children. The generation R study. PLoS One, 9,
€91057.

ELFRINK, M. E., SCHULLER, A. A., WEERHEIIM, K. L. & VEERKAMP, J. S. 2008.
Hypomineralized second primary molars: prevalence data in Dutch 5-year-olds. Caries
Res, 42, 282-5.

ELFRINK,M.E., TEN CATE,J.M.,JADDOE, V.W,, HOFMAN,A., MOLL,H.A. &« VEERKAMP,
J. S. 2012. Deciduous molar hypomineralization and molar incisor hypomineralization. J
Dent Res, 91, 551-5.

ELFRINK, M. E., VEERKAMP, J. S., AARTMAN, I. H,, MOLL, H. A. & TEN CATE, J. M.
2009. Validity of scoring caries and primary molar hypomineralization (DMH) on intraoral
photographs. Eur Arch Paediatr Dent, 10 Suppl 1, 5-10.

ELHENNAWY, K., BEKES, K., MANTON, D. & KROIS, J. 2018. Global burden of molar incisor
hypomineralization. Journal of Dentistry, 68, 10-18.

ELZEIN, R., CHOUERY, E., ABDEL-SATER, F., BACHO, R. & AYOUB, F. 2019. Molar incisor
hypomineralisation in Lebanon: prevalence and clinical characteristics. Eur Arch Paediatr
Dent.

FAGRELL, T., DIETZ, W., JAGLEVIK, B. & NORAGN, J. R. 2010. Chemical, mechanical and
morphological properties of hypomineralized enamel of permanent first molars. Acta
odontologica scandinavica, 68, 215-22.

FAGRELL, T. G., LUDVIGSSON, J., ULLBRO, C., LUNDIN, S. A. & KOCH, G.2011. Aetiology
of severe demarcated enamel opacities--an evaluation based on prospective medical and
social data from 17,000 children. Swed Dent J, 35, 57-67.

FAGRELL, T. G., SALMON, P., MELIN, L. & NOREN, J. G. 2013. Onset of molar incisor
hypomineralization (MIH). Swed Dent J, 37, 61-70.

FARAH, R., MONK, B., SWAIN, M. & DRUMMOND, B. 2010a. Protein content of molar-incisor
hypomineralisation enamel. Journal of dentistry, 38, 591-6.

FARAH, R. A., SWAIN, M. V., DRUMMOND, B. K., COOK, R. & ATIEH, M. 2010b. Mineral
density of hypomineralised enamel. J Dent, 38, 50-8.

FDI 1992. A review of the developmental defects of enamel index (DDE Index). Commission on
Oral Health, Research & Epidemiology. Report of an FDI Working Group. Int Dent J, 42,
411-26.

FEARNE, J., ANDERSON, P. & DAVIS, G. R. 2004. 3D X-ray microscopic study of the
extent of variations in enamel density in first permanent molars with idiopathic enamel
hypomineralisation. Br Dent J, 196, 634-8; discussion 625.

FEJERSKOV, O. 1979. Human dentition and experimental animals. J Dent Res, 58, 725-34.

FLEISCHMANNOVA, J., MATALOVA, E., TUCKER, A. S. & SHARPE, P. T. 2008. Mouse
models of tooth abnormalities. Eur J Oral Sci, 116, 1-10.

FLEXEDER, C., KABARY HASSAN, L., STANDL, M., SCHULZ, H. & KUHNISCH, 1J.
2020. Is There an Association between Asthma and Dental Caries and Molar Incisor
Hypomineralisation? Caries Res, 54, 87-95.

FORD, D., SEOW, W. K., KAZOULLIS, S., HOLCOMBE, T. &« NEWMAN, B. 2009. A controlled

57



study of risk factors for enamel hypoplasia in the permanent dentition. Pediatr Dent, 31,
382-8.

FREIMAN, A., BORSUK, D., BARANKIN, B., SPERBER, G. H. & KRAFCHIK, B. 2009.
Dental manifestations of dermatologic conditions. J Am Acad Dermatol, 60, 289-98.

GARCIA-MARGARIT, M., CATALA-PIZARRO, M., MONTIEL-COMPANY, J. M. &
ALMERICH-SILLA, J. M. 2014. Epidemiologic study of molar-incisor hypomineralization
in 8-year-old Spanish children. Int J Paediatr Dent, 24, 14-22.

GAROT, E., DENIS, A., DELBOS, Y., MANTON, D., SILVA, M. & ROUAS, P. 2018. Are
hypomineralised lesions on second primary molars (HSPM) a predictive sign of molar
incisor hypomineralisation (MIH)? A systematic review and a meta-analysis. Journal of
Dentistry, 72, 8-13.

GHANIM, A., ELFRINK, M., WEERHEIIM, K., MARINO, R. & MANTON, D. 2015. A
practical method for use in epidemiological studies on enamel hypomineralisation. Eur
Arch Paediatr Dent.

GHANIM, A., MORGAN, M., MARINO, R., BAILEY, D. & MANTON, D. 2011. Molar-incisor
hypomineralisation: prevalence and defect characteristics in Iraqi children. Int J Paediatr
Dent, 21,413-21.

GLASCOCK,J.J.,OSMAN, E. Y., COADY, T. H., ROSE, F. F., SHABABI, M. & LORSON, C. L.
2011. Delivery of therapeutic agents through intracerebroventricular (ICV) and intravenous
(IV) injection in mice. J Vis Exp.

GOSWAMI, M., BHUSHAN, U., PANDIYAN, R. & SHARMA, S. 2019. Molar Incisor
Hypomineralization-An Emerging Burden: A Short Study on Prevalence and Clinical
Characteristics in Central Delhi, India. /nt J Clin Pediatr Dent, 12,211-214.

GOTTBERG, B., BERNE, J., QUINONEZ, B. & SOLORZANO, E. 2014. Prenatal effects by
exposing to amoxicillin on dental enamel in Wistar rats. Med Oral Patol Oral Cir Bucal,
19, e38-43.

HERNANDEZ, M., BOJ, J. R. & ESPASA, E. 2016. Do We Really Know the Prevalence of MIH?
J Clin Pediatr Dent, 40, 259-63.

HUBBARD, M. J.,, MANGUM, J. E., PEREZ, V. A., NERVO, G. J. & HALL, R. K. 2017. Molar
Hypomineralisation: A Call to Arms for Enamel Researchers. Front Physiol, 8, 546.

JACOBSEN, B. K., EGGEN, A. E., MATHIESEN, E. B., WILSGAARD, T. & NJOLSTAD, I.
2012. Cohort profile: the Tromso Study. Int J Epidemiol, 41, 961-7.

JACOBSEN, I. D., ERIKSEN, H. M., ESPELID, 1., SCHMALFUSS, A., ULLBRO, C. &
CROSSNER, C. G. 2016. Prevalence of dental caries among 16-year-olds in Troms County,
Northern Norway. Swed Dent J, 40, 191-201.

JACOBSEN, P. E., HAUBEK, D., HENRIKSEN, T. B., OSTERGAARD, J. R. & POULSEN, S.
2014. Developmental enamel defects in children born preterm: a systematic review. Eur J
Oral Sci, 122, 7-14.

JALEVIK, B. 2001. Enamel hypomineralization in permanent first molars. A clinical, histo-
morphological and biochemical study. Swed Dent J Suppl, 1-86.

JALEVIK, B. 2010. Prevalence and Diagnosis of Molar-Incisor- Hypomineralisation (MIH): A
systematic review. Eur Arch Paediatr Dent, 11, 59-64.

JALEVIK, B. & KLINGBERG, G. 2012. Treatment outcomes and dental anxiety in 18-year-olds

58



with MIH, comparisons with healthy controls - a longitudinal study. /nt J Paediatr Dent,
22,85-91.

JALEVIK, B., KLINGBERG, G., BARREGARD, L. & NOREN, J. G. 2001a. The prevalence
of demarcated opacities in permanent first molars in a group of Swedish children. Acta
Odontol Scand, 59, 255-60.

JALEVIK,B. & KLINGBERG, G.A.2002. Dental treatment, dental fear and behaviour management
problems in children with severe enamel hypomineralization of their permanent first molars.
Int J Paediatr Dent, 12, 24-32.

JALEVIK, B. & MOLLER, M. 2007. Evaluation of spontaneous space closure and development
of permanent dentition after extraction of hypomineralized permanent first molars. /nt J
Paediatr Dent, 17, 328-35.

JALEVIK, B. & NOREN, J. G. 2000. Enamel hypomineralization of permanent first molars: a
morphological study and survey of possible aetiological factors. Int J Paediatr Dent, 10,
278-89.

JALEVIK, B., NOREN, J. G., KLINGBERG, G. & BARREGARD, L. 2001b. Etiologic factors
influencing the prevalence of demarcated opacities in permanent first molars in a group of
Swedish children. Eur J Oral Sci, 109, 230-4.

JALEVIK, B., SZIGYARTO-MATEI, A. & ROBERTSON, A. 2018. The prevalence of
developmental defects of enamel, a prospective cohort study of adolescents in Western
Sweden: a Barn I TAnadvarden (BITA, children in dental care) study. Eur Arch Paediatr
Dent, 19, 187-195.

JANKOVIC, S., IVANOVIC, M., DAVIDOVIC, B. & LECIC, J. 2014. Distribution and
characteristics of molar-incisor hypomineralization. Vojnosanit Pregl, 71, 730-4.

JASULAITYTE, L., VEERKAMP, J. S. & WEERHEIM, K. L. 2007. Molar incisor
hypomineralization: review and prevalence data from the study of primary school children
in Kaunas/Lithuania. Eur Arch Paediatr Dent, 8, 87-94.

JEDEON, K., DE LA DURE-MOLLA, M., BROOKES, S. J., LOIODICE, S., MARCIANO, C.,
KIRKHAM, J., CANIVENC-LAVIER, M. C., BOUDALIA, S., BERGES, R., HARADA,
H., BERDAL, A. & BABAJKO, S. 2013. Enamel defects reflect perinatal exposure to
bisphenol A. Am J Pathol, 183, 108-18.

JEREMIAS, F., DE SOUZA, J. F,, SILVA, C. M., CORDEIRO RDE, C., ZUANON, A. C. &
SANTOS-PINTO,L.2013a.Dental caries experienceand Molar-Incisor Hypomineralization.
Acta Odontol Scand, 71, 870-6.

JEREMIAS, F., KORUYUCU, M., KUCHLER, E. C., BAYRAM, M., TUNA, E. B., DEELEY,
K., PIERRI, R. A., SOUZA, J. F., FRAGELLI, C. M., PASCHOAL, M. A., GENCAY,
K., SEYMEN, F., CAMINAGA, R. M., DOS SANTOS-PINTO, L. & VIEIRA, A. R.
2013b. Genes expressed in dental enamel development are associated with molar-incisor
hypomineralization. Arch Oral Biol, 58, 1434-42.

JEREMIAS, F., PIERRI, R. A., SOUZA, J. F., FRAGELLI, C. M., RESTREPO, M., FINOTI, L.
S., BUSSANELI, D. G., CORDEIRO, R. C., SECOLIN, R., MAURER-MORELLI, C.
V., SCAREL-CAMINAGA, R. M. & SANTOS-PINTO, L. 2016. Family-Based Genetic
Association for Molar-Incisor Hypomineralization. Caries Res, 50, 310-8.

JOHNSEN, D., KREJCI, C., HACK, M. & FANAROFF, A. 1984. Distribution of enamel defects
and the association with respiratory distress in very low birthweight infants. J Dent Res,

59



63, 59-64.

JOHNSEN, G. F., SUNDNES, J., WENGENROTH, J. & HAUGEN, H. J. 2016. Methodology
for Morphometric Analysis of Modern Human Contralateral Premolars. J Comput Assist
Tomogr, 40, 617-25.

KOCH, G., HALLONSTEN, A. L., LUDVIGSSON, N., HANSSON, B. O., HOLST, A. &
ULLBRO, C. 1987. Epidemiologic study of idiopathic enamel hypomineralization in
permanent teeth of Swedish children. Community Dent Oral Epidemiol, 15,279-85.

KOO, W. W. & TSANG, R. C. 1991. Mineral requirements of low-birth-weight infants. J Am Coll
Nutr, 10, 474-86.

KOPANS, D. B. 2000. Double reading. Radiol Clin North Am, 38, 719-24.

KOPPERUD, S. E., STAXRUD, F., ESPELID, I. & TVEIT, A. B. 2016. The Post-Amalgam Era:
Norwegian Dentists’ Experiences with Composite Resins and Repair of Defective Amalgam
Restorations. Int J Environ Res Public Health, 13, 441.

KOSMA, 1., KEVREKIDOU, A., BOKA, V., ARAPOSTATHIS, K. & KOTSANOS, N. 2016.
Molar incisor hypomineralisation (MIH): correlation with dental caries and dental fear. Eur
Arch Paediatr Dent, 17, 123-9.

KUHNISCH, J., HEITMULLER, D., THIERING, E., BROCKOW, 1., HOFFMANN, U.,
NEUMANN, C., HEINRICH-WELTZIEN, R., BAUER, C. P, VON BERG, A,
KOLETZKO, S., GARCIA-GODQY, F., HICKEL, R. & HEINRICH, J. 2014a. Proportion
and extent of manifestation of molar-incisor-hypomineralizations according to different
phenotypes. J Public Health Dent, 74, 42-9.

KUHNISCH, J., LAUENSTEIN, A., PITCHIKA, V., MCGLYNN, G., STASKIEWICZ, A.,
HICKEL, R. & GRUPE, G. 2016. Was molar incisor hypomineralisation (MIH) present in
archaeological case series? Clin Oral Investig.

KUHNISCH, J.,, MACH, D., THIERING, E., BROCKOW, I., HOFFMANN, U., NEUMANN, C.,
HEINRICH-WELTZIEN, R., BAUER, C. P., BERDEL, D., VON BERG, A., KOLETZKO,
S., GARCIA-GODQY, F., HICKEL, R. & HEINRICH, J. 2014b. Respiratory diseases are
associated with molar-incisor hypomineralizations. Swiss Dent J, 124, 286-93.

KUHNISCH, J., THIERING, E., HEITMULLER, D., TIESLER, C. M., GRALLERT, H.,
HEINRICH-WELTZIEN, R., HICKEL, R. & HEINRICH, J. 2014c. Genome-wide
association study (GWAS) for molar-incisor hypomineralization (MIH). Clin Oral Investig,
18, 677-82.

KUHNISCH, J., THIERING, E., KRATZSCH, J., HEINRICH-WELTZIEN, R., HICKEL, R. &
HEINRICH, J. 2015. Elevated serum 25(OH)-vitamin D levels are negatively correlated
with molar-incisor hypomineralization. J Dent Res, 94, 381-7.

KUKLEVA,M.P.,PETROVA,S.G.,KONDEVA, V.K. & NIHTYANOVA, T. 1. 2008. Molar incisor
hypomineralisation in 7-to-14-year old children in Plovdiv, Bulgaria--an epidemiologic
study. Folia Med (Plovdiv), 50, 71-5.

KUMAZAWA, K., SAWADA, T., YANAGISAWA, T. & SHINTANI, S. 2012. Effect of single-
dose amoxicillin on rat incisor odontogenesis: a morphological study. Clin Oral Investig,
16, 835-42.

KUSKU, O. 0., CAGLAR, E. & SANDALLI, N. 2008. The prevalence and aetiology of molar-
incisor hypomineralisation in a group of children in Istanbul. Eur J Paediatr Dent, 9, 139-
44,

60



LACRUZ, R. S., HABELITZ, S., WRIGHT, J. T. & PAINE, M. L. 2017. DENTAL ENAMEL
FORMATION AND IMPLICATIONS FOR ORAL HEALTH AND DISEASE. Physiol
Rev, 97, 939-993.

LAISI, S., ESS, A., SAHLBERG, C., ARVIO, P., LUKINMAA, P. L. & ALALUUSUA, S. 2009.
Amoxicillin may cause molar incisor hypomineralization. J Dent Res, 88, 132-6.

LEPPANIEML A., LUKINMAA,P.L. &« ALALUUSUA, S.2001. Nonfluoride hypomineralizations
in the permanent first molars and their impact on the treatment need. Caries Res, 35, 36-40.

LIMA, L. R. S., PEREIRA, A. S., DE MOURA, M. S, LIMA, C. C. B,, PAIVA, S. M., MOURA,
L. & DE DEUS MOURA DE LIMA, M. 2020. Pre-term birth and asthma is associated with
hypomineralized second primary molars in pre-schoolers: A population-based study. Int J
Paediatr Dent, 30, 193-201.

LOLI, D., COSTACURTA, M., MATURO, P. & DOCIMO, R. 2015. Correlation between aerosol
therapy in early childhood and Molar Incisor Hypomineralisation. Eur J Paediatr Dent, 16,
73-7.

LUNGOVA, V., RADLANSKI, R. J.,, TUCKER, A. S., RENZ, H., MISEK, I. & MATALOVA, E.
2011. Tooth-bone morphogenesis during postnatal stages of mouse first molar development.
J Anat, 218, 699-716.

LYGIDAKIS, N. A., DIMOU, G. & BRISENIOU, E. 2008a. Molar-incisor-hypomineralisation
(MIH). Retrospective clinical study in Greek children. I. Prevalence and defect
characteristics. Eur Arch Paediatr Dent, 9, 200-6.

LYGIDAKIS, N. A., DIMOU, G. & MARINOU, D. 2008b. Molar-incisor-hypomineralisation
(MIH). A retrospective clinical study in Greek children. II. Possible medical aetiological
factors. Eur Arch Paediatr Dent, 9, 207-17.

LYGIDAKIS, N.A., WONG, F., JALEVIK, B., VIERROU,A. M., ALALUUSUA, S. & ESPELID,
1.2010. Best Clinical Practice Guidance for clinicians dealing with children presenting with
Molar-Incisor-Hypomineralisation (MIH): An EAPD Policy Document. Eur Arch Paediatr
Dent, 11, 75-81.

LYNGSTADAAS, S. P., MOINICHEN, C. B. & RISNES, S. 1998. Crown morphology, enamel
distribution, and enamel structure in mouse molars. Anat Rec, 250, 268-80.

MAHONEY, E., ISMAIL, F. S. M., KILPATRICK, N. & SWAIN, M. 2004. Mechanical properties
across hypomineralized/hypoplastic enamel of first permanent molar teeth. European
Jjournal of oral sciences, 112,497-502.

MAHONEY, E.K. &MORRISON, D. G.2009. The prevalence of Molar-Incisor Hypomineralisation
(MIH) in Wainuiomata children. N Z Dent J, 105, 121-7.

MANGUM, J. E., CROMBIE, F. A., KILPATRICK, N., MANTON, D. J. & HUBBARD, M. J.
2010. Surface integrity governs the proteome of hypomineralized enamel. J Dent Res, 89,
1160-5.

MARKUSSEN, E. & SANDBERG, N. 2010. Policies to Reduce School Dropout and Increase
Completion. Dordrecht: Dordrecht: Springer Netherlands.

MARTINEZ GOMEZ, T. P, GUINOT JIMENO, F., BELLET DALMAU, L. J. & GINER
TARRIDA, L. 2012. Prevalence of molar-incisor hypomineralisation observed using
transillumination in a group of children from Barcelona (Spain). Int J Paediatr Dent, 22,
100-9.

MARTINOVIC, B., IVANOVIC, M., MILOJKOVIC, Z. & MLADENOVIC, R. 2015. Analysis

61



of the mineral composition of hypomineralized first permanent molars. Vojnosanit Pregl,
72, 864-9.

MEJARE, 1., BERGMAN, E. & GRINDEFJORD, M. 2005. Hypomineralized molars and incisors
of unknown origin: treatment outcome at age 18 years. Int J Paediatr Dent, 15, 20-8.

MIHALAS, E., MATRICALA, L., CHELMUS, A., GHETU, N., PETCU, A. & PASCA, S. 2016.
The Role of Chronic Exposure to Amoxicillin/Clavulanic Acid on the Developmental
Enamel Defects in Mice. Toxicol Pathol, 44, 61-70.

MISHRA, A. & PANDEY, R. K. 2016. Molar Incisor Hypomineralization: An Epidemiological
Study with Prevalence and Etiological Factors in Indian Pediatric Population. Int J Clin
Pediatr Dent, 9, 167-71.

MIYATA, A., BABA, O., ODA, T., ISHIKAWA, 1. & TAKANO, Y. 2007. Diverse effects of c-src
deficiency on molar tooth development and eruption in mice. Arch Histol Cytol, 70, 63-78.

MOINICHEN, C. B., LYNGSTADAAS, S. P. & RISNES, S. 1996. Morphological characteristics
of mouse incisor enamel. J Anat, 189 ( Pt 2), 325-33.

MUNSHI, U. K., GRAZIANO, P. D., MEUNIER, K., LUDKE, J. & RIOS, A. 2018. Serum 25
Hydroxy Vitamin D Levels in Very Low Birth Weight Infants Receiving Oral Vitamin D
Supplementation. J Pediatr Gastroenterol Nutr, 66, 676-679.

MURATBEGOVIC, A., MARKOVIC, N. & GANIBEGOVIC SELIMOVIC, M. 2007. Molar
incisor hypomineralisation in Bosnia and Herzegovina: aetiology and clinical consequences
in medium caries activity population. Eur Arch Paediatr Dent, 8, 189-94.

MUTHANANDAM, S., MUTHU, J., MONY, V., RL, P. & LAL K, P. 2020. Animal models in
dental research — A review. International Dental Journal of Student’s Research, 8, 44-47.

NANCI, A. 2017. Ten Cates Oral Histology-E-Book: Development, Structure, and Function,
Elsevier Health Sciences.

NEBODA, C., ANTHONAPPA, R. & KING, N. 2017. Tooth mineral density of different types of
hypomineralised molars: a micro-CT analysis. European Archives of Paediatric Dentistry,
18, 377-383.

OLIVER, K., MESSER, L. B., MANTON, D. J., KAN, K., NG, F., OLSEN, C., SHEAHAN, J.,
SILVA, M. & CHAWLA, N. 2014. Distribution and severity of molar hypomineralisation:
trial of a new severity index. Int J Paediatr Dent, 24, 131-51.

PANG, L., L1, X., WANG, K., TAO, Y., CUI, T., XU, Q. & LIN, H. 2020. Interactions with the
aquaporin 5 gene increase the susceptibility to molar-incisor hypomineralization. Arch
Oral Biol, 111, 104637.

PAWLICKI, R., KNYCHALSKA-KARWIN, Z., STANKIEWICZ, D., JAKOB-DOLEZAL,
K. & KARWAN, T. 1992. Disturbances of mineral metabolism in teeth of rats receiving
corticosteroids for 3 generations. Folia Histochem Cytobiol, 30, 75-8.

PETROU, M. A., GIRAKI, M., BISSAR, A. R., BASNER, R., WEMPE, C., ALTARABULSI, M.
B., SCHAFER, M., SCHIFFNER, U., BEIKLER, T., SCHULTE, A. G. & SPLIETH, C.
H. 2013. Prevalence of Molar-Incisor-Hypomineralisation among school children in four
German cities. Int J Paediatr Dent.

PETROU, M. A., GIRAKI, M., BISSAR, A. R., WEMPE, C., SCHAFER, M., SCHIFFNER, U.,
BEIKLER, T., SCHULTE, A. G. & SPLIETH, C. H. 2015. Severity of MIH findings at
tooth surface level among German school children. Eur Arch Paediatr Dent, 16, 271-6.

62



PINDBORG, J. J. 1982. Aetiology of developmental enamel defects not related to fluorosis. /nt
Dent J, 32, 123-34.

PREUSSER, S. E., FERRING, V., WLEKLINSKI, C. & WETZEL, W. E. 2007. Prevalence
and severity of molar incisor hypomineralization in a region of Germany -- a brief
communication. J Public Health Dent, 67, 148-50.

PROFFIT, W. R., FIELDS, H. W., JR., LARSON, B. & SARVER, D. M. 2018. Contemporary
Orthodontics - E-Book, Philadelphia, UNITED STATES, Mosby.

PROKOCIMER, T., AMIR, E., BLUMER, S. & PERETZ, B. 2015. Birth-Weight, Pregnancy
Term, Pre-Natal and Natal Complications Related to Child’s Dental Anomalies. J Clin
Pediatr Dent, 39, 371-6.

REID, D. J. & DEAN, M. C. 2006. Variation in modern human enamel formation times. J Hum
Evol, 50, 329-46.

REITH, E. J. 1970. The stages of amelogenesis as observed in molar teeth of young rats. J
Ultrastruct Res, 30, 111-51.

RODD, H. D., MORGAN, C. R., DAY, P. F. & BOISSONADE, F. M. 2007. Pulpal expression of
TRPV1 in molar incisor hypomineralisation. Eur Arch Paediatr Dent, 8, 184-8.

SAHLBERG, C., PAVLIC, A., ESS, A., LUKINMAA, P. L., SALMELA, E. & ALALUUSUA, S.
2013. Combined effect of amoxicillin and sodium fluoride on the structure of developing
mouse enamel in vitro. Arch Oral Biol, 58, 1155-64.

SAHLSTRAND, P, LITH, A., HAKEBERG, M. & NOREN, J. G. 2013. Timing of mineralization
of homologues permanent teeth--an evaluation of the dental maturation in panoramic
radiographs. Swed Dent J, 37, 111-9.

SALLE, B. L., DELVIN, E. E., LAPILLONNE, A., BISHOP, N. J. & GLORIEUX, F. H. 2000.
Perinatal metabolism of vitamin D. Am J Clin Nutr, 71, 1317s-24s.

SANCHEZ, A. R., ROGERS, R. S., 3RD & SHERIDAN, P. J. 2004. Tetracycline and other
tetracycline-derivative staining of the teeth and oral cavity. Int J Dermatol, 43, 709-15.

SCHANLER, R. J. & ABRAMS, S. A. 1995. Postnatal attainment of intrauterine macromineral
accretion rates in low birth weight infants fed fortified human milk. J Pediatr, 126, 441-7.

SCHMALFUSS, A., STENHAGEN, K. R., TVEIT, A. B., CROSSNER, C. G. & ESPELID, L
2016. Canines are affected in 16-year-olds with molar-incisor hypomineralisation (MIH):
an epidemiological study based on the Tromso study: “Fit Futures”. Eur Arch Paediatr
Dent, 17,107-13.

SCHROEDER, H. E. 1987. Orale Strukturbiologie: Entwicklungsgeschichte, Struktur und
Funktion normaler Hart-und Weichgewebe der Mundhohle und des Kiefergelenks, Thieme.

SCHWENDICKE, F., ELHENNAWY, K., REDA, S., BEKES, K., MANTON, D. J. & KROIS, J.
2018. Global burden of molar incisor hypomineralization. J Dent, 68, 10-18.

SEOW, W. K. 1996. A study of the development of the permanent dentition in very low birthweight
children. Pediatr Dent, 18, 379-84.

SERNA, C., VICENTE, A., FINKE, C. & ORTIZ, A. J. 2016. Drugs related to the etiology of
molar incisor hypomineralization: A systematic review. J Am Dent Assoc, 147, 120-30.

SERNA MUNOZ, C., ORTIZ RUIZ, A. J., PEREZ SILVA, A., BRAVO-GONZALEZ, L. A. &
VICENTE, A. 2020. Second primary molar hypomineralisation and drugs used during
pregnancy and infancy. A systematic review. Clin Oral Investig, 24, 1287-1297.

63



SHILO, D., BLUMENFELD, A., HAZE, A., SHARON, S., GOREN, K., HANHAN, S.,
GRUENBAUMLICOHEN, Y., ORNOY, A. & DEUTSCH, D. 2019. Tuftelin’s involvement
in embryonic development. Journal of Experimental Zoology Part B: Molecular and
Developmental Evolution, 332, 125-135.

SIDALY, R., LANDIN, M. A., SUO, Z., SNEAD, M. L., LYNGSTADAAS, S. P. & RESELAND,
J. E. 2015a. Hypoxia increases the expression of enamel genes and cytokines in an
ameloblast-derived cell line. Eur J Oral Sci.

SIDALY, R., RISNES, S., KHAN, Q. E., STIRIS, T. & SEHIC, A. 2015b. The effect of hypoxia on
the formation of mouse incisor enamel. Arch Oral Biol, 60, 1601-12.

SIDHU, N., WANG, Y., BARRETT, E. & CASAS, M. 2020. Prevalence and presentation patterns
of enamel hypomineralisation (MIH and HSPM) among paediatric hospital dental patients
in Toronto, Canada: a cross-sectional study. Eur Arch Paediatr Dent, 21, 263-270.

SILVA, M. J., SCURRAH, K. J., CRAIG, J. M., MANTON, D. J. & KILPATRICK, N. 2016.
Etiology of molar incisor hypomineralization - A systematic review. Community Dent Oral
Epidemiol, 44, 342-53.

SONMEZ, H., YILDIRIM, G. & BEZGIN, T. 2013. Putative factors associated with molar incisor
hypomineralisation: an epidemiological study. Eur Arch Paediatr Dent, 14, 375-80.

SOUTO-SOUZA, D., DA CONSOLACAO SOARES, M. E., REZENDE, V. S., DE LACERDA
DANTAS, P. C., GALVAO, E. L. & FALCL S. G. M. 2018. Association between
developmental defects of enamel and celiac disease: A meta-analysis. Arch Oral Biol, 87,
180-190.

SOUZA, J. F., COSTA-SILVA, C. M., JEREMIAS, F., SANTOS-PINTO, L., ZUANON, A. C. &
CORDEIRO, R. C. 2012. Molar incisor hypomineralisation: possible aetiological factors in
children from urban and rural areas. Eur Arch Paediatr Dent, 13, 164-70.

SOVIERO, V., HAUBEK, D., TRINDADE, C., DA MATTA, T. & POULSEN, S. 2009. Prevalence
and distribution of demarcated opacities and their sequelae in permanent 1st molars and
incisors in 7 to 13-year-old Brazilian children. Acta Odontol Scand, 67, 170-5.

STEFFEN, R., KRAMER, N. & BEKES, K. 2017. The Wurzburg MIH concept: the MIH treatment
need index (MIH TNI) : A new index to assess and plan treatment in patients with molar
incisior hypomineralisation (MIH). Eur Arch Paediatr Dent, 18, 355-361.

SUCKLING, G. 1980. Defects of enamel in sheep resulting from trauma during tooth development.
J Dent Res, 59, 1541-8.

SUL, W., BOYD, C. & WRIGHT, J. T. 2003. Altered pH regulation during enamel development in
the cystic fibrosis mouse incisor. J Dent Res, 82, 388-92.

TAYLOR, G. D. 2017. Molar incisor hypomineralisation. Evid Based Dent, 18, 15-16.

TEIXEIRA, R., ANDRADE, N. S., QUEIROZ, L. C. C., MENDES, F. M., MOURA, M. S.,
MOURA, L. & LIMA, M. D. M. 2018. Exploring the association between genetic and
environmental factors and molar incisor hypomineralization: evidence from a twin study.
Int J Paediatr Dent, 28, 198-206.

TEMILOLA, O. D., FOLAYAN, M. O. & OYEDELE, T. 2015. The prevalence and pattern of
deciduous molar hypomineralization and molar-incisor hypomineralization in children
from a suburban population in Nigeria. BMC Oral Health, 15, 73.

TOURINO, L. F., CORREA-FARIA, P.,, FERREIRA, R. C., BENDO, C. B., ZARZAR, P.
M. & VALE, M. P. 2016. Association between Molar Incisor Hypomineralization in

64



Schoolchildren and Both Prenatal and Postnatal Factors: A Population-Based Study. PLoS
One, 11, e0156332.

TREDWIN, C. J., SCULLY, C. & BAGAN-SEBASTIAN, J. V. 2005. Drug-induced disorders of
teeth. J Dent Res, 84, 596-602.

TSEVEENJAV, B., FURUHOLM, J., MULIC, A., VALEN, H., MAISALA, T., TURUNEN,
S., VARSIO, S., AUERO, M. & TJIADERHANE, L. 2020. Estimating molar-incisor-
hypomineralization among 8-year-olds based on 15-year public oral health practice-based
data. Acta Odontologica Scandinavica, 78, 535-540.

TUCKER, A. & SHARPE, P. 2004. The cutting-edge of mammalian development; how the embryo
makes teeth. Nat Rev Genet, 5, 499-508.

TUNG, K., FUJITA, H., YAMASHITA, Y. & TAKAGI, Y. 2006. Effect of turpentine-induced
fever during the enamel formation of rat incisor. Arch Oral Biol, 51, 464-70.

TYAS, M. J., ANUSAVICE, K. J., FRENCKEN, J. E. &« MOUNT, G. J. 2000. Minimal intervention
dentistry--a review. FDI Commission Project 1-97. Int Dent J, 50, 1-12.

UWITONZE, A. M., RAHMAN, S., OJEH, N., GRANT, W. B., KAUR, H., HAQ, A. &
RAZZAQUE, M. S. 2020. Oral manifestations of magnesium and vitamin D inadequacy. J
Steroid Biochem Mol Biol, 200, 105636.

VAN AMERONGEN, W. E. & KREULEN, C. M. 1995. Cheese molars: a pilot study of the
etiology of hypocalcifications in first permanent molars. ASDC J Dent Child, 62, 266-9.

VAN DER TAS, J. T., ELFRINK, M. E. C., HEIJBOER, A. C., RIVADENEIRA, F., JADDOE,
V. W. V., TIEMEIER, H., SCHOUFOUR, J. D., MOLL, H. A., ONGKOSUWITO, E. M.,
WOLVIUS, E. B. & VOORTMAN, T. 2018. Foetal, neonatal and child vitamin D status
and enamel hypomineralization. Community Dent Oral Epidemiol, 46, 343-351.

VIEIRA, A. R. 2019a. On the genetics contribution to molar incisor hypomineralization. Int J
Paediatr Dent, 29, 2-3.

VIEIRA, A. R. 2019b. Prevalence of molar incisor hypomineralisation has a North—South gradient
between Europe and North Africa. European Archives of Paediatric Dentistry.

VIEIRA, A. R. & MANTON, D. J. 2019. On the Variable Clinical Presentation of Molar-Incisor
Hypomineralization. Caries Res, 53, 482-488.

WANG, S. L., CHEN, T. T., HSU, J. F., HSU, C. C., CHANG, L. W,, RYAN, J. J., GUO, Y. L.
& LAMBERT, G. H. 2003. Neonatal and childhood teeth in relation to perinatal exposure
to polychlorinated biphenyls and dibenzofurans: observations of the Yucheng children in
Taiwan. Environ Res, 93, 131-7.

WARSHAWSKY, H., JOSEPHSEN, K., THYLSTRUP, A. & FEJERSKOV, O. 1981. The
development of enamel structure in rat incisors as compared to the teeth of monkey and
man. Anat Rec, 200, 371-99.

WEERHEIIM, K. L. 2004. Molar incisor hypomineralization (MIH): clinical presentation,
aetiology and management. Dent Update, 31, 9-12.

WEERHEIIM, K. L., DUGGAL, M., MEJARE, 1., PAPAGIANNOULIS, L., KOCH, G.,
MARTENS, L. C. & HALLONSTEN, A. L. 2003. Judgement criteria for molar incisor
hypomineralisation (MIH) in epidemiologic studies: a summary of the European meeting
on MIH held in Athens, 2003. Eur J Paediatr Dent, 4, 110-3.

WEERHEIIM, K. L., JALEVIK, B. & ALALUUSUA, S. 2001. Molar-incisor hypomineralisation.

65



Caries Res, 35, 390-1.

WEERHEIIM, K. L. & MEJARE, 1. 2003. Molar incisor hypomineralization: a questionnaire
inventory of its occurrence in member countries of the European Academy of Paediatric
Dentistry (EAPD). Int J Paediatr Dent, 13, 411-6.

WHATLING, R. & FEARNE, J. M. 2008. Molar incisor hypomineralization: a study of aetiological
factors in a group of UK children. Int J Paediatr Dent, 18, 155-62.

WINTHER, A., DENNISON, E., AHMED, L. A., FURBERG, A. S., GRIMNES, G., JORDE,
R., GJESDAL, C. G. & EMAUS, N. 2014. The Tromso Study: Fit Futures: a study of
Norwegian adolescents’ lifestyle and bone health. Arch Osteoporos, 9, 185.

WOGELIUS, P.,, HAUBEK, D. & POULSEN, S. 2008. Prevalence and distribution of demarcated
opacities in permanent 1st molars and incisors in 6 to 8-year-old Danish children. Acta
Odontol Scand, 66, 58-64.

WRIGHT, J. T., CARRION, I. A. & MORRIS, C. 2015. The molecular basis of hereditary enamel
defects in humans. J Dent Res, 94, 52-61.

XIE, Z. H., MAHONEY, E. K., KILPATRICK, N. M., SWAIN, M. V. &« HOFFMAN, M. 2007. On
the structure-property relationship of sound and hypomineralized enamel. Acta Biomater,
3, 865-72.

YAMAGUTI P.M.,ARANA-CHAVEZ, V.E. & ACEVEDO, A. C. 2005. Changes in amelogenesis
in the rat incisor following short-term hypocalcaemia. Arch Oral Biol, 50, 185-8.

ZAGDWON,A.M,,FAYLE, S.A. & POLLARD, M. A. 2003. A prospective clinical trial comparing
preformed metal crowns and cast restorations for defective first permanent molars. Eur J
Paediatr Dent, 4, 138-42.

ZHAO, D., DONG, B., YU, D., REN, Q. & SUN, Y. 2018. The prevalence of molar incisor
hypomineralization: evidence from 70 studies. Int J Paediatr Dent, 28, 170-179.

66



67



68



Papers I-111

69



Paper 1

70



Eur Arch Paediatr Dent
DOI 10.1007/s40368-015-0216-6

@ CrossMark

Canines are affected in 16-year-olds with molar-incisor
hypomineralisation (MIH): an epidemiological study based

on the Tromsg study: “Fit Futures”

A. Schmalfuss?
L. Espelid®”®

Received: 8 July 2015/ Accepted: 6 November 2015
© European Academy of Paediatric Dentistry 2015

Abstract

Aim  This was to determine the prevalence, distribution
of affected teeth and severity of MIH in adolescents from
Northern Norway.

Methods It was part of a cross-sectional health survey Fit
Futures including 16-year-olds from two neighbouring
municipalities, Tromsg and Balsfjord.

Results The prevalence of MIH was 13.9 % (110 of 794).
The maxillary first permanent molars (FPMs) were 1.6 times
more frequently affected than in the mandible (P < 0.001).
The FPMs on the right side were 1.2 times more often
affected than the FPMs on the left side (P = 0.038). The
maxillary incisors were 2.5 times more often affected than
the incisors in the mandible (P < 0.001). The proportions of
participants whose canines and incisors were involved were
22.8 and 41.8 %, respectively. Altogether 201 FPMs were
affected; 54.0 % of these had opacities only, 24.3 % had
posteruptive breakdown (PEB), 18.8 % had atypical
restorations, and 3.0 % had been extracted due to MIH. The
buccal surfaces were most often affected in FPMs. More
severe lesions were found in the mandibular FPMs com-
pared with the maxillary FPMs (P = 0.002). In the lower
canines, only opacities were recorded, while in the upper jaw
13.0 % of the affected canines showed PEBs. The distri-
bution of MIH in the dentition was not symmetrical.
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Conclusion The prevalence of MIH (13.9 %) in the study
population of 16-year-olds from Northern Norway is con-
sistent with previous Scandinavian reports. The distribution
pattern shows that one participant in four with MIH had at
least one affected canine. Further studies are needed to
describe the localisation of defects on the enamel surface
and to relate these findings to enamel thickness and the
duration of amelogenesis.

Keywords Molar—incisor hypomineralisation -
Prevalence - Epidemiology - Norway

Introduction

The prevalence of molar—incisor hypomineralisation (MIH)
varies considerably between different regions ranging from
2.4 % in Germany and Bulgaria (Dietrich et al. 2003;
Kukleva et al. 2008) to 40.2 % in Brazil (Soviero et al.
2009). In Nordic countries, the prevalence ranges from
17.0 % in Finland (Alaluusua et al. 1996a) to 37.3 % in
Denmark (Wogelius et al. 2008), but so far no study has
been conducted in Norway.

The most frequently affected teeth in MIH are first
permanent molars (FPMs) and permanent incisors, which
are mineralised around the time of birth. The second pri-
mary molars and the tips of the permanent canines can also
be involved occasionally (Weerheijm et al. 2001, 2003).

MIH was so named by Weerheijm et al. (2001), and
judgment criteria for diagnosis were defined in 2003
(Weerheijm et al. 2003) and modified in 2010 (Lygidakis
et al. 2010), but the condition had already been described
many years ago by Koch et al. (1987). According to the
recommendations of the European Academy of Paediatric
Dentistry (EAPD) (Lygidakis et al. 2010), the best age for a
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cross-sectional study of MIH would be eight years. To
evaluate the clinical variability of the enamel disturbances
over time (Lygidakis et al. 2010), a longitudinal study
design with examinations from the age of 6 up to 12 years
is recommended. Kiihnisch et al. (2014) recommended
including 14- to 16-year-olds, allowing more complete
monitoring of MIH (Jadlevik 2010; Lygidakis et al. 2010;
Kiihnisch et al. 2014).

To our knowledge, only two publications (Dietrich et al.
2003; Bhaskar and Hegde 2014) have mentioned that
permanent canines were affected in some individuals, but
no data about the distribution of affected permanent cani-
nes are available. The median age of full eruption of
maxillary permanent canines (both sexes) was 12.5 years
and for mandibular permanent canines, 11.5 years
(AlQahtani et al. 2010).

One feature of MIH typically observed is its non-sym-
metricity. It seems that this has not hitherto been thor-
oughly reported in the literature.

The affected enamel in MIH teeth has a tendency to
accumulate more severe defects over time due to
posteruptive breakdown (PEB) of hypomineralised enamel
(Weerheijm et al. 2001).

The present study aimed (1) to report on the prevalence
of MIH in Norwegian adolescents, (2) to examine the
distribution of the affected teeth and (3) to describe the
severity of the enamel disturbances 5-10 years after
eruption.

Materials and methods

In 2010-2011, all first-year upper secondary school stu-
dents in the two neighbouring municipalities in Northern
Norway, Tromsg and Balsfjord, were invited to join the
cross-sectional health survey Fit Futures with an atten-
dance rate of 92.9 % (Winther et al. 2014). All participants
gave written informed consent. Participants aged 16 years
and above signed at the study site, while younger partici-
pants brought written permission from their guardian. In
the present study, only individuals born in 1994 (380 girls
and 414 boys) were included (Fig. 1). The Norwegian Data
Protection Authority and The Regional Committee of
Medical and Health Research Ethics (reference number
2009/1282 and 2011/1702/REK nord) approved the study
in July 2010 and October 2011, respectively.

As a part of the clinical examination, eight photographs
(Canon EOS 60D; Canon 105 mm; Sigma EM-140 DG)
were taken in the following order: the buccal surfaces of
the teeth in the first and fourth quadrant (#1), the corre-
sponding surfaces in the second and third quadrant, the
buccal surfaces of the maxillary and mandibular anterior
teeth (#3), the occlusal surfaces of the upper teeth (#4 & 5)
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Fig. 1 Participant inclusion flow chart

and lower teeth (#6 & 7) and the palatinal surfaces of the
upper anterior teeth (#8).

The clinical photographs of the 794 adolescents were
shown on a flat screen in a room with indirect, standardised
lighting and examined independently by three experienced
dentists (examiners AS, ABT, KS). In line with the EAPD
guidelines of MIH (Lygidakis et al. 2010), the buccal,
occlusal and palatinal/lingual surfaces of all FPMs were
examined as well as the labial surfaces of all central and
lateral incisors and canines. Characteristics such as opaci-
ties (white cream/yellow-brown colour), PEB, atypical
restorations and extractions judged as being due to MIH
were recorded. Opacities >1 mm were registered (Lygi-
dakis et al. 2010). The examiners recorded individually and
independently. A joint score was decided for each
recording, and a consensus was reached through discussion
when individual scores differed. Classification of MIH-af-
fected teeth and surfaces was based on the most severe
diagnosis recorded (opacity < PEB < atypical restoration).

Affected MIH teeth were given a dichotomous score
classifying the lesions as mild or severe. Surfaces or teeth
with opacities only were defined as mild (grade 1). Surfaces
or teeth with PEB, atypical fillings and teeth that had been
extracted were defined as severe (grade 2). If an opacity
and PEB or restoration occurred on the same surface, it was
scored as severe (Lygidakis et al. 2010).

To calculate the intra- and inter-examiner agreement, a
re-examination was performed one month later. The
examiners repeated the registrations of 10 % (n = 11) of
cases randomly selected with MIH diagnoses and 10 %
(n = 68) without MIH diagnoses. The cases were mixed
and “blinded” before the re-examination. The codes which
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were used in the kappa calculations (tooth level) were:
0 = MIH free and 1 = MIH affected.

Statistical analysis

The data were analysed using the SPSS package version
21.0 (IBM SPSS Inc., Chicago, IL, USA). Inter-observer
analyses (kappa statistics) were performed with MedCalc
version 13 (MedCalc Software, Ostend, Belgium).

Results

The mean (SD) age of the participants was 16.6 (+0.33)
years (range 15.8—17.3 years). The inter-observer variation
is reported in Table 1. The three examiners (O1-03) had
the following intra-observer variation expressed as kappa
95 % CI) 0.88 (0.80-0.95), 0.89 (0.81-0.96) and 0.86
(0.78-0.94).

The prevalence of MIH was 13.9 % (110 of 794 par-
ticipants). Girls were more often affected than the boys
(16.3 vs. 11.6 %; P = 0.054). The mean numbers of
affected index teeth, FPMs and incisors were 2.9, 2.0 and
0.9, respectively, in participants with MIH. In about half of
the participants with MIH (50.9 %), the number of affected
teeth was limited to one or two teeth. About a quarter
(27.3 %) had three or four affected teeth, while 21.8 % had
five or more affected teeth (Fig. 2).

Only one FPM was affected in 48.2 % of individuals
with MIH, while 30.0 % had two, 12.7 % had three, and

Table 1 Inter-observer O1-O3 variation, kappa (95 % CI)

Observer
Observer 02 03
o1 0.92 (0.89-0.94) 0.91 (0.89-0.93)
02 0.99 (0.98-1.0)

40
30

200
20 155

109

10 I i 6.4
0 ]

12 3 4 5 6

Number of affected teeth

Proportion of individuals (%)

3.6 1.8 1.8
. N .
7 8 9

Fig. 2 Number of affected teeth among 110 individuals with MIH

9.1 % had four affected FPMs. Maxillary FPMs were 1.6
times more frequently affected than mandibular ones
(P < 0.001), and the FPMs on the right side were 1.2 times
more often affected than those on the left side (P = 0.038)
(Fig. 3).

Incisor involvement was recorded in 41.8 % of the
participants with MIH; 32.8 % had one or two affected
incisors, and 9.0 % had three to five incisors affected. Five
was the maximum number of affected incisors in the same
individual. The maxillary incisors were 2.5 times more
often affected than the mandibular incisors (P < 0.001)
(Fig. 3).

Canines were involved in 22.8 % of the individuals in
the MIH group compared to 1.6 % of those without MIH
(P < 0.001). All disturbances were localised in the incisal
third of the canines, and in 10 out of 33 (30.3 %), the cusp
tip was affected. The number of affected canines ranged
from 1 to 2 among individuals with MIH, while none of the
participants without MIH had more than one canine with
enamel disturbance. The maxillary canines in the MIH
group were 2.3 times more often affected than mandibular
ones (P = 0.019) (Fig. 3). In participants without MIH, a
total of 11 out of 2736 canines (0.4 %) were registered with
enamel disturbances at the cusps of the crown.

The mean DMFS score was higher in participants who
did not have MIH (6.2 surfaces) compared with those with
MIH (5.6 surfaces) (P = 0.331).

Among the participants with MIH, 1.8 % of all FPMs
had been extracted, 1.4 % (6 teeth) due to MIH and 0.4 %
for other reasons. Among individuals without MIH, 0.3 %
of all FPMs had been extracted. Altogether 201 FPMs were
affected in the 110 individuals with MIH.

Opacities only were recorded in 54.0 % of these molars,
while 24.3 % had PEB. In addition, atypical restorations
were found in 18.8 % of the affected FPMs, and six teeth
(3.0 %) had been extracted due to MIH (Fig. 4).

The buccal surfaces (78.6 %) were most often affected in
FPMs, followed by the occlusal surfaces (39.3 %), while
the lingual surfaces (27.9 %) were least frequently affected
(Table 2). In the maxillary FPMs, the occlusal and lingual
surfaces were more frequently affected compared with the
lower FPMs (Table 2). More severe lesions (grade 2) were
found in the mandibular FPMs compared with the maxillary
FPMs, 37.1 and 59.1 %, respectively (P = 0.002) (Fig. 4).

In the affected incisors, the opacities or PEBs were
found on the buccal surfaces. One exception was an indi-
vidual who had palatal opacities in both maxillary central
incisors and unaffected enamel on the buccal surfaces. In
total, 91 affected incisors were registered and no incisor
was extracted due to MIH. The proportion of PEBs and
atypical fillings was higher in the maxillary incisors com-
pared with the corresponding lower teeth (16.9 vs. 11.5 %;
P = 0.52).
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Fig. 3 Proportion (%) and distribution of the affected MIH teeth among 110 individuals with MIH
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Fig. 4 The distribution (proportion) and severity of the 201 affected
FPMs in 110 individuals with MIH

The central incisors in the maxilla were more often
affected than the laterals, in contrast to the mandible where
the laterals most frequently were involved (Fig. 3). Of the
affected 33 canines in MIH group, no PEB was found in
lower jaw, but 13.0 % had PEBs or atypical fillings in
upper jaw.

Out of 110 participants with MIH, 11 cases (10.0 %)
displayed bilaterally symmetrical distribution of enamel
disturbances; the same teeth on both sides were affected.
However, the severity varied between the corresponding
teeth in the majority of these cases.

Discussion

The individuals reported on in the present study were older
than in other epidemiological studies of MIH with the
exception of that of Dietrich et al. (2003) who included
16-year-olds and 17-year-olds in their survey. The age of
the included patients in the present study allowed the extent
to which permanent canines were affected to be studied.
Altogether 794 16-year-olds were included, and the
prevalence of MIH was 13.9 %. Almost one-quarter of the
MIH-affected individuals (22.8 %) had one or more cani-
nes with signs of MIH and significantly more frequent than
among the non-affected individuals.

In Finland, Leppéniemi et al. (2001) reported a MIH
prevalence of 19.3 %, while in Sweden, Koch et al. (1987)
found values varying from 3.6 to 15.4 % depending on the
age cohort included. Other Swedish studies reported
prevalences of 18.4 % (Jalevik et al. 2001) and 16.0 %
(Brogardh-Roth et al. 2011). However, in a Danish study a
considerably higher prevalence (37.3 %) was found

Table 2 Distribution of enamel
defects due to MIH on three
index surfaces in affected FPMs

Tooth (n)

Index surface

Tooth 16 (68)  Tooth 26 (56)  Tooth 36 (35)  Tooth 46 (42)

B O L B O L B (6] L B (6] L

Number of affected surfaces
Grade 1: mild lesions (opacities)
Grade 2: severe lesions

PEB
Atypical restoration

Extracted

52 23 26 40 24 19 30 15 5 36 17 6

43 7 13 30 11 6 10 7 1 17 5 3

9 16 13 10 13 13 20 8§ 4 19 12 3

4 9 8 5 6 8 10 2 3 12 2 0

2 4 2 4 6 4 9 5 0 6 9 2
3 1

PEB Posteruptive breakdown, B buccal, O occlusal, L lingual
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(Wogelius et al. 2008). These reports from Nordic coun-
tries and international studies emphasise the fact that MIH
prevalence varies considerably (Elfrink et al. 2015). The
cause of the wide range in reported prevalence of MIH is
not yet understood, but geographical variations (Wogelius
et al. 2008; Petrou et al. 2013) as well as differences
between age cohorts (Koch et al. 1987; Dietrich et al. 2003;
Kukleva et al. 2008) have been suggested. Participation in
the present study was high (92.9 %), which strengthens its
internal validity.

Different diagnostic criteria, varying numbers of examin-
ers and different types of examination (clinical examination
vs. photograph evaluation) can lead to incomparable data.
Most Scandinavian studies are based on clinical examinations
(Alaluusua et al. 1996b; Jilevik et al. 2001; Leppéniemi et al.
2001; Wogelius et al. 2008), while Brogardh-Roth et al.
(2011) used both clinical examinations and clinical pho-
tographs. In the present study, clinical photographs and the
EAPD criteria (Lygidakis et al. 2010) were used. Only
opacities greater than 1 mm were registered. In other Scan-
dinavian studies, opacities smaller than 2 mm were excluded
(Jalevik et al. 2001; Leppéniemi et al. 2001; Brogardh-Roth
et al. 2011) or else the size of the defects was not a stipulated
inclusion criterion (Koch et al. 1987).

Observer variation is a factor that has to be considered
when comparing results from different studies (Kopans
2000). In the present study, these concerns have been
addressed by using three observers who scored indepen-
dently and a final decision was made by consensus
agreement.

Clinical photographs, as a basis for MIH examinations,
have been used in three studies by Elfrink et al. (2009,
2012, 2013). It has been shown that the sensitivity and
specificity of photograph-based detection of deciduous
molar hypomineralisation (DMH) using the adapted MIH
criteria were high. The inter- and intra-observer reliabilities
for DMH were good to excellent. The authors suggested
that intra-oral photographs may be used in clinical practice
and in large epidemiological studies (Elfrink et al. 2009).

The recorded difference in MIH prevalence between
girls and boys (16.3 vs. 11.6 %) was close to statistical
significance (P = 0.054). In previous MIH studies from
Scandinavia (Leppdniemi et al. 2001; Wogelius et al.
2008), and in most international publications (Jasulaityte
et al. 2007; Preusser et al. 2007; Martinez Gomez et al.
2012; Garcia-Margarit et al. 2013), no statistically signifi-
cant gender difference had been found. A few studies
reported that females were more frequently affected. Jer-
emias et al. (2013) found that the prevalences among girls
and boys were 62 vs. 38 %, while Cho et al. (2008) showed
a female-to-male ratio of 1.2:1.

In the present study, the mean number of affected teeth
(canines not included) was 2.9 among individuals with

MIH. This was somewhat lower than in other Scandinavian
data, in which this number varied from 3.2 (Jilevik et al.
2001) to 3.6 teeth (Wogelius et al. 2008). The present study
showed that FPMs were more frequently affected than
incisors (Fig. 3), which is in line with previous reports
(Lygidakis et al. 2008b; Kiihnisch et al. 2014; Jankovic
et al. 2014). The mean number of affected FPMs was 2.0,
which corresponds well with other Scandinavian reports in
which the numbers range from 1.5 to 2.5 teeth (Wogelius
et al. 2008; Brogardh-Roth et al. 2011). The mean number
of affected incisors was 0.9. This was considerably lower
than the 2.2 teeth reported in a Greek study (Lygidakis
et al. 2008b). In the present study, almost one quarter of the
MIH-affected individuals had at least one affected canine
in comparison with 1.6 % in the group without MIH
(P < 0.001). There are only two reports mentioning MIH-
affected permanent canines (Dietrich et al. 2003; Bhaskar
and Hegde 2014), because the study populations are usu-
ally too young to have erupted canines. Bhaskar and Hegde
(2014) showed that 27.3 % of MIH-affected children in
India had hypomineralised canines and premolars, but did
not report the types of defect or numbers of canines
affected. The age of their study population ranged from 11
to 13 years. Dietrich et al. (2003) examined 2408 indi-
viduals aged 10-17 years and showed that 19.2 % of the
individuals with MIH had opacities on the cusps of the
canines. The present study showed that the maxillary
canines were more than twice as often affected than those
in the mandible and the opacity-to-PEB/atypical restora-
tions ratio was 6.7:1. The lower canines showed only
opacities; all PEB/atypical restorations occurred in maxil-
lary canines.

The participants in the present study were older than in
most other MIH studies (mean age 16.6 years), and
affected teeth had been in occlusion for 5-10 years. Tooth
wear and previous dental treatment could have masked the
prevalence of MIH. This could lead to an underestimation
of MIH, but this age group gave the opportunity to evaluate
the permanent canines. However, the DMFS value was low
in the MIH group and not statistically significantly differ-
ent from the non-affected individuals. This suggests that it
is unlikely that many restorations have masked enamel
disturbances.

Our results showed that maxillary teeth in general were
more often affected by MIH than mandibular ones, which
is in accordance with most other studies (Leppiniemi et al.
2001; Preusser et al. 2007; Martinez Gomez et al. 2012).
An exception is Parikh et al. (2012) who found that
mandibular FPMs were statistically significantly more
often affected than maxillary FPMs. In some papers,
however, no such difference was reported (Jilevik et al.
2001; Chawla et al. 2008). The maxillary right FPM has
previously been reported to be the most frequently affected
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tooth (Lygidakis et al. 2008a; Martinez Gomez et al. 2012)
among patients with MIH, which is consistent with the
finding in the present study.

In agreement with previous studies, we found that
opacities were the most frequent enamel defect in MIH
teeth (Jasulaityte et al. 2007; Muratbegovic et al. 2007;
Wogelius et al. 2008; Soviero et al. 2009; da Costa-Silva
et al. 2010; Ghanim et al. 2011; Allazzam et al. 2014). On
the other hand, the frequency of PEB and atypical
restorations in FPMs in the present study was 24.3 and
18.8 %, respectively. This was higher than reported in
Denmark (8.4 vs. 7.8 %) (Wogelius et al. 2008), Germany
(12.7 vs. 9.6 %) (Petrou et al. 2015) and Iraq (24.0 vs.
3.2 %) (Ghanim et al. 2011), but more in line with the
report from Saudi Arabia (34.8 vs. 8.7 %) (Allazzam et al.
2014). The surface of some opacities may break down
when the tooth has been exposed to the oral environment
for some time, and this may explain the relatively high
frequency of PEB in the present study.

One typical feature of MIH is the non-symmetrical
appearance in the dentition. This clinical experience is
supported by the present results. Only 11 cases (10.0 %)
showed a symmetrical distribution of enamel disturbances,
which means that the same tooth on both sides was
affected. Furthermore, the severity of the lesions varied
between the corresponding teeth in the majority of these
cases. The non-symmetrical occurrence of the enamel
lesions in most MIH-affected individuals could suggest that
the insult causing defective enamel is of short duration and
affects ameloblasts at a critical phase (Fearne et al. 2004).

An interesting finding in the present population was the
relatively high frequency of enamel disturbances in the
canines (Fig. 3). In the maxilla, the canines were more
often affected than lateral incisors. In addition a higher
frequency and severity of affected canines in the maxilla
than the mandible were found. A similar observation was
recorded for the maxillary incisors, which were more often
and more severely affected than incisors in the mandible in
the present study. This is in line with previous reports
(Preusser et al. 2007; Kiihnisch et al. 2015; Petrou et al.
2015).

Experienced researchers working through the EAPD
recommend that the optimal age for the clinical examina-
tion of MIH is eight years, while second primary molars
should be examined at the age of five years (Elfrink et al.
2015). This is probably one reason why recent studies
mostly focus on FPMs, incisors and second primary
molars. The present cross-sectional study illustrated a more
complete picture of MIH in the permanent dentition since
assessment of canines was included (Liversidge 2000). In
future research, a longitudinal design including examina-
tion in the adolescent period is recommended (Jilevik
2010; Lygidakis et al. 2010; Kiihnisch et al. 2014).
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Occlusal and buccal surfaces were most commonly
affected in FPMs, as well as the labial surface in incisors,
also reported by Petrou et al. (2015). These surfaces have
thicker enamel than the lingual/palatinal surfaces in FPMs
(Lygidakis et al. 2010). The thicker the enamel, the longer
the formation period, which increases the possibility of
enamel disturbances (Lygidakis et al. 2010). Another
interesting phenomenon of MIH is that the cervical third of
the tooth usually is not affected (Jidlevik and Noren 2000;
Preusser et al. 2007), which might be related to the thin
enamel in this area.
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Abstract

Background: The aetiology of molar incisor hypomineralisation (MIH) is unclear. The asymmetric distribution of
MIH in the dentition may indicate that an insult of short duration that affects ameloblasts at a vulnerable stage
could be a causative factor. Apgar <5 at 5 min may indicate asphyxia (hypoxic-ischemic insult) during birth. It was
hypnotised that low Apgar score during birth may cause MIH. The present study aimed to examine a possible
association between Apgar <5 at 5 min and the occurrence of MIH.

Method: Two study groups were selected for examination. The cases comprised 67 children aged 8-10 years born
with Apgar score equal to or below 5 after 5 min. The control group comprised 157 age-matched healthy children.
First permanent molars, second primary molars and all permanent incisors were examined in all children. Clinical
examination was undertaken by two calibrated examiners and intraoral close-up photographs of the teeth were
later evaluated by three calibrated and blinded clinicians. Demarcated opacities, post-eruptive breakdown, atypical
restorations and extractions due to MIH, according to the criteria of the European Association of Paediatric Dentistry,

were assessed.

Results: The prevalence of MIH did not differ between the two groups. A chi-square test failed to confirm any
statistically significant relationship between 5-min Apgar scores and MIH occurrence. In addition, there was no
statistically significant relationship between the number of affected first permanent molars in cases and controls.

Conclusion: There was no association between Apgar <5 at 5 min and the occurrence of MIH.

Keywords: Ameloblasts, Asphyxia, Apgar score, Enamel, Molar incisor hypomineralisation

Background

The regenerative capability of dental enamel is funda-
mentally limited due to apoptosis of ameloblasts follow-
ing maturation of the tissue. Disturbances in the
function of ameloblasts during tooth development may
therefore result in permanent defects. As development
of the first primary tooth begins in the fourth week in
utero and the root development of the wisdom teeth is
completed around the age of 20 years, teeth serve a role
similar to a “flight recorder” that covers a long time
period. From this “record,” the clinician can judge
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roughly when the disturbance occurred, and the appear-
ance of the defects may in some cases give clues as to
the aetiological factor. Thus, the tooth enamel often acts
as a repository of information on systemic insults re-
ceived during development [1].

Molar incisor hypomineralisation (MIH), as defined by
Weerheijm et al. [2] in the early 2000s, describes a de-
velopmentally derived enamel hypomineralisation affect-
ing 1 to 4 first permanent molars (FPMs) and frequently
also permanent incisors. Clinically, the enamel defects of
MIH present demarcated opacities that vary in colour
from white to yellow/brown with a more or less sharp
demarcation between the affected and sound enamel [3].
The asymmetrical occurrence of MIH molars within in-
dividuals suggests that the insult causing defective en-
amel is of short duration and affects ameloblasts at a

© 2016 The Author(s). Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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critical phase [4]. Any temporary or permanent interrup-
tion of the ameloblast function depending on the time of
insult, may cause enamel hypoplasia or hypomineralisa-
tion [4, 5]. Defects occurring in infancy can be diag-
nosed many years later when the teeth have erupted, as
the enamel does not undergo remodeling. The aetiology
is complex and there is insufficient evidence in the lit-
erature regarding possible factors that may cause these
demarcated enamel defects. Some of these are environ-
mental factors with systemic effects. These may include
prenatal, perinatal and childhood medical conditions,
but an underlying genetic predisposition cannot be ex-
cluded [6-8].

An old study of 102 children with neonatal asphyxia
showed that 27 % had enamel defects compared with a
control group (n =56) with corresponding prevalence of
13 %. A possible relationship between neonatal asphyxia
and enamel disturbances could not be ruled out, but the
difference was not statistically significant [9]. A ques-
tionnaire study among parents of 10-year-old children in
Iran revealed that 15 % (n = 144) of the children had ser-
ious illness during the first month after birth. In this
group, the Apgar score <7 was statistically significantly
related with occurrence of developmental defects in per-
manent teeth (OR 2.32) [10]. The Apgar scoring system
is used to assess the newborn immediately after delivery
[11]. Low Apgar score may be indication of birth as-
phyxia. It has been suggested that the length of time it
takes to reach Apgar score of 7 is a rough indication of
severity of asphyxia [12]. Also low Apgar score at 5 min
has been demonstrated to have some predictive value on
neurodevelopmental outcome [13, 14] and a recent pub-
lication [15] showed that low Apgar score at 5 min was
strongly associated with the risk of neonatal and infant
death.

Maternal hypoxia during the latter stage of pregnancy
has been demonstrated to disturb amelogenesis in the
rat foetus [16]. Epidemiological studies indicate that the
function of ameloblasts might be affected during human
preterm birth [17, 18]. It cannot be excluded that low
oxygen level plays a role in such cases. During asphyxia,
the combination of the decrease in oxygen supply
(hypoxia) and blood supply (ischemia) results in a cas-
cade of biochemical changes that may lead to neuronal
cell death and brain damage [19].

Animal studies have shown that hypoxic insult may re-
sult in both quantitative and qualitative defects in the
enamel, reflecting the vulnerability of ameloblasts to-
ward severe hypoxia. Rats subjected to hypoxia exhibited
enamel aberrations in the form of hypoplasia [20],
whereas both hypomineralisation and hypoplasia were
observed in mice following acute hypoxic insult [21].
The asymmetric distribution of MIH in the dentition
may indicate that an insult of short duration which
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affects ameloblasts in a vulnerable stage could be a
causative factor.

The objective of this study was to test the null hypoth-
esis that Apgar <5 does not increase the risk to develop
MIH in humans.

Methods

The study protocol was approved by the Regional
Committee for Medical and Health Research (REK) and
informed consent was signed by each child’s parents
prior to data collection.

Sample selection

This was a cross sectional, case-control study, based on
clinical and photographic examinations of 8—10 year old
children (n =266) (Fig. 1). Two groups of children were
investigated, one group diagnosed with birth asphyxia
defined as Apgar score <5 (Group 1) 5 min after delivery
and one healthy control group (Group 2).

Group 1 (cases) comprised all children born 2004-6
admitted to the Neonatal Intensive Care, Ulleval, Oslo
University Hospital, with an Apgar score<5 at 5 min.
Originally, this group comprised 107 children of whom
80 were invited to participate (Fig. 1). The national
population register (Folkeregisteret) was contacted to
confirm the contact details obtained from the medical
records. Group 2 (controls) comprised of children
healthy at birth attending the Public Dental Service
(PDS) in Lillestrom in the county of Akershus. The con-
trols were age-matched with the cases (born 2004-6).
The exclusion criteria were children with genetic syn-
dromes and malformations diagnosed in the neonatal
period.

Data collection and analysis

A structured medical history questionnaire was sent or
given to the parents of the participating children. The
questionnaire included data on maternal health, preg-
nancy, delivery, prematurity, breastfeeding, use of antibi-
otics and infection during early childhood, as described
in previous studies [22, 23]. The children were examined
in the dental clinic by two dentists (AS and RS) for the
presence and severity of MIH. Dental lighting, mirrors
and blunt probes were used. When there was disagree-
ment consensus was reached through discussion. Prior
to the examination, a calibration exercise was conducted
among all the examiners (RS, AS, ABS and IE) using
clinical photographs of patients selected from the patient
records in the Department of Paediatric Dentistry,
University of Oslo. The examiners applied the diagnostic
criteria that were agreed on at a workshop organised by
the European Academy of Paediatric Dentistry [24]. All
second primary molars and index teeth which include
first permanent molars and all permanent incisors were
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Total
individuals
/ 266 \
Group 1 Group 2
107 159
Deceased: 15
Missing contact information: 12
Received
the invitation
80 A
Declined invitation: 9 Declined invitation
Moved abroad: 3 2
Accepted
the invitation
68
Excluded because of Down
syndrome: 1
Included Included
67 157
Fig. 1 Flow chart of individuals enrolled in the study

examined for demarcated opacity, post eruptive en-
amel breakdown (PEB), atypical restorations replacing
affected enamel and extractions due to MIH (Fig. 2).
Opacities <1 mm in diameter were not recorded. The
term Molar Incisor Hypomineralisation was used for
dentitions with one or more hypomineralised FPMs
with or without hypomineralised permanent incisors
[25]. When more than one defect occurred on a tooth
surface, the most severe was recorded. Sum scores of
recordings on FPMs were calculated to express the
severity of MIH in each individual. For each person
with MIH, the sum score theoretically could range
from 1 to 8, as each tooth received score 1 for opa-
city or 2 for PEB, atypical filling or extraction due to
MIH. The sum score is the total of 4 single scores
for each FPM. The final diagnosis of MIH was based
on consensus among the observers. In some cases,
the quality of the photographs was not optimal due
to poor patient compliance and the clinical diagnosis
was taken into account.

After the clinical examination, a digital camera (Canon
EOS 60D, Canon INC,, Japan) fitted with a macro-lens
(Canon Macro Lens EF 100 mm 1:2,8 USM, Japan) and
a ring flash (Canon Ring Lite MR -14EX, Japan) was
used to capture macro-photographs of the dentition.
Most of the photographs were taken by one photog-
rapher according to a standardised protocol. Seven pho-
tographs were taken in the following order: the buccal
surfaces of the teeth in the first and fourth quadrant
(#1), the corresponding surfaces in the second and third
quadrant (#2), the buccal surfaces of the upper and

lower anterior teeth (#3), and the occlusal surfaces of
the upper teeth (#4 & 5) and lower teeth (#6 & 7). All
the photographs were immediately examined for photo-
graphic quality, and if necessary photographs were re-
peated. The photographs were displayed on Sony 55”
TV-monitor (Sony Model no. KDL 55WB02A LCD-TV,
Sony Corporation, Japan) in a room with masked win-
dows and dimmed room lighting. The intraoral photo-
graphs were then evaluated for enamel defects by three
independent and blinded observers (AS, ABS and IE).
One month later, the clinical photographs of a sub-
sample of children (n =35, 15.5 %) were re-examined in
the same room under identical lighting conditions on
the same TV monitor. Cohen’s kappa was calculated for
inter- and intra-examiner agreement.

Data handling

Data from questionnaires were tabulated and analysed
using the Statistical Package for Social Sciences 22.0 for
Windows (SPSS Inc., Chicago, Illinois, USA). Chi-square
test was used for comparison. Significance was set at
p <0.05.

Results

Of 107 children in group 1, the parents of 54 children
did not receive an invitation (Fig. 1). Eighty children/
parents were eligible and therefore invited to take part
in the study. Sixty-eight parents accepted the invitation
(85.0 %). Out of the 159 controls invited to participate,
two parents (1.3 %) declined (Fig. 1). The distribution
of boys and girls in group 1 was 53.0 and 47.0 %,
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to severe MIH in tooth 26 (c)
.

Fig. 2 Examples of affected first permanent molar from three individuals with MIH enrolled in the study. Defects varies in severity from diffuse
yellow opacities (black arrow) in tooth 16 (a) to more severe changes due to posteruptive breakage (PEB) in tooth 46 (b) and atypical filling due

respectively and the corresponding rates in the con-
trol group were 49.7 and 50.3 %. The mean age in
group 1 was 9.0 years (SD 0.84, range 8-10), and
9.0 years (SD 0.80, range 8-10) in group 2.

Based on the clinical examination, the prevalence of
MIH in group 1 was 23.5 and 25.4 % in group 2 (p = 0.76).
Some examples of MIH teeth found among the included
individuals are shown in Fig. 2. The results of the
joint decisions, based on examination of the intraoral
photographs, showed that the MIH prevalence in the
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asphyxia group was 29.4 % and in the control group
312 % (p=0.79). Furthermore, there was a higher
proportion of controls (5.7 %) than cases (2.9 %) who
had a MIH sum score between 5 and 8, but there
was no statistically significant differences between the
groups (Table 1) or in the average severity score per
tooth between the two groups (p=0.42). There were
no statistically significant differences in the distribu-
tion of affected index teeth and second primary molars
in individuals from both groups (Table 2). Analysis of
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Table 1 Distribution of individuals according to MIH score in
the Group 1 (Apgar score < 5) and Group 2 (controls)

Group
MIH score Group 1 Group 2 p-value
(n=168) (n=157)
0 69.1 67.5 094
1-2 16.2 144 0.69
3-4 11.8 124 0.05
5-8 29 5.7 040
Total 100.0 100.0

MIH score is cumulative score for all four FPMs in each individual. The scores
for each tooth may vary from 0 (no MIH) to 2 according to severity. No
statistically significant differences between groups

medical records of the children in group 1 who did not
wish to participate showed that there was no increased
morbidity during the first year of life.

There was no statistically significant difference in
MIH prevalence between girls and boys neither in
group 1 (p=0.75) nor group 2 (p =0.57). Inter-examiner
and intra-examiner agreement for MIH diagnosis at the
patient level, measured by Cohen’s kappa, was in the
range 0.60-0.78 (mean 0.69) and 0.55-0.76 (mean 0.65),
respectively.

Analyses of the self-reported health information
(questionnaires) revealed that there was no statistically
significant association with MIH and health related vari-
ables between groups.

Discussion

The null hypothesis to be tested was that Apgar <5 at
5 min, does not increase the risk of developing MIH.
The hypothesis was accepted as there was no statistically
significant difference in the prevalence of MIH between
the study group and controls based on clinical and
photographic examinations. Further, the number of

Table 2 Distribution of affected index teeth and second
primary molars in individuals with Apgar score <5 (Group 1)
compared to control individuals (Group 2)

Group
Affected tooth group Group 1 Group 2 p-value
Upper FPM 22.8 213 0.63
Lower FPM 1.0 185 0.13
Upper central incisors 53 6.1 0.61
Upper lateral incisors 35 38 0.54
Upper second primary molars 82 54 043
Lower central incisors 29 2.5 0.64
Lower lateral incisors 30 26 0.77
Lower second primary molars 8.2 4.1 0.08

No statistically significant differences between groups
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affected FPMs or the severity of MIH on affected teeth
did not differ between groups and these findings support
the rejection of the null hypothesis.

Many prevalence studies have been carried out in dif-
ferent countries using the new definition of diagnostic
criteria for MIH [3] and this definition was also used in
the present study. Large variations in prevalence have
been reported, ranging from 2.4-40.2 % [26]. This wide
range may be explained by differences in recording
methods, different ages or different study populations
[27, 28]. In some countries, generally high caries experi-
ence may mask the true prevalence of MIH [28]. The
clinical examination showed a lower prevalence com-
pared with recordings based on photographs. The preva-
lence of MIH in the present control group was found
25 %, based on the clinical examination, corresponds
well with findings from Finland (25 %), Denmark (15—
25 %) (Esmark 1995 cited by Weerheijm 2003 [25]) and
Sweden (18 %) [29, 30]. However, these studies were
published before the criteria by European Academy of
Pediatric Dentistry were established [24] and some devi-
ations according to variability in criteria applied might
be expected. Digital photography with magnification on
the monitor allows detailed examination of enamel [31],
possibly explaining the higher prevalence reported with
this method in the present study. In addition, the use of
photographs facilitates randomisation and blinding, lim-
iting observer bias, which is important in a study like
this. As in other studies, there was no statistically signifi-
cant difference in prevalence between the sexes in either
group [32-34]. Furthermore, the relative distribution be-
tween tooth groups and upper and lower jaw are con-
sistent with the findings that have been reported by
Lygidakis et al. [35].

Decreases in oxygen supply are known to initiate
adaptive mechanisms designed to maintain cellular ac-
tivity at a minimum level. The failure of these mecha-
nisms during hypoxia results in cellular dysfunction and
can lead to irreversible cell damage [36]. In general, cel-
lular adaptations to hypoxia rely on the transcription
factor hypoxia-inducible factor (HIF), which is inactive
when oxygen is abundant but is activated under hypoxic
conditions [37, 38]. This may also be likely for the af-
fected ameloblasts exposed to hypoxia. Further, it may
be speculated that compensatory mechanisms like in-
creased expression of HIF-1a, which is shown to be up-
regulated in ameloblast cells following hypoxia [39], may
be the reason for not developing MIH in patients with
mild hypoxia.

It is known that combined Apgar score and increased
acidosis is more indicative of the severity of asphyxia. In
2004-2006, umbilical blood gases were not analysed rou-
tinely and in the present study, an Apgar score<5 at
5 min was used as entry criterion since it was used for
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hospital admission at the time. Thus the hypoxia may
not have been severe enough to induce changes in the
ameloblasts to cause MIH.

Grahnén et al. (1969), in their study, were unable to
demonstrate a significant difference in enamel hypopla-
sia of the primary teeth [9], but this study had some
weaknesses: the cases included low birth weight chil-
dren, while the controls did not. Furthermore, the cri-
teria for diagnosis of asphyxia were not stringent.

Attrition of participants in group 1 could be due to
unavailability, inaccessibility or dental anxiety. Some pa-
tients did not survive, which results in lack of informa-
tion about enamel disturbances in this group. It may
therefore be speculated that the results represent an
underestimation of MIH. It is also tempting to suggest
that the hypoxia was a momentary insult that possibly
affected the ameloblasts in a very short but vulnerable
stage, which clinically appears in the form of asymmet-
rical defects influencing the FPMs [40]. This is in ac-
cordance with our recent findings demonstrating that
there is a considerable variation in ameloblast reaction
to hypoxia [21].

Several studies have suggested that hypoxia may affect
ameloblast function adversely, both in the rat [16, 41],
the hamster [42] and human [17, 43—46]. The results
from the present clinical investigation were not consist-
ent with our findings recently reported in an animal
study [21]. We have previously demonstrated that a
short episode of induced severe hypoxia in adult mice
left its mark on mouse incisors in the form of enamel
defects. The position and character of the defect were
related to the functional stage of the affected amelo-
blasts. All the cells of the enamel organ, i.e. preamelo-
blasts, secretory ameloblasts, transitional ameloblasts,
maturation ameloblasts and pigmentation ameloblasts
were subjected to the hypoxia, but seemed to respond
differently. Affected enamel showed hypoplasia with or
without hypomineralisation [21].

Conclusions

Based on the results of the present cross-sectional, case-
control study, it can be concluded that a low Apgar
score at 5 min was not associated with the appearance
of MIH or the number of affected FPMs. Bearing in
mind that this was probably a mild insult, further inves-
tigation of individuals with lower Apgar score would
shed more light on the role of hypoxia in the etiology of
MIH. In future studies low Apgar score should be asso-
ciated with other clinical markers of asphyxia like in-
creased acidosis.

Abbreviations

FPMs, first permanent molars; HIF, hypoxia-inducible factor; MIH, molar incisor
hypomineralisation; PEB, post eruptive enamel breakdown; PDS, Public Dental
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Abstract

Purpose Identifying factors causing Molar-Incisor Hypomineralization (MIH) is an ongoing challenge. Preterm infants, rou-
tinely treated with antibiotics in cases of suspected sepsis, are more commonly affected by dental developmental defects. This
study aimed to investigate the effects of gentamycin and ampicillin on the developing enamel in neonatal CD-1 mice in vivo.
Methods Neonatal mice were randomized into a study (n=36) and a control (n=35) group. Antibiotics were injected intra-
venously for 4 days. All mice were sacrificed after 15-18 days. Micro-CT was used to analyse the mineral density (MD) of
the enamel and the proportion of the enamel object volume (vol%) in first molars and incisors.

Results We demonstrated a significantly lower vol% enamel in the maxillary (30.9% vs. 32.7%; p=0.004) and mandibular
(32.5% vs. 34.6%; p=0.015) molars in the study group than in the controls. The incisors were divided into segments upon
analysis. We demonstrated both lower vol% and lower MD of the enamel in most segments in treated individuals compared
to controls (p <0.05).

Conclusion The reduced MD and vol% in the molars and incisors are likely to have been caused by the antibiotics given
during tooth development. The presented analysis of teeth in neonatal mice with micro-CT could be a valid model for further
research on dental developmental defects.

Keywords Dental enamel hypoplasia - Molar-Incisor Hypomineralization - X-ray Microtomography - Tooth - Gentamicin -
Ampicillin

Introduction from 13.9% in Northern Norway (Schmalfuss et al. 2016) to

37.3% in Denmark (Wogelius et al. 2008). Patients who are

Dental enamel, covering the tooth crown, is produced by
ameloblast cells. It is a unique tissue that exhibits remark-
able wear and fracture resistance (Simmer et al. 2010). The
aetiology of developmental enamel defects is multifactorial
and provides challenges for basic science research and clinical
management (Seow 2014). Molar-Incisor Hypomineralization
(MIH) is one of the most common dental developmental dis-
orders and affects one to four first permanent molars (FPMs).
Permanent incisors are also frequently involved (Lygidakis
et al. 2010). In Scandinavia, the prevalence of MIH varies
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severely affected by MIH constitute a challenge in paediatric
dentistry due to commonly occurring hypersensitive teeth and
an increased risk of decay (de Souza et al. 2016). Repeated
operative treatments may result in clinical behaviour manage-
ment problems, dental fear and anxiety (Jalevik and Kling-
berg 2002). Our knowledge of the aetiology of MIH is still
elusive. Locally disrupted amelogenesis has been suggested.
Disturbances in tooth development must occur within the last
trimester of pregnancy and up to the third year of a child’s
life to result in MIH (Weerheijm and Mejare 2003). Several
possible factors causing MIH have previously been reported
(Garot et al. 2021). However, for most of them, the evidence
is weak or absent. Environmental pollution, e.g., dioxins and
polychlorinated biphenyls (Alaluusua et al. 1996), genetic pre-
disposition (Jeremias et al. 2013) and several different condi-
tions and diseases, including their treatments, have been sug-
gested as aetiological factors. Several studies have associated
a higher prevalence of MIH with serious illness during early
childhood or complications, especially during the last trimester
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of pregnancy (Garot et al. 2021). A crucial question is whether
enamel defects are caused by the illness itself, medications or
a combination of both (Laisi et al. 2009).

The frequent use of antibiotics for the treatment of com-
mon childhood diseases, such as acute otitis media and
respiratory infections, is potentially associated with MIH
(Allazzam et al. 2014). Prematurity (< 38 weeks) (Mejia
et al. 2019) or very low birthweight (LBW) (<2500 g)
(Ghanim et al. 2013) have also been associated with an
increased occurrence of enamel defects in primary and per-
manent dentition. Brogardh-Roth et al. (2011) showed that
MIH was more than twice as common in preterm infants and
that LBW was a concomitant factor. These findings were
confirmed by de Lima Mde et al. (2015). Furthermore, sep-
sis is one of the most common complications in premature
infants. The recommendation by the World Health Organiza-
tion for the treatment of preterm infants at risk for sepsis is
followed by Norwegian hospitals, which administer ampi-
cillin in combination with gentamicin (Fuchs et al. 2016).
This treatment is given to the majority of preterm infants and
has led to a significant reduction in mortality in premature
and LBW infants (Bizzarro et al. 2005). Overprescription
of antibiotics for fear of potentially dramatic consequences
from a delayed neonatal sepsis diagnosis is also suspected
based on empirical indications in many uninfected neonates
(Fjalstad et al. 2016). Although the use of antibiotics dur-
ing enamel formation in children has been associated with
the aetiology of MIH (Serna et al. 2016), experimental evi-
dence is scarce. The use of amoxicillin in early childhood
has been associated with MIH (Laisi et al. 2009). An in vitro
study demonstrated that amoxicillin affected enamel forma-
tion in cultured mouse embryotic tooth explants (Sahlberg
et al. 2013). A recent in vivo study using relatively higher
doses of amoxicillin showed a decrease in electron density in
some rats, but the difference was not statistically significant
(Feltrin-Souza et al. 2020).

To increase our understanding of how antibiotics other
than amoxicillin affect enamel formation, ampicillin and
gentamicin were administered to neonatal mice in doses
similar to those given to LBW infants, and their effects on
the enamel of molars and incisors were studied (Fuchs et al.
2016). The aim of this study was to determine whether the
use of ampicillin and gentamicin in combination could cause
mineralization disturbances in dental enamel.

Materials and methods
Animal model
Five pregnant mice (CD-1 strain) were maintained ona 12 h

light—dark cycle at 21 °C and a relative humidity of 55%.
The mice were given standard laboratory fodder and water
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ad libitum. The animals were kept according to the regu-
lations of the Norwegian Gene Technology Act of 1994.
In addition, they were kept in calm surroundings and an
enriched environment facilitated with a variety of ‘toys’
to minimize suffering and distress. The experiment was
approved by the Norwegian Local Veterinary Service (FOTS
ID 8325). This study conforms to the ARRIVE guidelines.

From each litter, the neonatal mice (n=71) were ran-
domly allocated to a study group (n=36) and a control
group (n=35). Based on the study by Sorensen et al. (2007)
demonstrating that tail tip amputation only had minor short-
term negative effects on mouse welfare, we performed this
method to mark the mice of the control group. Starting at
postnatal day 1 (P1) or 2 (P2), drugs (described later) were
intravenously injected for 4 days in the morning as described
by Glascock et al. (2011). Filtered green food dye (1:100)
was added to the solutions to control access to the intra-
venous injection. The green dye rendered the drug distri-
bution visible, as the normal pink colour of the neonates
was converted to green. Before injection, the facial vein was
made visible using a Wee Sight™ transilluminator (Philips,
Amsterdam, Netherland). The solution was slowly injected
with an insulin syringe (Micro-Fine™ 8 mm X 30 G; Bec-
ton Dickinson, New Jersey, USA) using a 2.5X magnifying
visor loupe (Lactona, Bergen op Zoom, Netherland). Bleed-
ing from the injection site was stopped by applying pres-
sure with a gauze swab. After the transient stress from the
injection was relieved, the mice were returned to the cage
and kept under standard conditions. All treatments were per-
formed by experienced, specially trained personnel, and all
efforts were made to minimize suffering. The animals’ health
and behaviour were monitored every day during the treat-
ment period and every second day afterwards. According to
the research protocol, all mice with health deficits or unnatu-
ral behaviour would have been euthanized immediately.

All neonatal mice were sacrificed by cervical dislocation
according to the Norwegian Local Veterinary Service pro-
tocol at the age of P16 to P18. The jaws, including incisor
and molar teeth, were dissected out and fixed in 70% ethanol.
After fixation, the jaws were thoroughly cleaned by gentle
brushing in running tap water using a stereomicroscope with
a light source (SteREO Discovery. V8 & SteREO CL 1500
ECO; ZEISS, Oberkochen, Germany). Teeth with visible
iatrogenic decay accidentally inflicted during preparation
were excluded from the study.

All medicines were purchased from the hospital phar-
macy (Sykehusapoteket Rikshospitalet, Oslo, Norway) and
prepared for the study group as follows: the ampicillin solu-
tion was prepared by mixing powder and sterile physiologi-
cal saline according to the manufacturer’s instructions (Pen-
trexyl; Bristol-Myers Squibb, Lysaker, Norway) and adding
sterile filtered green food dye (1:100). Gentamicin (Gen-
tamicin; B. Brown, Melsungen, Germany) was administered
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using a prefabricated solution (3 mg/ml) for injections.
Before use, both antibiotic solutions were mixed accord-
ing to the requested dose: ampicillin solution (200 mg/kg)
2.0 pl/g mouse body weight and gentamicin solution (4 mg/
kg) 1.3 ul/g mouse body weight, equivalent to what is given
to preterm infants in Norwegian hospitals. The injected vol-
ume per mouse was between 6.6 ul and 15.2 pl, correspond-
ing to the body weight (2.0-4.6 g). For the control group,
sterile saline was prepared with sterile filtered green food
dye (1:100), and a volume corresponding to 3.3 pl/g mouse
body weight was injected.

Macro photography

As a part of the enamel examination, photographs were
taken using a digital single lens reflex camera with a macro
lens (D700 & AF Micro Nikkor 60 mm, 1:1; Nikon, Tokyo,
Japan) and extension tubes (DG 12, 20 and 36 mm; Kenko
Tokina, Tokyo, Japan) with standardized camera settings
(ISO 200, £32, 3 s): the labial aspects of the upper and lower
incisors and the occlusal surfaces of the first upper and lower
molars. The photographs of 44 mice included in the study
were projected onto a flat screen in a room with indirect,
standardized lighting and examined individually and inde-
pendently by three experienced dentists (ASc, ASe, 1JB).
The pictures were randomized and blinded before the exami-
nation. Enamel disturbances, such as demarcated opacities
(white, yellow and brown colour), hypoplasias and other
enamel defects were recorded. A joint score was decided
for each recording, and consensus was reached through dis-
cussion when individual examiners differed.

Micro-CT imaging

A micro-CT scanner (SkyScan 1172; Bruker, Brussels,
Belgium) was used to provide three-dimensional images
of mouse incisors and first molars to determine the enamel
volume and density (de Lima Mde et al. 2015). The scan-
ning protocol and parameters for human teeth described
in previous studies (Johnsen et al. 2016) were used with
adjustments to the requirements for analysis of murine
dentitions. Samples were mounted vertically in customized
tubes. Hydroxyapatite phantoms with known density were
used to calibrate the instruments. The scanning parameters
were 4.96 pm isotropic pixel size with a medium camera
resolution and X-ray source (100 kV, 100 mA, 10 W) using
a 0.5 mm Al filter. Samples were rotated 360° around their
vertical axis, with a 0.4-rotation step and frame averag-
ing of three. A flat field correction was performed before
every scan. The X-ray attenuation coefficients were recon-
structed with SkyScan software Nrecon (Bruker, Brussels,
Belgium) to serial coronally oriented tomograms using a
modified algorithm, with beam hardening of 20%, ring

artefact correction of 12 and an attenuation coefficient
range of 0.00-0.05. The greyscale was first defined using
control mouse enamel, allowing the isolation of enamel
alone without any other structure. The resulting histogram
was used to determine a binary threshold of 60-255 for
hard tissue, including enamel and dentine, and 130-255
for isolated enamel.

Before analysing the enamel, first molars and inci-
sors were isolated from the surrounding tissue prepared
digitally using DataViewer (Bruker, Brussels, Belgium).
The crown of the molars was isolated from the root at the
cementoenamel junction in a standardized way (Fig. 1).
The incisors were divided into six segments, each being
0.7 mm long starting at the incisal edge with S1 and end-
ing at the most apical part of the tooth representing S6
following a standard protocol (Fig. 1). All images were
inspected visually and with micro-CT, and iatrogenic arte-
facts were registered.

SkyScan software CTan and CTvol (Bruker, Brussels,
Belgium) were used to determine enamel quality and quan-
tity. The enamel was analysed according to mineral density
(MD) (de Lima Mde et al. 2015) and the proportion of the
enamel object volume (vol%) of the total hard dental tissue
of the tooth or segment (Fig. 1).

1000 pm

1000 pm

500 pm

500 pm

Fig. 1 Three-dimensional reconstruction of slices from micro-CT of
18-day-old mice from the study group: a right mouse mandible, buc-
cal view; b isolated crown of the first mandibular molar; ¢ isolated
crown of the mandibular incisor; d mandibular incisor divided into
six segments (S1-S6)
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Statistical analysis

Results (enamel volume and density) are expressed as the
mean + SD of independent experiments in the upper and
lower first molars and in every single segment (S1 to S6)
of the incisors. Shapiro-Wilk’s test was used to test normal
distribution. If normality failed, values were transformed
using log10, \/ X or 1/X, and Shapiro—Wilk was repeated.
One-way ANOVA was used to analyse the variance.

Welch’s ¢ test was performed in cases, where both normal-
ity and variance failed. Student’s ¢ test was used in cases with
normal distribution and equal variance. The Mann—Whitney
U test was performed when normality failed and the variance
was equal. Groups were considered significantly different if
p<0.05. All calculations were carried out using SPSS ver-
sion 24.0 (IBM SPSS Inc., Chicago, USA).

Results

The flow chart of animals and teeth included in the final
evaluation step of the study is presented in Fig. 2. None
of the mice died directly under or immediately after the
injection; however, during the observation period until P16
to P18, 18/36 mice in the study group and 9/35 mice in
the control group died within P6 (Fig. 2). Unfortunately,
these mice could not be examined due to natural animal
cannibalism. The mean (SD) age of the mice at the final
point was 16.9 (+0.78) days. Among the included mice,

Fig.2 Flow chart of animals
enrolled in the study

excluded
8 mice died (50.0%

34 maxillary first molars
31 mandibular first molars
31 maxillary incisors
34 mandibular incisors

@ Springer

90

study group
36 mice
gentamycin (1.3 pl/g) . 5 iy
i

14 first molars and incisors (7.9%) were excluded due to
iatrogenic decay. In total, 18 mice from the study group
with 65 first molars and incisors were included. In the
control group, 26 mice with 97 first molars and incisors
were evaluated (Fig. 2).

When dividing the incisors into six equal segments,
the apical part of the enamel at approximately S5-S6 was
less mineralized than the enamel closer to the incisal edge
(Fig. 3). This made the enamel more vulnerable during
the dissection process, and in two cases, the most apical
segments (S6) were excluded because of enamel fractures.

No differences between the study group and the control
group were observed by visual examination of macropho-
tographs (Fig. 4). The enamel vol% in the first molars was
significantly lower in the study group than in the control
group in both the upper (30.9% vs. 32.7%; p =0.004) and
lower (32.5% vs. 34.6%; p=0.015) jaws (Fig. 5). The vol%
of the study group was significantly lower in the man-
dibular incisors (p <0.05) in all segments (S1-S6) of the
mandibular incisors. In the maxilla, two incisor segments
(S3, S4) showed a significantly lower vol% compared
to the controls (Fig. 6). The MD of the enamel from the
study group was significantly lower (p < 0.05) in four seg-
ments (S1-S4) from the maxillary incisors than that of the
control group. In the mandibular incisors, the MD of the
enamel was significantly lower in segments S1, S2, and S4
(Fig. 3). There was no significant difference between the
MD of enamel from any of the first molars when compar-
ing the study and the control groups.

71 mice
CD-1
5 litters

excluded
9 mice died (25.7%)

maxillary first molars
45 mandibular first molars
50 maxillary incisors
47 mandibular incisors
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Fig.3 Median and interquartile 28

range of the enamel mineral
density (g/cm®) of maxillary and
mandibular incisor segments
(S1-S6); *significant difference
between the study group and the

maxillary incisor segments

L

control group (p <0.05)

enamel mineral density (g/cm?)

s1 52

[ study group [ control group

s3 s4 S5 6

mandibular incisor segments

*

*

enamel mineral density (g/cm?)

Discussion

Disturbances in enamel mineralization can affect both
quality and quantity. In this study, we demonstrated that
therapeutic doses of the antibiotics ampicillin and gen-
tamicin reduced incisor MD values; similar alterations
were observed in MIH. In contrast, the reduced enamel
volume, which was demonstrated to indicate hypoplasia-
like defects, is not consistent with MIH. In MIH-affected
human molars, the MD values have been reported to be
approximately 20% lower than those in clinically sound
teeth, while the quantity of enamel was not affected
(Fearne et al. 2004).

M study group [ control group

S3 sS4 S5 S6

Studies on antibiotics and tooth development reveal con-
flicting results. Previous research using embryonic mouse
molars in vitro showed that enamel was dose-dependently
thicker in explants exposed to amoxicillin for 10 days (Laisi
et al. 2009). The authors speculated that amoxicillin inter-
fered with the function of ameloblasts by advancing the
initiation of amelogenesis or the enamel accretion rate and
concluded that this could explain the hypomineralization
in MIH. Recently, temporarily significantly thinner enamel
in rats treated pre- and postnatally with amoxicillin has
been demonstrated by de Souza et al. (2016). Gottberg et al.
(2014) showed that enamel thickness was not affected in
rats treated prenatally with amoxicillin, but dose-dependent
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Fig.4 Photographs of teeth from mice in the study group: a maxil-
lary mouse incisors; b maxillary mouse molars; ¢ mandibular mouse
incisors; d mandibular mouse molars

enamel hypomineralization was observed. This finding was
confirmed in mice, and the authors concluded that chronic
exposure to amoxicillin/clavulanic acid in doses used in
humans caused hypomineralized enamel (Mihalas et al.
2016). Another study did not show any effect on enamel

Fig.5 Enamel object volume

(%) in the maxillary and man-

dibular first molars. There were

significant differences between

the study group and the control “
group in both the maxillary

(p=0.004) and mandibular

teeth (p=0.015)

enamel object volume (%)
w
8
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maxillary molars

after amoxicillin treatment in rats (Kumazawa et al. 2012).
It was suggested that amoxicillin affects the expression of
the metalloproteinase MMP20, which has an important role
in the degradation and removal of enamel proteins (Sahlberg
et al. 2013). However, these findings were not confirmed
by de Souza et al. (2016). In the present study, the anti-
biotics used were gentamicin and ampicillin administered
intravenously, consistent with the treatment of human pre-
term infants diagnosed with sepsis. Due to filial infanticide
and cannibalism, the cause of mortality in the present study
remains unknown. It could be speculated that the medica-
tion used was close to the lethal dose. However, gentamicin,
well known for its nephrotoxicity, has previously been used
in mice at considerably higher doses without inducing toxic
side effects (Blakley et al. 2008). It could also be speculated
that the intravenous injection technique was too traumatic for
some of the neonatal mice; however, care was taken to avoid
injuring the mice. In other in vivo animal studies, antibiot-
ics have been administered orally, intravenously, subcutane-
ously, intramuscularly and intraperitoneally. It was assumed
that if partial paravenous or subcutaneous administration
occurred, the dose was likely to be equally effective. Drug
levels in blood serum or plasma were not measured to avoid
additional burden on the animals. To the best of our knowl-
edge, gentamicin and ampicillin have not yet been tested in
isolation or in combination for their effect on enamel miner-
alization in vivo. In this study, the effects of these antibiotics
were able to be examined in isolation without any confound-
ing factors, such as infections seen in preterm infants treated
with antibiotics.

mandibular molars

[ study group [ control group
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Fig.6 Median and interquar-
tile range of the enamel object
volume (%) in maxillary and
mandibular incisor segments 12
(S1-S6); *significant difference

between the study group and the

control group (p <0.05) 0

maxillary incisor segments

enamel object volume (%)

s1 s2

45

M study group M control group

s3 s4 53 s6

mandibular incisor segments

40

enamel object volume (%)

In enamel research, micro-CT is a commonly accepted
noninvasive technique to evaluate enamel density and vol-
ume representing hypomineralization and hypoplasia. In
contrast to analyses with a significantly higher resolution,
such as scanning electron microscopy (SEM) or quantita-
tive backscattered electron (qBSE) imaging, micro-CT is not
dependent on ground sections. Making accurate longitudinal
ground sections of mouse mandibular incisors is difficult
due to the small size and slight medio-lateral curvature of
the teeth (Sidaly et al. 2015). While measurement of the
enamel thickness in ground sections of teeth is limited to
the selected slide, micro-CT enables a three-dimensional

M study group [l control group

s3 s4 53 6

analysis of the enamel in the selected area (Fagrell et al.
2013). Enamel defects can be detected independently of
their various tooth locations. In micro-CT, the enamel is
detected and separated from dentine by its density. Severely
hypomineralized enamel may be misinterpreted as dentine
by micro-CT, leading to volume measurements of enamel
being lower and those of dentine being higher. This bias was
prevented by a visual examination of both clinical pictures
and micro-CT images, where misinterpretations could have
been registered (data not shown).

The difference in MD of enamel between the study and
control groups was less than 4% in the present study. The
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entire section, i.e., both sound and affected enamel, was
analysed. Due to the size of human molars, affected enamel
can be analysed separately, which may result in greater dif-
ferences (Fearne et al. 2004). The local temporary areas
of hypomineralized enamel shown by Lyngstadaas et al.
(1998) using SEM were not seen in the present study. It
might be that micro-CT may not be sensitive enough to
visualize these microscopic hypomineralizations.

Studies have shown that in first molars, ameloblasts at
the tips of future cusps enter the secretory phase just after
birth (P0), while at P2, crown mineralization advances by
involving more ameloblasts in enamel production. On the
fourth day (P4), dental crown morphogenesis is completed
(Lungova et al. 2011). However, different strains of mice
have been used in these studies, and differences in tim-
ing should be expected. Whereas Lungova et al. (2011)
described a partially erupted first molar on day 16, all
first molars were fully erupted in the present study. In the
present study, medical treatment was performed from days
P2 to P5; therefore, the maturation stage of enamel mor-
phogenesis—but probably not the initial phase of amelo-
genesis—could be affected.

The eruption and enamel secretion rate of mandibular
incisors (200 pm/d; 4.4 pm/d) is higher than that of maxil-
lary incisors (140 pm/d; 7.3 pm/d) in adult mice (Sidaly
et al. 2015). Slightly slower tooth development resulting
in thinner enamel is expected in neonates (Schour and
Massler 1967). In molars, secretion of enamel (7 pm/d)
takes approximately 15 days with a final enamel thickness
of approximately 100 pm (Lyngstadaas et al. 1998). In the
present study, the enamel volume of the first molars was sig-
nificantly reduced in the mice receiving drugs, which indi-
cates that the secretory phase of amelogenesis is affected.
This is consistent with results showing thinner enamel in
rats treated with amoxicillin during the secretory stage of
amelogenesis (de Souza et al. 2016). Smaller tooth size has
been reported in preterm children and children with low
body weight (<2500 g) (Schuurs 2012). In human FPMs,
the initiation of mineralization starts 1-7 weeks before birth
(Antoine et al. 2009), while in mice, mineralization starts on
day P2. This means that the onset of mineralization of FPMs
in preterm infants is comparable to that in mice born to term.

Mice are convenient and extensively used for enamel
research because of their comparable enamel structure. They
are frequently used to examine the effect of medicine or
environmental toxins on amelogenesis, but the potential for
differences in pharmacokinetics between neonatal humans
and mice remains uncertain (Warshawsky et al. 1981). In
contrast to humans, mice have just a single dentition, prob-
ably the equivalent to human deciduous teeth (Tucker and
Sharpe 2004). Although the present study aimed to explore
MIH in permanent human dentition, similar defects exist in
the primary dentition (Elfrink et al. 2012).
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In contrast to incisors, mouse molars form a fast-devel-
oping model for odontogenesis in human molars. The mean
formation time of the crown in human FPMs is more than
3 years (Reid and Dean 2006), while it is approximately 3
weeks in mice (Lungova et al. 2011). This quick sequence of
stages in mice may make a direct comparison difficult (Fejer-
skov 1979), especially for studies of the transition stage
(between secretion and maturation), which is assumed to
be most vulnerable for the ameloblasts (Fearne et al. 2004).
In the present study, mice were preferred to rats because of
the slower eruption rate of the incisors, the longer enamel
secretion phase and the greater enamel—dentine ratio in the
former (Moinichen et al. 1996).

It is important to mention that the extrapolation of find-
ings from the present animal study to humans must be con-
ducted carefully. Rodent and human enamel has the same
basic structural elements, prism and interprism; however, the
spatial arrangement of prisms is considerably different (War-
shawsky et al. 1981). Other differences include the speed
at which enamel formation occurs and the incorporation of
iron in the superficial enamel layer of rodent incisors (Ris-
nes 1979). In the present study, we aimed to perform mouse
injections with doses used in humans. However, the possible
limitation of the present study may be that the drug uptake
in rodents is different and/or that even the injection volumes/
technique in such small animals may have varied. All these
factors may have had an impact; however, we believe that
this may not have significantly affected the major findings
of our study.

Conclusions

Considering the limitations of the present study, the follow-
ing conclusions can be made: The intervention given to the
neonatal mice in the present study was timed to influence
the developing molars and incisors. The reduced MD and
volume in the first molars and the erupted part of the incisors
are likely to have been caused by antibiotics. The presented
analysis of teeth in neonatal mice with micro-CT could be a
valid model for further research on MIH. As the research on
the effect of antibiotics on enamel development do not show
conclusive results, further research is needed.
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