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Abstract

Background Harris Lines (HL) and Linear Enamel Hypoplasia (LEH)
are non-specific skeletal markers of health status. The aetiology of
these markers has not yet been confirmed due to a lack of contem-
porary clinical studies but is assumed to occur due to health insults
associated with low socio-economic status (SES). Most studies re-
garding HL and LEH have been conducted on the archaeological re-
mains of historic populations. This provides a problem when trying
to determine the aetiology of the afore-mentioned defects asmedical
histories of those individuals being tested are unknown.
Objectives This study aims to determine if there is an association be-
tween LEH and HL in a contemporary South African skeletal popu-
lation with mainly low social background individuals.
Sample and Methods The skull and x-rays of long bones of individuals
(n=592) aged between 20–90 years who lived between 1900 – 1995
sampled from the Stellenbosch University Skeletal Repository, were
assessed for presence of HL and LEH.
Results The study found no significant association between LEH
and HL, with 7.64% of those with HL also having LEH (p=0.512).
There was also no significant association between HL and LEH in
females (p=0.331), but a significant association in males (p=0.027).
A significant association between LEH, HL and different age-at-
death groups was found in the middle group (40–59 years-of-age-at-
death; p=0.006), with the least significant association in the oldest
age-at-death group (>60 years-of-age-at-death; p=0.418).
Conclusion In this SouthAfrican cohort, no clear association between
LEH and HL could be established, indicating that the aetiology of
these disease markings should still be investigated.

Take-home message for students Harris lines and linear enamel hypoplasia are non-specific markers
of health status which (could be) crude markers of childhood physiological well-being. The aetiology
(and pathogenesis) of thesemarkers has not yet been confirmed due to a lack of contemporary clinical
studies as most studies regarding HL and LEH have been conducted on archaeological remains of
historic populations. This poses a problem when it comes to identifying the aetiology of the afore-
mentioned defects.
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Introduction

Non-specific markers of health status such
as Harris Lines (HL) and Linear Enamel
Hypoplasia (LEH) are crude markers of
childhood physiological well-being, which
have been studied since the 1900s and may
provide insight into an individual’smedical
background (Harris 1926). Harris’ lines are
thin, radiopaque, sclerotic, transverse lines
which develop in the metaphyses of long
bones and are visible on anteroposterior
radiographs (Harris 1933). Several authors
have suggested that these lines form during
the recovery phase after episodes of child-
hood diseases when longitudinal growth
in bone was temporarily arrested (Aufder-
heide and Rodriquez-Martin 2011; Byers
1991; Larsen 2003; Park and Richter 1953;
Park 1964; Platt and Stewart 1962). Accord-
ing to Witzel (2009), depressing effects of
diseases and insufficient nutrition on the
proliferation of cartilage cells in the growth
plate cause the formation of these radio-
dense, transverse lines. Harris’ lines form
in the growing epiphyseal growth plates
before their final closure. Intermediate
growth arrest is characterized by the depo-
sition of a layer of osseous tissue against
the growth plate, forming horizontal tra-
beculae (Witzel 2009). Lines of growth
arrest appear as horizontal stripes in the
x-ray picture before new bone is formed at
the growth plate and normal growth rates
resume (Witzel 2009). It was observed that
these lines decrease in frequency with age
(Harris 1933; Boucherie et al. 2017). As an
individual grows, the lines can undergo
resorption and appear broken and thin-
ner or even disappear with age (Boucherie
et al. 2017; Caffey 1978; Garn et al. 1968).
Therefore, the radiographic appearance of
HL decreases with age due to bone remod-
elling (Marshall andBrothwell 1968). From
this it can be deduced that the older an in-
dividual is and the more bone remodeling

has occurred, the greater the likelihood
that HL will no longer be visible. This,
however, assumes that an individual is
healthy and there are no factors that limit
the remodelling process. Some of these
markings persist into adulthood and there-
fore there are several factors which affect
the propensity of bone to undergo resorp-
tion and remodelling including nutrition,
hormonal influences, hereditary, physical
activity and mechanical stress (Nakamura
et al. 2018; Weber 2016).
During tooth development, enamel hy-
poplastic defects can occur as a result of
episodic systemic disturbances during in-
fancy and childhood, and, in contrast to
bone, enamel never remodels after this
formation, thus physiological stressors
experienced during childhood remain per-
manently engraved on teeth (O’Donnell
and Moes 2021). Linear enamel hypoplasia
is a nonspecific quantitative enamel defect,
presenting in the tooth crown enamel as
a result of defects in ameloblastic activity.
This dental defect represents a short pe-
riod when growth slowed down or stopped
during the formation of the tooth crown
until the age of eruption of the last tooth
(Goodman and Rose 1990; O’Donnell and
Moes 2021; Steckel 2005), and the develop-
ment of enamel hypoplasia is only possible
during tooth crown enamel formation
(Dąbrowski et al. 2021). These lines or
pits are excellent measures of childhood
nutritional and morbidity stress, indicat-
ing the individual’s health or/and nutri-
tional stress during the growth stages of
the first years (Goodman and Armelagos
1988; Huss-Ashmore et al. 1982). The ae-
tiology of these markers has not yet been
confirmed due to a lack of recent clini-
cal studies, but one of the assumptions
for occurrence is due to health insults
associated with low socio-economic sta-
tus (SES), such as malnutrition or disease
(Dąbrowski et al. 2021; Gindhardt 1969;
Miszkiewicz 2015; Resnick et al. 1981).
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Another study analysed skeletal samples
(11th to 16th century) retrieved from a
cemetery and priory located in Canterbury,
England (Miszkiewicz 2015). According
to historical studies, the socioeconomic
status of those buried in the priory was
higher than that of those buried in the
cemetery, and those buried in the cemetery
exhibited a higher prevalence and a later
onset of LEH, as well as a younger age-at-
death (Miszkiewicz 2015). Therefore, the
lower SES of individuals impacted their
overall wellbeing in a negative manner,
contributing to shortened lifespans and
impairments in enamel formation (Mis-
zkiewicz 2015). These markers have also
been shown to vary per population group
and there is a lack of evidence regarding
these insults within the South African con-
text. In addition, these markings have been
shown to occur with varying frequency in
populations of different ages and can be
attributed to certain factors and difficulties
associated with that specific time period,
such as malnutrition, localised diseases,
and the introduction of antibiotics (Ameen
et al. 2005; Flohr and Schultz 2009; Steyn
et al. 2013).
Most studies of HL and LEHhave been con-
ducted on the archaeological remains of
historic populations (Goodman et al. 1980;
Goodman and Armelagos 1988; Hughes
et al. 1996; McHenry 1968; Patrick 1989).
This poses a problem when trying to deter-
mine the aetiology of the afore-mentioned
defects as the medical history of the indi-
viduals tested is unknown, and therefore
there is much speculation about the aeti-
ologies of these defects.
The aimof the study is to determine if there
is an association between LEH and HL in a
South African population as represented in
the Stellenbosch University Skeletal Repos-
itory in the Western Cape Province.
The hypotheses for this study are four-fold:
• Adults that score positive for LEH also
score positive for HL.

• There is a negative correlation be-
tween HL and age-at-death due to life-
long remodelling of bone that may
influence the visibility of HL on the
long bone shafts.

• Sex should not show a difference in
association to LEH and HL as most
individuals in this repository lived in
overcrowded environments, poor liv-
ing conditions and little access to well-
equipped hospitals or clinics during
apartheid.

• LEH and HL occurred less frequently
during the early period of the 20th cen-
tury when compared to later born sub-
jects due to their shorter life span.

Sample and Methods

Sample

All materials were obtained from the
Skeletal Repository Biobank (B20/04/009)
housed at Stellenbosch University. The
skeletons derive from the established body
donation programme of the Division of
Clinical Anatomy, with known age-at-
death and sex information. This study was
ethically cleared by the Health Research
and Ethics Committee (HREC) of Stellen-
bosch University (S13/05/100) which con-
forms to the principles of the Declaration
of Helsinki (World Medical Association
2013).
Individuals (n=592) in the sample were
randomly selected from the list above for
analysis in this study. A total of 403 indi-
viduals met the inclusion criteria for teeth,
but only 349 of this cohort had LODOX®
scans available to use for HL scoring.
The majority of the sample was male
(70.8%; 419/592), while there was a vast
under-representation of female specimens
(29.2%; 173/592).
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A dental inventory of each specimen in the
collection was taken prior to the study and
it was noted which teeth were present and
scorable. Inclusion criteria for selection of
the randomised sample included at least
two scorable teeth on either the mandible
or maxilla and that more than 50% of the
tooth crown was visible. It was noted if the
scorable teeth were single-rooted or multi-
rooted teeth as it has been reported that
canines and incisors are more sensitive
to disruptive stimuli in developing teeth
(Dąbrowski et al. 2021) and the grooves
on molar teeth may have developed dif-
ferently from the anterior or canine teeth
(Reid and Dean 2006). Teeth were deemed
un-scorable when calculus, severe attrition,
and dental enamel defects such as caries
obscured the surface of the teeth.
According to various authors, Harris’ lines
are most commonly visible on both ends
of the tibia, followed by the femur and
the distal radius (Clarke 1980; Goodman
and Armelagos 1988; Hughes et al. 1996;
Maat 1984). However, a previous study of
long bones from this specific population in
the Western Cape (Alblas 2019) found that
the tibia was most commonly affected by
HL (65%), followed by the fibula (15.8%).
Therefore, an inventory of tibiae and fibu-
lae of the collection was taken prior to the
study. When long bones were absent or
when obstruction within the shaft of the
bone due to callus formation or surgical
intervention did not allow for accurate ex-
amination of the presence of HL, bones
were marked as un-scorable. The crite-
ria for evaluating HL also include having
a Low dosage X-ray (LODOX® Statscan®)
scan of at least one of the lower limbs (tibia
or fibula).

Methods

Macroscopic visualisation of LEH was
done using a ring light at 10x magnifica-
tion and a dental probe was run across

the tooth surface to detect grooves. The
buccal and labial surfaces of the crowns
of all teeth were examined according to
the recommendations of Goodman and
Rose (1990), as these surfaces are most
frequently affected. Teeth were scored ac-
cording to the presence or absence of linear
grooves per tooth, the number of LEH per
tooth was not taken into account.
Examination of HLwas performed on each
of the tibiae and fibulae present onDICOM
(Digital Imaging and Communications in
Medicine) radiographs taken with the LO-
DOX® digital imaging system. An adapta-
tion of the scoring system developed by
Clark (Clark 1978) was used to determine
the minimum threshold for a radiopaque
transverse line to be considered a HL. The
criterion for identifying HL in this study
was the presence of one or more lines
observable on enlarged digital LODOX®
scan images in an anteroposterior position.
These lines extended across the endosteal
border towards the diaphysis of the tibiae
and fibulae as described by Clark (1978).
The lines were only scored as present if
they were symmetrical on both long bones.
Radiopaque lines crossing more than at
least halfway across the bone were marked
as having HL. The number of lines per
long bone was not considered in this study,
only the presence of HL and the long bone
involved.

Statistics

All statistical analysis were conducted by
using computer software, namely R-Studio
(R Core Team 2022), as well as IBM SPSS®
(2021).
First, the distribution of age-at-death was
determined and subsequently grouped
into three classes, namely young-adult
(20–39 years-of-age-at-death), middle-
adult (40–59 years-of-age-at-death) and
old-adult (>60 years-of-age-at-death). The
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numerical value of the different ages-at-
death was also considered when conduct-
ing the statistical tests (Martin 1925). The
Skeletal Repository material used in this
study represented individuals that lived
during the 20th century (between 1900 and
1999). The 20th century was divided into
three time periods, which denoted the pe-
riod in which each study participant had
lived. A median lifespan was then calcu-
lated. For example, an individual born in
1935 who died in 1990 lived for 55 years
and reached the median lifespan in 1962.
The (1) early 20th century period (n=65)
comprised individuals who reached the
median lifespan between 1928 and 1940
(coinciding with economic restraints due
to the Great Depression, and the pre-an-
tibiotic period); the 2) mid-20th century
period (n=260) comprised individuals who
reached the median lifespan between 1941
and 1956 (a period with many socio-eco-
nomic challenges, such asWorldWar II and
the start of Apartheid in South Africa, but
also the introduction of antibiotics); and
(3) the late 20th century period (n=267)
comprised individuals who reached the
median lifespan between 1957 and 1995
(representing the height of apartheid, the
start of HIV infections, political unrest,
and the establishment of democracy in
South Africa). A St Nicolas House Anal-
ysis (SNHA) (Hermanussen et al. 2021)
was conducted to obtain an overview of
the correlation of the different variables of
this dataset. SNHA is a statistical approach
for detecting and visualizing extensive in-
teractions among variables. The analysis
provides an initial approach for clarifying
potential associations that may be subject
to subsequent hypothesis testing (Her-
manussen et al. 2021).
A Shapiro-Wilk test (Shappiro and Wilk
1965) was performed to test normality
of the distribution of the dataset. Ages-
at-death were not normally distributed.
Because of the non-normal distribution,

Wilcoxon rank sum tests (Haynes 2013)
were performed to test the hypotheses.
Pearson’s Chi-squared tests were used to
assess several associations to determine if
an association existed between the sex, age-
at-death group or time period within the
20th century) and an association between
the presence of either HL or LEH. Sec-
ondly, the test was used to evaluate if an
association existed between the presence
of HL and the presence of LEH per individ-
ual. Finally, the test was used to determine
if the association between HL and LEH
persisted through all age-at-death groups
(1–3) and the time periods within the 20th
century. For all statistical tests performed,
(alpha) p-values <0.1 and threshold 0.0001
were considered statistically significant.
Fisher’s exact test (Sprent 2011) was per-
formed to evaluate the association between
LEH and different time periods within the
20th century, followed by the determina-
tion of the effect factor (Cohen’s W).
Data were illustrated by means of boxplots
(numerical versus categorical data) and
mosaicplots (categorical versus categorical
data).

Results

Sample Demographics

The sample included 419 males and 173
females with an uneven ratio of 2.4:1. The
ages-at-death of the sample were not nor-
mally distributed (Figure 1), as shown
by the Shapiro-Wilk test for normality
(W=0.99; p=0.002). The youngest known
age-at-death in the present study was 20
years, and the oldest 90 years, with a mean
age-at-death of 48.96 years for both males
and females.
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Figure 1: Distribution histogram of sample age-at-death and sex of which the data are not 

normal distributed (Shapiro-Wilk normality test, W=0.99; p=0.002) (IBM SPSS® Version 

28.0.0.0).

Figure 2: St Nicholas House Analysis where blue colour circles indicate positive, and red 

colour circles indicate negative correlations (R-Studio 2022.07.0 Build 548) (HL= Harris 

Lines; LEH= Linear Enamel Hypoplasia; Era = time period in the 20th century). 

Figure 1 Distribution histogram of sample age-at-death of which the data are not normal distributed (Shapiro-Wilk normality test,

W=0.99; p=0.002).

The average age-at-death of the individu-
als with LEH in this study was 40.2 years
(range: 21–81 years). The young-adult age-
at-death group demonstrated a higher fre-
quency of LEH than the other two age-at-
death groups [4.71% (young-adult group)
vs. 3.47% (middle-adult group) and 1.24%
(old-adult group); p<0.01]. The late time
period showed a slightly significant in-
crease in the frequency of LEH when com-
pared to the other two time periods (7.20%
(late) vs. 0.25% (early) and 1.99% (mid);
p=0.02) (Figure 2).
There was a significant association be-
tween the prevalence of LEH and the
age-at-death (Wilcoxon rank sum test,

p=0.0002) with an effect factor of 0.61
(Cohen’s D), but no association between
sex and LEH (Pearson’s Chi-squared test,
p=0.950). Figure 3 shows the prevalence of
LEH and HL in the different age-at-death
groups.
All available digital LODOX® images 349/592
(59%) were examined for HL. HL were
present in the tibiae and fibulae of 144
(41.26%) individuals. The average age-at-
death of individualswithHLwas 48.9 years
(range: 22–82 years, SD: 13.2 years). There
was no age-at-death difference in individ-
uals with and without HL (Wilcoxon rank
sum test, p= 0.687; Figure 3).

Table 1 Prevalence of LEH presence and absence based on sex

LEH absent LEH present total

count 108 12 120
F

prevalence 90% 10%* 100%

count 257 26 283
M

prevalence 90.8% 9.2%* 100%

count 365 38 403
total

prevalence 90.6% 9.4% 100%

* p=0.95, therefore a non-significant association
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Figure 3: Mosaicplot of LEH frequency in three different time periods within the 20th 

century (Time period within the 20th century: 1=early; 2=mid; 3=late; LEH: 1=No lines 

present across teeth; 2=Lines present across teeth) (R-Studio 2022.07.0 Build 548). 

 

 

Figure 4-5. Figure 4: Distribution box (median, 25th and 75th percentile) and whiskers 

(range) of LEH prevalence in different ages (LEH: 1=No lines present across teeth; 2=Lines 

present across teeth) (R-Studio 2022.07.0 Build 548). Figure 5: Distribution box (median, 

25th and 75th percentile) and whiskers (range) of HL prevalence in different ages (HL: 1=No 

lines present across bones; 2=Lines present across bones) (R-Studio  2022.07.0 Build 548). 

 

 

 

 

 

 

 

 

 

Figures 6-7. Figure 6: Mosaicplot of HL frequency differences in Sex (Sex: 1=female; 

2=male; HL: 1=No lines present across bones; 2=Lines present across bones) (R-Studio 

2022.07.0 Build 548). Figure 7: Mosaicplot of HL frequency in three different time periods 

within the 20th century (Time period within the 20th century: 1=early; 2=mid; 3=late; LEH: 

1=No lines present across bones; 2=Lines present across bones) (R-Studio 2022.07.0 Build 

548). 

Boxplot of HL and Age-at-death 
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Boxplot of LEH and Age-at-death 

Figure 2 Mosaicplot of LEH frequency in the three different time periods of the 20th century (1=early; 2=mid; 3=late; LEH: 1=No lines

present across teeth; 2=Lines present across teeth).
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Figures 6-7. Figure 6: Mosaicplot of HL frequency differences in Sex (Sex: 1=female; 
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Boxplot of LEH and Age-at-death 

Figure 3 Distribution box (median, 25th and 75th centile) and whiskers (range) of LEH (left) and HL (right) prevalence in different age-

at-death groups (1=No lines present across teeth; 2=Lines present across teeth).

Pearson’s Chi-squared test revealed a non-
significant relationship between sex and
HL (p=0.340). There was also no signifi-
cant association between the time period
of the 20th century and the presence of
HL (Pearson’s Chi-Squared test, p-value of
0.839).
Eleven of 114 individuals (7.64%) with
HL also showed LEH, but the association
between the presence of HL and LEH was
not significant (SpearmanChi-squared test,
p=0.512, Table 2).
The combination of both LEH and LH was
more frequent in females (p=0.042, Table
3). The association between HL and LEH

was only significant in males (p=0.027),
but not in females (p=0.331).
The combination of both HL and LEH
with age-at-death was significant (Wilcox
test, p=0.0002, Figure 4) and particularly
frequent at younger age-at-death. The as-
sociation between HL and LEH was only
significant in the middle age group (40–59
years-at-death; Spearman Chi-squared test,
p=0.006, Table 4).
Lastly, a Spearman Chi-squared test was
used to assess the relationship between the
different time periods within the 20th cen-
tury and the association between HL and
LEH. It was found that there was a signifi-
cant association in only the mid (p=0.009)
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and late time period within the 20th cen-
tury (p=0.038), with the least significant
association recorded in the early time pe-
riod within the 20th century (p=0.242).
Figure 5 shows the correlation matrix of
all variables. A St. Nicolas House Analysis
(SNHA) illustrates significant chains of
associations between these variables and
again highlights the independent position
of HL among the other variables.

Discussion

Harris Lines (HL) and Linear Enamel Hy-
poplasia (LEH) are non-specific skeletal
markers of health status. The aim of this

study was to determine if there is an asso-
ciation between LEH and HL in a South
African population as represented in the
Stellenbosch University Skeletal Reposi-
tory. Many of the finding of this study are
in accordance with previous findings (Caf-
fey 1978; Clarke 1980; Mays 1995; Webb
1984).

LEH

Within the current study, the prevalence of
LEH was 9.43%, which falls within the va-
riety of prevalence’s found by previous au-
thors which range from 3% to 99% (Pascoe
and Seow 1994; Seow et al. 1987)
A Wilcoxon rank sum test revealed a sig-
nificant relationship between age-at-death

Table 2 The percentage of individuals with and without HL and LEH. Highlighted percentages represent those with both HL and LEH

LEH absent LEH present total

count 114 19 133
HL absent

prevalence 85.7% 14.3% 100%

count 93 11 104
HL present

prevalence 89.4% 10.6%* 100%

count 207 30 237
total

prevalence 87.3% 12.7% 100%

* p=0.512, not significant

Table 3 Association between HL and LEH based on sex (p=0.042)

  LEH absent LEH present total

count 36 4 40
HL absent

prevalence 90% 10% 100%

count 28 6 34
HL present

prevalence 82.4% 17.7%* 100%

count 64 10 74

F

total
prevalence 86.5% 13.5% 100%

count 78 15 93
HL absent

prevalence 83.9% 16.1% 100%

count 65 5 70
HL present

prevalence 92.9% 7.1% ** 100%

count 143 20 163

M

total
prevalence 87.7% 12.3% 100%

*p=0.331; **p=0.027
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Figure 8: Distribution box (median, 25th and 75th percentile) and whiskers (range) of HL 

versus LEH prevalence in different ages-at-death (HL and LEH: 1=No lines present; 2=Lines 

present; 1:1=No lines present across bones or teeth; 2:1=Lines present across bones, but no 

lines present on teeth; 1:2=No lines present on bones, but lines present across teeth; 2:2= 

Lines present on bones and teeth) (R-Studio  2022.07.0 Build 548). 

 

 

Boxplot of HL, LEH and Age-at-death 
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Figure 4 Distribution box (median, 25th and 75th percentile) and whiskers (range) of HL versus LEH prevalence at different ages-at-

death (1:1=No lines present across bones or teeth; 2:1=Lines present across bones, but no lines present on teeth; 1:2=No lines present

on bones, but lines present across teeth; 2:2= Lines present on bones and teeth).

Figure 5 St Nicolas House Analysis where blue colour circles indicate positive, and red colour circles indicate negative correlations

(HL= Harris Lines; LEH= Linear Enamel Hypoplasia; Era = time period in the 20th century).

and LEHwhere the young age groups show
the greatest prevalence of LEH. This is in
accordance with Ribot and Roberts (1996),

who found that the greatest prevalence
of LEH occurred between nine to fifteen
years-of-age. However, it is an unexpected
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finding due to the nature of teeth and
the processes by which they form. Unlike
bone, remodelling does not take place in
the dentition and therefore once the defect
is present on the enamel surface, it will
remain visible for the remainder of the
individual’s life unless the crown surface
itself becomes damaged (Hillson and Bond
1997). A reason for the higher prevalence
in younger age groups may be the develop-
mental timing of tooth formation and the
cumulative effect of enamel disruptions
over time. Another possible explanation
for this finding could simply be that the in-
dividuals in this study sample, who formed
LEH, were frailer than those who did not
form LEH. This is supported in the context
of the osteological paradox limitations as
described by Wood et al. (1992). The limi-
tations and complexities involved in using
skeletal remains should be taken into ac-
count and should allow for the underlying
vulnerabilities in the skeletal population.

O’Donnell and Moes (2021) mentioned a
few studies showing that LEH may also be
associated with higher mortality risks and
earlier deaths, likely from its correlation
with factors associated withmortality, such
as socioeconomic standing. Furthermore,
Ham et al. (2021) examined the impact of
LEH on survival in the Pueblo Bonito com-
munity (Chaco Canyon) and the Hawikku
community (Zuni). Their results indicated
that, compared to individualswithout LEH,
those with LEH had a shorter mean sur-
vival time (Ham et al. 2021).
Persons who reached their median lifespan
late in the 20th century in the time period
between 1957 and 1995 showed the highest
frequency of LEH (p=0.020), suggesting a
decrease in dental health over the 20th
century as environmental and social con-
ditions deteriorated due to apartheid law
influences on the populations. However, it
has been noticed that dental work became
more prevalent in the late time period,

Table 4 Association between HL and LEH in different age-at-death groups

  LEH absent LEH present total

count 31 6 37
HL absent

prevalence 83.8% 16.2% 100%

count 20 8 28
HL present

prevalence 71.4% 28.6% 100%

count 51 14 65

Y

total
prevalence 78.5% 21.5% 100%

count 62 11 73
HL absent

prevalence 84.9% 15.1% 100%

count 54 2 56
HL present

prevalence 96.4% 3.6% * 100%

count 116 13 129

A

total
prevalence 89.9% 10.1% 100%

count 21 2 23
HL absent

prevalence 91.3% 8.7% 100%

count 19 1 20
HL present

prevalence 95% 5% 100%

count 40 3 43

O

total
prevalence 93.0% 7.0% 100%

*p=0.006
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since the dentist to population ratio gradu-
ally improved towards the late 20th century
(Rensburg and Mans 1990). There was no
sex difference in the deterioration of den-
tal health as already observed in a Polish
sample studied by Kozak and Krenz-Nied-
bala (2002), as well as a study conducted
by Infante and Gillespie (1974). Kozak and
Krenz-Niebdala (2002) analysed the fre-
quency of cribra orbitalia by sex and age-
at-death and its association with enamel
hypoplasia in a medieval population from
northern Poland. They observed no clear
relation between the lesion and sex, and no
association of cribra orbitalia and enamel
hypoplasia (Kozak and Krenz-Niedbala
2002).

HL

A higher average age-at-death was ob-
served in individuals with HL in com-
parison with those having LEH, with no
significant difference between the age-at-
death of individuals with or without HL.
This is in contrast with the findings of Har-
ris (1933), who observed that these lines
decrease in frequency with age as well as
Marshall and Brothwell (1968), who stated
that the radiographic appearance of HL
will decrease with age due to remodelling
of bone. We therefore reject our second
hypothesis as we were unable to find a
negative correlation between LH and age-
at-death.
We noted a small, but insignificant sex
difference in the prevalence of HL with
more HL in males (67.4%) than in females
(32.6%). This finding is in accordance with
other authors (Ameen et al. 2005; Huss-
Ashmore et al. 1982; Webb 1984), who
have also noted no significant difference
between the sexes’ prevalence to develop
HL.
The prevalence of HL did not show a sig-
nificant difference between the three time

periods of the 20th century. Weak correla-
tions with the early time period for growth
arrest lines were observed, with a stronger
correlation in themid- and late time period.
Before the advance of antibiotics, localised
infections, such as periostitis and osteomyeli-
tis seen on bone, and associated complica-
tions had a severe impact on the daily lives
of individuals (Flohr and Schultz 2009),
often resulting in death, thereby poten-
tially explaining the low HL frequency
in the Skeletal Repository sample during
this time period. After the introduction of
antibiotics in the 1940s, infections were
treated successfully, resulting in a longer
life span, but also chronic diseases as re-
sult of recurring infections (Steyn et al.
2013). Such chronic infections can result
in permanent osseous changes in the bones
(Flohr and Schultz 2009), explaining the
increase in HL seen in the mid- and late
20th century. However, it should also be
taken in consideration that the early pe-
riod is under-represented in the Skeletal
Repository sample compared to the mid-
and late 20th century periods.

LEH vs. HL

The current study did not find a signifi-
cant association between HL and LEH, as
previously noted in various studies (Böker
et al. 2022; Caffey 1978; Webb 1984) and
thus failed to support our first hypothesis
that adults that score positive for LEH also
score positive for HL. Böker et al. (Böker
et al. 2022) also found dental eruption to
be an independent biological maturation
system that is regulated bymechanisms dif-
ferent than those of skeletal age and height.
Although Maat (Maat 1984) proposed that
a correlation between these two defects
would exist due to their presumably shared
aetiology, several authors have discredited
this claim (Caffey 1978; Clarke 1980; Webb
1984; Mays 1995). More recently, a study
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conducted on an archaeological sample
from Chile took into account the time
of formation of both HL and LEH and
found that HL showed greatest prevalence
during an individual’s first year of life as
well as during adolescence, whereas the
greatest prevalence noted for LEH clus-
tered around three to five years-of-age
(Alfonso et al. 2005). There may thus be
an explanation for the lack of correlation
between HL and bone remodelling in the
first few years of life. Compared with bone
growth, dental development appears to be
much less affected by environmental stress
(Papageorgopoulou et al. 2011). HL can,
therefore, consequently be associated with
trivial stress episodes, but not LEH (Papa-
georgopoulou et al. 2011). It was therefore
hypothesised that HL may occur as a re-
sult of normal saltatory growth due to an
individual’s rapid bone formation during
times of growth spurts (Alfonso et al. 2005;
Papageorgopoulou et al. 2011). In contrast,
some overlap has been noted regarding
the time of formation of these defects and
therefore, it cannot be said with surety that
there is no association (Meurs 2014).
A significant correlation between sex and
the association between LEH and HL was
found in males (p=0.027). This finding
is in contrast with a study conducted by
Alfonso et al. (2005), who found no signifi-
cant association between sex, LEH and HL.
A difference in frequency of LEH and HL
in sexes were not expected as both sexes
in this skeletal population were exposed
to unsanitary conditions associated with
poor housing and overcrowding environ-
ments, and less success in buffering them-
selves from malnutrition and exposure to
pathogens. Thus, we partially rejected our
third hypothesis that sex was not associ-
ated with the occurrence of LEH and HL.
There was also a higher prevalence of indi-
viduals that presented with both LEH and
HL in the younger age-at-death group, in
comparison to the other two groups. This

can potentially be attributed to the small
sample size in the young aged group and
individuals that presented with both LEH
and HL in this group.
A significant correlation was found be-
tween the mid- and late 20th-century pe-
riods and the association between LEH
and HL. This finding can be attributed
to the high prevalence of both LEH and
HL during those time periods, as reported
previously. The skeletons from the late pe-
riod of the study, which corresponds to the
apartheid era characterized by poor living
conditions, political unrest, and pathogen
exposure, showed the consequences of this
regime. From the 1960s onwards, LEH and
HL became more prevalent compared to
earlier times.
This study was considered in the context
of the osteological paradox limitations first
described byWood et al. (1992) when inter-
preting LEH and HL lesions as indicators
of health in this skeletal population. Un-
derstanding the survivorship bias inherent
in skeletal collections allows researchers
to acknowledge that the individuals rep-
resented in the sample have already sur-
passed a certain threshold of survival, in-
dicating that they were resilient enough to
reach adulthood despite the challenging
living conditions. This recognition helps
contextualize the presence of LEH as a
marker of stress or disruption during tooth
development. By considering the socioe-
conomic factors and potential hardships
faced by the population, researchers can
infer that the prevalence and severity of
LEH likely reflect the overall burden of
nutritional deficiencies, illness, and other
stressors experienced within the commu-
nity. Consequently, the osteological para-
dox provides a framework for interpreting
LEH as an indicator of the population’s
health challenges and can contribute to a
more nuanced understanding of their so-
cioenvironmental circumstances.
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Conclusion

In accordance with previous findings, a sta-
tistically significant association between
HL in the lower limbs of individuals and
LEH on available teeth was not noted, but
a significant positive correlation was, how-
ever, found between sex and the association
between LEH and HL in males. It was also
found that this association decreased with
age, and, additionally, a significant posi-
tive correlation was identified between the
mid- and late time periods within the 20th
century and the association between LEH
and HL.
Overall, the aim of the present study was
met, many known factors regarding HL
and LEH have been confirmed and addi-
tional findings have been highlighted. LEH
and HL were found not to be significantly
correlated in the current study. In line with
previous findings, this study concludes that
dental eruptions are not regulated by the
same mechanisms as those determining
skeletal age or height, which are indepen-
dent, biological maturation systems. No
correlation was found between sex and
the association between LEH and HL and
remodelling could be observed over time
(age). In addition, a significant association
between LEH, HL and different age-at-
death groups was found in the 40–59 years-
of-age-at-death group. However, much is
still unknown about these defects and an
abundance of additional research should
be conducted to obtain a full understand-
ing of these defects. Since HL did not show
a statistically significant association to
LEH, it is imperative to re-examine HL as
purely nutritional or pathological stress
markers.
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