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Ossification of the Ligamentum
Flavum in a Nineteenth-Century
Skeletal Population Sample from
e Ireland: Using Bioarchaeology
e to Reveal a Neglected Spine
Pathology

. Jonny Geber! & Niels Hammer?2

Ossification of the ligamentum flavum of the spine (OLF) is rarely reported in individuals of European
ancestry. It has, however, been observed in archaeological skeletons from Europe. The aim of this
study was to revisit OLF rates, utilising a mid-nineteenth-century skeletal sample from Ireland. The
hypothesis was that the OLF prevalence rate was similar to studies on non-Europeans. Spines from

345 individuals were analysed, and the extent of OLF recorded on the cranial and caudal attachment
sites of each vertebra using the following classification system: Grade 0 (no change); Grade 1 (<2 mm);
Grade 2 (2-4 mm); Grade 3 (>4 mm). OLF was observed at prevalence rates of 83.6%. There was no
disparity in prevalence based on sex, except for individuals aged 36-45 years at death in which the male
rate was higher. Advancing age was a determining factor in the OLF occurrence with an onset in young
adulthood (18-25 years), and most severe grades occurring over the age of 25 years. OLF coincides with
spinal osteoarthritis, spondylosis deformans and Schmorl’s nodes in both sexes, and with intervertebral
osteochondrosis in females. The results of this study indicate that OLF is likely to be an understudied
rather than rare condition in European populations.

Ossification of the ligamentum flavum (OLF) is a spinal pathology that is currently most frequently clinically
. reported in Japanese and Chinese populations'~*2. In those, the prevalence of OLF lay within the range of 3.8%
. 10 26.0%>'°, with males being more affected clinically than females? and increasing in rate with advancing age®”.
' Myelopathy is the OLF-defining pathology with subsequent morbidity. The lower thoracic spine is the most com-
* monly affected region®®. Cervical and lumbar manifestations have also been described***, and single-level ossi-
. fication is reported more often than multi-level manifestation®. Both intrinsic and extrinsic factors have been
. postulated as the cause of OLE Intrinsic factors include genetic predisposition, dietary factors with related obesity
and type 2 diabetes. Extrinsic factors are in general attributed to an altered mechanical load of the spine resulting
in trauma®. Some overlap appears to exist between both™.
The baseline data for the aetiology, diagnosis, treatment and long-term outcomes of the condition are, how-
: ever, inconsistent. Moreover, based on the published clinical literature, OLF appears to be exceptionally rare in
. populations with predominately European ancestry. The reported cases are almost exclusively based on observa-
tions in East-Asian individuals, which conflicts the theory of OLF being a major effect of altered biomechanics
and physical activity. Vice versa, one may speculate that OLF is a neglected condition in individuals of European
ancestry, e.g. due to a more predominant focus on clinical and radiological pathologies such as hip and knee
© arthritis and peripheral vascular disease. Spinal ligament ossifications are a common observation in bioarchaeo-
. logical samples®, and OLF is of particular interest in these as it is present on the in general best surviving portion

!Department of Anatomy, University of Otago, Dunedin, New Zealand. 2Department of Orthopaedic and Trauma
. Surgery, University of Leipzig, Leipzig, Germany. Correspondence and requests for materials should be addressed to
: J.G. (email: jonny.geber@otago.ac.nz) or N.H. (email: nlshammer@googlemail.com)

SCIENTIFICREPORTS| (2018) 8:9313 | DOI:10.1038/541598-018-27522-x 1


mailto:jonny.geber@otago.ac.nz
mailto:nlshammer@googlemail.com

www.nature.com/scientificreports/

Figure 1. In-situ photograph of an adult male skeleton (36-45 years old) from the Kilkenny Union Workhouse
cemetery. Photo: Margaret Gowen & Co. Ltd.

of human vertebrae from archaeological contexts and therefore usually available for study. While OLF has been
reported in archaeological skeletons from Europe, these observations have however rarely been published®” .

This article is reporting on OLF in archaeological skeletal remains (Fig. 1) from a mid-nineteenth-century
(AD 1847-1851) population sample from Kilkenny City, Ireland, and the prevalence and frequency rates are
discussed in conjunction with clinical reports of OLF. The aim of this study is to highlight the value of bioar-
chaeological data when discussing the epidemiology of the condition today. The study provides further evidence
from the palaeopathological record that OLF may be an underreported pathological condition in individuals of
European ancestry. The material comprises of remains of people from the lower social strata that died as a conse-
quence of malnutrition and infectious disease in a workhouse during the notorious Great Irish Famine between
1845 and 1852%. Using the skeletal sample from Kilkenny, the existence of OLF is quantified, using a macroscopic
recording methodology adapted for archaeological human remains from which the following hypotheses are
formed:

(A) Ossification of the ligamentum flavum is present in a skeletal sample of a nineteenth-century population of
European (Irish) ancestry and is occurring at rates and frequencies that are comparable to those reported
in the clinical literature on Japanese and Chinese populations.

(B) Ossification of the ligamentum flavum progresses in rates, frequency and severity with age, and is more
frequent in males than in females.

Material and Methods

The given sample comprised of skeletons of individuals who had died in the Union Workhouse in Kilkenny
City, Ireland, during the Great Irish Famine between August 1847 and March 1851%. These individuals belonged
to the lowest strata of contemporaneous society, and they maintained their subsistence in dire socioeconomic
circumstances while relying on a monoculture economy that was largely dependent on the potato crop. The
primary cause of the Famine was a potato blight*! and, as a consequence, hundreds of thousands of people in
Ireland resorted to the workhouses for relief as a mean to avoid death by starvation*?. Of the over 4,100 people
who died in the Kilkenny Union Workhouse during the Famine®, at least 970 individuals were buried in an
unmarked intramural mass burial ground. This burial ground was subject to a development-driven archaeolog-
ical excavation in 2006, from which the human remains were subsequently analysed and studied before to their
final re-interment in 2010 (see below). While their demise is related to starvation and malnutrition, the primary
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direct causes of their deaths would have been infectious diseases such as typhus, typhoid fever, cholera, dysentery
and tuberculosis*. The analysed population sample comprised of individuals who at the time of their deaths were
dependent on poor relief*. No historical records survive that can shed light on the identity of these people, but
a broad contextualisation of the social fabric of Kilkenny City during this period can tell us that they—prior to
institutionalisation—would have been servants, agricultural workers and cottiers, industrial workers, as well as
tradesmen and those who were deemed completely destitute®.

Following excavation, the human remains were cleaned in lukewarm water and subsequently air-dried. The
skeletons were analysed by J.G. following a standard osteological protocol**. Sex was determined from cranial
and pelvic morphology*’. Age-at-death was estimated from cranial suture obliteration, the morphology of the
pubic symphyses, the coxal bones’ auricular surfaces and sternal ends of ribs**->2. Only individuals that could
be assigned a sex and an estimated age range were included in this study. Age estimations from human skeletal
remains determine the biological or skeletal age and is fundamentally different from the true chronological age of
an individual®. Direct analogies with clinical data, based on skeletal age estimates, are therefore not encouraged;
instead, a comparative analysis should focus on age-related trends and patterns. Bone preservation of each skele-
ton was assessed using the system devised by McKinley>*.

All the skeletal remains were reinterred at the Famine Memorial Garden at the MacDonagh Junction com-
plex, Hebron Road, Kilkenny City, Ireland, in 2010. Bioarchaeological analyses of the human remains from the
Kilkenny Union Workhouse have been undertaken by licence (05E0435) from the National Museum of Ireland.

Macroscopic assessment, recording and quantification of OLF.  The presence of OLF was assessed
and recorded at the cranial and caudal attachments of the vertebral arches*>>%¢ (Fig. 2). The occurrence of OLF
was assessed both by crude prevalence rates per spines and by frequencies by vertebral level. When recorded by
level, the junction between two vertebrae was considered (e.g. C7/T1, T7/T8, L2/L3). The more developed ossifi-
cation (if present) of either the cranial or caudal attachment of any of two adjacent vertebrae was scored. In total,
2,887 levels were assessed in male skeletons, and 2,696 levels in female skeletons. Due to the incompleteness of
the majority of the given vertebral columns, OLF rates per spines were calculated on the basis of relative com-
pleteness. A spine was considered observable when at least the thoracic region was present. Due to the incomplete
nature of archaeological human skeletons (of the 345 individuals included in this study, only two skeletons display
vertebral columns that are 100% preserved), the thoracic region was recorded as observable if at least six thoracic
vertebrae were present, and a lumbar region if at least three lumbar vertebrae were present, following accepted
praxis®’.

Statistical analyses. SPSS 24.0 software (IBM, IL, USA) and Excel 2013 (Microsoft Corporation, Redmond,
WA, USA) were used to evaluate the data statistically. The Kolmogorov-Smirnov test was used to determine nor-
mal distribution. Chi-square tests were employed when comparing prevalence rates and conducting correlation
analyses, and a binary logistic regression analysis was used to determine the relationship of age group and sex to
the presence of OLE.

Ethics statement. The tissues are classified as ‘archaeological artefacts’ according to the National
Monuments Act in Ireland, and consequently, no ethical approvals was required for the described study.

Results

Taphonomic factors do not affect OLF rates in this skeletal sample. There was a total of 2,268
cervical, 3,614 thoracic and 1,493 lumbar vertebrae from 425 adults (>18 years) available for this study. The
least complete spines were present in >46-year-old females and 36 to 45-year-old males (Table 1), although no
statistical significance in difference was observed. The average number of vertebrae present per skeleton was
closely related to bone preservation, where the best-preserved skeletons (Grade 0 = excellent) exhibited an aver-
age of 6.5 cervical, 11.6 thoracic and 4.8 lumbar vertebrae. The least-preserved skeletons (Grade 5= very poor)
exhibited an average of 5.7 cervical vertebrae, 6.8 thoracic and 3.8 lumbar vertebrae (x*(120) =251.0, p < 0.001).
Completeness of each skeleton was due to truncation and other post-depositional disturbances of the remains. As
a consequence, the proportion included in this study was 88.6% (179/202) of the males and 89.8% (166/185) of
the females. This implies that the general representation of OLE, as observed macroscopically from the osteologi-
cal analysis of the remains, is close to a true reflection of the condition in the total population sample.

OLF is present in over 80% of adults from a mid-nineteenth-century Irish population sample.
The analysis revealed high rates of OLF in the thoracolumbar spines of the Kilkenny sample. The total prevalence
of was 83.6% (272/345), with 83.2% (273/328) of thoracic vertebral columns and 28.6% (88/308) of lumbar spines
affected. When quantified by vertebrae counts, 39.2% of thoracic (1,417/3,614) and 3.3% of lumbar (49/1,493)
vertebrae (either on the cranial or caudal portion) were displaying OLF to some degree. The condition was not
observed in any cervical vertebrae (0/2,268) in this sample. The extent of the ossifications was classified by grade
of severity (Table 2). Slight ossifications (Grade 1) were the most common manifestations and were observed in
75.9% (262/345) of the total sample. Moderate ossifications (Grade 2) were present in 47.5% (164/345), and con-
siderable ossifications (Grade 3) in 12.8% (44/345).

The highest frequencies in this sample occurred at the T10/T11 level (36.2%; 111/307), and there were two
further peaks apparent at the T6/T7 (32.5%; 102/314) and the T11/T12 (30.0%; 92/307) levels. Grade 1 ossifica-
tions displayed a peak in frequency at the T9/T10 level (36.8%; 113/307). This pattern was different for the most
pronounced ossifications, which were primarily noticeable one level down at T10/T11 (Grade 2 =19.9%; 61/307;
Grade 3=6.5%; 20/307) (Fig. 3).
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Figure 2. Examples of ossification of the ligamentum flavum in archaeological human vertebrae (adult
male), involving the cranial (a=T9: Grade 2; b=T6: Grade 3) and caudal (c=T9: Grade 3; d="T8: Grade 1)
attachments. Arrows indicate the ossifications.

The high rates of OLF in this population sample, and of slight ossifications (Grade 1) in particular, does war-
rant the question on whether the majority of these skeletal changes should be considered a normal variation, or a
pathological condition. Grade 1 OLE, as recorded macroscopically in this study, is unlikely to be detected through
radiographic examinations in clinical cases. Their relevance as indicators of pathological (i.e. symptomatic) con-
ditions is therefore difficult to ascertain in this study and would require an autopsy sample to either confirm or
reject such a hypothesis.
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Males

18-25 18 108 6.0 197 10.9 82 4.6
26-35 46 278 6.0 446 9.7 181 3.9
36-45 94 516 55 833 8.9 352 3.7
>46 44 274 6.2 388 8.8 158 3.6
Total 202 1,176 5.8 1,864 9.2 773 3.8
Females

18-25 17 109 6.4 189 11.1 79 4.6
26-35 74 411 5.6 668 9.0 275 3.7
36-45 74 457 6.2 718 9.7 297 4.0
>46 20 115 5.8 175 8.8 69 3.5
Total 185 1,092 59 1,750 9.5 720 3.9

Table 1. Quantitative data of the number of observable vertebrae and relative completeness of spines in
adult skeletons from the Kilkenny Union Workhouse, by sex and age group. MNI = Minimum Number of
Individuals.

0 No visible change
1 <2mm
2 2-4mm
3 >4mm

Table 2. Classification for scoring the grade of ossification of the ligamentum flavum (by length/dimension of
ossifications) in vertebrae.
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Figure 3. The frequency of ossification of the ligamentum flavum manifested by spinal level in adult males (n=179)
and females (n = 166), by the degree of ossification (Grade 1=slight, Grade 2=moderate; Grade 3 = considerable).

The number of levels affected depends on the grade of ossification. The minimum number of
levels affected by OLF in individual spines was, in general, less than five and ranged from one to 16 (Fig. 4). As is
usually the case with archaeological skeletons, however, the anatomical completeness of the spines differed
between individuals (see the Methodology section below). Of the 231 individuals (117 males and 114 females)
with complete thoracolumbar spines, the number of affected levels of those with OLF (Grade 1-3) (n=191)
ranged from one to 16 (X =6.1; SD=3.1).

The number of levels affected by Grade 1 OLF ranged from one to 11 (X =4.1; SD =2.1), with the highest propor-
tion of individuals (19.0%; 35/184) being affected at three levels. A different pattern was evident when only consider-
ing Grade 2 or Grade 3 manifestations, which was more consistent with the reports in the clinical literature®. In
individuals with Grade 2 OLF present, the number of levels affected ranged from one to 11 (X =2.9; SD =2.1), with
the highest percentage (33.3%; 39/117) being single-level involvement. In thoracolumbar spines with Grade 3 OLE, the
range stretched from one to six (X = 1.6; SD = 1.2), with 69.4% (25/36) of all cases being single-level ossifications.
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Figure 4. The minimum number of levels affected by of ossification of the ligamentum flavum in
thoracolumbar spines, irrespective of anatomical completeness of vertebral columns, by the degree of
ossification.
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Table 3. Prevalence rate and frequency [square brackets] of ossification of the ligamentum flavum in adult
males and females (df=1).

Constant —59(14) | — <0.001
Thoracic Sex 0.5(0.3) 1.7(0.9,3.2) 0.090
Age group 0.9(0.2) |2.5(1.7,3.6) <0.001
Constant —2.0(1.2) — 0.077
Lumbar Sex 0.3(0.3) 1.4 (0.8,2.2) 0.247
Age group 0.1(0.2) 1.1(0.8,1.6) 0.557
Constant —6.0(1.5) — <0.001
Thoracolumbar | Sex 0.5(0.3) 1.6 (0.9, 3.0) 0.125
Age group 0.9(0.2) 1.5(1.7,3.7) <0.001

Table 4. Binary logistic regression values of ossification of the ligamentum flavum for vertebral region by sex
(female = 1; male = 2) and age group. CI = confidence interval, Coeft = coefficient, SE = standard error.

There is no clear disparity in OLF prevalence observed between females and males. Males in
the given sample displayed higher OLF rates than females, with a ratio of 1.1:1 in thoracic spines and 1.3:1 in lum-
bar spines (Table 3). A statistically significant difference was found between males and females in OLF prevalence
rates within the 36 to 45-year-old age group (x?(1) =4.2, p=0.04). This difference is likely to be a methodological
error relating to the difficulties in determining the age-at-death in post-pubertal human skeletons and adults of
over the age of 30 years in particular™. A binary logistic regression analysis, however, indicated that on an overall
level, sex did not influence the presence or non-presence of OLF in this population (Table 4).

Both sexes displayed a similar pattern regarding OLF distribution by level, with no statistically significant
difference observed. The peak in OLF manifestation in male spines occurred at the T9/T10 level, which is one
level higher than the peak (T10/T11) in female spines. The most noticeable difference in frequencies between the
sexes occurred between the T4/T5 and T6/T7, and T8/T9 and T9/T10 levels. A higher frequency in male spines
also occurred at the T1/T2 and T12/L1 levels (Fig. 5). Although no statistically significant difference was observed
in this study, the difference between OLF levels in males and females in the lower thoracic level may relate to
differential loading factors of this part of the spine between males and females. A recent study by Hay et al., for
instance, has observed a more pronounced lumbar lordosis in females compared to males which they attributed
to adaptive factors relating to childbearing®®.
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Figure 5. The frequency of ossification of the ligamentum flavum manifested in the spinal levels in adult males
(n=179) and females (n =166).
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Figure 6. The frequency of ossification of the ligamentum flavum manifested in the spinal levels in males
(n=179) by the degree of ossification (Grade 1 =slight, Grade 2 = moderate; Grade 3 = considerable).

When taking the grade of ossification into consideration, males and females display similar patterns. The latter
group exhibited a broader peak of slight ossifications (between the T6/T7 and T11/T12 levels) compared to males
(with a peak between T9/T10 and T10/T11) (Figs 6 and 7). A statistically significant difference in OLF grades
between the sexes, with higher rates in males, only occurred at two levels: at T1/T2 (x*(1) =8.7, p=0.013) and
T9/T10 (x*(1)=11.7, p=0.009).

Advancing age determines the prevalence of OLF. The prevalence rate of the overall sample is indicat-
ing an increase in OLF with advanced age, ranging from 48.5% (16/33) in 18 to 25-year-olds to 83.3% (50/60) in
>46-year-olds of that population. Grade 1 and Grade 2 ossifications occur in all age groups. Grade 3 ossifications
only present in individuals aged over 25 years (Figs 8 and 9). Age was found to be a determining factor, with a
medium effect size (r=0.3), for developing OLF in the thoracic region of this sample (see Table 4). No pattern
relating to either sex or age was detected when assessing OLF prevalence in the lumbar spine.

Age was a determining factor for OLF Grade 1 and Grade 2 (Table 5), which suggest that OLF Grade 3 was a
later progression of the condition that would almost exclusively have occurred in old age (>46 years).

OLF coincides with degenerative spondyloarthropathies. The adult sample from the Kilkenny pop-
ulation revealed five other skeletal spondyloarthropathies in the thoracolumbar spines. Osteoarthritis of the apo-
physeal joints was diagnosed from the presence of eburnation or combination of articular surface pitting, bony
contour change and marginal osteophytes®’, and was present in 29.3% of females (51/174) and of males 35.1%
(65/185). It increased in prevalence with age, ranging from 15.2% (5/33) in 18 to 25-year-olds to 54.8% (34/62)
in the >46 years age category. Schmorl’s nodes were present in 32.5% (55/169) of females and 53.6% (98/183) of
males, ranging from 27.3% (9/33) in 18 to 25-year-olds to 47.5% (28/59) in those aged >46 years. Spondylosis
deformans was diagnosed in the thoracolumbar spines of 51.1% of females (71/139) and 57.9% of males (81/140)
and was observed first in the 26 to 35 years age category at a rate of 32.9% (28/85) which increased to 87.8%
(36/51) in >46-year-olds. Thoracolumbar intervertebral osteochondrosis was present in 13.0% of females
(22/169) and 12.0% of males (22/183), and was observed in 7.6% (8/105) of all 26 to 35-year-olds and increased
to 16.9% (10/59) in individuals belonging to the >46 years age category. Additionally, five males aged >36 years
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Figure 7. The frequency of ossification of the ligamentum flavum manifested in the spinal levels in adult
females (n=166) by the degree of ossification (Grade 1 =slight, Grade 2 = moderate; Grade 3 = considerable).
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Figure 8. The prevalence of thoracolumbar spines affected by Grade 1 (slight), Grade 2 (moderate) and Grade 3
(considerable) of ossification of the ligamentum flavum manifestations by age group in males.
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Figure 9. The prevalence of thoracolumbar spines affected by Grade 1 (slight), Grade 2 (moderate) and Grade 3
(considerable) of ossification of the ligamentum flavum manifestations by age group in females.

were diagnosed with DISH (diffuse idiopathic skeletal hyperostosis). All conditions, except intervertebral oste-
ochondrosis and DISH in males, correlated in with OLF (Table 6). The results are strongly suggestive that the
formation of OLF in this population is due to degenerative wear-and-tear.

Discussion

Is OLF an underreported pathology in people of European ancestry?. Polgar was among the first
to report on OLF*. His study included radiological examinations and a clinical workup of a 52-year-old male
and a 25-year-old female from Hungary, and both cases were affected in the lumbar spine. OLF has so far mainly
been described in East Asian populations!, which may potentially be related to genetic factors®*¢!. Notable studies
have included assessment of Japanese!»>712-19:21-23.26.32/ Chjpege®8-11:20.2527-3162 and Korean patient samples®>64,
In these, the prevalence ranges from 3.8% to 26.0%>, though only a fraction required treatment. In these stud-
ies, males are more commonly affected than females in both symptomatic*®® and asymptomatic cases'®. Beyond
this, much smaller numbers of OLF have been reported from other ancestral backgrounds, e.g. of Indian®-%,
African®"? or Arabian’*""¢ descent and rarely any from European ancestral populations®”’~7°. However, there is
some evidence to suggest that OLF might generally be underreported in Europeans®”. Interestingly, cases have
also reported from regions with a mixed European, Arab and East-Asian ancestral background®.
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Constant 6.0 (1.5) — <0.001
0 Sex —0.5(0.3) 0.6(0.3, 1.1) 0.125
Age —0.9(0.2) 0.4 (0.3,0.6) <0.001
Constant —4.5(1.3) — <0.001
1 Sex 0.2(0.3) 1.2(0.7,2.1) 0.458
Age 0.7 (0.2) 2.1(1.5,2.9) <0.001
Constant —4.0(1.1) — <0.001
2 Sex 0.4(0.2) 1.5(0.9,2.3) 0.099
Age 0.4 (0.1) 1.6 (1.2,2.0) 0.001
Constant —4.2(1.5) — 0.006
3 Sex 0.5(0.3) 1.6(0.9,3.2) 0.141
Age 0.2(0.2) 1.2(0.8,1.8) 0.303

Table 5. Binary logistic regression values of Grade of ossification of the ligamentum flavum by sex (female=1;
male =2) and age group. CI = confidence interval, Coeft = coefficient, SE = standard error.

Males

Osteoarthritis (n=64) (755; ?;’S (5;1; (213;; ?52; 5210039
Schmorls nodes (n =96) (1111“;' ?86;; ?555 (2218 ?885 39 0049
Spondylosis deformans (n=81) (76§ (8782? ?;15 (212 8% ?72; 8.7 |0.003
Intervertebral osteochondrosis (n=21) ?S ?{) 9§ ?17 0? (253) 8 ?25(; 24 |0.123
Diffuse idiopathic skeletal hyperostosis (n=5) (2{) )'O ?2)0 ?_2) 0 4(1;))0 ?2)0 0.1 |0.825
Females

Osteoarthritis (n = 50) (162)'0 ?g; g;)) (13)‘0 ?ﬁ; 63 | 0012
Schmorl’s nodes (n = 53) (161)'3 (82;; ?22;; 397)'0 (8% 73 | 0.007
Spondylosis deformans (n =70) (lf 0‘; ?;93)’ ?; 6‘; 2;1 0‘;’ ?6SO§ 6.3 |0.012
Intervertebral osteochondrosis (n=22) ‘(LS ?;) O? ?135 (1;)6 ?25 S 54 |0.020

Table 6. The prevalence rate of ossification of the ligamentum flavum (OLF; by grade and in total) in
thoracolumbar spines with spondyloarthropathies present. Chi-square values are calculated from the OLF
Grade 1-3 category (df=1).

Evidence was provided for OLF to exist in a population of European (Irish) ancestry at similar rates as
reported previously in East Asians, proving hypothesis A»3-$10:11,17,2024-26,29,31,32,63,7476,77.80 Moreover, statistical
evidence was found in favour of age progression of OLFE, but the trend towards higher rates in males compared to
females could not confirmed on a statistical level, rejecting hypothesis B. Comparison of the given archaeological
sample to previous clinical publications on the topic indicates that there are notable similarities to contempo-
rary findings on OLF pathology regarding age distribution towards more severe cases and higher prevalence in
older age>*1120:26:3133,63.71.74 g sex ratio>!2%267476 (Table S1 = Age and Gender). Similarly, the most affected
levels were in the T10-T12 region®*%%!117:2022,26.2931,32.63,71,76 and a second smaller peak in the upper thoracic
region®2%3163 (Table S2 = Spine levels). There, however, appears to be a large variability regarding the prevalence
of OLF**8911.22326376  ranging between 0.5% in an overall group® and 61.5%2? in a thoracic myelopathy group.
Prevalence rates decreased with increasing sample sizes of the overall patient population>**!623363 and were the
highest in a preselected sample of patients suffering from thoracic myelopathy®2. It needs to be pointed out that an
approach involving patients, as done elsewhere, differs markedly from the approach presented in the given study
using an overall population sample; no information on the actual symptoms or myelopathy rates is obtainable,
which means that the clinical impact of the OLF rates in this study remains speculative. Additionally, the differ-
ential methodological approaches for obtaining data on OLF in clinical (generally based on radiography) and
bioarchaeological (based on osteological assessment) studies are too fundamentally different. Yet when including
cases of severe ossifications (Grade 3) only, prevalence rates of OLF of 12.8% (44/387) in the Kilkenny sample are
similar to rates that may be expected in patients, e.g. as reported by Kudo ef al.’® or Guo et al.’.

SCIENTIFICREPORTS| (2018) 8:9313 | DOI:10.1038/s41598-018-27522-x 9



www.nature.com/scientificreports/

The most comparable investigation of OLF to the given study is Nathan’s macroscopical investigation of
what was referred to as ‘para-articular processes’ in the thoracic spines of individuals from the Hamann-Todd
Osteological Collection®'. Nathan observed OLF in 82.1% of Whites (170/207) and 63.8% of Blacks (90/141)%.
Nathan also observed the generic pattern that is evident in both the Kilkenny sample and reported in the clinical
literature, with a peak occurring at the T9 to T11 level®”. In Nathan’s study, the prevalence of OLF peaked in people
aged in their 30s with minute further increase, corroborating the trend given by the Kilkenny data. This implies that
the prevalence rates from Kilkenny sample should be considered a representative rate for a mid-nineteenth-century
European population. It does also suggest that macroscopic post-mortem investigations may complement radio-
logical studies of OLF, thereby giving a more encompassing view into the pathology of human spines.

The aetiology and symptomatic impact of OLF is largely unclear. The current understanding of the
causes of OLF is uncertain®. A number of mechanisms have been proposed. Elastic fibre breakdown?*2, collagen
proliferation'®* and disarrangement®, and apoptotic cell death'® are frequently reported in association with OLE.
Increased inflammation parameters such as IL-6, TNF-a?%¢!, TGF-3?¢!, BMP-2 and VEGF?, and altered Ca, F,
and Zn levels®? have also been found in OLE. A recent theory proposes an ossification pathway, via cytokines such
as increased IL-1, TNF-o, PG-E, and nitric oxide with elevated osteocalcin, type III and IV collagen expression
levels, following disc herniation®. It has also been found that tenocytes in the ligamentum flavum are susceptible
to adenovirus infections, potentially triggering OLF¢2.

Based on the clinical literature, the onset of OLF-related symptoms with consecutive surgical treatment ranges
between 55 and 65 years, as the prevalence increases with age!~>%%%32, Elderly are more likely to be asympto-
matic®. The results from the Kilkenny sample suggest that the initial onset of OLF occurs in young adulthood, but
that formation reaches a peak already at the early middle adult age category (26-35 years), after which it remains
relatively constant. The literature has also stressed the influence of intrinsic factors and lifestyle-related effects to
the development of OLF, such as the genetic background' and nutrition® of affected individuals, obesity, diabetes,
hyperinsulinism and impaired glucose tolerance***°. Similar findings, by Abbas et al., have also been reported for
lumbar spinal canal stenosis observed clinically, showing that diabetes mellitus in males is related to ligamentum
flavum thickening in a significant patient cohort®. This study also observed a co-occurrence between ligamen-
tum flavum thickening with consequential spinal canal stenosis and activity patterns (heavy manual labour) in
males and body weight (high BMI-values) in females®. There are also additional reports on OLF manifestations
in relation to fluorosis**!¢¢, increased bone density®, hyperparathyroidism®, DISH®, ankylosing spondylitis®*®!,
acromegaly’® and achondroplasia®'. External triggers of OLF might likely be increased as a consequence of bio-
mechanical stress">? to the effect of post-traumatic ossification®"®. The only condition of the aforementioned
examples that were diagnosed in the Kilkenny sample was DISH. Generic ligament ossification is regarded to be
a symptom of DISH*-% and is frequently observed in archaeological skeletons diagnosed with the condition®-*%
In the five cases diagnosed with DISH from the Kilkenny sample, no abnormal ossifications of ligaments were
observed. From the data provided here, however, it needs to be stated that no clear extrapolations can be made on
the prevalence of OLF in contemporary modern European populations. Nor is it possible to conclude the ratio of
individuals that would have been affected by symptoms of OLF from skeletal remains.

Palaeopathological studies contribute to the understanding of OLF.  Palaeopathology—the study
of disease in ancient (archaeological) human remains—has a huge potential to add another dimension to the con-
temporary clinical-medical understanding of disease®®, as shown in this study. Rogers and Dieppe®® highlighted
the particular value entailed in the palacopathological study of rheumatological diseases, stressing its potential
to add a vast time dimension to epidemiological studies and the ability to study the earliest osseous onsets of
diseases. Another strength of palaeopathology is that it can access large samples, makes population-based studies
more nuanced. Similar to the discourse in the clinical disciplines, OLF has rarely been discussed in the bioar-
chaeological or palacopathological literature. Some of these few examples include Hukuda et al’s study of ancient
Chinese skeletons (dating from 7000 BC to AD 1600), which observed thoracic OLF at crude prevalence rates of
51.7% in males and 29.1% in females®*. In a study of spondyloarthropathies of a medieval sample (AD 900-1000)
from Ostréw Lednicki in Poland, Swedborg observed OLF in 23.6% of male and 15.6% of female thoracic verte-
brae®. Stirland and Waldron’s study of skeletons from the Mary Rose in England (AD 1545) reported frequen-
cies of 46.3% of thoracic and 5.8% of lumbar vertebrae affected by OLF and attributed them physical activity*’.
However, little effort has to date been undertaken to assess OLF in the context of biocultural biomechanics in
relation to specific or generic activity patterns in past populations, although this potential has been recognised®.
To elucidate the potential pathomechanisms further, histology would have been a helpful tool in this assessment.
A histological analysis was however not possible to conduct for this current study.

Conclusions

We have analysed the prevalence and frequency of OLF in the thoracolumbar spines of archaeologically exca-
vated human skeletons from Ireland dating to the mid-nineteenth century. An overall prevalence of 79.7% was
observed, and a rate of 12.8% for severe OLF. These findings indicate that OLF is not limited to East-Asian pop-
ulations, as may be perceived from the published clinical literature. OLF may consequently be largely underre-
ported in populations of European ancestry. Polgdr already assumed that given the anatomical location of the
ligamentum flavum, its ossification might cause spinal canal stenosis in populations of European ancestry®:.
Future studies are required to validate our findings in a clinical scenario. Additionally, a targeted bioarchaeo-
logical study has the potential reveal the influence of sociocultural factors and physical activity patterns to the
development of this condition in a long-term historical perspective.
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