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Streszczenie

Streszczenie

Niniejsza rozprawa doktorska sktada sie z trzech publikacji, dwoch oryginalnych
oraz jednej pracy przegladowej. Ich wspolnym mianownikiem sg badania
bioarcheologiczne, gdzie pierwsza praca stanowi przyktad ich wykorzystania w praktyce,
pozostale dwie stanowig probe¢ rozwini¢cia i udoskonalenia obecnie istniejacych metod.
Publikacje oryginalne zostaly przeprowadzone na materiale kostnym pochodzacym z
dawnych wroctawskich cmentarzy — cmentarza Salwatora (obecnie okolice pl. Czystego)
oraz cmentarza przy parafii Sw. Barbary (okolice dawnego szpitala Jozefa Babinskiego).

Pierwsza praca (“A case of syphilis with high bone arsenic concentration from early
modern cemetery [Wroclaw, Poland]”) skupia si¢ na analizie przypadku czaszki
pochodzacej z dawnego cmentarza Salwatora we Wroclawiu. Czaszka odznaczata sig
nietypowymi uszkodzeniami, ktére w toku diagnostyki réznicowej zidentyfikowano jako
pozne stadium syfilisu. W trakcie dalszej analizy wykorzystano metody histologiczne, w
celu znalezienia zmian charakterystycznych dla tej choroby oraz spektrometri¢ mas, w
celu okreslenia sktadu pierwiastkowego kosci badanego osobnika. Wedtug wstepnych
hipotez zakladano, ze analiza pierwiastkow kosci moze wykaza¢ podwyzszony poziom
rteci, gdyz jej sole w okresie wezesnonowozytnym byly szeroko wykorzystywane w
leczeniu tego schorzenia. W szczatkach kostnych 0sob cierpigcych na syfilis wielokrotnie
ujawniono znacznie zwickszone stezenie rteci — zwlaszcza w szczatkach pochodzacych z
okresu wczesnonowozytnego.

Niespodziewanie, stezenie rteci nie bylo w znaczacy sposob podwyzszone, ale
analiza ujawnita znacznie podwyzszony poziom arsenu — 16pg/g kosci. Zazwyczaj
szczatki kostne majg stukrotnie mniejsze stezenie. Ze wzgledu na niewielkie st¢zenie tego
pierwiastka w glebie, jego przybytek w kosci w skutek diagenezy jest malo
prawdopodobny. Wsrdd hipotez mogacych thumaczy¢ tak wysoki poziom arsenu
najbardziej prawdopodobne wydajg si¢ dwie. Badany osobnik mégl pracowa¢ w kopalni
zlota badz arsenu, ktére znajdowaty si¢ na Dolnym Slasku w stosunkowo niewielkiej
odlegtosci od Wroctawia (m. in. w oddalonym o 80 km Ztotym Stoku). Niemniej,
artykuty opisujace poziom tego pierwiastka w szczatkach kostnych pochodzacych z
cmentarzy zlokalizowanych w poblizu kopalni zawierajacych zwigzki arsenu,
wykazywaly jego nizsze st¢zenie, niz u badanego osobnika.

Kolejna hipoteza sugeruje, iz podwyzszony poziom arsenu moze stanowic¢ Slady
terapii podjetej w celu wyleczenia badanego osobnika. Niemniej, w toku
przeprowadzonej kwerendy, nie udato si¢ potwierdzi¢ stosowania terapii opartej na
zwigzkach arsenu w leczeniu syfilisu dla badanego okresu — zawierajacy arsen ptyn
Fowlera stosowany byl dopiero od 1786 roku, podczas gdy cmentarz Salwatora
funkcjonowatl do 1771 roku. Niemniej, nie mozna wykluczy¢, iz zwigzki arsenu byly
wykorzystywane w stosowanej lokalnie terapii, o ktorej informacje nie zachowaty si¢ w
zrodtach pisanych.

Kolejne dwie prace poswigcone s3 liniom Harrisa (LH). LH to poziome,
nieprzejrzyste linie, widoczne na niektorych kosciach dlugich w obrazowaniu
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rentgenowskim. LH mogg powstac¢ jedynie w trakcie okresu wzrastania kosci na dtugo$c¢
— tworzg si¢ w miejscu, w ktorym w danym okresie rozwoju znajdowata si¢ ptytka
wzrostowa. Etiologia LH jest do$¢ réznorodna i pozostaje obiektem licznych
kontrowersji i zywej naukowej dyskusji. Wedlug dominujacej hipotezy, powstawanie LH
najczesciej towarzyszy epizodom szeroko pojgtego stresu fizjologicznego — m.in.
okresom niedozywienia lub przebiegowi cig¢zkiej choroby. Stad tez obecnos$¢ LH jest
uzywana w antropologii fizycznej jako niespecyficzny wskaznik wstgpowania epizodéw
stresu fizjologicznego w dziecinstwie badz mtodosci.

Umiejscowienie LH na kos$ci jest zalezne od okresu zycia, w ktorym doszto do
zahamowania/wznowienia wzrostu. Im blizej pierwotnego punktu kostnienia znajduje si¢
LH, tym wcze$niej ona powstata. To zjawisko umozliwia uzyskanie bardzo cennych z
punktu widzenia bioarcheologii informacji — obecnos¢ LH pozwala nie tylko ustali¢
prawdopodobne wystepowanie epizodow stresu fizjologicznego, lecz takze umozliwia
okreslenie wieku, w ktorym ten epizod mial miejsce. Ponadto, LH mogg pozosta
widoczne nawet pomimo zachodzacego stale procesu remodelacji kosci, co pozwala na
analize okresu dziecinstwa i mtodosci na podstawie kosci dorostych osobnikow.

Ze wzgledu na nieliniowa dynamike wzrostu kosci opracowanie metody
pozwalajacej skutecznie oszacowac wiek stanowito pewne wyzwanie, ktorego w XX
wieku podje¢to si¢ siedmiokrotnie. Kazdg z uzyskanych wowczas metod doktadnie
opisano w drugiej pracy wchodzacej w sktad niniejszej rozprawy (,,How to calculate the
age at formation of Harris lines? A step-by-step review of current methods and a
proposal for modifications to Byers' formulas™). Poczawszy od metody opracowanej
przez Allison i wsp., na metodzie opracowanej przez Byersa konczac.

Kazda z metod oferowala pewne udoskonalenia, niemniej jednak ich doktadna
analiza pozwolita na zastosowanie dalszych optymalizacji. Metoda Byersa — cho¢ zostata
wskazana w niniejszej pracy jako najlepsza — nie umozliwiata przeprowadzenia obliczen
dla kosci dzieci i mtodziezy, a tylko na kosciach dorostych osobnikéw. W pracy dokonane
zostaly modyfikacje, ktore poszerzyty mozliwosci metody Byersa takze o kosci dziecigce.
Zastosowana modyfikacja byla o tyle wazna, ze przed jej opublikowaniem doktadne
oszacowanie wieku powstania LH w kos$ciach dzieci mozliwe bylo tylko dla dystalnej
czgsci piszezeli.

Metody obliczania wieku powstania LH nadal mozna byto udoskonali¢, co byto
celem trzeciej pracy wchodzacej w sktad niniejszej rozprawy (,, New equations for the
estimation of the age of the formation of the Harris lines”). Poza jedng (obarczong
znacznymi bledami) metoda obliczania LH, kazda z dotychczas opracowanych metod
bazowata na tabelach, ktére pozwalaly na obliczenie wieku LH z dokladnoscig do
jednego roku. Sprowadzenie metod pozwalajacych obliczy¢ wiek LH do rownan
kwadratowych badz réwnan wyktadniczych umozliwito uzyskanie doktadniejszego
wyniku.

Znaczacym wyzwaniem w tej pracy byl wybor najdoktadniejszego modelu. Takiego,
ktéry wymaga najmniejszej liczby parametrow i generuje najmniej bledow. W tym
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wyborze pomoglo zastosowanie kryterium informacyjnego Akaike (AIC), ktore
pozwolito na selekcj¢ optymalnego rozwigzania.

W efekcie uzyskano szereg rownan dla proksymalnych i dystalnych czesci piszezeli
i kosci udowych, dla kobiet i mgzczyzn, dzieci i dorostych. Rownania zostaty zebrane w
arkuszu kalkulacyjnym, ktory po wprowadzeniu dwoch zmiennych — odlegto$ci LH od
konca kosci oraz jej catkowitej dtugo$ci — podaje przyblizony czas powstania linii. To
proste narzedzie pozwala oszacowaé czas powstania LH szybciej i doktadniej niz
ktérakolwiek z zaproponowanych dotad metod.

Nowo opracowang metode przetestowano na kosciach pochodzacych z cmentarza
przy dawnej parafii $w. Barbary. Uzyskano pozytywne rezultaty, wskazujace na spojnosé
dokonanych obliczen.

Mimo dokonanego postepu, dalsza optymalizacja nadal jest mozliwa — najwickszym
ograniczeniem dokladno$ci opracowanej metody jest roznorodna dynamika wzrostu
kosci w réznych populacjach i okresach historycznych, co uniemozliwia wyprowadzenie
jednego, uniwersalnego wzoru. Dalsza optymalizacja moglaby uwzgledniaé
dostosowywanie wzorow dla poszczegélnych populacji historycznych.

Niezaleznie od wymienionych ograniczen, dwie ostatnie prace wchodzace w sktad
cyklu powinny znacznie poprawi¢ jako$¢ prowadzonych w przysztosci badan
uwzgledniajacych analiz¢ LH.
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The current doctoral dissertation comprises three publications: two original articles
and one review paper. The doctoral dissertation's principal focus is on bioarchaeology,
with the initial publication exemplifying its practical applications. The remaining two
papers endeavour to refine and enhance existing methodologies.

The first paper (‘A case of syphilis with high bone arsenic concentration from early
modern cemetery [Wroclaw, Poland]') focuses on a case study of a skull from the old
Salwator cemetery in Wroclaw. The skull was characterised by atypical lesions, which in
the differential diagnosis were identified as late-stage syphilis. Further analysis used
histological methods to find lesions characteristic of the disease and mass spectrometry
to determine the elemental composition of the bones in the sample. Initial hypotheses
were that elemental analysis of the bones might reveal elevated levels of mercury, as its
salts were widely used to treat the disease in the early modern period. Bone remains from
syphilis sufferers repeatedly showed significantly elevated levels of mercury, particularly
in remains from the early modern period.

Surprisingly, mercury concentrations were not significantly elevated, but the analysis
revealed significantly elevated levels of arsenic — 16pug/g. Most bone remains tend to have
concentrations 100 times lower. Given the low concentration of this element in the soil,
an increase through diagenesis is unlikely. Among the hypotheses that could explain such
high arsenic levels, two seem most likely. The studied individual could have worked in a
gold or arsenic mine, which were located in Lower Silesia at a relatively short distance
from Wroctaw (e.g. in Ztoty Stok, 80 km away). However, articles describing the levels
of these elements in bone remains from cemeteries located near mines containing arsenic
compounds were much lower.

A further hypothesis suggests that the elevated arsenic levels may represent traces of
a therapy undertaken to cure the individual under study. However, in the course of the
search carried out, it was not possible to confirm the use of arsenic compound therapy in
the treatment of syphilis for the period under study - the arsenic-containing Fowler's
solution was only used from 1786, where the Salvator cemetery was in operation until
1771. Nevertheless, it cannot be ruled out that arsenic compounds were used in a locally
applied therapy only, information about which has not survived in written sources.

The next two papers are devoted to Harris lines (HLs). HLs are horizontal, opaque
lines visible on some long bones on X-ray imaging. HLs can only form during the period
of bone growth in length - they form where the growth plate was located during the given
period of development. The aetiology of HL is quite diverse and remains the subject of
much controversy and lively scientific debate. According to the prevailing hypothesis,
HL formation most often accompanies episodes of broad physiological stress - including
periods of malnutrition or as a result of the course of severe disease. Hence, the presence
of HL is used in physical anthropology as a non-specific indicator of the onset of episodes
of physiological stress in childhood or adolescence.
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The location of the HL on the bone is dependent on the period of life in which growth
inhibition or recovery occurred. The closer the HL is to the primary ossification center,
the earlier it was formed. This phenomenon makes it possible to obtain very valuable
information from a bioarchaeological point of view - the presence of HLs not only makes
it possible to establish the likely occurrence of episodes of physiological stress, but also
to determine the age at which the episode took place. In addition, HLs can remain visible
even despite the ongoing process of bone remodelling, making it possible to analyse
childhood and youth from the bones of adult individuals.

Due to the non-linear dynamics of bone growth, the development of a method to
effectively estimate age was somewhat of a challenge, which was tackled seven times in
the 20th century. Each of the methods obtained at that time is described in detail in the
second paper of this thesis ("How to calculate the age at formation of Harris lines? A step-
by-step review of current methods and a proposal for modifications to Byers* formulas’).
Starting from the method developed by Allison et al. up to the method developed by
Byers.

Each method offered some improvements, but careful analysis nevertheless allowed
further optimisations to be applied. The Byers method — although identified as the best
method in the present study - did not allow calculations to be carried out for the bones of
children and adolescents, but only on the bones of adult individuals. In the present study,
modifications were made that extended the Byers method's capabilities to also include the
bones of non-adult individuals. The modification used was important because, prior to its
publication, an estimation of age at HL formation on the proximal parts of children's tibias
was essentially impossible.

However, the methods for calculating the age of HLs formation could still be
improved, which was the aim of the third paper included in this thesis (‘New equations
for the estimation of the age of the formation of the Harris lines’). Apart from one (with
significant errors) method for calculating the LH, each method relied on tables that
allowed the age of the LH to be calculated to the nearest year. Reducing the methods to
calculate the age of the LH to quadratic or exponential equations allowed a more accurate
result.

A significant challenge in this work was the selection of the most accurate model —
which requires the least number of parameters and generates the fewest errors. This
choice was aided by the use of the Akaike Information Criterion (AIC), which allowed
selection of the optimal solution.

This resulted in a series of equations for the proximal and distal parts of the tibia and
femur, for men and women, children and adults. The equations were compiled into a
spreadsheet that, when two variables - the distance of the LH from the end of the bone
and its total length — are entered, gives an approximate time of line formation. Faster and
more accurate than any of the proposed methods.
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The newly developed method was tested on bones from the cemetery at the former
St Barbara's parish, with positive results indicating the internal consistency of the
calculations made.

Although further optimisation is still possible - the most significant limitation of the
accuracy of the developed method is the diverse dynamics of bone growth in different
populations and historical periods, making it impossible to derive a single, universal
formula. Further optimisation could include adapting the formulae to average growth data
for different historical populations.

Notwithstanding these limitations, the last two papers in the series should
significantly improve the quality of future research involving LH analysis.
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Wroctaw jako miasto z dlugowieczng, wielokulturowa tradycja stanowi szczeg6lnie
interesujacy obiekt badan bioarcheologicznych. Do polowy XVIII wieku zmartych z
Wroctawia grzebano gldownie na przykos$cielnych cmentarzach. Badania poréwnawcze
szczatkdw z roznych cmentarzysk umozliwiajag w praktyce okreslenie roznic pomigdzy
populacjami wyznajacymi roézne religie oraz pochodzacych z roéznych warstw
spotecznych (1). Waznym aspektem jest tez znany precyzyjny czas funkcjonowania
wroctawskich cmentarzy. W drugiej potowie XVIII wieku, krol Prus Fryderyk Il zakazat
grzeba¢ zmartych wewnatrz miast i nakazatl przeniesienie nekropolii poza mury pruskich
miast. Nowe zasady zostal wprowadzone we Wroctawiu w 1775 roku (2), wygaszajac
dziatalno§¢ wszystkich cmentarzy zlokalizowanych w obrebie muréw miejskich i
przenoszac je w okolice przedmurza. Z tego wzgledu badania cmentarzy wroctawskich
moga dostarczy¢ waznych informacji zwigzanych z wczesnonowozytnymi populacjami
Dolnego Slaska.

Badania z zakresu bioarchoelogii oraz antropologii fizycznej/biologicznej stanowig
cenne uzupehlienie badan archeologicznych oraz kwerend zrédet historycznych (3).
Zrédta pisane przekazuja jedynie informacje, ktore autorzy mogli i chcieli w nich
zamie$ci¢, niekiedy w jedynie umiarkowanym stopniu oddajac rzeczywistos¢ — czy to ze
wzgledu na ich niewiedze czy tez celowe dziatanie. Badania archeologiczne umozliwiajg
poznanie historii w bardziej obiektywny sposob, poprzez analiz¢ materialnych $ladow
zostawianych przez dawne populacje dostarczajac informacji na temat historii oraz zmian
kulturowych, technologicznych oraz spotecznych. Przywolywane powyzej dziedziny
nauki nie pozwalajg jednak na bezposrednie okreslenie stanu zdrowia przedstawicieli
dawnych populacji. W tym celu nalezy zastosowaé techniki oferowane przez
antropologie¢ fizyczng oraz bioarcheologig.

Obie dziedziny majg na celu ustalenie stanu zdrowia dawnych populacji, gdzie
antropologia fizyczna korzysta gléwnie z makroskopowych ogledzin, bioarcheologia — z
badan mikroskopowych i laboratoryjnych. Te metody czgsto pozwalajg zweryfikowac
odkrycia historyczne oraz archeologiczne, umozliwiajac doskonalszg kompilacje petnego
obrazu dawnych populacji (4).

Z zalozenia bioarcheologia wymaga interdyscyplinarnego podejscia i
wieloptaszczyznowej analizy. Materiat dostepny do badan jest czesto niekompletny, a
wraz z uplywem lat ulega zmianom tafonomicznym, ktoére przy brak odpowiedniej
badawczej ostroznos$ci moga prowadzi¢ do blednych wnioskéw. Prace badawcze z tej
dziedziny powinny opiera¢ si¢ na uzupehiajacych si¢ metodach, a sama metodologia
badan musi by¢ stale udoskonalana.

Wsrod metod, ktore stanowig klasyczny marker do szacowania poziomu stresu
fizjologicznego w populacjach historycznych, nalezy analiza linii Harrisa (LH) —
poziomych linii widocznych czasem na kosciach dlugich w obrazowaniu rentgenowskim
(5). Mikroskopowo, LH sa obszarem, w ktorym beleczki kostne tworza grubg warstwe
utozong poprzecznie do osi diugiej kosci. Etiologia LH moze by¢ do$¢ réznorodna.
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Wicekszos¢ czynnikow, ktore je wywoluje, jest niekorzystna dla organizmu — wymienia
si¢ m.in. niedozywienie, ci¢zkie choroby, alkoholizm czy zatrucie metalami cigzkimi
(5,6).

LH powstaja jedynie w okresie wzrostu kosci na dlugo$¢é, w obszarze ptytki
wzrostowej. Doktadny mechanizm powstawania nie zostal ustalony. Najczesciej
wymienia si¢ dwie hipotezy — ,,zatrzymanego wzrostu” i ,,wznowionego wzrostu”.
Wedtug pierwszej, LH zaczynajg tworzy¢ si¢ w momencie, w ktérym wzrost kosci na
dhugo$¢ zostaje zatrzymany, druga zaktada tworzenie si¢ LH jako efekt wznowienia
wzrostu kosci po okresie zahamowanego wzrastania. Niezaleznie jednak od uznanego
modelu, mozna zatozy¢, ze wystepowanie LH bedzie zbiezne w czasie z wystgpowaniem
niekorzystnych dla organizmu zdarzen (6).

Umiejscowienie LH na kosci jest zalezne od okresu zycia, w ktorym doszto do
zahamowania/wznowienia wzrostu. Im dalej od nasady kosci znajduje si¢ linia, tym
wczesniej ona powstata (7). Z tego wzgledu badanie LH pozwala nie tylko okresli¢ samo
wystepowanie epizodéw mocnego stresu fizjologicznego, lecz rowniez oszacowac wiek,
w ktorym one wystapity. LH mogg przetrwac nawet dekady remodelacji kosci, w zwigzku
z czym pozwalaja one na retrospektywna oceng stanu zdrowia w dziecinstwie i mtodosci
nawet u dorostych osobnikow (8).

Z tego wzgledu LH sa dos$¢ czgsto wykorzystywane w populacyjnych badaniach
bioarcheologicznych — nawet jesli dostarczaja dos¢ niespecyficznych informacji, moga
poméc w oszacowaniu réznic zwigzanych z jako$cia zycia wsroéd roznych populacji
historycznych, dobrze uzupehiajac bardziej szczegoétowe metody.

Dos$¢ czesto jednak w badaniach porownuje si¢ sama liczbe LH, ignorujac
chronologi¢ ich powstawania (9). Metody obliczania chronologii powstawania LH sa
dos¢ skomplikowane, brakowato tez pracy podsumowujacej i uporzadkowujacej techniki
obliczania czasu powstania tych linii. Na wielu poziomach mozliwa byta tez ich znaczaca
optymalizacja, ktorej dokonalem w dwoch pracach wchodzacych w sktad niniejszej
rozprawy. W jednej z nich do oceny jakosci udoskonalonej metody wykorzystane zostaty
szczatki pochodzace z cmentarza przy parafii §w. Barbary, zlokalizowanego w okolicy
dawnego szpitala Babinskiego.

W bioarcheologii zaskakujaco duza role odgrywaja nie tylko prace populacyjne, lecz
rowniez kazuistyczne, gdzie odkrycia nawet na poziomie pojedynczego osobnika moga
mocno zmieni¢ postrzeganie badanego okresu historycznego (10). Prace kazuistyczne
moga odgrywac¢ szczegbélne znaczenie w poszerzaniu nasze] wiedzy na temat
epidemiologii dawnych chordb oraz na temat metod ich leczenia.

W niniejszej pracy zastosowano narzedzia z zakresu antropologii fizycznej oraz
bioarcheologii do opisania czaszki znalezionej na dawnym protestanckim cmentarzu
Salwatora (1). Dzigki nim udalo si¢ znalez¢ mozliwe §lady leczenia syfilisu nieopisywane
do tej pory dla badanego obszaru oraz okresu historycznego.
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Cel i zalozenia pracy

Glownym celem niniejszej pracy jest rozwdj obecnych metod stosowanych w

bioarcheologii oraz zastosowanie ich na szczatkach kostnych pochodzacych z
wroctawskich cmentarzy, ze szczegdlnym uwzglednieniem cmentarza Salwatora
(obecnie — okolice pl. Czystego we Wroctawiu) oraz cmentarza przy parafii §w. Barbary
(obecnie - okolice bytego szpitala Jozefa Babinskiego we Wroctawiu). Do realizacji tego
zamierzenia wyznaczylem 2 cele szczegdtowe:

1.

W pierwszej z prac wchodzacej w sktad niniejszego cyklu, celem bylo doktadne
zbadanie czaszki pochodzacej z wroctawskiego cmentarza Salwatora. Uszkodzenia
obecne na niej sugerowaly chorobg o przewlektym przebiegu, czaszke zbadano wigc
pod katem zaré6wno okreslenia §ladow choroby, jak i ewentualnego leczenia. Wedtug
pierwotnych zatozen, badany osobnik cierpiat na zaawansowane stadium syfilisu i w
zwigzku z tym mozna bylo zatozy¢ stosowanie terapii z uzyciem soli rteci, co mogto
by¢ odzwierciedlone w sktadzie pierwiastkowym kosci.

Dwie kolejne prace poswiccone sg udoskonaleniu metod oszacowania wieku
powstania linii Harrisa (LH). W pierwszej celem bylo usystematyzowanie
dotychczasowych metod oraz opracowanie nowej, umozliwiajacej szacowanie wieku
powstania LH na ko$ciach dzieci i mtodziezy. W drugiej celem bylo dalsze
udoskonalenie i uproszczenie zmodyfikowanych metod oraz ich wdrozenie na
populacji pochodzacej w wroctawskiego cmentarza przy parafii §w. Barbary.
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Abstract: Venereal syphilis is a sexually transmitted
disease caused by Treponema pallidum — Gram-negative,
slowly growing bacteria. The spread of the disease in
the Old World was due to increased birth rate, urban
population growth, migration and lack of knowledge
concerning the epidemiology. In the past, thetreatment was
mainly symptomatic and included application of mercury
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compounds. The goal of the study was to present the case
of advanced venereal syphilis found in early modern
(16th-18thc) graveyard localized in Wroclaw, Poland. The
object of the study is a cranium of a male whose age at
death has been estimated to be over 55. In order to observe
the morphological and paleopathological characteristics
of the examined material, anthropometrics, computed
tomography, spectrometry and microscopic methods were
incorporated. Microscopic analysis revealed the presence
of the extensive inflammatory lesions. Analyses indicate
tertiary stage of venereal syphilis as the most probable
cause of the observed lesions. Concentration of arsenic
(16.17+0.58 pg/g) in examined bone samples was about
hundred times bigger than average arsenic concentration
in bones reported in other studies. Advanced stage of
observed lesions along with high arsenic level may suggest
long-lasting palliative care and usage of arsenic compound
in therapeutic treatment of this chronic disease.

Keywords:  syphilis, mercury,
bioarchaeology, paleopathology

treponematoses,

Abbreviations: CT - computed tomography; LCH -
Langerhans cell histiocytosis; H&E — hematoxylin and
eosin stain; MM — multiple myeloma

1 Introduction

Venereal syphilis has been given many names over five
centuries and they have been usually connected with the
history of its spread (e.g., lues, French disease, Hungarian
disease, or Neapolitan disease) [1]. The disease has been
recognized for hundreds of years from South Ametica to
the Far East [2-6]. Among researchers, there are different
opinions as for geographical regions of the primary
outbreaks as well as paths of the disease spread. There
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is also no unanimity as whether syphilis originated from
Europe or North or South of America. Some authors claim
to have found evidence for syphilis in Europe even before
Columbus discoveries [7-9], although other authors present
just opposite arguments [10,11]. Genetic analyses of the
sequenced genomes of modern Treponema pallidum strains
indicate a common ancestor after the fifteenth century,
within the early modern era [12]. Nevertheless, it had
become a pandemic disease by the end of the 15" century
[13,14].

In Poland, the first well documented syphilis case was
recorded in historical sources two years after Columbus’
return from his first expedition [15]. However, there is a
study indicating a probable case of syphilis dating from
the 14" century from Wroclaw, Poland [16-18].

Venereal syphilis is a disease caused by Treponema
pallidum subsp. pallidum — Gram-negative bacteria which
is slowly growing, usually 6-15 pm long and 0.1-0.2 pm
in diameter. It reveals small tolerance for extracorporeal
conditions. There are no methods to grow the T. pallidum
bacterial culture for clinical purposes [19]. One can get
infected with venereal syphilis only by direct contact with
infected tissue (usually as a result of sexual intercourse
or contact with exudative lesions). Due to bacteria
slow growth, it takes 2-3 weeks pass for the infection to
develop the first symptoms. The disease is manifested
with painless, generally solitary and indurated ulcerative
lesions [19]. Besides venereal syphilis, Treponema bacteria
are also responsible for other diseases, such us non-
venereal/endemic syphilis (caused by T. p. endemicum),
yaws (T. p. pertenue) and pinta (T. caretum). All these
four diseases are defined as treponematoses. However,
only venereal syphilis has been widely spread in Europe;
whereas pinta remains restricted to Central and South
America, yaws — to tropical regions and endemic syphilis
— to Middle East mainly [20]. We can distinguish three
stages of treponematoses. In venereal syphilis, primary
symptoms (painless lesion called “chancre” located in the
inoculation site, mostly on sex organs) disappear without
medical treatment after 3 to 6 weeks with no visible scars
[19,20]. Secondary stage occurs shortly after the onset of
primary symptoms. It is manifested with diverse, painless
rash ( 12 cm diameter), lesions on palms and soles, sore
throat, fever, loss of appetite, headache and meningitis
which take from a couple of weeks to several months.
As the symptoms tend to take variant course, other
diseases can be misdiagnosed instead of syphilis [19].
The third stage of the disease can develop in the period
from a few years up to decades after infection and its most
characteristic lesions include gummata (effect of chronic
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granulomatous processes) and non granulomatous
inflammations [18,21,22]. Both types of lesions can affect
bones as inflammation usually begins in periosteum or
in the bone cortex and finally involves both structures
as well as medullary cavity. They are characteristic for
excessive osteosclerosis and soft tissue (skin, mucous
membranes, nostrils) get ulcerated. Lesions resulting
from tertiary syphilis are most often found in long bones,
however, other bones, including skull, may be affected as
well [22-25].

In the past, venereal syphilis was called “the Great
Imitator” for its diagnostic difficulties [25-28]. Syphilis
results in diverse inflammatory changes which are similar
to the effects of other diseases like: myeloma, Langerhans
cell histiocytosis, leprosy and other treponematoses [29].

Even at present, syphilis may evoke clinical problems
being mistaken for other diseases (especially when a
clinician is not acquainted with patient’s sexual history).
Although the treatment may prove problematic in the
case of antibiotic resistant strains or patient’s allergy
to antibiotics [19], yet still it is curable. However, in the
past ,there was no effective drug for this disease. Trials of
syphilis treatment in medieval and early modern period
concentrated mainly on “cleansing” the organism with
the use of diaphoresis or diuresis [9]. However, despite
applied methods, they could not bring expected healing
effects [30]. Mercury and its derivatives were the most
common agents applied in these procedures and they
were widely promoted by Paracelsus (1493-1541) [9]. Signs
of chronic mercury treatment can be observed in elevated
concentrations of this element in bone material harvested
from archaeological sites [31,32].

Undoubtedly, the spread of venereal syphilis within
the Old World was due to increased birthrate, urban
population growth, migration and lack of knowledge
about its epidemiology [3,33]. Gilewska-Dubis (2000), in
her study of medieval Wroclaw, observed that syphilis
was one of the most frequent causes of death among
city inhabitants in the late 15" century. In Poland, the
oldest case attributed to venereal syphilis is a skull and
fragments of limh hones harvested from the church of
St. Giles (14™ century)[16]. However, some authors still
remain skeptical about this report [34]. The first case of
venereal syphilis in Poland was officially recorded in
1495, [18] whereas the treatment of veneral syphilis on a
large scale began in 1528, in St. Roch Hospital in Krakow.
Half of the facilities in that place were dedicated solely to
syphilis treatment. During last five centuries, this disease
has been mentioned in many Polish written sources and
described sign and symptoms imply venereal syphilis
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rather than other treponematoses [35]. This report,
presents pathological evaluation of a of skull of an adult,
which was subsequently classified as a possible case of
venereal syphilis.

2 Material

The research was conducted on a skull obtained during
excavations carried on in 2006-2007 on P1. Czysty (Czysty
Square) in Wroclaw (Poland), former Cemetery of Our
Saviour (Fig. 1). Excavations were thoroughly described
elsewhere [36,37].

In total, 1426 burials including 103 secondary
interments were explored. The burials were often multiple,
with visible displacements, disturbances and loose
bones [36,37]. However, no sign of intentional looting or
desecration were observed. The cemetery was used to bury
inhabitants of surrounding villages and socially excluded
people (such as suicides and convicts).

The analyzed skull (marked after the exploration of the
grave as object No. 2000) was a isolated element without
a sepulchral context or postcranial skeleton within grave
No. 942, bearing the traces of grave reutilization [36].

All remains harvested from the cemetery were dated
on the basis of information contained in parish chronicles
and artifacts, i.e. coins or belt components. However, it is
obvious that precise dating with coins in this case is rather
inconclusive as in the graves, coins 100 years older than the
cemetery were found. There were no Prussian coins found
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in findings which implies that the cemetery functioned at
the latest to the first half of the 18" century and it remains
consistent with written historical sources [37,38]. The
examined skull is be assessed as originating from the late 16"
to the mid 18" century [36], which overlaps the whole period
of the cemetery existence. The material consisted of skull
without mandible, with ovoid shape in norma verticalis.
Preliminary macroscopic examination revealed antemortem
teeth loss and the presence of extensive osteolytic lesions
involving the parietal bone cortex and about 60% of the
frontal bone. It was the most damaged antemortem skull in
the whole Cemetery of Our Saviour material.

3 Methods

3.1 Sex and age at death evaluation

The following macroscopic characteristics of skull were
observed to define the sex of the individual: nuchal crest,
mastoid process, supraorbital margin and prominence
of glabella, [39,40]. The evaluation of sex was supported
by analysis of skull morphometrics. The measurements
used were g-op (glabella-ophistocranion), eu-eu
(eurion-eurion), ba-b (basion-bregma), zy-zy (zygion-
zygion), mf-ek (maxillofromtale-ektokonchion), sbk-spa
(subconchion-supraconchion),  apt-apt  (aperthion-
aperthion). Measurement listed were compared with mean
values obtained for males and females from the cemetery.

Skull morphological features were examined with the
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Fig. 1. A: Wroclaw City/Poland B: Former Cemetery of our Saviour (Czysty Square/present)
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use of measurement techniques established by Martin and
Saller [41,42] with spreading caliper and sliding caliper
and then compared with other skulls from Cemetery of Our
Saviour [37]. Due to lack of postcranial skeleton, the age
at death of the individual was assessed basing on cranial
sutures obliteration[40], examination of histological slides
as well as according to Kerley’s observations (1965) and
finally, interstitial lamellae (remnants of former osteons,
abundant in bones of old individuals) and the amount
of unremodelled bone and the number of nonosteonal
vascular canals (which are typical for bones of younger
individuals) were evaluated.

3.2 Macroscopic evaluation of bone lesions

Assessment was performed with descriptive techniques
including comparative data on the extent and shape of
bone tissue defects [44,45].

Differential macroscopic analysis of bone lesions and
osteolytic lesions were also performed in accordance with
the differentiation criteria described by Ortner [22] and
Putschar [46].

3.3 Computed tomography

Analysis of neurocranium and facial skeleton was made
with the use of dual source computed tomography (DSCT)
SIEMENS Somatom AS+; 80kv i 120kV/20 mAs; scanned
with 1 mm layers.

3.4 Histological slides

Samples for histological analysis were harvested from
the frontal bone in the Institute of Geological Sciences,
University of Wroclaw with the use of a diamond saw.

Two methods were incorporated to elicit histological
slides. The first sample was used to create a histological
thick section with polisher-grinder and finally affixed to
the glass. The second sample was fixed overnight in 4%
formaldehyde which was followed by decalcification
in EDTA for two weeks, and then for a month in sodium
citrate and formic acid solutions. Decalcified sample was
then used to prepare thin histological sections, which
were stained with hematoxylin and eosin (H&E) with
standard protocol [44].

The images were processed using Nikon 80i Eclipse
with a UV-2A filter with a CCD Nikon camera (Nikon,
Tokyo, Japan).
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3.5 Electron Microscopy

Two 150 pm thick sections were prepared in the Institute
of Geological Sciences at the University of Wroclaw for
electron microprobe investigations. The major element
composition of minerals was analyzed by electron
microprobe (Cameca SX-100 at the Faculty of Geology,
University of Warsaw, Poland) with energy dispersive X-ray
spectroscopy (EDS). This method provides information on
elemental and mineral composition of the histological
section.

3.6 Analysis of elemental composition

Analysis was carried on 3 samples harvested from the left
side of the frontal bone, 0,45 g each (powdered in agate
mill) as well as from samples of dirt adjacent to the skull.
The weighed amount of samples was etched in 2 ml of
concentrated nitric acid, evaporated and dissolved in 10
ml.

The analysis was measured with inductively coupled
plasma optical emission spectrometry (ICP-OES; Agilent
720,Wroclaw, Poland). Analytical lines: As: 194 nm, Hg:
273 nm and Pb: 220 nm.

4 Results

4.1 Sex and age at death evaluation

Diagnostic characteristics of the skull such as strongly
defined glabella, massive superciliary arch, thickened
supra-orbital margin and pronounced inferior nuchal line
as well as external occipital protuberance indicate male
sex of the individual.

The skull was assessed as short and low in its
neurocranial part (brachycranius and tapeinocranius),
with a medium-height orbit (mesoconch). Detailed
anthropometric parameters are presented in Figure 2. The
profile presents normalized values of differences hetween
certain measurements of the skull and mean values of
the assessment for male skulls from Czysty Square in
Wroclaw. There are no statistically significant disparities
as they do not exceed 1.96 SD.

Morphological and histological characteristics of
the skull were used to estimate the biological age as
over 55 years. Assessment was based on the course and
obliteration of sutures, i.e. sagittal and lambdoid ones.
Histological assessment (suggesting similar age) was
based onrelatively high amount of fragments of remodeled
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osteons and low amount of non-osteal vascularization
Numerous interstitial lamellae, as the remains of earlier
generations of lamellae postponed from the periosteal
and endosteal side and osteons in the middle part of
the frontal bone were detected. They confirmed the
observation that the skull belonged to an older adult [47].
More accurate assessment of age was impossible, as the
postcranial skeleton was missing.

4.2 Macroscopic evaluation of bone lesions

Irregular malformation of 9 x 6.7 cm (Fig. 3A, B) was found
within frontal bone left side squama. The lesions were
configured as wide irregular bone defects extending to
the anterior part of the frontal sinus on the left side of the
frontal bone. The frontal bone in this region was markedly
thinner as a result of extensive bone loss. The edges of
this opening were thick, convex, and rounded, which was
attributed to bone remodelling indicative of the sclerotic
healing process. On the right side of the basal part of the
frontal bone, there was a regular round lesion (1.0 cm in
diameter) penetrating towards the interior of the frontal
sinus. Below the left frontal tuber, there was an irregular
defect, 3.5 x 1.3 cm, exposing the spongy tissue of the
frontal bone and leading to the anterior cranial fossa.
Within the anterior nasal aperture, significant loss
of nasal bone caused by the osteolytic process and a
convex deformation near the frontonasal suture could
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Fig. 2. Profile presenting normalized values of differences between
some measurements of the skull from grave no. 2000 and mean
values of the assessment of male skulls from Czysty Square in
Wroclaw. The anthropometric parameters do not differ significantly
(differences do not exceed 1.96 S.D.) as compared to average values
of measurements of male skulls from Czysty Square in Wroclaw,
which suggest that the skull belonged to the male individual.
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be observed. On the left side of the nasal cavity, traces of
osteolysis in the nasal conchae were visible, along with
signs of osteolysis around the maxillary hiatus. The bony
nasal septum showed traces of the healed fracture with
vomer displacement towards the left side.

In the orbital plate of the ethmoid bone, an extensive
oval bone defect was detected. The left frontal process
of the maxilla was reduced and the right proved thinner.
Deformation in the form of thickening of the lower edge of
the right orbit could be also found, probably resulting from
a healed Le Fort Il fracture within the zygomaticomaxillary
suture (48] (Fig. 3C).

The lesions penetrating the frontal bone and traces of
osteolysis were confirmed by CT imaging. On the CT scans,
the lesions are visible as lucencies and rarefactions in the
cortical bone and diploé. Moreover, CT scans revealed
the presence of an ongoing inflammatory process within
the anterior cranial fossa and the left side of the middle
cranial fossa (Fig. 3D, E).

4.3 Paleopathological differential diagnosis

Inthemacroscopicpictureofthedisease, thepredominating
signs are extensive osteolytic lesions, manifested as bone
loss foci with sclerotic margins observed mainly on the
frontal bone and within the nasal cavity structures. Such
signs may result from granulomatous inflammation, thus
other pathologies that share the mechanism of theinfection
should be taken into consideration in the differential
diagnosis. One of granulomatous chronic infections is
tuberculosis (caused by Mycobacterium tuberculosis). It
can produce destructive lesions within different elements
of the skeletal system [49]. However, even in the pre-
antibiotic era, calvarial tuberculosis was extremely rare
with the prevalence estimated at the level below 1% of
all skeletal tuberculosis cases [22]. Leprosy was another
mycobacterial disease considered as a possible cause of
the pathological changes observed in the facial skeleton
of the cranium No. 2000 for the fact that at the advanced
stage of this disease, extensive damages within the nasal
cavity (in the form of rhinomaxillary syndrome) could be
observed. Leprosy is characteristic for resorption of the
anterior nasal spine and the alveolar bone crest below as
well as for the osteolysis within the upper alveolar arch.
Bilateral changes in the shape of the piriform aperture,
with remodeling of its edge [50,51] are another specific
quality of this abnormality. In the examined case, we
observed osteolysis only within the nasal cavity walls and
nasal conchae with pronounced loss of the nasal bones. In
the lower part of the piriform aperture, the anterior nasal
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Fig. 3. The skull 2000. A: Frontal view. B: Highly damaged frontal bone. C: Fracture in the right zygomaticomaxillary suture. D: Cross-hori-
zontal-section of the skull in CT. Arrow and square indicate the inflammation on the base of theskull (anterior and middle cranial fossa) E:
CTimage of the right side of the skull. In the base of the vault lucencies are visible. F: CT image of the front of the skull. All damages and
lesions of the skull have been thoroughly described in the results section. Scale bar=1cm.

spine was preserved, which suggested excluding leprosy
as possible diagnosis.

The observation of multiple osteolytic lesions within
the cranium No. 2000 from Czysty Square in Wroclaw
was also the cause for concern for the possibility of the
neoplastic etiology of the pathological changes. Among
proliferative diseases which could have produced lesions
similar to those observed in the case presented in our
study, multiple myeloma (MM) and other tumors as well
as Langerhans cell histiocytosis (LCH) were considered
in differential diagnosis.

In the course of MM, numerous osteolytic foci,
scallope-edged, round or oval in shape could be usually
observed in the CT imaging. The most characteristic
feature of those lesions was the extensive cortex loss
without osteoblastic response. The most frequently
observed clinical manifestation of MM in the cranium
were numerous, well-delineated, lytic hone lesions
and punched out lucencies which could be observed
in CT imaging. [52,53]. Such changes were absent in the
CT scans of the examined skull. Also, other tumors -
metastatic or primary - were not likely to be included
in this group. The margins of lesions caused by lytic

metastases tend to be similar as for MM, however they
may present osteoblastic reaction [54]. Blastic metastasis
or benign tumor would result in osteoblastic lesions,
absent on the skull.

Another option considered in differential diagnosis
was LCH. The most frequent sign in the course of the
disease is extensive loss within the flat bones (including
skull bones). A description of the clinical picture of
LCH included numerous, round superficial defects and
perforations of the skull vault without any visible signs of
regenerative process [55]. Lesions could be observed also
in the basal part of sella turcica. This abnormality affects
mainly juveniles and young adults (15-18 years old) [56].
In the examined cranium no analogy to this description
was found.

Both localization and morphology of lesions can
be considered as typical for late stage (tertiary) of
treponematoses, i.e. venereal syphilis. In the course
of venereal syphilis, the disease affects mainly these
elements of the skeleton in which periosteum strictly
adheres to the bone surface. They are mainly frontal
and parietal bones of the neurocranium and proximal
parts of the long bones shafts. The lesions within
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neurocranium characteristic for the tertiary syphilis
are usually caused by gummata production, which
subsequently stimulates the periosteum to inflammatory
response. Gummata can derive from the subcutaneous
tissue, bone, periosteum or muscles [57]. In the case of
the cranial bones, gummata are usually situated on the
frontal and parietal bones and they cause pathological
changes called caries sicca. Caries sicca is a scar
remaining after healing of superficial gummatous osteitis
of calvaria [58]. This sequence of caries sicca formation
begins from appearance of clustered pits followed by
absorption of the cortical and cancellous bone leading
to exposing wide regions of the cranial dura mater and
ends with bone remodelling and scarring [24,59]. In the
facial skeleton, the loss of nasal bones with destructive
remodeling of piriform aperture and frontal processes of
the maxilla can be observed [22]. Moreover, perforations
in the thin-walled structures of the maxillary corpus and
within the walls of the orbits are possible. The thinning
of the lateral walls of the nasal cavity, palatine process
and nasal septum may also occur. The shape of the nasal
spine usually remains unchanged [24]. Pathological
changes observed macroscopically as a complex of
extensive osteolytic and hyperplastic lesions within the
supraorbital region, as well as in the infraorbital and
nasal part of the viscerocranium corresponded with the
description of features characteristic for skeletal signs of
tertiary stage of treponematose as the primary cause of
the lesions observed in the cranium No 2000.

In conclusion, in respect of this paper, the signs
of disease like perforating lesions with serpiginous
cavitations and osteolysis, can be considered as the
effects of a chronic inflammatory process associated with
bone remodeling resulting in osteolytic complications.
It was evidenced by the CT imaging as lucencies and
rarefactions revealed in the cortical bone. It has already
been mentioned that both macroscopic and CT images
of the disease correspond with the traits characteristic
for venereal syphilis as the most common treponematose
[4,46,60]. Treponematoses have diverse course and
many cases do not have characteristic pattern of skeletal
lesions, which makes diagnosis quite challenging [60].
Also, the course may be modified by other infections
accompanying treponemal syndromes, such as fungal
or bacterial infections, which also may be destructive
for nasal or palate tissue and cannot be excluded from
diagnosis [54]. Although other treponematoses such as
yaws or endemic syphilis cannot be clearly distinguished
from venereal syphilis in the macroscopic evaluation,
venereal syphilis is the most probable diagnosis. Yaws is
usually acquired in childhood and is a tropical disease,

A case of syphilis with high bone arsenic concentration from early modern cemetery = 433

uncommon in Central Europe, and endemic syphilis is
usually most common in Middle East and Africa [22].

4.4 Histological examination

Histological examination revealed irregular bone matrix
saturation with hydroxyapatite (Fig. 4). The inclusions
of unspecified foreign compounds were found, visible
as areas of different emission of excited light (Fig. 4F,
yellow color). Different excisions of various intensity were
observed in some lacunae and canaliculi. Because of the
presence of minor impurities, there were lacunae emitting
white-blue or yellow light or showing no excision. In
some areas of the frontal bone, inclusions could be found
extracellularly in the bone matrix. Bone tissue was mostly
normal, yet there were areas with pronounced osteolysis
with visible traces of regeneration (Fig 4A-E, orange
arrows).

Analysis of slides stained with H&E confirmed
observations made with fluorescent microscopy.

4.5 Electron microscopy

Electron EDS microscopy investigations of the samples
showed that the bone consists mostly of apatite (Ca,(PO,),).
Locally numerous, minute (13 pm) sulphide inclusions
(galena - PbS, sphalerite - ZnS and covellite - CuS) occured
along boundaries between various generations of apatite
(Fig. 5 and 6). As or Hg containing minerals were not
detected.

4.6 Elemental composition evaluation

Results of analysis are presented in Table 1. Content of
As, Hg and Pb is significantly higher in bone than in dirt
samples. Cemetery of Our Saviour soil is mostly composed
of sand, clay and loess formations. Its formation fits

the lowland category, Fluvisols and Cambisol group.

Brown and acid brown soils occur predominantly [61,62].
Obtained results are typical for soil in Wroclaw [62,63].

Table 1. Concentration of arsenic, mercury and lead in skull and
adjacent dirt.

Element Skull (pg/g) Dirt (pg/g)

Arsenic (As)
Mercury (Hg)
Lead (Pb)

16.17+0.58 pg/g
0.311:0.019 pg/g
44.02+0.71 pg/g

0.0954:0.006 pg/g
0.0310:0.0010 pg/g
0.36740.014 pg/g

23



Publikacje wchodzgce w sktad rozprawy doktorskiej

434 —— P.Dabrowski

DE GRUYTER

Fig. 4. Histological microsections. A, C: Stained with H&E, light microscopy. B, D, E, F: Unstained, autofluorescence. There are areas of bone
covered by several layers of bone lamellae and rough areas presenting osteolysis (orange arrows). Moreover, there is no trace of osteogene-
sis which should follow resorption. E,F: Diverse autofluorescence of different areas of bone matrix. Proper, blue (white arrow) and untypical,

light-yellow (yellow arrow).

5 Discussion
Skull No. 2000 belonged to a older adult male. It didn’t
differ with its shape or anthropological parameters from
average values calculated from all male skulls found in
Cemetery of Our Saviour. The proportions corresponded
with features of other male skulls from several Early
Modern cemeteries in Wroclaw [64,65]

Macroscopic examinations indicated tertiary venereal
syphilis. According to many researches, this disease is
manifested (among others) with extensive osteolytic bone

loss with an ongoing regeneration process [22,54,59]. In
the case of the studied skull, the expanse of hon i
of the frontal bone suggested bacterial spreading to dura
mater and subdural structures up to nervous tissue [66].
Observed osteolytic loss and fistulas in the facial skeleton,
especially in the center of frontal bone and within the
nasal cavity along with remodeling of the surroundings
of the frontonasal suture, indicated chronic disease
[67], which might have had destructive influence on the
nasociliary and facial nerve [68].

Rarefaction of the compact bone structure combined
with endocranial perforating lesions visible in the CT
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Fig. 5. Back-scattered electron images of the bone from the Czysty
Square: a - general view of the bone structure showing various
generations of apatite, b - minute sulphide mineralization in the
bone structure (surrounded by red line), c - a grain of sphalerite -
ZnS (white) occurring between various kinds of apatite.

image confirmed the destructiv

ge conlt

n it t ve course of acquired
syphilis. The osteolytic process penetration of the sinuses,
anterior cranial fossa and areas to the left side of the
middle cranial fossa was particularly visible.

Microscopic analysis (unstained thick sections and
H&E stained sections) indicated extensive osteolysis,
which was followed by bone regeneration. The region that
was especially vulnerable were periosteal cell directly
adjacent to skin. However, suppressed osteosynthesis was
observed on the endosteal side. It could have been caused
by arsenic, as it blocks proteins sulfthydryl groups, which

A case of syphilis with high bone arsenic concentration from early modern cemetery = 435

leads to, among other things, cell cycle arrest in S phase
and therefore to inhibition of bone regeneration [69,70].

Syphilis was treated in medieval and early modern
times with mercury compounds, although the treatment
was ineffective [9]. Such a therapy can result in the
deposition of a considerable amount of this metal in
the bones [32]. The concentration of mercury (Hg) in
bone tissue differs according to the location of the
sample. Increased Hg levels are observed in the most
spongy structures, whereas in compact bone, levels are
significantly lower [32]. There are no established standards
for mercury concentration in bone structures. In some
publications[31,71,72], the average concentration of Hg
in bone tissue is approximately several dozen ng/g of dry
mass. However, Rasmussen et al. (2008) found remains
with no visible lesions (including syphilitic lesions) with
a concentration of up to 300 ng/g of dry mass.

The results of chemical analysis revealed a moderately
high Hg concentration (0.31 pg/g) in the examined bone
fragments. It is unclear whether the subject was treated
with mercury compounds. The concentration of this
element in syphilitic patients treated with its compounds is
usually significantly higher, even above 3 pug/g [31,73]. The
presence of mercury in the skull may have been unrelated
to the treatment of syphilis. In the Middle Ages and Early
Modern period mercury was used as laxative as well as
a drug for conjunctivitis, corneal irritation, psoriasis,
eczema, tinea, skin lesions and others [74]. In addition,
mercury was used as an ink and painting pigment, a gold
treatment agent and a cosmetic ingredient [32].

The second heavy metal examined was arsenic,
the concentration of which in frontal bone samples was
16.17+0.58 pg/g. However, the concentration of this element
did not lead to formation of minerals detectable by EDS
scanning microscopy, yet it exceeded significantly the
values obtained by other researchers from bone material
without long-lasting contact with arsenic compounds
[72,75,76]. Diagenetic uptake of arsenic is unlikely, due to
lack of this element is dirt samples. Its presence in bones
can be explained in several ways.

Arsenic-containing medicines were already used in
Antiquity. Hippocrates used aurapigment and realgar
(AsS, and As,S), respectively) as ingredients in salves,
whereas in ancient Rome, Galen used mentioned salts
to treat ulcers [77]. In the Renaissance period, arsenic
compounds were recommended by Paracelsus and
William Whithering [77].

These early physicians used the antiseptic, antipyretic,
cholagogic, diastolic, calming and tonic properties of
arsenic compounds [78]. Although arsenic (As) was
used in Chinese medicine [78], there is no information
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Fig. 6. Representative EDS analysis of sulphide (sphalerite - ZnS) grains occurring within the bone showing the peaks of the Zn and S. Cps/

eV — count per second electron-volt, keV: kilo-electron-volt.

about common usage of As in medieval or Early Modern
Europe. The first broadly used treatment of syphilis with
arsenic compound was Fowler’s solution however, it was
introduced in the second half of XVIII century, whereas the
studied skull was older [79]. However, syphilis, called in
the past “the Great Imitator” [29], was often misdiagnosed
as a tumor, tuberculosis, bone inflammations or leprosy
[26], which could be treated with arsenic compounds. In
addition, arsenic was quite accessible in Lower Silesia, as
arsenic mines were present nearby and could be widely
used in medicine by the local community [80].

It is possible that As presence was not strictly
connected with treatment, but rather with occupational
activity. Arsenic was used as a component of paints or
stained glass as well as for leather and wood preservation
[78]. The processes associated with these products could
have resulted in increased arsenic concentration in bones.

In Zloty Stok (about 80 km from Wroclaw), gold and

es have heen located since 13th century [80].

arsenic min

Work in mining with arsenic salts could significantly
increase the level of As in bone tissue [81]. However, this
theory has a weak point, because the examined skull
belonged to an elderly, sick man. Most likely, he would
not have been in the condition for hard and physical work.

Acute and lethal arsenic poisoning significantly
increases the concentration of arsenic in hair and soft
tissues; it does not, however, leave significant traces
in bone tissue [82]. Therefore, acute poisoning should
be excluded in this case. The diagenetic intake of this

element is also improbable, as the soil samples from the
grave did not contain high amounts of As [83].

Lead concentration did not differ significantly from the
mean values obtained in previous studies [72,84]. Minerals
found by EDS microscopy (galena - PbS, sphalerite - ZnS
and covellite — CuS) proved typical for bone tissue and
did not indicate any pathological conditions [85] as did
not forms of distinct biominerals in the bone structure,
detectable by electron EDS microscopy.

6 Conclusions

The above results most likely indicate acquired syphilis
treated with arsenic compounds or arsenic damage effects
occupational activity. The issue of arsenic level in bones
in Lower Silesia may be interesting for future research.
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Abstract

Harris lines (HL; also known as “growth arrest lines” or “transverse radiopaque lines”) are horizontal sclerotic lines formed in the
metaphyseal or diaphyseal part of long bones, usually visualized using X-ray images. Among the factors that may lead to a
temporary arrest of bone growth (and thus—to HL deposition), the most commonly mentioned are nutritional disorders (mal-
nutrition, protein, vitamin, and mineral deficiencies), a history of smallpox, pneumonia or other diseases, food poisoning, or
alcohol abuse. The position of the HL is related to the period of incidence of physiological stress inhibiting bone growth, which
enables the estimation of the age at which the subject was exposed to it. Such information can be valuable in the study on
archeological populations; therefore, various methods have been developed to determine the age of HL deposition. In this review,
six known methods for calculating the age of HL origin are presented and compared: Allison/McHenry, Hunt and Hatch, Clarke,
Hummert and van Gerven, and Maat and Byers’ methods. In addition, the authors propose here a modification to the last method

in order to enable calculations on non-adult bones.

Keywords Harris lines - Transverse radiopaque lines - Age-at-line formation - Bone growth - Physiological stress

Introduction

Harris lines (HL; also known as “growth arrest lines” or
“transverse radiopaque lines”) are horizontal sclerotic lines
formed in the metaphyseal or diaphyseal part of long bones,
usually visualized using X-ray images (Nowak and Piontek
2002a), although also visible in computed tomography
(Chauveau et al. 2016; Primeau et al. 2016), magnetic reso-
nance imaging (Laor and Jaramillo 2009), or in histological
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slides (Miszkiewicz 2015). Most often they form on the tibia
and therefore, it is the most frequently used bone for the study
of HLs (Papageorgopoulou et al. 2011); nevertheless, they can
form on any endochondral bone (Scott and Hoppa 2015).

HLs are a trace of a temporary bone growth arrest.
Undisturbed secondary endochondral ossification has been
presented and described in Fig. 1. Disruption of the process
of chondrocyte proliferation or calcification means that the
growth plate remains impenetrable for osteoblasts, which in
turn cause mineralization along the horizontal chondrocyte
layer at the end of the growth plate, forming the “primary
stratum” perpendicularly to the long axis of the medullar cav-
ity. Prolonged periods of growth arrest result in the thickening
of the primary stratum, which leads to the deposition of the
Harris line (Scott and Hoppa 2015). However, according to a
different model, a HL forms when growth is re-established:
increased cartilaginous proliferation and osteoblasts activity
contribute to the thickening and forming of the transverse line,
suggesting HLs are growth restart rather than growth arrest
lines (Sajko et al. 2011).

Among the factors that may lead to a temporary arrest of
bone growth (and thus—to HL deposition), the most

@ Springer

30



Publikacje wchodzgce w sktad rozprawy doktorskiej

1170 Archaeol Anthropol Sci (2019) 11:1169-1185
[P —, Normal growth 2 _, Hamsiine
£ SR G- ame—m e — = — formation
O — c— — G - - -
L% o | — a— __ - — = == S
-
— — —_— Proliferation zone i — Proliferation zone
— — — cartilage cells s p—
S— = — (chondrocytes) = = —
— — — — divide = = - 0
= = ceased to divide
»s ease! divide
-— R - - - - S
- - = =
" :
- w» Hypertrqphruc‘z‘one Hypertrophic zone
- c.ar\!;gfuu:lf‘f’!‘::;lee‘:yarge as there are no new
A . ftes
undergo apoptosis L:;ﬁ‘f;;j;;
is depleted
Calcification zone
cartilage cells’ matrix
calcificates, creating
& 1 calcified spicules
Calcification
& ossification

ALy o
b
Il

Ossification zone

{—osteoblasts create
new bone on the canvas
of ossified chondrocytes

Diaphysis

Fig. 1 Endochondral bone growth and the Harris lines deposition theory.
Drawing on the left side presents undisturbed bone growth. (1)
Chondrocytes (cartilage cells) from the resting cartilage zone move to-
wards the bone diaphysis. (2) Proliferating chondrocytes form columns,
proceeding towards the diaphysis. (3) Chondrocytes differentiate into
hypertrophic chondrocytes which produce alkaline phosphatase, osteo-
pontin, BSP, Osx, Bglap (osteocalcin), and Runx2 (Park et al. 2015),
which induce calcification. (4) Hypertophic cells undergo apoptosis and
caleify. (5) Osteoprogenitor cells differentiate into osteoblasts, causing

commonly mentioned are nutritional disorders (malnutrition,
protein, vitamin, and mineral deficiencies), a history of small-
pox, pneumonia or other diseases, food poisoning, or alcohol
abuse (Nowak 1996). Among newer concepts, HLs can be
linked to child abuse (Ross and Juarez 2016), systemic-onset
juvenile idiopathic arthritis (Sifuentes Giraldo et al. 2016),
tortures (Traczek 2017), psychosocial short stature (Kaspar
Hauser syndrome; Khadilkar et al., 1998) osteopetrosis, hy-
per/hypoparathyroidism, sclerosing, spondylosis, radiation
exposure, Cushing’s Syndrome, rickets, avascular necrosis,
osteoporosis, congenital syphilis, Paget’s Disease, leukemia,
scurvy, bone fracture (Sajko et al. 2011), and probably many
more diseases and detrimental conditions. The wide spectrum
of possible etiologies causes HLs to be considered as an indi-
cator of an unspecific physiological stress or difficult living
conditions rather than a specific diagnostic marker
(Papageorgopoulou et al. 2011).

However, using HLs even in such a wide context is often
questioned. In an in vivo experiment on rabbits, the authors
noted that more HLs were formed during periods of rapid
growth than in the period of nutritional stress (Alfonso-
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the initiation of osteosis on the basis of calcified cartilage (Mescher
2013). The disruption of chondrocytes proliferation or differentiation
(presented on the right side) makes the growth plate impenetrable for
osteoblasts, which in turn begin to create a mineralized layer along the
horizontal layer of chondrocytes at the end of the epiphyseal plate; they
form a primary stratum perpendicular to the long axis of the medullary
cavity. Prolonged periods of growth arrest result in the thickening of the
primary stratum, which leads to the deposition of a Harris line (Scott and
Hoppa 2015)

Durruty 2011). There was no statistically significant correla-
tion between bone length and morphology and the occurrence
of HL (Mays 1985; Nowak and Piontek 2002b). Moreover,
numerous researchers have failed to find correlations between
the age of enamel hypoplasia (EH) and HL formation, sug-
gesting that HLs are a physiological rather than a pathological
phenomenon (Piontek et al. 2001; Beom et al. 2014; Geber
2014; Zapala et al. 2016; Krenz-Niedbala 2017). Due to the
similarities between the somatotropin (growth hormone) se-
cretion curves, the long bone growth curves, and the distribu-
tion of HLs, it was suggested that HLs are associated with
physiological periods of faster and slower growth
(Papageorgopoulou et al. 2011).

Nevertheless, the lack of correlation between HL and EH
may result from the disappearance of early-formed HLs as a
result of bone remodeling at a later age (Mays 1995). In turn,
the formation of HLs in a period of rapid growth corresponds to
the theory of HLs as growth recovery lines. Moreover, if one
consider the formation of HLs as a trace of physiological pro-
cesses only, it is necessary to explain the differences in the
frequency of HL occurrence between individuals and
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populations found in numerous studies (Piontek et al. 2001;
Beom et al. 2014; Geber 2014; Zapala et al. 2016; Krenz-
Niedbata 2017). In addition, even if it will be concluded that
HLs are poorly suited for determining the health of individuals
(as it may be a result of non-pathological processes), they can
still be useful for determining the overall health at the popula-
tion level (Nowak and Piontek 2002b): assuming that the oc-
currence of HL unassociated with any pathologies is (more or
less) constant, statistically different frequency of HL between
the compared populations would result from different occur-
rence of HL associated with pathologies or physiological stress.

Regardless of the chosen HL formation model, it can be as-
sumed that a HL is formed more or less in the time following the
appearance of a stressor hindering growth to length. It is easy to
deduce that the HL will be located where the growth plate was
located when the growth was stopped/restored. The position of
the HL is therefore related to the period of incidence of physio-
logical stress inhibiting bone growth, which makes it possible to
estimate the age at which the subject was exposed to it
(Papageorgopoulou et al. 2011). Such information can be valu-
able in the study of archeological populations. The mere counting
of HL allows to compare the level of physiological stress be-
tween specified groups. Calculation of the age of HL formation
enables more comprehensive statistical approach. It can be con-
cluded, which period of childhood or puberty in the study pop-
ulation was most abundant in adverse effects (Zitkova et al.
2004; Krenz-Niedbala 2014; Boucherie et al. 2017)—and com-
pared between specific groups (Jerszynska and Nowak 1996). It
is additional easily obtainable data that could improve the de-
scription of life of archeological populations. Therefore, various
methods have been developed to determine the age of HL depo-
sition (Allison et al. 1974; Hunt and Hatch 1981; Clarke 1982;
Maat 1984; Hummert and Van Gerven 1985; Byers 1991).

In this review, six methods for calculating the age of HL origin
will be presented: the Allison et al. (1974); McHenry and Schulz
(1976), Hunt and Hatch (1981), Clarke (1982), Hummert and
van Gerven (1985), Maat (1984) and Byers (1991) methods. To
the best of the authors” knowledge, these are all known methods.
In addition, a modification which enables calculations on non-
adult bones will be proposed to the last of them. All tables re-
quired for calculations were included in Supplementary File 1,
and all necessary measurements for each method—in Fig. 2.
Summarized comparison of key features of all methods is pre-
sented in Table 1. Method output and detailed comparison are
presented in the “Comparison of all methods” section.

However, before the presentation of methods, one important
issue must be raised: what should be considered a Harris line?

What line should be considered a Harris line?

After death, HLs remain unchanged; they can be observed
on the remains of more than 45,000 years (Nowakowski

2018). However, during a lifetime, the bone undergoes
constant remodeling processes which results in a possible
disappearance of the HL (Papageorgopoulou et al. 2011).
This hinders the interpretation and use of HLs in
archeological studies of the population, especially for
the remains of older individuals.

Usually, when examining the bones of adult individ-
uals, clear lines running along the entire length of the
bones will not be found, but thin remains of distinct
HLs will be visible instead. There are different ap-
proaches to what should be considered a HL. Some au-
thors recommend taking into account lines of at least 25%
of bone width (Goodman and Clark 1981; Piontek et al.
2001), others: at least one third (Alfonso et al. 2005;
Chauveau et al. 2016) or half (Hummert and Van
Gerven 1985; Scott and Hoppa 2015) of the bone. To
the best of the authors’ knowledge, there are no unambig-
uous guidelines suggesting the optimal solution in this
matter.

Another approach is the arbitrary categorization of HLs;
Maat (1984) categorized HLs into three types: weak (visible
only upon careful inspection), medium, and strong, recogniz-
ing the third type as the most reliable determinant of physio-
logical stress. However, to the best of the authors’ knowledge,
this division has not been applied in other studies.

What is more, the classification and counting of the Harris
line is also hindered by possible discrepancies between ob-
servers (MacChiarelli et al. 1994; Grolleau-Raoux et al.
1997). A possible solution to this problem is the proposed
semi-automatic Harris line detection system: HL-tool (Suter
et al. 2008; Papageorgopoulou et al. 2011). However, al-
though undoubtedly useful, reliable, and giving repeatable
results, this program works quite slowly, especially on older
computers. The program, tested by the authors of this review
on a computer with the Windows Vista™ operating system, an
Intel®Core™ 2 Quad CPU 2.5 GHz processor, and 4 GB
RAM, needed 4 to 8 min for one bone, excluding the prepa-
ration of X-ray images for analysis.

Hence, children’s bones are definitely worth the attention
in studying HLs. Because the subjects are young, the HL is
more likely not to be resorbed. Clear, pronounced HLs are
also less probable to give different results between different
observers. Numerous authors reported increased number or
visibility of HL on juvenile bones (Piontek et al. 2001).
More surprising is the small number of methods which enable
the determination of the chronology of HLs on juvenile bones.
Moreover, current methods allow to estimate the age of HL
formation in the distal part of the juvenile tibia only.
Therefore, it was necessary to develop a new method which
would have wider application—and which is presented in the
“Byers’ modified formulas for juvenile bones” section.

The Scott and Hoppa study (Scott and Hoppa 2015) is also
worth mentioning in the context of HL detection. The authors
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Fig. 2 All measurements needed for individual methods, on the example
of the tibia. For more details on each method, please refer to the main text.
a Allison’s method. b Hunt and Hatch’s method. The Dpoc measurement
needs to be referred to the appropriate table ¢ Clarke’s as it is made for
other methods. The Dys/T ratio needs to be referred to the appropriate
table. d Byers’ method. Both Tand Dys or P (depending on the distal or

compared the visibility of HLs on bone X-ray images taken in
the anterior-posterior view (A-P) and medial-lateral (M-L)

@ Springer

proximal position of the HL) need to be used in the formulas presented in
Table 2. e, f Maat’s method. The Dpoc/Dep; ratio needs to be referred to
the appropriate table. g Hummert and van Gerven’s method. Dpoe/Dx
needs to be referred to the appropriate table. All necessary tables can be
found in Supplementary File 1

view. Although A-P images are usually used for observation,
the authors achieved better visibility with the M-L plane.
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The Allison et al. (1974) and McHenry
and Schulz (1976) methods

These are the two oldest of the methods discussed; the former
was used to determine the chronology of formation of HLs on
the tibia, the latter—on the femur. Due to their high similarity
and identical assumptions, they can be treated as one method.

Basic assumptions

The Allison method assumes that (a) the average bone length
at birth is 90 mm, (b) the bone grows by the same length every
year, and (c) 40% of growth occurs on the distal part of the
bone, and 60%—on the proximal part.

Necessary measurements

To calculate the age of HL deposition using the Allison meth-
od, one needs to: (a) subtract 90 mm from the total bone length
(1), (b) multiply the result by 60% to calculate the increase in
the proximal part (or by 40% for a HL found on the distal
part), and (c) divide the obtained length into 16 equal pieces,
cach correspondent to 1 year. Next, the position of the Harris
Line should be compared to the obtained “ruler.”

The McHenry method introduces one modification; it fo-
cuses on HLs on the femur, in which a 71% increase in length
occurs on the distal part and a 29% one on the proximal part.
Consequently, the percentages by which the bone length is
multiplied change accordingly. However, McHenry does not
specify in his paper if the bone length is also shortened by
90 mm or any other value.

Summary of the method

The method is depicted in Fig. 2a. The authors themselves
note that the assumptions are not very precise; the length of
the bones after birth can be different than 90 mm (Scheuer and
Black 2000), and bone growth varies with age (Hoppa 1992;
Ruff 2003). In addition, the total bone length is measured,
ignoring the fact that HLs form at the epiphyseal plate, not
at the end of the epiphyses (Ameen et al. 2005). Nevertheless,
despite the obvious lack of precision, the method enables a
rough categorization of HLs into those that were created in the
early or late period of growth. In addition, it is relatively sim-
ple and fast to use and does not require a comparison of the
results with tables or growth curves.

Hunt and Hatch’s (1981) method

This method is based on a mathematical model of bone
growth. Although the calculations themselves may seem dif-
ficult to understand, they are actually quite simple to use,

@ Springer

especially when using the spreadsheets in Supplementary
File 1. In short, the method requires the following steps: (1)
creating growth curves for the study population, (2) creating
curves showing the dependence of distance between the HL
and the primary ossification center (POC) and the age of HL
deposition, (3) determining the POC of the examined bone,
and (4) measuring the distance from the HL to the POC and
comparing the result with the curve defined in point 2.

Creating growth curves for the study population

The formulas were derived from long-term studies on the
growth of long bones in the population of Denver, Colorado,
collected by McCammon (1970). Hunt and Hatch derived the
growth curves described by the formula:

o aj az
o | +e‘f’|(f_t‘l) + 14+ e~bali—c2)

g(1)

The g(¢) function describes mean diaphyseal bone length
in time 7. The first part of the equation (variables with 1 in the
subscript) describes the growth in the prepubertal term, the
second part (variables with 2 in the subscript)—in the adoles-
cent term. Variables « are the upper limit of bone growth, h—
the maximum slope at the point of inflection of the sigmoid
left logistic function, c—age in the period of the fastest
growth, and +—age in years (from 1 to 18).

Understanding how to derive this formula may be quite
challenging, but it is not required for its proper use, so it will
be omitted from this review; for more details, please refer to
the original publication by Hunt and Hatch.

This method allows to create bone growth curves for the
humerus, radius, ulna, fibula, femur, and tibia, and allows to
estimate the age of HL formation in the last two types of
bones. An exemplary growth curve for the tibia is shown in
Fig. 3a. The remaining curves (with all necessary calculations)
are included in Supplementary File 1.

Next, the bone growth curves should be fitted to the study
population. To do so, it is necessary to determine the mean
diaphyseal length of distinct bones of adults in this population.
Then: (a) measure the total length of the bones, (b) subtract the
average epiphysis thickness (determined by the authors—see
the table in Supplementary File 1) from it to receive the var-
iable y. The next step is to modify the g(¢) function using the
average diaphyseal length obtained from the population under
study. The equation looks as follows:

» v
I(t) = —

— x
ay) + az

g()

Now, simply substitute numbers from 1 to 18 for #, and use
the results to create a specific bone growth curve. This curve
can be used to estimate the age of a particular individual.
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Fig. 3 Example growth curves derived from Hunt and Hatch’s study. a Mean tibia growth. b Curve for the estimation of the age of HL deposition

Curves representing the interdependence
of the distance between the HL and the primary
ossification center (POC) and the age of HL deposition

Based on the research of Anderson et al. (1963), the authors of
this method assumed that 29% of femoral growth occurs at the
proximal end and 71% at the distal end. For the tibia, the
proportion of proximal and distal growth is 57 and 43%, re-
spectively. In order to create curves that will determine the
position of the HL with respect to the POC depending on
the age of birth, the following formulas should be used:

0.29" Z(1)—for the proximal part of the femur
0.71" z(¢)—for the distal part of the femur
0.57" 7(¢)—for the proximal part of the tibia
0.43" Z(1)—for the distal part of the tibia

Numbers from 1 to 18 should be substituted for 7. The
results can be used to create appropriate curves (Fig. 3b).

Determining the primary ossification center (POC)

As described above, 29% of femur growth occurs in the prox-
imal end and 71%—in the distal end. Accordingly, the POC is
located at 71% of the length of the bone if measured from the
distal end or at 29% of the length if measured from the prox-
imal end. For the tibia, the proportion of proximal and distal
growth is 57 and 43%, respectively, so the POC will be at 43%
of the length of the bone, measured from the distal end.

The last stage of the procedure is to measure the distance
from the HL to the POC and match the obtained measurement
to the growth curve for a given bone and its proximal or distal
part.

Summary of the method

The Hunt and Hatch method allows to estimate the age of HL
formation in the bones of adult individuals, both for the distal
and proximal parts of the tibia and femur. It is based on a fairly
accurate model that can be adapted to different populations.

The accuracy of this method and the wide range of applica-
tions are undoubtedly its greatest advantages.

Nevertheless, the method is quite sensitive to individual
deviations; for particularly high or low individuals, the meth-
od will provide an underestimated or overestimated age of HL
formation, respectively. A significant disadvantage of this
method is its laboriousness; both understanding and using
the Hunt and Hatch method takes a long time, and calculations
can discourage less mathematically skilled anthropologists.
However, supplementary materials attached to this publication
should significantly facilitate the use and understanding of this
method.

Clarke’s method (1982)
Basic assumptions

Clarke’s method was an attempt to improve the methods of
Allison and McHenry. It does not assume even bone growth
throughout the period of puberty and adolescence. Instead, the
author created a table based on the Gindhardt study (1973),
which reflects the variable bone growth; it reflects the ratio of
bone length in an immature individual of a specific sex and
age to the length of an adult bone (Supplementary File 1).

The reference table was adapted to calculations for HLs on
the distal part of the tibia; according to Anderson et al. (1963)
study, it is assumed that 43% of the tibia’s growth at the distal
end and 57% at the proximal end. Therefore, each of the
results in the table was multiplied by 43%.

Necessary measurements

Application of the method requires the following steps:

a) Measuring the bone length (7), determining the sex of the
subject

b) Measuring the distance from the distal end of the bone to
the HL (Dys)
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c) Calculation of Dys/T x 100% equation and comparison of
the result with the appropriate table

Necessary measurements are presented in Fig. 2c.
Summary of the method

The method is quite fast as it requires only two simple measure-
ments. However, it has some serious imperfections: it takes into
account the total length of the bone, omitting the fact that the
line is formed within the growth plate, not at the end of the
epiphysis, which generates a constant error. In addition, the
method can only be used for the distal part of the tibia.

Maat’s method (1984)

This method makes it possible to determine the age of HL
formation at the distal end of the tibia. The author created a
table (based on the research of Maresh (1955)) describing the
length of the tibia diaphysis and its distal part depending on
the age and sex, as well as the ratio of the distal length of the
diaphysis at a given age to its average length in adults
(Supplementary File 1).

Necessary measurements

Maat’s method requires the determination of: (1) the primary
ossification center (again, 43% of tibia length measured from
the distal articular surface), (2) the POC’s distance to the epiph-
yseal plate, (3) the distance between the primary ossification
center and the HL. Then, divide measurement 3 by measurement
2 and refer the result to the table prepared by the author.

Summary of the method

This method is relatively easy to use, it requires few measure-
ments and simple calculations, and it cannot be accused of
inaccuracies; it includes the thickness of epiphyses; the com-
parable tables are based on reliable growth curves and it uses
ratios instead of absolute measurements. However, this meth-
od is limited only to the distal part of the tibia. It can also be
used to examine children’s bones—if the age of the child was
determined, the table can estimate the length of the bone di-
aphysis of a “would-be” adult and use this hypothetical length
in the calculations.

The Hummert and van Gerven method (1985)
This method is designed mainly to assess the age of HLs in the

bones of children and adolescents. It was dedicated to the
assessment of HLs in the medieval population of Kulubnarti
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(Sudan). Data from this population was used to create a
growth chart employed further in this method, assuming that
the bone growth in this population may difter from the
European or American populations, on which the growth
curves of the previous methods were based.

Basic assumptions

Calculations on non-adult bones require the determination of
the approximate age of the examined individual. Based on the
previously collected data (Hummert 1983), the authors created
a table that defines the ratio of the mean distal part of the tibia
(again, 43%) in the subsequent developmental years to the
length of the distal part of the tibia in the evaluated individual
of known age (Supplementary File 1).

Necessary measurements

The Hummert and van Gerven method is another one that
requires determining the POC according to the same
assumptions as in the Hunt and Hatch (1981) and Maat
(1984) methods, 43% length of the bone, measured from the
distal end. The second measure is the distance between the HL
and the distal end of the bone. Then, the second measurement
should be divided by the first one and referred to the table
created by the authors.

Summary of the method

The authors recommend not to rely on age estimation based
solely on the bone length but also on other age determinants.
They estimated the developmental age basing on sequences of
dental formation and eruption (Uberlaker 1978). Among newer
methods, age can be estimated based on the degree of epiphyseal
union (Scheuer and Black 2000), the frontal sinus development
(Moore and Ross 2017), and measurements of the ilium (Corron
et al. 2017) or girdle bones (Cardoso et al. 2017). One quite
obvious disadvantage of the Hummert and van Gerven method
is the restriction to the distal part of the tibia. Moreover, the table
obtained by the authors refers to the medieval population of
Kulubnarti, so it is necessary to create a new table for a popula-
tion with different dynamics of bone growth.

Byers’ method (1991)

The last method is both easy to use and accurate. It is inventive,
based on logical assumptions, and it allows to determine the
chronology of the HL on four types of bones (tibia, femur, radius,
and humerus). Since the authors of this review propose a modi-
fication to these formulas, it is necessary to introduce the concept
of this method and show its derivation. However, as with the
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Hummert and van Gerven models, understanding the derivation
of the formulas is not required to use this method effectively.

Basic assumptions

Byers based his considerations and calculations on observa-
tions already included in the presentation of the previous
methods: (a) Harris lines form in the place of the epiphyseal
plate, (b) bone growth dynamics vary with age, but, based on
literature data, tables/growth curves describing the growth of
individual bones over time can be designed, and (c) bone
growth differs at the distal and proximal parts of the bone.

Based on the works of Maresh (1955) (in which bone mea-
surements of children aged 10-12 included the measurements
with the epiphyses and without them), Byers calculated that
the epiphyses constitute 8% (+0.68%) of the total length of
the humerus and the radius, 11% (£ 0.29%) of the femur, and
13% (£0.33%) of the tibia for both sexes. The growth tables
were based on studies on children from Boston and Yellow
Spring (Anderson and Green 1948; Maresh 1955; Anderson
etal. 1963; Gindhart 1973). In addition to the aforementioned
proportions of growth for the distal and proximal parts of the
femur (29%/71%) and the tibia (43%/57%), he took into ac-
count the proportions for the humerus (81% on the proximal
end) and the radius (75% on the distal end).

Formulas derivation

All Byers’ formulas boil down to determining the ratio of
bone length at the time of HL formation (7) to the total length
of the subject’s bone (7), which will then be referred to the
growth table for individual bones. It can be defined with the
T4/T * 100% formula.

While T'is a trivial measurement, 7 is harder to determine;
the location of the HL tells only where the epiphyseal plate
was located at the time of deposition. Therefore, it was nec-
essary to develop a formula allowing to estimate Ty based on
the distance of the distal (Dys) or proximal () HL to the bone
end. In this example, it is assumed that there is a HL on the
proximal part of the tibia (Fig. 4):

a) The distance from the HL to the proximal end (P) is
known. Because of a 43% tibia growth on the distal part,
Dys will be 43/57 x P or 0.75P. The length of the diaph-
ysis (bone shaft) at the time of deposition (Sy) will be 7'—
(Dys + P)or T— 1.75P.

b) Since Sy was calculated, 7y (total length of bone during
HL deposition) needs to be calculated. Since the length of
the epiphyses is 13% of the whole tibia, it can be assumed
that: Ty = Sq + 0.13T4. Then, S4=0.87T, and further:
Ty=1.1584. Therefore, T4 can be represented as
Ty= 1.15(T - 1.75P).

The formulas shown in Table 2 can be derived analogously.
Necessary measurements

Only two measurements are required: (1) the total length of
the bone (7) and (2) the distance from the HL to the nearest
end of the bone (Dys or P). Both values can be used in appro-
priate formulas and the result can be compared with the values
in the tables (Supplementary File 1).

Byers' modified formulas for juvenile bones

Byers’ formulas seem to have only one disadvantage: they can-
not be used to calculate the age of HL deposition in juvenile
bones. However, the authors propose here a simple modification
to Byers’” method which will allow to make such calculations.
In children and adolescents, it is impossible to obtain the total
length of the bones (due to lack of epiphyses), but only the length
of diaphysis. The modification to the formulas is based on the
assumption tha ETL' = % where Sy is the length of the diaphysis at
the time of formation of the HL, S—length of the diaphysis of the
evaluated bone; de facto the total available bone length.
Therefore, the main aim of the formulas is changed to Sy/S *
100%. Again, S is a trivial measurement, and Sy needs to be
calculated.
Because of the lack of epiphyses, it is not possible to measure
P or Dys (namely distance between the HL and the end of bone).
It is possible, however, to measure P’ or Dys’, which will be the
distance between the HL and the end of'the diaphysis. Therefore,
Sq=8— (P'+ Dys’). It is assumed that the P/Dys’ proportions
are the same as P/Dys for all bones; therefore, all P and Dys in
the original Byers’ formulas can be replaced with P’ and Dys’.
There is also a need to modify the following elements of
Byers’ formula: replace 7'with S and then remove the part of
the formula “adding” the assumed length of the epiphyses to
the calculated length of the bone shaft at the time of HL for-
mation. The modified formulas are presented in Table 2.
Finally, it is required to compare the result with the modified
Byers’ table (Supplementary File 1) and read from it the approx-
imate age of HL formation. Similarly to the Hummert and van
Gerven methods, in order to be able to use it, the approximate age
of the subjects should be determined beforehand.

Comparison of all methods

Models

To compare the outcomes of different methods, two models
were created. The first consists of one enormously HLs-rich
male tibia, which was scaled to the following lengths, 44,
39.2, and 34.5 cm (Fig. 5). Then, the age of formation of every
single HL was calculated with all applicable methods. For the
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Fig. 4 a Explanation of Byers’ method on the example of the tibia with
one HL on the proximal part. The aim of this method is to determine the
Ty/T ratio. T can simply be measured, while 7, needs some calculations.
Subtract 7 — (Dys + P) to get 54, which in turn needs to be multiplied by
1.15 to receive Ty. Since Dys is unknown, it is necessary to estimate this
length by multiplying P by 0.75. b Explanation of the modification of

purpose of the Hunt and Hatch method, 39.2 cm is assumed as
mean male tibia length.

The second model includes the distal part of juvenile tibia,
26.5 cm long bone of an 11-year-old, 20.5 ¢m bone of a 7-
year-old, and 16.5 c¢cm long bone of a 5-year-old (Fig. 6).
Calculations for the proximal part of the tibia are not possible
with the Maat or Hummert and van Gerven method; therefore,
this part was not included in this model.

Bland-Altman plot

The outcomes of different methods were compared with the
Bland-Altman test (Bland and Altman 1986). It is intended to
clearly indicate the differences between the outcomes of two
distinct methods. The x-axis presents the mean value of each

Table 2 Original Byers equations and theirs modification
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Byers’ method for calculations on non-adult bones. The lack of epiphyses
prevents obtaining 7"and P measurements; therefore, this method focuses
on the diaphyses, not the entire bone length. The aim of this method is to
determine the S4/S ratio and it uses similar measurements as the original
Byers’ method

pair of measurements, the y-axis—the difference between the
results of the methods for particular measurements. The more
consistent the methods, the more densely distributed the dots
and the lower mean difference obtained. The plots were cre-
ated in the R program (R Core Team 2018) with the
BlandAltmanLeh package (Lehnert 2015).

The results are presented in Table 3. Selected Bland-Altman
plots are presented in Figs. 7 and 8. Bland-Altman plots for all
possible pairs of methods are presented in Supplementary File 2.

Results and discussion for the adult bone model

The Clarke, Byers, and Maat methods give results indepen-
dent from the bone length because these three methods are
based on ratios rather than absolute measurements. On the

Bone and location of HL

Original Byers™ equations

Modified Byers’ equations

Tibia, distal

L1S(T ;.anys) % 100%

) ! o
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Tibia, proximal
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Femur, proximal
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Radius, proximal
Humerus, distal
Humerus, proximal
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Fig. 5 Bone models for the
comparison of methods. For the
purpose of comparison of
methods, one tibia with 27 HLs
was created and then scaled to 44, 1 1 1
39.2, and 34.5 cm. For the g 32
purpose of the Hunt and Hatch 32 i 4
method, it is assumed that the 4 5 5
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contrary, the Allison and Hunt and Hatch methods are very
sensitive to different bone lengths. The Allison is based on
ratios; however, the assumed 90 mm of initial bone length
(regardless of its total length) strongly influences the follow-
ing calculations in bones of different lengths and, subsequent-
ly, the outcomes. The mean difference between the estimated
age of HL formation for 44 and 34.5-cm bones is about
0.75 years and ranges from 0 to 2.5 years (Fig. 7a).

Even worse difference between long and short tibiae is
obtained with the Hunt and Hatch method (mean difference
3.1 years, range 1-7 year., Fig. 7b). When compared with
other methods, age for long tibiae is overestimated and for
short—underestimated. It is noteworthy that the outcomes of
the Hunt and Hatch method for 39.2-cm tibia give results
comparable with the accurate Byers or Maat method
(Fig. 7¢). It can therefore be assumed that the Hunt and

10 cm

Hatch method may easily be improved by plotting distinct
growth curve for each examined bone, based on its length.
In such proceedings, the Hunt and Hatch method would be-
come de facto ratio-based. However, without such modifica-
tion, this method is inaccurate in the estimation of HLs for-
mation in particularly long or short bones.

The Clarke method tends to underestimate the age of HLs
formation (besides the earliest ones) when compared with the
Byers or Maat method (Fig. 7d), as the thickness of epiphyses
was not taken into consideration by Clarke in his calculations.

Byers and Maat methods should be considered the most
accurate—they are based on correct premises and give almost
identical results (Fig. 7e). However, as the Byers method is faster
and allows to perform calculations on a broader range of bones,
the authors of the current review strongly recommend choosing
this method.
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Fig. 6 Juvenile bones models for
the comparison of methods. For
the purpose of comparison of
methods, three juvenile tibiae
with six HLs were created. The
Maat and Hummert and van
Gerven methods can be used to
evaluate the distal part of the tibia
only: therefore, the presented
model is based solely on this part
of the bone. The outcomes of a
different method are presented in
Table 4
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Results and discussion for the juvenile bone model

In this model, the results of the Maat, Hummert and van Gerven,
and modified Byers methods were compared (Table 4). While
the Maat and modified Byers methods give very similar results
(differences ranging from —0.5 to 0.5 years, Fig. 8b), the
Hummer and van Gerven method gives quite different results
(range 01 years, mean difference 0.4 years, Fig. 8a, ¢). It does
not mean that the Hummert and van Gerven method is
unreliable—the cause is rooted in the comparison tables.

The comparison tables for Maat and Byers are based on the
same dataset and therefore the results produce very similar
outcomes, Hummert and van Gerven—on the medieval
Nubian population. The growth curves for medieval Nubian
and twentieth century American population differs—which is
reflected on the Bland-Altman plots.

This comparison shows that the assumption of the modified
Byers method is correct. Therefore, it can be applied to the
proximal part of the tibia, femur, radius, and humerus—which
was not possible with the previous methods.

General remarks

In this review, the Byers method is recommended for calcula-
tions on adult bones and the modified Byers method—on non-
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adult bones. However, there are some issues which need to be
raised, regardless of the method used.

Every reviewed method is linked with one false although
indispensable assumption: “course of bone growth is identical
for everyone; it differs only between the sexes.” It is obvious-
ly untrue; the beginning of the adolescent growth spurt and its
duration varies between individuals (Anderson et al. 1963).
The estimation of HLs formed in this period is always biased,
regardless of the method used. To the best of the authors’
knowledge, there is no possible way to eliminate this error;
however, a study on a large population should overcome the
severity of this problem in statistical inference.

The majority of methods are based on some bone growth
databases. However, these databases should not be considered
universal. Besides the obvious difference in the mean adult bone
length between different populations, the course and dynamics of
bone growth may also vary significantly; these differences are
well depicted by Bland-Altman plots comparing the modified
Byers and Hummert and van Gerven methods—which are based
on datasets originating from quite different populations.

If this issue is not taken into consideration, it may disturb the
results and their interpretation. For example, Piontek et al. (2001)
used the Byers method for adult and the Hunt and Hatch method
for non-adult bones. They calculated that the mean age at forma-
tion of HLs in juvenile bones is 9-11 years of age, and in adult
male bones, 11-12 years of age. However, the Hummert and van
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Table3  Results of different methods
44 ¢m tibia 39.4 c¢m tibia 34.5 cm tibia All tibias (ratio-based methods)
Lineno. Allison Huntand Hatch Allison Hunt and Hatch ~ Allison Hunt and Hatch ~ Clarke Maat Byers
Proximal part 1 12.5 17-18 12.5 135 12.5 11.5 NA NA 14
2 12 14-15 12 12.5 11.5 11 NA NA 13
3 11 135 11 12 11 10 NA NA 12
4 10 13 10 11 10 9.5 NA NA 11
5 9.5 12 9.5 10.5 9 8.5 NA NA 10
6 8.5 11 8.5 9.5 8 7 NA NA 9
1 75 9.5 8 8 75 6 NA NA 75
8 7 8 7 7 6.5 4.5 NA NA 6.5
9 6 75 6 6 6 4.5 NA NA 6
10 S 6.5 5.5 5 5 35 NA NA 5
11 5.5 5:5 5 4.5 4.5 3 NA NA 4
12 4 5 4 4 4 3 NA NA 4
13 3 4 39 3 3 2 NA NA 3
14 3 3 3 25 2.5 1.5 NA NA 2
15 2 25 2i5 1.5 2 1 NA NA L5
Distal part 16 1 2 Newborn 1.5 Newbormn 0.5 2 1.5 1.5
17 2 3 Newborn 2 Newborn 1 2 2 2
18 3 4 1 35 1 2 3 3 3
19 4 53 25 5 2 45 4 45 4.5
20 9 7 4 55 3.5 4 6 55 5.5
21 6 8.5 5 7 4.5 5 6 6.5 6.5
22 7 10 55 8.5 5 6 7 8 8
23 9 11.5 7 10 6.5 7.5 8.5 10 10
24 10 13 8.5 11.5 85 9 10 115 11.5
25 11 14 10 12.5 10 10 11 12.5 12.5
26 12 16 11 13.5 10.5 11.5 12 13.5 14

Only Allison and Hunt and Hatch methods give different results for bones of different lengths. Methods based on the ratios rather than absolute
measurements give the same results regardless of the bone length. The distribution of Harris lines is shown in Fig. 5. All Bland-Altman plots can be
found in the Supplementary file 2 and selected Bland-Altman plots—in Fig. 7

Gerven method underestimates the age at formation of HLs when
compared with the Byers method (as it is presented in the Bland-
Altman plot). If they would use the same datasets, most probably
they would find similarities rather than differences in this aspect
of their study.

Moreover, the creation of new growth curves or comparison
tables dedicated to the study population should always be con-
sidered, as it was done by Alfonso et al. (2005). However, such
approach is rarely used and a vast number of studies are based on
the comparison tables provided by authors of distinct methods.

As shown in the “Comparison of all methods™ section,
most probably every study based on the Allison, McHenry,
Clarke, or Hunt and Hatch method is biased and could be
reevaluated. The Bland-Altman plots provided in
Supplementary File 2 should facilitate the reinterpretation of
results in the publications in which the aforementioned
methods were used.

Summary, perspectives, and challenges

The interest in Harris lines seems to have slightly increased
over the last 18 years, basing on Google Scholar database
records (Fig. 9). However, in the last few years, authors have
been focusing on the presence and number of HLs rather than
the age at their formation. According to publications indexed
in the Google Scholar database, there was only one study
using the Byers method published in the last 5 years (Krenz-
Niedbata 2014) and, similarly, there was only one using the
Hummert and van Gerven method (Boucherie et al. 2017).
The age at formation of HLs seems to be avoided recently.
It is understandable, due to the controversies mentioned in the
introduction, such as lack of correlation with other physiolog-
ical stress indicators (Alfonso et al. 2005), disappearance of
HLs resulting from ongoing bone remodeling (Mays 1995), or
appearance of HLs unassociated with any physiological stress
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Fig. 7 Selected Bland-Altman plots comparing the methods used for
adult bones. Bland-Altman plots clearly show concordance between the
two compared methods. The middle dashed line shows the mean differ-
ence between the results of those two methods. The lower and higher
dashed lines show =+ 1.96 standard deviations. The x-axis presents the
mean results calculated for each HL and y-axis—the difference between
the first and second of the compared methods for each measurement. All
results are given in years. a Results of the Allison method for two bones

(Alfonso-Durruty 2011). Moreover, the seemingly difficult
and time-consuming calculations may also discourage from
estimating the age at formation of HLs.

Means Means

of different lengths. Varying length significantly affects the outcomes of
this method. b The results of the Hummert and van Gerven method for
long and short tibiae. The difference is even greater than in the Allison
method. ¢ The Hummert and van Gerven method for mean bone com-
pared with the Byers method. Both methods show great concordance,
which implies that the Hummer and van Gerven method is accurate for
mean bones. The Byers method is also compared with the Allison (d),
Clarke (e), and Maat (f) methods

The present review is aimed at reversing this trend. The
authors hope that this study, together with the attached figures
and supplementation materials, will greatly simplify the
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Fig. 8 Bland-Altman plots comparing the methods used for juvenile bones. While the Maat and Byers methods give very similar results, the Hummert
and van Gerven method produces different outcomes. The cause is rooted in the different source of the comparison table used in the last method
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Table 4 Results of different methods for juvenile bones

Line Distance Distance Maat Hummer Modified
no. fromthe from the and van  Byers
HL to the HL to the Gerven
POC distal end
(mm) (mm)
265em; 1 59 55 25 2 25
11 years 5 68 46 4 3 4
old
3 79 35 5 45 5
4 90 24 7 6 7
S 100 14 85 8 9
6 107 7 10 9 9.5
20.5 cm; 1 43 43 15 1 1.5
7years 50 36 215 2
old
3 58 28 25 25 3
4 67 19 35 35 4
5 5 11 5 5 5
[ 80 6 55 55 6
16.5 cm; 1 30.51 39 05 05 newborn
51Yeﬂm 2 3712 33 105 1
old 3 4339 27 15 15 1.5
4 49.81 20 2 2 2
5 5635 14 3 25 3
6 63.79 6 4 35 4

The distribution of Harris lines is shown in Fig. 6. All Bland-Altman plots
can be found in Supplementary file 2 and selected Bland-Altman plots—
in Fig. 8

understanding and calculation of the chronology of Harris
lines. The authors also encourage to perform the study primar-
ily on juvenile bones; the HLs on them are less likely to be

resorbed. Moreover, these HLs are more pronounced and
clear, which could increase the intra- and interobserver agree-
ment. New methods enable the estimation of the age at for-
mation of HLs on juvenile femurs and the proximal part of
tibiae—and thus increase the number of obtainable results,
which will improve the statistical proceedings on
archeological study populations.

The controversies connected with HL etiology should
be considered as a challenge rather than an obstacle.
Many authors who failed to find statistically significant
correlation between the HL and other indicators admit that
bone remodeling and the following HL disappearance
may be responsible for the lack of such correlation
(McHenry and Schulz 1976; Mays 1985, 1995, Nowak
and Piontek 2002a, b). A similar study conducted on ju-
venile bones (which are less likely to resorb HL) could
give statistically significant results. Moreover, the studies
which used the Allison, McHenry, Clarke, or Hunt and
Hatch method could also be reevaluated and repeated, as
most probably they are biased.

Also, the histological model of formation of HLs could be
improved—there is no unanimity whether the HLs are rather
“growth arrest” (Scott and Hoppa 2015) or “growth recovery
lines”(Sajko et al. 2011). Current biochemical models assume
the involvement of GH and IGF-1 (Alfonso-Durruty 2011);
however, bone growth and mineralization may be connected
also with other proteins and pathways, such as TAZ/Runx2
and PI3K/Akt (Alkagiet and Tziomalos 2017; Zhang et al.
2017), or could involve miRNA (Han et al. 2017) and long
non-coding RNA (Xi et al. 2018). Better understanding of the
biochemical base of HL formation could improve the interpre-
tation of results involving these lines.

Fig. 9 Articles on HLs indexed
by Google Scholar. The graph
shows the number of papers

Articles in Google Scholar in last 18 years

published in the years 2000-2018 120
(by 21.11.2018) containing the
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In conclusion, there is much to discover in the field of
Harris lines.
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Abstract: Harris Lines (HLs) are transverse, sclerotic lines that can be visualized by X-ray imaging and
that occur in long bones, most commonly in the tibia and femur. HLs are associated with disrupted
bone mineralization during endochondral ossification, affecting the normal growth process. The
etiology of HLs is debated, with some claims linking their presence to detrimental factors such as
inflammation, malnutrition, alcohol abuse, and diseases. The age at which HLs form can be estimated
based on their location, which allows for a retrospective assessment of the individual’s health status
during childhood or youth. The current study is concerned with providing new equations to estimate
the age of Harris Line occurrences using a simple calculating tool. Bone growth curves were derived
based on a dataset provided by Byers in 1991 using non-linear estimation. The best model was chosen
with the Akaike Information Criterion. New and old methods were compared through Bland-Altman
plots. As a result, we managed to produce reliable, well-fitted growth curves, concordant with
previous methods.

Keywords: growth model; skeletal indicators; growth recovery lines; anthropometrics

1. Introduction

Harris Lines (HLs, also Park—-Harris Lines) are transverse, sclerotic lines that can be
visualized by X-ray imaging, as shown in Figure 1 [1], although they are visible also in
computed tomography [2] or on histological slides [3]. They may form in any bone growing
through the process of endochondral ossification. However, they occur most often in the
tibia and femur [4]. The first reports of them were in 1874 by Wegner. Later, independent
studies conducted by Henry Harris and Edwards Park in the late 1920s described and
popularized them [5]. During the last century, HLs were studied intensively in biological
anthropology [4], as well as in current radiology [5].

HLs are also referred to as “growth arrest lines” or “growth recovery lines”. According
to the model related to the first term, HLs form as a result of disrupted bone mineraliza-
tion during endochondral ossification. Normally, chondrocytes in the epiphyseal plate
proliferate, become hypertrophied, and undergo apoptosis; their remains serve as scaffolds
for a new bone matrix produced by osteoblasts. When the proliferation and delivery of
chondrocytes to the calcification zone is disrupted, osteoblasts do not receive scaffolding
for further bone growth, cannot penetrate the growth plate, and form a thickened layer of
bioapatite on an already existing bone [6]. Other models suggest that a thickened layer
of bone matrix forms during growth recovery rather than the growth arrest period [7].

Life 2024, 14, 501. https:/ /doi.org/10.3390/1ife14040501 https:/ /www.mdpi.com/journal/life
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Regardless of which model is correct, HL formation is directly linked to transitional bone
growth inhibition.

Figure 1. Example of Harris Lines (orange arrows) on juvenile tibia. Source: own archive.

The etiology of HLs remains disputed; their presence has been linked to a broad range
of detrimental factors, such as acute inflammation, malnutrition or undernourishment,
alcohol abuse, diseases, and others [8-11]. A recent review by Georgiadis and Gannon [5]
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provides a list of possible etiologies behind the formation of Harris Lines due to the nature
of adverse factors. According to them, physiological, metabolic, endocrine, systemic, post-
traumatic, pharmaceutical, and anthropological factors may contribute to their formation.

However, some studies question the reliability of HLs as non-specific detrimental
event indicators, which was discussed in a recent review [4]. Furthermore, the assessment
of HLs is susceptible to both intra- and inter-observer bias. Some HLs may be missed
while, conversely, small cracks may be incorrectly identified as HLs. Differences between
observers can be substantial, particularly for faint lines [12]. Intra-observer bias tends to be
less significant and is contingent upon the observer’s level of experience. Therefore, it is
important to establish clear rules for classifying HLs before beginning measurements to
minimize potential discrepancies. Additionally, the use of computed tomography instead
of radiographs for assessing HLs results in a slight decrease in inter-observer error [13].

Despite the aforementioned studies questioning the reliability of HLs, they are still
used in biological anthropology and paleopathology as non-specific indicators of malnu-
trition, disease, and other detrimental events [5,14-16]. Although bones are remodeled
during life, HLs may persist and are detectable for decades, which enables a retrospective
evaluation of the health condition of an individual during childhood and adolescence [17].
Thus, the observation of HLs remains a useful tool for paleopathologists, biological anthro-
pologists, and others, but they tend to be considered supportive information rather than
standalone proof and are used along with other indicators, such as cribra orbitalia, enamel
hypoplasia [16], or traces of physical injury [15].

Among the advantages of evaluating HLs in bioarcheological studies, it should be
emphasized that it is an affordable and widely available method, which may be important
for low-income countries or for low-cost studies conducted by students or novice scientists.

Besides recording the presence and number of HLs, it is possible to estimate age at their
formation [4], which may provide additional information on archeological populations [10,18-20].
For example, Hughes et al. [21] noted different distributions of age at HL formation in
different age groups, and Jerszyriska and Nowak [18] observed different distributions
of HLs in males and females. However, the chronology of the HL formation is rarely
calculated despite many available methods. There were 357 articles including the phrase
“Harris Lines” published between 2020 and 2023 and indexed by the Google Scholar search
engine, yet (to the best of our knowledge) most of them solely recorded the presence of HLs,
without their chronology estimation. We managed to find only three recent articles that
actually estimated age at HL formation [22-24]. Yet there are many articles in which the
calculation of HL chronology turned out to be a valuable tool [18-20]. Why, then, recently,
has the age at HL deposition rarely been taken into consideration?

Besides the controversies mentioned above, the calculation of age at HL formation may
still be considered time-consuming and hard to understand and calculate. Six methods exist
for estimating age at HL formation: Allison and McHenry’s [25,26]; Hunt and Hatch’s [27];
Clarke’s [28], Maat’s [29]; Hummert and van Gerven’s [30]; and Byers’ [31], recently
modified by Kulus and Dabrowski [4]. Until recently, there were no reviews on how to
calculate it and which method may be considered the best one [4]. Research related to
determining the chronology of the formation of Harris Lines thus involves a lengthy search
for appropriate methods, often described in great detail and requiring a lot of time to learn.

This applies not only to HLs but other indicators; for example, age at linear enamel
hypoplasia (LEH) formation may be also calculated with many methods [32-34], yet there
are a vast number of publications that solely record its presence or lack thereof [35,36]. This
may be caused by controversies regarding the precision of LEH chronology estimation [37]
or difficulties in calculations and seemingly complex methodologies.

Henriquez and Oxenham [38] recently simplified the calculations of LEH chronology,
increasing, concurrently, the precision of age at LEH formation estimation. Their idea
was simple yet effective—using existing growth tables, they derived equations describing
age at LEH formation as a function of LEH positions on the tooth. Their work simplifies
calculations greatly and may help in many further studies on LEH.
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The current study is aimed at providing a new tool for fast and precise age at HL
formation estimation based on growth curves rather than growth tables using a methodol-
ogy similar to the one developed by Henriquez and Oxenham for the estimation of LEH
chronology. This approach will result in the faster, easier, and more precise calculation of
HLs, making them more accessible for scientific use.

2. Materials and Methods
2.1. Study Population

To evaluate the consistency of the new method, it was used to estimate the age of HL
formation in bones from the archeological population of the St. Barbara Church parish
cemetery, Wroctaw, Poland (Figure 2). The cemetery was established in the 13th century
and remained an active burial ground until the 19th century [39]. The remains used for this
study were excavated from the area used between the 16th and 18th centuries, which was
also confirmed by radiocarbon dating [40].

Warszawa \\ %
%

/

0 500m (457yd)

Figure 2. (A) Localization of Wroctaw, Poland, and (B) cemetery of St. Barbara Church (red area).

The cemetery located within the parish of St. Barbara initially served as a burial ground
primarily for indigent craftsmen [39]. Later, however, wealthier individuals also found their
final resting places here. The necropolis underwent several expansions, continuing until
the latter part of the 18th century [41]. The skeletal remains used for the current study were
excavated in the latest part of the cemetery and consisted of an early modern population.

The sample consisted of 12 adult tibiae (from 6 males and 6 females) with 137 visible
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femora (with 52 visible HLs). Only bones with abundant HLs were selected for this study.

Bones were imaged with the RTG Quantum Medical Imaging system (SWX RAY, Dal-
las, TX, USA), using standard parameters (45-50 kV; 17 mA; exposure time, 0.1 s). The total
length of the bones and distance from HLs to the nearest bone end were measured using
the MicroDicom Viewer (MicroDicom, Sofia, Bulgaria) to the nearest 0.1 cm. Transverse
lines extending more than 1/4 the width of the bone were considered valid HLs.

2.2. Bone Growth Equation Development and Selection

The method presented in this article is based on Byers [31], which may be consid-
ered the best for the estimation of age at HL deposition; among the methods developed
to date, this is the most precise. Previous models were discarded because they were
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based on incorrect assumptions or had significant limitations. The methods of Allison
and McHenry [25,26] assumed constant bone growth throughout life. Hunt and Hatch's
method [27] included changes in the bone growth ratio during life; their method was based
on precise equations but did not include differences in body (or bone) height between
individuals. Clarke’s method [28] did not include epiphyseal thickness, which introduced
a constant error. The methods by Maat [29] and Hummert and van Gerven [30] are limited
to the distal part of the tibia only.

Byers” method is free from these disadvantages. It is based on correct and logical
assumptions and is not susceptible to errors associated with different bone lengths. 1t is also
suitable for both the distal and proximal parts of the femur and tibia. Further details on the
comparison of these methods are presented elsewhere [4]. The principles of Byers’ method
and its modification were presented in our latest review [4]; the required measurements
are shown in Figure 3.
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Figure 3. Measurements required for calculation of age at HL deposition with Byers” method.
Calculations require two measurements: (a) total bone length and (b) distance from the HL to the
nearest bone end. The method’s principle is described in a recent open-access review [4]. (A) adult
bone; (B) bone of non-adult.

Briefly, this method requires measurement of (a) the total bone length and (b) the
distance from HLs to the closest bone end. Byers [31] developed equations that can
determine the ratio of bone length at HL formation to the adult bone length using those
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two measurements. The calculated ratio may be compared with values in the suitable table
to determine age at HL formation. This method was further modified by [4], so it can be
used for adult bones and non-adult bones.

Byers’ equations and tables are based on datasets provided by Maresh [42], Gind-
hart [43], Anderson and Green [44], and Anderson et al. [45]. The data were collected in the
mid-20th century (1943-1973) from various institutions in the United States, including the
Children’s Hospital in Boston [44,45], the Department of Maternal and Child Health of the
Harvard School of Public Health [45], the Fels Research Institute for the Study of Human
Development [43], the Child Research Council, and the University of Colorado School of
Medicine [42]. It is important to note that the data were collected from white individuals of
European descent [43].

The current study required the development of a simple, mathematical model describ-
ing the age at LEH formation as a function of the “bone length at HL formation/adult
bone length” ratio. Growth curves were developed for tibiae and femora, as these two
bone types are used most commonly in the study of HLs [46]. This approach allows for
the creation of equations that describe the approximate age at which HL formation occurs.
These equations are faster and easier to use than tables that require the calculation of HL
chronology to the nearest 0.5 years, as was required in the previous method.

It should be emphasized that using this method does not require an understanding
of its basic assumptions. It is enough to look at the diagrams showing the necessary
measurements and to follow them.

Growth curves were developed based on the dataset adapted by Byers [31] from
the aforementioned studies [42—45]. Three types of curves were fitted to the mentioned
dataset using the non-linear estimation Levenberg-Marquardt algorithm provided by
Statistica 13.1 (TIBCO Software Inc., Palo Alto, CA, USA): linear (y = a x x + b), quadratic
(y =a x x> +b x x + c), and exponential (y = axe®*%) + ¢). In this equation, y represents
the age at HL formation (in years), while x represents the ratio of bone length at HL
formation to adult bone length. The parameters a, b, and c are curve-fitting parameters that
have been established experimentally.

The optimal model was chosen with the Akaike Information Criterion (AIC), with
correction for small samples (AICc) [47,48]. AIC/AICc enables the estimation of the best-
fitted and least complicated equations from a set of different models. It helps to find
the optimal tradeoff between model complexity and goodness of fit, preventing curve
overfitting [49]. Models with the fewest parameters and lowest residuals are scored with
the lowest AIC and are considered the best ones.

AIC/AICc were calculated with the AICcmodavg package [50] in the R environ-
ment [51]. For the purpose of further calculations, models with the lowest AICc were chosen.

2.3. Age at HL Calculation Tool Development

All equations derived in this study are sufficient for standalone calculations of age
at HL formation. However, for the convenience of users, they are also provided as ready-
to-use formulas, referred to as the ‘age at HL calculation tool’. The age at HL calculation
tool was designed as a Microsoft Excel spreadsheet (Supplementary File S1) that uses the
equations chosen in Table 1. The spreadsheet automatically calculates the “bone length at
HL formation/adult bone length” ratio and approximate age at HL formation. Instructions
for the tool are available in the first sheet (entitled “About”).
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Table 1. Choosing the optimal equation. The y stands for age (given in years); x stands for the “bone
length at HL formation/adult bone length” ratio (given in percentages); The lowest AIC indicates the
optimal curve; AICc represents the AIC with correction for small groups. Residuals represent the
sum of squared differences between the model and source values. Equations with the lowest AICc
are bold.

Bone Equation Type Equation AIC AlCc Residuals
Linear ¥ =0217859 x x — 6.43422 25.82 27.82 3.234
(Frﬁg‘;:sr) Quadratic y=0.00106893 x x* + 0.077086 X x — 2.28129 —1835  —14.71 0.1804
Exponential y=11.5213 x el00979342xx _ 14 5196 —15.94 —12.30 0.2098
Linear ¥ =0.191588 x x — 5.93988 24.19 26.59 3.007
(fif;‘:llers) Quadratic v =0.00114036 x x2 + 0.0387797 x x — 1.33028 12,01 ~7.56 0.1963
Exponential Y= 6.84604 x e00121F51xx _ 9 97047 —14.22 —9.77 0.1676
Linear y=0216145 x x — 6.14786 20.56 22.56 2.328
(r—:;?s) Quadratic y=0.000860092 X x* + 0.103426 X x — 2.84765 —13.35 —9.71 0.2467
Exponential ¥ =16.227 x 000787971xx _ 19 5543 -11.19 —7.55 0.2823
Linear ¥ =0.19219 x x — 5.90254 2261 25.01 2.685
( fgriz?es) Quadratic = 0.00105703 x x2+ 0.0508895 x x — 1.64875 —459 ~0.15 0.3333
Exponential y="7.78153 x e%011363%Xx 10,1631 6.38 —1.94 0.2933
Liner v =(0.211442) x x + (—6.50326) 3378 35.78 5.318
(LE:;’X) Quadratic y=0.00128889 x x2 + (0.0374516) x x + (—1.24991) 4.29 7.93 0.7431
Exponential y= (6.79694) x exp®0128072Xx 4 (_9,00042) 1.11 4.75 0.6093
Linear y=(0.211759) x x + (—6.65994) 36.57 38.57 6.331
(Ei‘;;‘e‘:) Quadratic ¥ =1(0.00142038) x x% + (0.0191624) x x + (—0.812149) 6.1 9.74 0.8323
Exponential y=(5.61797) x exp-0140%69xx 4 (_7,60929) 2.58 6.21 0.6677

2.4. Bland-Altman Comparison of Method Outputs

To compare the performance of Byers’ method and the method developed in the
current study, Bland—Altman plots were used [52]. Each Bland-Altman plot compares
the performance of two methods. The X-axis represents the mean value of each pair of
results, and the Y-axis represents the difference between the output of the two methods for
each pair of measurements. Concordant methods tend to have densely distributed dots
and low mean differences. Discrepant methods have more dispersed points and a large
mean difference.

3. Results
3.1. Bone Growth Curve Selection

Table 1 contains bone growth curves based on a dataset provided by Byers [31] for
the tibia and femur. Distinct curves were designed for males and females. Moreover, for
the calculations of the bones of non-adults, equations based on an averaged dataset were
derived since the sex of non-adults (especially infants) cannot be reliably determined [53].
Figure 4 shows curves derived for the tibia.
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Figure 4. Bone growth curves. Dots indicate the values from bone growth tables provided by
Byers [31]. Equations for each curve are shown in Table 1.

Each model was scored with AIC and AICc. The model with the lowest AICc was
chosen for the age at HL formation calculation tool, although all the models can be used as
standalone equations, available for use in any calculation software.

3.2. Age at HL Calculation Tool Development

Optimal curves were used to create an age at HL calculation tool, which is available
for download as Supplementary File S1. Calculations require bone length [cm], the distance
from HL to the closest bone end [cm], the localization of HL (distal or proximal bone part),
and sex. The spreadsheet automatically calculates the “bone length at HL formation/adult
bone length” ratio (with formulas derived by Byers [4,31]) and approximate age at HL
formation (with formulas derived in the current study).

For the bones of children and juveniles, an estimated age of an individual is required.
The spreadsheet additionally calculates the ratio of the current bone and “would-be-adult”
bone length, which is used for the calculation of approximate age at HL formation.

Detailed instructions are present in the first sheet of Supplementary File S1.

3.3. New Method and Byers” Method Comparison

A comparison of the methods is shown in Figure 5. Bland-Altman plots show great
concordance between Byers’ method and the equations derived from the current study—the
mean of the difference does not exceed 0.1 years, and the maximum difference does not
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exceed 0.7 years. The differences between the methods are the result of the imprecision of
Byers” method; his growth tables provide results for full years only, so the estimated result
must be rounded to full-year or half-year intervals. Our new method is based on curve
equations and does not have such limitations.
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Figure 5. Bland-Altman plot comparing Byers’ method and the new equations. The X-axis represents
the mean output of two methods for one HL; the Y-axis represents the difference between the method
outputs for each HL. The mean difference for tibias (A,B) is low and does not exceed 0.5 years; slightly
worse results were obtained for femurs (C).

4. Discussion

In biological anthropology (and related fields), vast amounts of data may be ignored
just because of the difficulties in calculations. Providing new, fast, and accurate tools may
increase the quality of future studies. Although the method developed by Byers is still
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applicable, it has one major disadvantage—the tables provided for age at HL deposition
present values for full years only; therefore, the final results must be given in one-year or
half-year intervals. Rounding the age at which HLs form can lead to decreased accuracy,
particularly for HLs that are so close together that they must be classified as forming at the
same time, which is an obvious error.

Moreover, without the latest modification [4], Byers’ method could only be used for
adult bones. Methods based on equations rather than tables are more accurate and less
subjective [38]. Moreover, they enable faster calculations and may be easily used after basic
training. These derived and selected equations fit the bone growth datasets accurately and
enable calculations for adult and non-adult bones.

The previous, modified Byers’ method [4] was tested for consistency using an artificial
model of bones with abundant HLs. For a change, the method developed in this study was
evaluated using actual bones. Although the population was rather limited, the equations
derived in the current study show great concordance with the previous method, with
differences not exceeding 0.7 years. It may be assumed that both methods are highly
concordant and valid, but the newer method allows for increased estimation accuracy.

The method developed in this study is intended for use in biological anthropology
and related fields, although it is not limited to them. Observing Harris Lines has clini-
cal significance [5] and may be used to estimate age at HL formation in contemporary
populations—the dataset used for the development of the current method was obtained in
the 20th century [31] and shows similar growth patterns to modern populations.

Importantly, the application of this method does not require a prior understanding
of its underlying assumptions. Users can achieve successful implementation by following
the provided diagrams, which clearly illustrate the required measurements, and then
using appropriate equations or Supplementary Material File S1. However, there is room
for the optimization of this method. The modification that yields the best results, albeit
the most challenging, is the source dataset for bone growth. It is important to note that
different populations may exhibit variations in bone growth patterns, particularly during
the adolescent growth spurt [54-56]. Creating our own growth curves based on the study
population would result in the most accurate estimation of age at the formation of HLs.
This is particularly important for populations that differ significantly from the mid-20th
century white North American population.

A future tool for calculating age at HL formation may allow the equations to be
customized based on the growth patterns of the population being studied. Assuming the
same tibia (or femur)/body height ratio, based on decile charts for distinct populations,
it may be quite possible to create customized equations for them. Although this would
require more sophisticated tools than those used for the current study, it may be considered
a future direction in the calculation of age at HL formation.

HLs cannot be correlated with bone length and morphology [1,57] or age at linear
enamel hypoplasia (LEH) formation [58,59]. The lack of correlation with LEH may be
considered a contradiction since both HLs and LEH possibly share similar etiologies [33,58].
However, this may be logically explained: LEH usually forms on anterior teeth, which are
formed during early childhood [60]. HLs may form during the whole bone growth period;
however, early HLs tend to disappear during the bone-remodeling process [58]. The evalu-
ation of LEH and HLs in juvenile or infant individuals, who tend to have more pronounced
and visible HLs [30], could lead to finding some correlation between both indicators. How-
ever, to the best of our knowledge, no such study has been conducted. Moreover, the reason
may also be linked to the calculation methods of age at LEH/HL formation.

Until recently, the most accurate method of LEH formation estimation was the decile
growth chart-based method developed by Reid and Dean [32,61]. The equation-based
method by Goodman and Rose was deemed too simplistic to properly describe enamel
growth [38,62]. Cumulative inaccuracies may impede the correlation of both indicators.
A study on the remains of juvenile individuals, utilizing the Henriquez and Oxenham
method for age at LEH formation estimation and the currently developed method for age
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at HL formation estimation could bring more insights into the correlation (or lack thereof)
between the two indicators.

It is important to note that the growth curves derived in this study are not universal.
Byers” bone growth tables were developed based on a study of the North American white
population in the mid-20th century [42-45], so they may be unsuitable for populations
with different growth patterns. To achieve the most accurate estimation of HL chronology,
new bone growth tables and models should be developed for the population under study
following the methods presented in this study.

Also, this method shares inevitable disadvantages with the previous methods, as
described in our previous review [4]. This method cannot take into consideration individual
variations in bone growth, such as delayed or premature adolescent spurts, developmental
defects, stunted growth, and others. Moreover, when evaluating age at HL formation
in non-adult individuals, the possible inaccuracy of age estimation further decreases the
precision of age at HL estimation. Therefore, it is important to evaluate age at HL formation
in fairly large populations of study, to blur the influence of individual variability, and to
include the abovementioned sources of inaccuracies in the limitations of studies.

5. Conclusions

This study introduces a novel equation-based method of estimating the age at which
Harris Lines (HLs) form in bones, presenting significant improvements over previous
approaches. An evaluation of its consistency using actual bones demonstrates high con-
cordance with the existing methodologies but also higher accuracy. The new method
paves the way for fast, accurate, and reliable age at HL formation estimation in biological
anthropology and related fields.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article /10.3390/life14040501 /s1: File S1: Age at HL formation calculation tool.
A Microsoft Excel spreadsheet facilitating the calculation of HL chronology. All instructions are
included in the first sheet (entitled, “About”).
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Podsumowanie i wnioski

Podsumowanie i wnioski

1.

Analiza urazow na badanej czaszce wskazuje na zaawansowane stadium syfilisu kostnego.

Stezenie rteci w badanych kos$ciach nie pozwala na stwierdzenie zastosowania terapii z uzyciem soli
rteci.

Czaszka syfilityka z cmentarza Salwatora odznaczata si¢ szczegdlnie duza zawartoscig arsenu, co
moze by¢ powigzane z prébami leczenia tej choroby. Nie mozna wykluczy¢ réwniez innych zrodet
pochodzenia arsenu, takich jak dlugoletnia praca w kopalni arsenu lub kopalni ztota badz spozywanie
wody zanieczyszczonej zwigzkami arsenu.

Poréwnanie dotychczasowych metod obliczania czasu powstania linii Harrisa pozwolito wskazac
metod¢ opracowang przez Byersa jako najlepsza. Dzigki wprowadzonym modyfikacjom moze zostac
ona zastosowana rowniez na kosciach niedojrzatych osobnikow.

Opracowanie serii wzoréw do obliczania wieku powstania linii Harrisa na podstawie ich odlegto$ci od
konca kosci oraz catkowitej dlugosci kosci stanowi znaczacy postep. Podejscie to oferuje
doktadniejszg 1 szybsza metod¢ szacowania wieku powstania linii Harrisa niz wczesniej ustalone
techniki.
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