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Cover Figure: Children affected by rickets, showing bending deformi<es of the legs (Holick, 
2004, p. 1679S, fig. 2). 
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Chapter 1: Introduc>on and research ques>ons  
"It is in the narrow alleys, the haunts and playgrounds of the children of the poor, that this 
exclusion of sunlight is at its worst, and it is there that the vic<ms of rickets are to be found in 
abundance." (Palm, 1890).    

It was already by the end of the 19th century that the medical community became aware of 
the lack of sunlight as one of the most important causes of rickets. The disease has been much 
talked about throughout history as a plethora of wriien sources can aiest. The first 
descrip<on corresponding to the now known manifesta<ons of the disease, dates to the 
Roman period, the 1st century AD (Brickley & Mays, 2019, p. 540; Jackson, 1988, p. 38). 
However, rickets is mostly known from the clinical trea<ses of the first half of the 17th century 
where descrip<ons of swollen joints, crooked legs and bigger heads are accepted as the first 
definite men<ons of the disease (Chesney, 2012, p. 3; Glisson et al., 1650, p10-11; Lawson, 
1922, p. 262; Veselka et al., 2021, p. 41). Coined “The English Disease”, rickets was witnessed 
in children in England where an epidemic took place during the early 1600s. Most importantly, 
rickets has been primarily associated with the Industrial Revolu<on where along with 
urbaniza<on and industrializa<on, its prevalence grew rapidly. The crea<on of overcrowded, 
air polluted and sunless ci<es meant that in Northern Europe and North America the 
prevalence of the disease could be as high as 75% to 98% (Chesney, 2001, p. 145: Steinbock, 
1993, p. 979).  

Rickets refers to the diseases witnessed in subadults stemming from a vitamin D deficiency 
and can therefore be classified as a metabolic disease (Brickley & Mays, 2019, p. 540). An 
insufficient input of either ultraviolet radia<on, introduced by the sun, or of foods rich in 
vitamin D, will lead to an effec<ve vitamin D deficiency resul<ng in an impaired mineraliza<on 
of bone during growth (Brickley et al., 2014, p. 48; Mays et al., 2006, p. 362). La<tude and the 
amount of sunlight a par<cular region receives are important factors that affect the amount 
of synthesized vitamin D in the skin. However, recent research indicates that socioeconomic 
and cultural factors can be the most decisive causes in the development of a deficiency (Mays 
et al., 2018, p. 485; Mithal, 2009, p. 1811-1815). Densely populated urban centers, 
socioeconomic status, clothing style, gender roles, cultural and religious prac<ces can 
nega<vely influence sunlight exposure. Furthermore, diet may also be subjected to various 
variables rela<ng to the socioeconomic and cultural environment.   

Vitamin D deficiency was rampant in Britain’s industrialized ci<es, where a confluence of 
biocultural factors limited peoples access to sunlight (Chesney, 2012, p. 4). The development 
of factory work led to long working hours indoors. Furthermore, the subsequent employment 
opportuni<es airacted people to the ci<es leading to overcrowded and densely populated 
ci<es. The industrializa<on process was fueled by coal therefore, highly pollu<ng the urban 
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environment and further restric<ng exposure to UVB radia<on (Chesney, 2012, p. 4). This high 
prevalence of rickets in 17th to 20th century Britain has led to a geographical concentra<on of 
research in the United Kingdom (Brickley et al., 2017, p. 421-422). Well-studied sites include 
Spitalfields (London), Broadgate (London) and Birmingham (Mays et al., 2006, p. 362; Pinashi 
et al., 2006, p. 372). Furthermore, rickets was generally considered rare before the Industrial 
Revolu<on (Mays et al., 2006, p. 362). However recently, more and more research has focused 
on different areas and <me periods, disproving this tradi<onal view (Mays et al., 2018; p. 484; 
Ventades et al., 2020, p. 245; Veselka et al., 2015, p. 665).   

The Netherlands did not experience an Industrial Revolu<on similar to the one that took place 
in the United Kingdom. The rise of an intense factory system, high level atmospheric pollu<on 
and rapid urban expansion, were not characteris<c to the post-medieval Netherlands 
(Chesney, 2012, p. 4; Veselka et al., 2019, p. 72; Wintle, 2000, p. 14). It was from 1850 onwards, 
when systema<c economic growth was sustained leading to modern society (Wintle, 2000, p. 
83). However, the 17th to 19th centuries mark an important period in the Netherlands where 
society underwent significant changes. This period signals the transi<on from medieval to 
industrialized society. Processes of popula<on growth, urbaniza<on and migra<on, but also 
economic developments (e.g., task specializa<on, intensifica<on, etc.) had an impact on the 
daily life and sociocultural prac<ces in Dutch towns (Brickley et al., 2014, p. 49; Veselka, 2019, 
p. 7). These changes in the environment interacted with the health of the popula<on and 
influenced their vitamin D status as lifestyle changes could have impacted sunlight exposure. 
Considerably less research has been done in the Netherlands. Recently, studies of post-
medieval popula<ons in the Netherlands have shown significant rates of rickets prevalence in 
both rural and urban contexts (Veselka et al., 2015, p. 665; Veselka et al., 2021, p. 43-46). 
Therefore, further research adding onto and elabora<ng these insights is needed.  

The aim of this research is to study the prevalence of rickets during the post-medieval period 
of the 17th to 19th centuries in the Netherlands and thereby to gain insight into how the 
socioeconomic context and the changes in lifestyle that accompanied this period, impacted 
the health of these communi<es. For this purpose, two popula<ons respec<vely coming from 
the urban centers of Arnhem and Zwolle da<ng to the late 17th century to the early 19th century 
have been selected. A paleopathological analysis of rickets prevalence will be carried out in 
order to research whether differences in socioeconomic status had an effect on the prevalence 
of rickets in post-medieval Dutch popula<ons. Both popula<ons vary in socioeconomic status 
with Arnhem’s popula<on consis<ng of the lowest social class and the Zwolle popula<on 
primarily being made up of the middle to upper class. The socioeconomic status of Zwolle’s 
popula<on is inferred from a combina<on of archival data, detailing the occupa<ons of the 
deceased, and their burial loca<on in the church, which cons<tutes the most expensive burial 
place. For Arnhem, social class was es<mated based on the burial loca<on as no archival data 
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was available (van Oosten, 2019, p. 158). The graves of the Arnhem popula<on were situated 
in the cheapest and most undesirable part of the cemetery, where the poorest members of 
society got buried (van Oosten, 2019, p. 155).  In these varying classes of society different 
environmental stressors might have played possibly influencing rickets prevalence.  

The following ques<on will be asked during this research:  

“Does socioeconomic status impact the prevalence of rickets in post-medieval Dutch 
popula;ons?”  

Addi<onally, to gain an elaborate insight into the research problem, the following sub 
ques<ons will be explored:  

Which factors, suscep;ble to socioeconomic status, impacted the development of rickets in 
these post-medieval Dutch communi;es?  

How do these results of Zwolle and Arnhem fit within the broader context of the Netherlands?  

Mul<ple studies have focused on the links between rickets and social, cultural and economic 
parameters (Chesney, 2012; Mays et al., 2006; Mithal et al., 2009; Pinashi et al., 2006). This 
biocultural approach has broadened our understanding of the complex e<ology of this disease. 
However, some tradi<onal assump<ons s<ll persist. Rickets has been commonly linked to low 
socioeconomic class (Chesney, 2012, p. 4). Tradi<onally, it has been assumed that the living 
circumstances of poor people made them considerably more suscep<ble to developing rickets 
than high-status popula<ons (Veselka, 2019, p. 20). In the Netherlands, researchers have 
explained a low prevalence of rickets because of high socioeconomic status among other 
factors, in the popula<ons of Alkmaar, Delf and Leiden (Baetsen, 2001, p. 58; Maat et al., 
1984, p. 140-148). However, some regional studies carried out in Rennaissance Italy, where 
rickets was detected in the children of the Medici, and post-medieval Gouda have brought a 
new perspec<ve (Giuffra et al., 2015, p. 608). In the Dutch city of Gouda, rickets was prevalent 
in high status individuals buried inside the St. John’s church during the 17th to 19th centuries 
(Veselka et al., 2021, p. 47; Veselka, 2019, p. 20). The ques<on can be raised whether 
socioeconomic status influences the prevalence of rickets and if low status is as determinant 
as previously assumed. In a recent study by Veselka et al. (2021, p. 41), ten Dutch popula<ons 
from both rural and urban sites, da<ng to the 17th to 19th centuries were analyzed. The links 
between different biocultural factors, including seilement size and socioeconomic status, and 
vitamin D deficiency were studied.   This study forms one of the first steps in the Netherlands 
to study the complicated rela<onship between status and rickets prevalence. However, further 
research is needed since the impact of socioeconomic status on the disease remains difficult 
to establish.        
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 In this study an elaborate analysis of rickets prevalence in the two Dutch ci<es Arnhem and 
Zwolle will be carried out to gain an in-depth understanding of the interac<on between 
socioeconomic status and possible vitamin D deficiency in children. This will be done by 
adop<ng a life-course approach where it will be considered which possible factors, related to 
the socioeconomic environment, were present in each life stage of subadults. Three important 
interlinked variables, urbaniza<on, socioeconomic status and mother-child rela<onships will 
be explored to gain an understanding of the environment these subadults grew up in and 
whether it lef them more vulnerable to developing rickets. The research presented here will 
contribute to our understanding of rickets development in the Netherlands but also to the 
broader debate about the impact of socioeconomic status on health. Since changes within this 
environment naturally impacted on people’s lifestyles and consequently their health. The 
socioeconomic environment protected or lef people vulnerable to nefarious outside stressors. 
Paleopathology therefore can be one of the main sources to study this interac<on between 
environment and the people, especially of under-represented groups like women and children 
as historical sources are scarce.  

In the first chapter, the disease rickets will be contextualized. Here the importance and role of 
vitamin D in the body together with the macroscopic lesions that can occur when rickets 
manifests itself, will be covered. Secondly, the e<ology of vitamin D deficiency both biophysical 
factors such as la<tude and availability of sunlight and socioeconomic factors such as status 
and economic occupa<on will be explored. Furthermore, in chapter 2 the poli<c and 
socioeconomic environment of the Netherlands, and more specifically Arnhem and Zwolle, 
during the 17th to 19th centuries will be analyzed. The aim of this historic research is to gather 
informa<on of which possible prac<ces and changes in lifestyle which could influence the 
vitamin D status, are present. In chapter 3, the archaeological popula<ons analyzed in this 
thesis paired with the employed methodology will be described.   

Subsequently, the results of the paleopathological research of the popula<ons from Arnhem 
and Zwolle will be discussed in chapter 4. The objec<ve will be to establish whether there is a 
difference in the prevalence of rickets between both popula<ons and if this difference is 
related to socioeconomic status. In chapter 5, the results of the historical and the osteological 
research will be compiled to improve our understanding of the interac<on between 
socioeconomic environment and vitamin D deficiency in two post-medieval communi<es from 
the Netherlands. The research will (a) contribute to our understanding of the vital period of 
the 17th to 19th centuries in Dutch history, (b) offer insight into the influence of the 
socioeconomic environment on health, (c) enable the tes<ng of exis<ng assump<ons about 
the occurrence of vitamin D deficiency, and (d) expand knowledge about vitamin D deficiency 
beyond the known domain of the industrial period in the United Kingdom.   
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Chapter 2: The Disease rickets 
Rickets has a long research history with many contribu<ons leading to our understanding of 
the disease. From the first recogni<on of the manifesta<ons of the disease to the realiza<on 
that a lack of exposure to sunlight was at the root for example (Glisson et al., 1650, p. 10-11; 
Palm, 1890). Especially, the last 20 years paleopathological research of vitamin D deficiency 
has largely expanded in methodology and sources. A biocultural approach has been adopted 
where the interac<on between the cultural context and biology is carefully considered 
(Brickley et al., 2014, p. 48). Another framework yielding results is the life course approach, 
since the disease manifests itself differently throughout the life course of an individual. During 
different phases of life (e.g., childhood, adolescence and adult life), varying factors might have 
contributed to a vitamin D deficiency. In this chapter, the disease rickets will be contextualized, 
based on decades of research that contributed to the field. In order to understand the complex 
interac<ons between rickets and the socioeconomic environment, the e<ology of vitamin D 
deficiency needs to be understood. In the first part, the role of vitamin D in the body will be 
studied. Secondly, the e<ology of vitamin D deficiency and more specifically the biological 
factors that play a role will be discussed. Subsequently, the macroscopic lesions that manifest 
in the skeleton will be described. Lastly, the link with the social environment will be covered.  

2.1. Vitamin D and its use in the musculoskeletal system 

Vitamin D is a vital pro-hormone in the human body since, unlike other vitamins, it has to 
undergo synthe<za<on in order to play an ac<ve role (Brickley & Ives, 2008, p. 77-79; Holick, 
2006, p. 2063-2064). Vitamin D commonly occurs in two forms that are obtained from different 
sources, vitamin D3 (cholecalciferol) and vitamin D2 (ergocalciferol). One source is sunlight. 
Vitamin D3 is formed in the skin when exposure to ultraviolet B (UVB) radia<on causes 7-
dehydrocholesterol, a type of cholesterol naturally present in the skin, to be transformed to 
pre-vitamin D3 (Brickley & Ives, 2008, p. 78; Holick, 2004, p. 1678; Holick, 2006, p. 2063-2064; 
Veselka, 2019, p. 13-14). Subsequently, preD3 will be converted to vitamin D3 under the 
influence of heat (fig. 1). Another source is diet. D3 can also be derived from animal dietary 
sources while vitamin D2 on the other hand can only be obtained through plants (Jones, 2018, 
p. 96). Vitamin D will then enter the blood circula<on where it is transported to the liver, here 
vitamin D2 or D3 is converted to 25-hydroxyvitamin D [25(OH)D]. This conversion process will 
happen a second <me in the kidneys where 25(OH)D is turned into 1,25-dihydroxyvitamin D 
[1,25(OH)2D], reaching the bioac<ve form of vitamin D (Holick, 2006, p. 2062-2064).  
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Figure 1: Schema/c representa/on of the metabolism of vitamin D in the human body (Holick, 2006, p. 2064, 
fig.3). 

Vitamin D plays an important role in various areas of the body, including intes<nal func<ons, 
muscle func<ons and skeletal func<ons (Brickley & Ives, 2008, 79). More specifically, the 
hormone is essen<al for the regula<on of calcium and phosphorus (fig.1). With calcium 
homeostasis being its primary role, vitamin D is crucial in the musculoskeletal system (Holick, 
2006, p. 2062-2064; Holick & Chen, 2008, p. 1080S; Veselka, 2019, p. 14). Bones consist of an 
organic component, osteoid, that is mainly composed of collagen. The protein molecules will 
form elas<c fibers. In order for bones to get their hardness and rigidity, the osteoid needs to 
be mineralized. During this process the bone matrix is filled with calcium phosphate, 
hydroxyapa<te, causing the bones to be s<ffened. A deficiency of vitamin D will lead to the 
reduced absorp<on of phosphorus and calcium causing an insufficient mineraliza<on of the 
osteoid compartment leading to the bones being sofer and weaker (Brickley & Ives, 2008, p. 
75-76; Veselka, 2019, p. 14). When amounts of serum phosphorous and calcium are 
inadequate due to insufficient vitamin D, this will be corrected by the process of extrac<ng 
calcium from the bones again, to release into the blood.  
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As a result, this increase in bone resorp<on will lead to osteopenia, a reduced bone density 
(Brickley & Ives, 2008, p. 75-76; Mays et al., 2006, p. 362; Veselka, 2019, p. 14; Waldron, 2009, 
p. 118-119).  

Deficiency during an extended period of <me will lead to impaired mineraliza<on of new bone 
amid growth or remodeling. In case of a high deficiency of calcium, addi<onally secondary 
hyperparathyroidism can be caused (Brickley et al., 2014, p. 49; Holick, 2006, p. 2063-2066). 
An increase in the parathyroid hormone (PTH) leads to a decrease of phosphorus in the blood, 
exacerba<ng the general health of the bone more. The absence of enough of these minerals 
can in turn cause metabolic bone diseases. These are diseases that impede the natural 
metaboliza<on process of bones (Waldron, 2009, p 118).  

2.2. Vitamin D deficiency and its manifesta8ons 

A prolonged insufficient acquisi<on of vitamin D will lead to a vitamin D deficiency, defined by 
M. Brickley and R. Ives (2008, p. 78) as “a level of vitamin D at which pathological changes will 
occur”. When pathological changes in the skeleton occur due to an impaired mineraliza<on of 
endochondral bone in subadults, the metabolic bone disease is referred to as rickets. Defects 
in mineraliza<on of bone manifes<ng in adults, are in paleopathology referred to as 
osteomalacia (Brickley & Ives, 2008, p. 75; Brickley et al., 2014, 53). The main, but not only 
cause of rickets is a vitamin D deficiency (Holick, 2006, p. 2062-2063; Brickley & Ives, 2008, p. 
87-88). Deficits of calcium and some rare gene<c condi<ons interfering with the metabolism 
of phosphorus and calcium, or the synthesis of vitamin D can also lead to the development of 
rickets or osteomalacia. However, a common form of vitamin D deficiency in both past and 
modern popula<ons is so-called “nutri<onal” rickets, referring to rickets caused by the 
insufficient input of ultraviolet B (UVB) radia<on/sunlight or a deficient dietary intake of 
vitamin D (Brickley et al., 2020, p. 346).  
 
Historically, exposure to ultraviolet radia<on of the sun was the primary cause of vitamin D 
deficiency in the vast majority of cases (Mays et al., 2006, p. 362; Brickley & Mays, 2019, p. 
540). The research objec<ve of this thesis is to explore whether socioeconomic status has an 
impact on rickets prevalence, therefore only rickets will be discussed in the following chapters. 
Osteomalacia is referred to when vitamin D deficiency manifests in adults, hence it falls outside 
the scope of this study. 
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2.2.1. Factors influencing vitamin D deficiency 

Geographic la<tude impacts the amount of sunlight a region receives with areas close to the 
poles receiving less ultraviolet B radia<on than low la<tude zones (Brickley et al., 2014, 50; 
Brickley & Ives, 2008, p. 77-79). Addi<onally, factors such as seasonal varia<on and cloud cover 
influence the amount of sunlight exposure people can get in certain regions. The earth’s ozone 
layer absorbs the majority of UVB radia<on before it reaches our skin. High la<tudes correlate 
with an increased zenith angle of the sun, thus increasing the distance the UVB radia<on has 
to travel (Holick, 2006, p. 2062-2063; Brickley et al., 2014, p. 50; Brickley & Ives, 2008, p. 77-
80). As a result, high la<tudes receive significantly less UVB radia<on than equatorial regions, 
especially during winter when the sun’s zenith angle is at its largest. During the winter months 
from November un<l March, almost no vitamin D is produced under the influence of sunlight 
in Northern Europe. Studies show that approximately five to ten minutes of skin exposure to 
the sun per day is enough to synthesize an adequate amount of vitamin D (Holick, 2004, p. 
1682S). Infants, if fully covered with the excep<on of their head, require at least two hours per 
week of exposure to the sun (Pelfor et al., 2018, p. 181).  

Skin pigmenta<on can be another confounding factor of vitamin D deficiency, since melanin 
filters UVB rays and therefore can interfere with vitamin D synthe<za<on (Brickley & Ives, 2008, 
p. 81-82; Pelfor et al., 2018, p. 181-182; WHO, 2004, p. 54). Research indicates how dark-
skinned immigrants in Northern Europe and North America suffer from higher rates of 
nutri<onal rickets than lighter-skinned people. It is unlikely that a vitamin D insufficiency 
related to seasonal varia<on in availability of sunlight leads to the manifesta<on of rickets. 
However, if vitamin D insufficiency, which is defined by M. Brickley et al. (2014, p. 49) as 
“subop<mal vitamin D blood levels”, maintains and becomes a deficiency, pathological lesions 
may follow (Brickley & Ives, 2008, 79-81). 

Diet can be another important source of vitamin D (Brickley et al., 2014, p. 51; Holick, 2006, p. 
2065). Certain foods naturally contain vitamin D, primarily egg yolk and oily fish including 
mackerel, tuna, sardines and salmon (see table 1). Shiitake mushrooms are the only vegetables 
containing natural levels of vitamin D. In modern <mes, star<ng from 1930 certain foods have 
been ar<ficially for<fied with vitamin D. Table 1 shows how mainly dairy products like milk and 
buier, but also infant formula have been treated. Before for<fica<on, only trace elements of 
vitamin D were present in cow’s milk for example (Waters-Rist & Hoogland, 2018, p. 109). The 
most efficient way of reaching adequate levels of vitamin D remains exposure to sunlight, as 
90% of the required level of vitamin D tends to come from dermal synthesis (Brickley & Ives, 
2008, p. 84; Holick, 2004, p. 1681S). This was especially the case in historic popula<ons before 
the for<fica<on of foods.  
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A study on the two main sources of vitamin D, UVB exposure and dietary intake, showed that 
white adults that underwent the minimal amount of UVB radia<on that is needed to get a 
slight reddening of the skin (1 MED), had comparable vitamin D levels to those that received 
an oral dose of vitamin D equivalent to 10 000-20 000 IU (Brickley & Ives, 2008, p. 84; Holick, 
2004, p. 1681S).  In general studies show that the impact of dietary sources on vitamin D 
deficiency is rather limited. Therefore, vitamin D rich diets, before the ar<ficial radia<on of 
food, would not be able to prevent the development of rickets in cases of inadequate sun 
exposure (Veselka et al., 2021, p. 46-47; Jones, 2018; Pelfor et al., 2018, p. 180).  

Table 1: List of food sources containing vitamin D (Holick, 2006, p. 2065, table. 1).  

 

Another important aspect of diet in preven<ng rickets and osteomalacia is the intake of 
calcium and phosphorous as these minerals interact with vitamin D.  In this context, phy<c acid 
(phytate) should be considered as it will bind to calcium and can therefore reduce the 
absorp<on of calcium in the body (Brickley et al., 2014, p. 51; Brickley & Ives, 2008, p. 84; 
Veselka et al., 2015, p. 672). As a result, more vitamin D will be needed to balance the 
inadequate calcium levels. Diets rich in phytate, present in whole grains and soy-products, will 
interfere with the metabolism of calcium and vitamin D, increasing the chance of developing 
rickets.  
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Addi<onally, vegetarian diets when high in fiber will decrease the half-life of calcifediol 
(25(OH)D). Furthermore, the low consump<on of protein can impair vitamin D synthesis and 
lead to insufficient levels of the vitamin when sun exposure is limited (Brickley & Ives, 2008, p. 
84). 

Lastly, infant diet should be considered since at this moment a lot of discussion persists on the 
links between breas{eeding, weaning and vitamin D deficiency (Brickley et al., 2014, p. 51). 
Star<ng in utero, vitamin D is transferred through the placenta to the fetus from the mother. 
At the <me of birth, the passing of vitamin D from mother to fetus must have resulted in 
sufficient vitamin D storage to supply the infant for the first three to four months of its life 
(Brickley & Ives, 2008, p. 86; Lewis, 2018, p. 209; WHO, 2004, p. 48). Afer this point other 
sources of vitamin D are needed, which means exposure to sunlight in the period before the 
for<fica<on of infant formula (Pelfor et al., 2018, p. 180). As a result, nutri<onal rickets is rare 
before the age of three to four months old. Vitamin D deficiency occurring during pregnancy 
will have ramifica<ons for the unborn child, in this case the infant can be born with congenital 
rickets. Research has shown that maternal deficiency can have long-term effects on infant 
vitamin D levels. Postpartum, breast-fed infants are at risk of developing rickets since human 
milk only contains low levels of vitamin D (Brickley et al., 2014, p. 52; Lewis, 2018, p. 209; 
WHO, 2004, p. 48).  

Addi<onally, weaning foods need to be considered. In the Netherlands infants were weaned 
to animal milk, most commonly non-pasteurized milk of cows, and paps made with grains 
(Veselka et al., 2015, p. 672; Waters-Rist & Hoogland, 2018, p. 107; Waters-Rist et al., 2022, p. 
2). These foods lack vitamin D and calcium, furthermore the paps with grains are high in 
phytates. UVB radia<on is therefore needed as the main source of vitamin D, however infants 
are ofen covered-up and fed inside. Infants are par<cularly suscep<ble to vitamin D deficiency 
because their rapid bone growth significantly increases their need for this vital nutrient. 
Rickets is the most common in infants younger than two years old, the highest prevalence 
tends to occur in individuals from three months to 18 months old as they are not yet 
independent from their parents and spend most of their <me inside (Pelfor et al., 2018, p. 
180; WHO, 2004, p. 48). 
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2.2.2. Skeletal manifesta<ons of rickets 

Pathological changes in the skeleton following a vitamin D deficiency can occur due to two 
processes. On the one hand, the reduced amount of calcium and phosphorous being absorbed 
which therefore leads to a lack of these minerals in the osteoid and car<lage, will result directly 
in skeletal changes (Brickley & Mays, 2019, p. 541; Brickley & Ives, 2008, p. 90). The impaired 
mineraliza<on will par<cularly affect the areas of endochondral growth, e.g., where bone 
grows from car<lage like the growth plates of long bones and the costochondral rib junc<ons 
(fig. 2) (Brickley & Ives, 2008, p. 90; Holick, 2006, p. 2063). 

 

Figure 2: Schema/c overview of the endochondral growth of bones (Mackie et al., 2008, p. 48, fig. 1). 

In subadults these areas are rapidly growing, making them highly suscep<ble to disrup<on in 
cases where there is a vitamin D deficiency. Under normal circumstances, the cells in car<lage 
are structured orderly in zones illustrated in figure 3 by p, h and c (Brickley & Ives, 2008, p. 90; 
Mackie et al., 2008, p. 46-48). These cells, chondrocytes, follow a process of prolifera<on 
where the car<lage structure grows longitudinally (corresponds with zone p). Subsequently, a 
phase of hypertrophy where they grow in volume and eventually degenerate (zone h), in their 
wake lelng in osteoblasts that will form bone in the structure, which will func<on as 
scaffolding (Brickley, Ives, 2008, 90; Mackie et al., 2008, 46-48). During vitamin D deficiency, 
this process will be impeded as mineraliza<on is needed for chondrocytes to die and to finalize 
the transi<on into bone. As a result, the car<lage will con<nue to grow in a disorganized 
manner and osteoblasts will be obstructed (fig.3b). Poor mineraliza<on will weaken the bone 
since the osteoid cannot be strengthened by minerals and will grow deformed (Brickley & Ives, 
2008, p. 92).  
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Figure 3: Schema/c representa/on of normal endochondral growth (a) and pathological changes during early 
onset of rickets (b) and healing of rickets (c). The different zones of car/lage structure are indicated with p for 
prolifera/ng, h for hypertrophy and c for car/lage mineraliza/on, Mb refers to mineralized bone (Brickley & Ives, 
2008, p. 90, fig.5.6.). 

The other process leading to pathological changes in rickets contains mechanical forces 
causing bone deforma<on. Ac<vi<es like crawling and walking will put pressure on the 
weakened bones and the poorly organized car<lage structure of the epiphyses (Brickley & Ives, 
2008, p. 90). In early stages these changes will start at the metaphyses and growth plates. 
Pressure on the impaired car<lage structure will cause flaring of the metaphyses and fraying 
of the growth plate margins (fig. 4). Especially the distal radius and ulna are commonly affected 
during the onset of the disease (Lewis, 2018, p. 210). Biomechanical deformity may also consist 
of concavity or “cupping” of the growth plate (Brickley & Mays, 2019, p. 541). If the deficiency 
prolongs and intensifies, swelling of the metaphysis and/or angula<on of the growth plate may 
take place (Brickley & Ives, 2008, p. 91). This angula<on is ofen expressed in either medial or 
lateral <l<ng (fig. 4). Porosity may be present on the growth plates, metaphyseal surface and 
cranium, mainly the ectocranial surface and the orbital roofs, indica<ng unmineralized osteoid 
(fig. 5) (Brickley & Ives, 2008, p.97-98; Brickley & Mays, 2019, p. 541).  
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Figure 4: Visualiza/on of growth plate deformi/es in an immature radius (Brickley & Ives, 2008, p. 91, fig.5.7). 

Figure 5: Evolu/on of growth plate morphology during rickets with (a) showing an unaffected growth plate, (b-
c) showing slight roughening, (d) showing cupping and severe porosis of the growth plate and (e) showing 
severe roughening and deformity of the growth plate (Brickley & Mays, 2019, p. 542, fig. 15.18). 

In infants, deformi<es of the skull may occur including craniotabes (sofening of the cranium) 
on the occipital or parietals when areas of the bone become flaiened where the infant rests 
its head. Furthermore, delayed closure of the fontanelles and enlargement of sutures may 
occur (Holick, 2006, p. 2064-2065). Addi<onally, mechanical forces can cause the mandibular 
ramus to angle medially and the condyles to bend (fig. 6) (Brickley & Ives, 2008, p. 103; Brickley 
& Mays, 2019, p. 541).  
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A similar occurrence is witnessed in the ribs, namely in the costochondral junc<on. Here 
weakening of the formed bone and unmineralized osteoid will be expressed in flaring and 
cupping deformi<es of the costochondral rib ends (Lewis, 2018, p. 212; Brickley & Ives, 2008, 
p. 100). Enlargement or “beading” of the rib ends, so-called “rachi<c rosary”, may take place 
where osteoid compiles.  

The most commonly known traits of rickets are undoubtedly bending deformi<es of the long 
bones caused by mechanical forces. When weight is carried on the weakened bone, it will start 
bending under the pressure (fig. 7). Bowing is most common in the lower limbs unless the 
individual was s<ll crawling, in this case the arms could be affected. In the femur, an 
exaggera<on of the anterior curvature is most frequently observed (Brickley & Ives, 2008, p. 
102; Brickley & Mays, 2019, p. 541). Possible lesions affec<ng the femur specifically are coxa 
vara, which entails angula<on of the neck, and flaiening of the head. The <bia and fibula are 
generally affected by anterior or medial bending. Bending deformi<es can also occur in other 
bones like the sternum, sacrum, ribs, etc. (Brickley et al., 2018, p. 45; Brickley & Mays, 2019, 
p. 541). The pressure on the lower limbs can cause them to <lt inwards, so-called “knock-
knees” (genu valgum) or outwards so-called “bowlegs” (genu varum) (Holick, 2006, p. 2064; 
Lewis, 2018, p. 210-212).  

 

 

Figure 6: Medial bending of the right mandibular condyle (posterior view) (Brickley & Mays, 2019, p. 545, 
fig. 15.28). 
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Lastly, the pelvis can be another commonly affected site of the skeleton. Mechanical 
deformi<es include abnormal curvature of the iliac crest, bending or flaiening of the ilium 
(Brickley et al., 2014, p. 53; Ortner & Mays, 1998, p. 48-52; Lewis, 2018, p. 210). The ilium can 
also appear swollen and plump and/or experience growth retarda<on. Protrusio acetabulae 
can occur where the acetabulae are deeper than normal and protrude into the pelvic cavity.  

Figure 7: Tibiae and fibulae of a subadult from Middenbeemster showing bending and metaphyseal deformi/es 
(Veselka et al., 2015, p. 669, fig. 3). 

When adequate vitamin D levels are aiained afer a period of deficiency, the individual can 
overcome rickets. The osteoid that piled together during the ac<ve phase of the disease, will 
undergo mineraliza<on causing the bones to thicken (Brickley et al., 2018, p. 44; Brickley & 
Ives, 2008, p. 98; Brickley & Mays, 2019, p. 541). Furthermore, porosity will be filled up with 
new bone during the phase of healing. Generally, the presence of porosity signals an ac<ve 
stage of the disease. One excep<on is porosity that is present in the concave surface of bowing 
long bones (Brickley & Ives, 2008, p. 98; Mays et al., 2006, p. 366). During healing, porous bone 
will be deposited in the concavity as a part of the remodeling process. It is possible that during 
remodeling manifesta<ons of rickets get completely removed depending on the intensity of 
the disease. When residual lesions or lesions associated with healing are observed, it is 
classified as healed rickets.  
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Tradi<onally, the es<ma<on of rickets was mainly focused on the detec<on of bending 
deformi<es in adults and adolescents (Brickley & Ives, 2008, p. 97; Mays et al., 2006, p. 362). 
These were the most recognizable deformi<es when studying rickets. The last 25 years have 
seen significant progression in the paleopathological detec<on of (infan<le) vitamin D 
deficiency (Brickley et al., 2014, p. 52; Mays et al., 2006, p. 362). More aien<on is being paid 
to the subtle altera<ons that can occur in the skeleton when the disease is ac<ve, par<cularly 
in infants. The study by Ortner and Mays (1998) of Wharram Percy in England, has been crucial 
in the descrip<on of skeletal manifesta<ons that can aid in the diagnosis of rickets. In this 
publica<on ten features were established as being indica<ve of rickets, including cranial vault 
and orbital roof porosity, deforma<on of the mandibular ramus, flaring and porosity of 
costochondral rib ends, deformity of arm or leg bones, metaphyseal flaring of long bones and 
long bone thickening (Mays et al., 2006, p. 363; Ortner & Mays, 1998, p. 46).  

 

The rise in paleopathological research of vitamin D deficiency over the past few years has 
resulted in an expansion of recognized deformi<es to diagnose rickets (Brickley et al., 2018, p. 
43). These traits have been compiled and expanded in mul<ple studies (Brickley & Ives, 2008; 
Mays et al., 2006; Brickley & Morgan, 2023). In addi<on to the original ten features by Ortner 
and Mays in 1998, Brickley and Ives (2008, p.103-105) considered traits as deforma<on of the 
ribs, angula<on of the ribs paired with a protruding sternum (so called pigeon-chested), 
swelling of the costochondral rib ends (so called rachi<c rosary), kyphosis or scoliosis of the 
spine, concavity of the ilium, protrusio acetabulae caused by the anterior angula<on and 
intrusion of the acetabulae into the pelvic cavity, to be diagnos<c of rickets.   
 
In this case, diagnos<c means that mul<ple features need to be present in order to reliably 
diagnose rickets. Furthermore, some addi<onal features were listed, that on their own are not 
sufficient for a diagnosis but can aid in the recogni<on of rickets. These include cranial 
deformi<es like parietal and frontal bossing and craniotabes (sofening of the cranium), caries 
and enamel hypoplasia and angula<on of the knees. (Brickley & Ives, 2008, p. 103-105; Yorifuji, 
et al., 2008, p. 1784). In most studies a varia<on of 10 to 16 of these macroscopic features are 
used to diagnose rickets (see table 2) (Brickley & Morgan, 2023, p. 3; Mays et al., 2006, p. 363; 
Mays et al., 2018, p. 487; Veselka et al., 2015, 667).  
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Table 2: List of macroscopic lesions oXen considered when diagnosing rickets (AXer Brickley & Morgan, 2023, p. 
4, table 2). 

 

In order to accurately diagnose rickets and not miss any manifesta<ons whether in an early or 
progressed stage of the disease, it is important to pay close aien<on to the age of the 
individual and which mechanisms may lead to bone deformi<es. Cranial deformi<es for 
instance will be more common in infants that spend a lot of <me lying down (Brickley et al., 
2014, p. 54). Bending deformi<es of the lower limbs will only manifest themselves in 
individuals that are able to walk and carry their body weight on their legs. In infants, bending 
deformi<es of the arms can occur when they are crawling or in general bending and angula<on 
can be caused by swaddling (Brickley & Ives, 2008, p. 92).  

2.3. Link with the socioeconomic environment 

The importance of exposure to sunlight and diet in the e<ology of vitamin D deficiency has 
already been established, with biophysical factors such as age, la<tude, seasonality and skin 
pigmenta<on being crucial (Brickley et al., 2014, p. 48). However, exposure to UVB radia<on is 
also subjected to cultural variables (Jablonski & Chaplin, 2018, p. 54). Urbaniza<on and the 
paired shif in lifestyle to the indoor environment have become major causes of the 
development of vitamin D deficiency.  
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Determinants such as densely built urban centers, socioeconomic status, clothing style, gender 
roles, and cultural and religious prac<ces can influence sun exposure (Mays et al., 2018, p. 485; 
Mithal, 2009, p. 1811-1815). Recent research indicates that these sociocultural variables can 
be the most decisive in the e<ology of the disease.  

Within paleopathological research of vitamin D deficiency, two important frameworks should 
be considered. Firstly, a biocultural approach, propagated by Brickley et al. (2014), 
encompasses the complex interac<on between biophysical and cultural variables in the 
development of vitamin D deficiency. Secondly, this framework should be considered in 
combina<on with a life course approach that can be defined as “the study of long-term effects 
on chronic disease risk of physical and social exposures during gesta<on, childhood, 
adolescence, young adulthood and later adult life. It includes studies of the biological, 
behavioral and psychosocial pathways that operate across an individual’s life course, as well as 
across genera<ons, to influence the development of chronic diseases.” (Ben-Shlomo & Kuh, 
2002, p. 285). While vitamin D deficiency is not a chronic disease per se, it can reoccur during 
an individual's life course and can furthermore increase suscep<bility to other diseases like 
cancer, cardiovascular disease and mul<ple sclerosis (Holick, 2004, p. 1685S; Brickley et al., 
2014, p. 48-49). A life course approach makes it possible to gain insight into the specific 
biocultural factors that influenced the disease during different stages of life as different 
determinants are at play in utero compared to late adulthood. Paleopathological research of 
vitamin D deficiency offers informa<on about past socie<es and is par<cularly frui{ul in the 
study of historically underrepresented groups like children and women.  

In this theore<cal framework, three important variables that are closely interlinked will be 
further elaborated, namely urbaniza<on, socioeconomic status and mother-child 
rela<onships. Vitamin D deficiency can be closely linked with the urban context as increasing 
urbaniza<on is paired with higher prevalence of rickets and osteomalacia (Veselka et al., 2021, 
p. 47; Brickley, 2017, p. 425). The crea<on of closely built and overcrowded ci<es meant less 
direct available sunlight (Holick, 2004, p. 1678). A study of different post-medieval 
communi<es in the Netherlands showed that rickets was two <mes more prevalent in 
subadults living in urban than in rural areas (Veselka et al., 2021, p. 47).  

Socioeconomic status is closely connected to the urbaniza<on process. Urban society required 
more social organiza<on and stra<fica<on as differences between social classes grew. 
Addi<onally, economic diversifica<on was higher in the ci<es resul<ng in more occupa<ons 
that were spent inside compared to the countryside. The link between rickets prevalence and 
the socioeconomic environment of people has been made early on, as aiested by Palm in 
1890 when describing its occurrence predominantly in “the children of the poor”. Lawson 
(1922) reported elaborately on the economic factors that had an influence on the 
manifesta<on of the disease. In par<cular, he emphasizes diet and the living condi<ons in post-
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medieval Britain, sta<ng that the popula<on density, overcrowding and the deficiency of light 
together with nutri<on influences the frequency of rickets (Lawson, 1922, p. 335).   

Important progress had been made in the English medical community during the 19th century 
regarding rickets (Steinbock, 1993, p. 978-979). The concentra<on of research in England 
resulted in rickets being named “the English disease”. Since then, the disease was primarily 
linked with the Industrial Revolu<on in Northwestern Europe, as incidence in industrial towns 
could be as high as 89%. During this period, previously men<oned processes like demographic 
growth and urban expansion accelerated. Furthermore, pollu<on from the burning coal and 
wood, the spread of diseases, bad sanita<on and living habits heavily impacted the health of 
people, especially of the poor (Brickley & Ives, 2008, p. 95; Holick, 2004, p. 1678). Child labor 
in factories and urban crafs lead to even less sun exposure in an already polluted environment 
(Brickley et al., 2014, p. 54-55).  

Not only the lower social classes suffered from vitamin D deficiency. As men<oned in the 
introduc<on, some regional studies showed how vitamin D deficiency also affected some high-
class popula<ons. Cases of rickets were found in very high-status individuals from the Medici 
family in Florence. In the upper social classes in Renaissance Italy, fashion and social rules 
seemed to have played an important role (Giuffra et al., 2015, p. 621). Women were dressed 
in heavy clothing and wore heavy cosme<cs, completely covering their skin when they were 
outside. Furthermore, pale skin was a status symbol leading to sun avoidant behavior. Vitamin 
D deficiency in mothers would have had repercussions for their young children (Brickley et al., 
2014, 55-57; Giuffra et al., 2015, p. 620-621). On the one hand the infant is then born with 
inadequate levels of vitamin D and on the other hand, might be kept inside together with the 
mother. Addi<onally, cultural prac<ces like swaddling and age of weaning are influenced by 
socioeconomic status and can compromise vitamin D levels.  

In general, rickets can be the result of a complex interac<on of biological, environmental, 
sociocultural and economic determinants that have influenced the individual's life course. 
Since socioeconomic status is an influen<al factor steering the lifestyle of people, it would 
therefore be frui{ul to study its possible impact on rickets prevalence. Firstly, it needs to be 
established in which ways the socioeconomic landscape was shaped in the Netherlands and 
more importantly in Arnhem and Zwolle. 
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Chapter 3: The Netherlands in the 17th to 19th centuries 
In order to study the impact of socioeconomic status on rickets prevalence in Dutch urban 
communi<es, the historical background during the 17th to 19th centuries needs to be 
understood. In the first part of this chapter, a historical analysis of important social and 
economic changes in the Netherlands during this period will be carried out. As men<oned in 
the introduc<on chapter, the Netherlands did not follow the same path to a modern economy 
as other Northwestern European countries like the United Kingdom did. The region did not 
experience an industrial revolu<on in the tradi<onal sense. How its economy and society 
evolved will be explored here. The second part of the chapter will be focused on the two 
selected sites for comparison, Arnhem and Zwolle (fig. 8). The popula<ons that were analyzed, 
and will be discussed later, were recovered from these two urban centers. The archaeological 
and available archival sources indicate that the sample from Arnhem was of low 
socioeconomic status while Zwolle’s popula<on belonged to a rela<vely high socioeconomic 
class. To fully understand the socioeconomic environment of these communi<es, the historic 
context of both ci<es will be analyzed in this part. First, general demographic and economic 
trends in each city will be described. Later the socioeconomic environment of poor people in 
Arnhem and well-off people in Zwolle will be discussed.  

 

Figure 8: Map of the Netherlands showing the sites selected for analysis. 
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3.1. Socioeconomic context 

The modern-day Netherlands consists of one of the most densely populated and urbanized 
areas in Europe with one of the highest life expectancies (Wintle, 2000, p. 7). This prosperity 
is the result of centuries of economic and social growth. Star<ng from the 13th and 14th 
centuries rapid urbaniza<on processes took place throughout the country (Paping, 2014, p. 6). 
The development of various ci<es and towns was paired with growing economic specializa<on. 
The high economic output and standards of living made the Northern Low Countries by 1500, 
one of the most advanced regions within the con<nent (Alfani, Ryckbosch, 2016, p. 144). 
Especially the regions of Holland and Zeeland were characterized by a high urbaniza<on rate 
where market-oriented economic ac<vity was vital (Paping, 2014, p. 6-7). The inland areas of 
Overijssel (Zwolle) and Gelderland (Arnhem) were more predominantly rural with proto-
industrial industries like tex<le produc<on being crucial in urban centers.  

During the 16th century a period of poli<cal turmoil took place as the Northern Low Countries 
became steadily more unified and became the wealthiest area of the world in the 16th century 
(Paping, 2014, p. 7-8). The following 17th century is known as the Dutch Golden Age, a period 
of general economic and cultural prosperity (Paping, 2014, p. 8). The 17th to 19th centuries 
marks an interes<ng period in Dutch history. While a high level of urbaniza<on and economic 
development took place already early on star<ng from 1400 onwards, the 18th century 
especially marked a period of economic and demographic stagna<on with a period of de-
urbaniza<on (Paping, 2014, p. 1). Where almost half of the Dutch popula<on lived in towns by 
1700, the number decreased to 37% in the middle of the 19th century. The Golden Age of the 
17th century ended when a crisis occurred during the 60s and 70s impac<ng the crafs and 
industries nega<vely within the towns (de Vries & van der Woude, 1995, p. 776-783; Paping, 
2014, p. 7-8). Losses also hit the trading and agricultural sectors. In general, an economic 
segmenta<on took place with higher unemployment rates and a concentra<on of wealth 
among a select few leading to an ever-growing inequality rate during the late 17th to mid-19th 
century in the Northern Low Countries. Instead of an industrializa<on process bringing the 
Dutch economy to a higher level, as witnessed in neighboring countries during the 19th 
century, an economic decline took place (Wintle, 2000, p. 14, p. 69-72). An Industrial 
Revolu<on motored by iron and coal like in Britain, did not occur in the Netherlands. 
Regardless of this economic stagna<on, the Netherlands remained one of the richest and 
economically advanced countries in the world with a compe<<ve agricultural, trade and 
transport sector. In general, the 18th and early 19th centuries can be situated between two 
peaks of prosperity during the Dutch Golden Age and the onset of modern economic growth 
from the 1850s onwards (Wintle, 2000, p. 83).   
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These developments in the economy are mirrored in the Dutch demography (Wintle, 2000, p. 
7-8). Afer a steady increase comes to a halt around 1700, the 18th century marks a recession 
in demographic growth (fig. 9). In the early 19th century, the popula<on level starts to grow 
again and from the 1870s onwards a steep increase of the Dutch popula<on takes place. 
Interes<ng when considering health and disease of popula<ons, are the death rates. The 19th 
century up un<l the 70s marks a period of very high mortality and especially infant mortality, 
where around one in five deaths occurred below one year old. It was only afer ages five to ten 
that mortality rates improved for children (ten Hove, 2005, p. 409-410; Wintle, 2000, p. 12).  

 

 

Figure 9: Evolu.on of the Dutch popula.on compared to the European popula.on from 1500-1970. 
The x-axis indicates the .me period, the y-axis represents the (rela.ve) popula.on size with index 
(1800=100) meaning that the popula.on in 1800 is baselined to 100 (Wintle, 2000, p. 8, fig. I.1). 

These macroeconomic and poli<cal evolu<ons had a profound impact on the socioeconomic 
environment of the popula<on. Society in the post-medieval Netherlands was stra<fied on a 
high level with at the top the elite consis<ng of high-level civil servants/military and industrial 
employers, followed by the middle class of low-level servants, supervisors, foremen, the self-
employed and the skilled workers. At the boiom the laborers, the unemployed and the 
homeless are found (Alfani & Ryckbosch, 2016, p. 143; Van Bavel & Kok, 2004, p. 128). This 
boiom half of society was mainly made up of unskilled and lowly educated laborers working 
in tex<le produc<on, dis<lleries, the army, etc. The poorest of the poor consisted of the 
unemployed and the possession-less (de Vries & van der Woude, 1995, p. 647-649). Downward 
mobility in these groups was especially high and dependent on years of shortage, war and 
unemployment but also disease and disabili<es. During the second half of the 18th century and 
certainly from 1870 onwards- the cost of living hiked up significantly while the wages remained 
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stagnant leading to a general pauperiza<on of these lowest social groups. The crisis of 
interna<onal trade and urban industries during the late 18th and early 19th century impacted 
the proletariat strongly. It is es<mated that around 50% of the popula<on in Dutch towns was 
made up of these two groups.  

The middle class could be further divided in different groups with the low-level shopkeepers 
and crafsmen at the boiom, followed by the group of teachers, specialized shopkeepers, 
smiths, butchers, tailors, shoemakers, etc. (de Vries & van der Woude, 1995, p. 649-650). Even 
higher, making up maximum 20% of society, successful bakers, butchers, smiths, grocers, 
skippers, officers, etc. were found. Lastly, included in the elite group are the upper middle 
class, which was made up of merchants, manufacturers, lawyers, doctors, entrepreneurs, 
pensioners, etc. and the patricians consis<ng of the high-level civil servants and industrialists.  

These professional <tles signify the male workforce, but the ofen-anonymous work of women 
and children cannot be overlooked. Liile is known about the female workforce in Dutch 
preindustrial towns (de Vries & van der Woude, 1995, p. 689-690). Where official sources offer 
informa<on about the voca<on of men making it possible to analyze produc<vity, compe<<on 
and the evolu<on of wages, they almost completely omit women and children. The most 
important source of employment for women were the preindustrial crafs, notably the 
produc<on of tex<les where women took part in various parts of the produc<on process (de 
Vries & van der Woude, 1995, p. 691-694). Marital status influenced the occupa<on of women. 
Young and unmarried women were ofen employed as household staff, working as maids, 
housekeepers and governesses. Married women could be found working along their husbands 
as shopkeepers, grocers, tailors, bakers, butchers but also as spinsters, teachers, etc. Archival 
data like tax registers some<mes reference women with a func<on like elite women being 
listed as pensioners, i.e. living of bank interest (Dekker & Carlson, 1998, p. 167). In addi<on to 
their paid labor, women also carried out the bulk of unpaid labor consis<ng of housework, 
raising children and caregiving for ill and disabled rela<ves (de Vries & van der Woude, 1995, 
p. 690).  

While child labor has been commonly linked to industrializa<on and the 19th century factories, 
it was already omnipresent on a large scale in the post-medieval crafs and in agriculture (de 
Vries & van der Woude, 1995, p. 689-699; van Nederveen Meerkerk & Schmidt, 2008, p. 717-
718). The Dutch Republic reached an impressive economic growth already early on, resul<ng 
in a high demand for labor. This demand was met with wage labor, mainly by the children of 
the poor or orphans. They were predominantly employed in the labor-intensive export 
industries like the produc<on of tex<les and paper, but also pin-making and pipe-making for 
example. Leiden was infamous for its child labor in the tex<le industry, where thousands of 
orphans and children of poor families worked. Some were as young as six years old (van 
Nederveen Meerkerk & Schmidt, 2008, p. 720).  
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The contribu<on of children to the family income was crucial for survival. Among the poorest 
during the 17th century, 70% of children in Delf and 85% of children in Zwolle were put to work 
in the industrial sector (de Vries & van der Woude, 1995, p. 689-699; van der Vlis, 2001, p. 
188; van Nederveen Meerkerk, Schmidt, 2008, p. 720). When during the late 18th century, the 
economy stagnated and unemployment plagued the lowest social classes, workhouses were 
created to aid poor families. 

Differences can be aiested in child labor depending on two parameters in general: social class 
and gender (fig. 10). During the 17th and 18th centuries, orphans and the children of the poor 
started working in the industries from a younger age, varying from six to nine years old (van 
Nederveen Meerkerk & Schmidt, 2008, p. 721-729). Excep<onally, historic sources indicate 
children could start working even younger. They were mainly employed in the high-demanding 
industries and crafs, their working days encompassing 10 to 14 hours. The gender division in 
these groups of young children was rela<vely limited (van Nederveen Meerkerk & Schmidt, 
2008, p. 723-725). The majority were employed in low-skilled occupa<ons in the tex<le 
industry, buion-making and pipe-making. From the age of 14 and onwards a variety of 
occupa<ons became available for boys, while girls’ op<ons remained limited to low-skilled 
jobs. Children of a higher social background entered the workforce at around 12 to 14 years of 
age. For boys this commonly entailed voca<onal training (van Nederveen Meerkerk & Schmidt, 
2008, p. 731-732). Girls however, performed low skilled jobs that prepared them for married 
life like spinning, knilng or helping in the household or a trade.  

 

 

Figure 10: Model on child labor in the Dutch Republic from 1600-1800 (van Nederveen Meerkerk & Schmidt, 
2008, p. 731, fig. 1). 
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When narrowing it down, it can be concluded that women and children contributed heavily to 
the family income. Regardless, they earned significantly less and had a lower social status in 
society. Divisions by social class and gender started early in childhood, strongly impac<ng the 
life-course of individuals. Social inequality had a massive impact on the health of the people 
(Haines, 2004, p. 249). Ofen the worsening of health correlates with the decrease of 
socioeconomic status. The deteriora<on of health was influenced by urbaniza<on 
accompanied by densely packed buildings and unsanitary living condi<ons especially for the 
poor, growing commercializa<on and proletarianiza<on – the appropria<on of the means of 
produc<on by a small group- leading to laborers being completely dependent on income, rising 
inequality, etc. (Alfani, Ryckbosch, 2016, p. 152; Haines, 2004, p. 249). The 17th to 19th 

centuries encompasses an interes<ng period in Dutch history spanning periods of social and 
economic prosperity and decline.  

3.2. Arnhem 

During the preindustrial period, Arnhem was a provincial town of medium size (Potjer, 2009, 
p. 17-24). The 18th century author Jan Wagenaar es<mated that the town counted 
approximately 1100 to 1200 houses. Already by the 17th century, the open space in Arnhem 
was limited as the area within the city walls was densely built. For centuries the popula<on 
level of Arnhem had remained constant (Vredenberg, 2009, p. 45). By 1818 a popula<on 
increase took place that accelerated rapidly from 1850 onwards, making Arnhem the fastest 
growing town of its <me within the Netherlands. This increase can be aiributed to the 
construc<on of the ‘Rhijnspoorweg’ in 1845, a railway connec<ng Arnhem with Amsterdam 
(Vredenberg, 2009, p. 35). In combina<on with the various large construc<on projects 
organized by the municipality, this expansion of the town’s infrastructure generated new 
employment opportuni<es, airac<ng laborers to move to Arnhem (Vredenberg, 2009, p. 52). 
Consequently, these infrastructure works lead to a slight industrializa<on of Arnhem as more 
and more factories were built. Regardless of this, Arnhem s<ll lagged behind due to the 
industrial component of its economy remaining rather insignificant by the middle of the 19th 
century (Klep, 2009, p. 141-144). 

Arnhem’s economy was during the 17th and 18th centuries primarily dependent on 
agriculture. During the 17th century, the town experienced turbulent <mes (Klep, 2009, p. 117). 
The connec<vity of Arnhem was significantly impaired as a result of the Eighty Years War and 
the sil<ng up of the Rhine. The export industries and trade were deeply affected, consequently 
leading to a strong dependency on agriculture. The majority of capital was owned by the city’s 
elites, mainly consis<ng of landowners and city officials, who barely invested in the industries 
that were essen<al for job crea<on. The majority of the popula<on was made up of laborers 
living in poverty and insecurity (Klep, 2009, p. 135). Workers could not rely on a stable 
employment opportunity and had to jump from one job to another out of necessity.  
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These jobs were mainly in agriculture or construc<on on a day contract and as seamstress, 
spinstress, tobacco spinner, etc. The 17th and 18th centuries marked a period of strong social 
stra<fica<on (Klep, 2009, p. 117-118). The poor were mainly dependent on the goodwill of the 
elite, since there was almost no involvement of the government. This goodwill had significantly 
declined in comparison to the Middle Ages and the economic developments resulted in a 
strong division between the rich and the poor.  

Examining the evolu<on of rye prices offers insight into the economic situa<on in Arnhem 
during the 17th to 19th centuries (fig. 11). The price of rye was fundamental for the city’s 
popula<on (Klep, 2009, p. 119-120). Low prices were beneficial to Arnhem’s working class, 
enabling them to divert money for other necessi<es like soap, clothes and shoes . Conversely, 
when prices were high, the majority of their wage went on food and survival.  

 

Figure 11: Evolu/on in rye prices from 1683-1909 in Arnhem (yearly average in white and nine-yearly average in 
red) (Klep, 2009, p. 120).  

During the first half of the 18th century, the prices were low for an extended period of <me 
causing trouble in the agricultural sector. With Arnhem being an agrarian center, this resulted 
in widespread poverty and unemployment among both farmers and laborers (Klep, 2009, p. 
119-120). The situa<on changed in the last quarter of the 18th century to the early 19th century 
when a steep rise in the price of rye occurred. Thus, leading to a profitable period for farmers 
and landowners fueling the growth of the industries. However, the majority of the popula<on 
suffered from stagnant wages resul<ng in an increase in poverty among the working class. It is 
only from the late 19th century that workers start to experience some prosperity when rye 
prices decreased and the wages started to rise (Klep, 2009, p. 152). Certainly, up un<l then the 
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contribu<on of the whole family to the family income was essen<al. Both women and children 
-from a young age- worked to provide for the family.  

An examina<on of the social and economic developments showed how omnipresent poverty 
was amid the lower social classes during the 17th to 19th centuries in Arnhem. The working-
class popula<on experienced appalling condi<ons, living in expensive single room houses in 
small and hidden alleyways where daylight barely protruded (Klep, 2009, p. 98-100; p. 152-
153). The living condi<ons in these houses were extremely unsanitary, no plumbing was 
present, and the disposi<on of feces happened in the streets. The alleys contained no drainage 
system and with heavy rainfall waste water would run into the houses. In these neighborhoods 
potable water was hard to find as most bodies of water were contaminated. All of this 
facilitated the outbreak and spread of diseases, namely smallpox and cholera. During this 
period, the government did not provide any protec<on or was ac<vely involved and the poor 
were mainly lef on their own (Klep, 2009, p. 98-100).   

3.3. Zwolle 

Zwolle was one of the three capital ci<es of the province of Overijssel (ten Hove, 2005, p. 264; 
p. 20). The town was beneficially situated between the rivers Ijssel and Vecht and profited 
greatly from its trading connec<ons with Amsterdam and Germany (ten Hove, 2004, p. 280). 
This resulted in a prospering city with a popula<on of around 11.000 to 13.000 inhabitants 
during the second half of the 17th century (ten Hove, 2004, p. 290-292). Fluctua<ons in the 
number of inhabitants during this century were mainly caused by a high mortality rate due to 
epidemics of infec<ous diseases like the plague, typhus and smallpox and a high migra<on 
rate. The labor market and higher chances of employment were the most likely pull factors of 
migra<on, which mainly consisted of the lower classes. This is evident from the rise in demand 
for small single room houses. Another important demographic variable is birth rate, however 
it is unlikely that the number of births was able to compensate for the number of deaths.  

During the 18th century Zwolle’s popula<on level remained stagnant with around 12.000 
inhabitants (ten Hove, 2005, p.364). From 1830 onwards the popula<on started to increase 
again and by the mid-19th century an increase of 45% took place compared to the previous 
century with Zwolle now coun<ng 17.710 inhabitants (ten Hove, 2005, p. 409-410). This rise 
in the popula<on level was mainly due to an excess of births while migra<on to the city was 
limited. Child mortality remained high, one in five infants did not survive their first year of life 
and it was only from the age of ten years onwards that children’s chances of survival became 
less uncertain.  
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Economically, Zwolle benefited immensely from its strategic posi<on as a transit point for long-
distance trade between the province of Holland and Germany. (ten Hove, 2004, p. 280-282). 
Moreover, the regional market played an important role with the largest guild of the city 
consis<ng of retailers and shop owners. However, more employment opportuni<es were 
found in the local industries of the city (ten Hove, 2004, p. 284-285). In this sector as well, the 
guilds retained an important posi<on during the 17th century, uni<ng most ar<sans like bakers, 
weavers, tailors and shoemakers and smiths. This unifica<on provided more poli<cal power 
and an enhancement of their social status. The manufacturing of linen was one of the most 
important industries in Zwolle (ten Hove, 2004, p. 287). The weaving process was mainly 
carried out at home by women and children. During the first half of the 18th century, more 
than half of the male household heads were employed in the local industries while 9% worked 
in agriculture (ten Hove, 2005, p. 353).  

By the middle of the 18th century the economy became stagnant and started to fall back in the 
second half. The long-distance trade transi<ng in Zwolle decreased which had a profound 
effect on everyone employed in the trade and seafaring sector (ten Hove, 2005, p. 359-361). 
Landowners were spared but the economic turmoil affected the general popula<on 
significantly. In the 1770s mul<ple failed harvests lead to food shortages and the 
unemployment rate rose, leading to more and more people falling into poverty (ten Hove, 
2005, p. 376-378). This turbulent economic situa<on con<nued into the 19th century. The trade 
routes between Germany and Holland with Zwolle as a transi<ng point had completely 
collapsed causing a further decay of the city’s trading and expor<ng sectors. (ten Hove, 2005, 
p. 415-419). The disappearance of interna<onal trade was paired with the booming of regional 
market trade.  During the 18th and early 19th centuries, the industries and crafs remained 
stagnant and were dominated by small businesses. The tex<le, buion-making and paper 
producing industries suffered immensely due to interna<onal compe<<on (ten Hove, 2005, p. 
419-421). Many businesses struggled to make ends meet and no new industries nor factories 
seiled in Zwolle by the middle of the 19th century. Unemployment was rampant and 
widespread pauperiza<on took place, causing a further deteriora<on of the quality of life (ten 
Hove, 2005, p. 422-423). Around 10% of the city’s inhabitants were dependent on poor relief 
in 1820. An analysis of the housing situa<on shows that the majority of people lived in small, 
ofen single-roomed houses (ten Hove, 2005, p. 293). These func<oned as combined living- 
and working rooms for the whole family. Some<mes people even lived underground in 
basements they rented. 

Even though from the late 18th century Zwolle’s economy went through turbulent <mes, many 
people were also spared from pauperiza<on. The higher social classes faced a different reality. 
This is visible in the archaeological record for example, where the amount of people being 
buried inside the church, a marker of high social status, increased during this period (van 
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Oosten, 2019, p. 158). The well-off could be found living in nicer houses with mul<ple rooms, 
situated in the main streets of the city, offering impressive views to visitors of the town. 
Entrepreneurs ofen lived in houses bordering their shops or workshops, some<mes ren<ng 
out single rooms to poor families (ten Hove, 2005, p. 292-296). Post-medieval society was 
characterized by high inequality rates offering sharp contrasts in quality of life.  

In general, this historic contextualiza<on shows a vastly different lived reality between people 
from high and low socioeconomic classes. These differences in their environment might have 
led to different factors influencing their vitamin D intake, both through dermal synthesis or 
through diet. It will be studied in the following part, if these varying lifestyles, influenced by 
socioeconomic status, resulted in different rates of rickets prevalence between classes. 
Paleopathological analysis can contribute to our understanding of the lived experiences of 
people. For this purpose, two popula<ons from varying social status from Arnhem and Zwolle 
will be analyzed. The archaeological context of these popula<ons will be focused upon in the 
next chapter. 
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Chapter 4: Materials and Methods 
In this chapter, the two popula<ons selected for a compara<ve analysis will be discussed. As 
men<oned in the introduc<on, these sites consist of Zwolle, a high-status popula<on, and 
Arnhem, a popula<on with a low social status. Afer having gained more background 
informa<on on the historical context of both ci<es and the Netherlands in general, the 
archaeological context will now be discussed. In a first part, the sample will be contextualized 
by giving background informa<on of both cemeteries. Furthermore, the sampling strategy 
with the chosen selec<on criteria will be detailed. In the second part of this chapter, the 
methods employed during the paleopathological analysis will be discussed. The analysis 
consisted of two main parts: age-at-death analysis and an analysis of the presence of rickets. 
The used aging methods and criteria for rickets diagnosis will be discussed in this part. Finally, 
the chosen sta<s<cal analyses will be argued.  

4.1. The sample 

4.1.1. Arnhem 

Star<ng in 2017, excava<ons were carried out in the grounds of the cemetery north of the 
Eusebius Church in the historical center of Arnhem (Zielman & Baetsen, 2020, p. 3; p. 83). 
Within the cemetery, three clusters of burials could be dis<nguished. Around the tower of the 
church 22 graves were found. Furthermore, a street called the ‘kerkstraat’ runs perpendicular 
to the cemetery and divides a zone of four graves to the west and of 621 graves to the east 
(fig. 12). In total 647 graves containing 659 primary burials were excavated. (Zielman & 
Baetsen, 2020, p. 83). When considering the chronology, two periods of burials were 
dis<nguished by the researchers. The first period started approximately around 1350 and 
ended around 1650 when the plague epidemic took place and the cemetery was closed 
(Zielman & Baetsen, 2020, p. 101). Afer 1650 the cemetery was used again un<l 1829 when 
the last individual was buried there.  
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Figure 12: Chronology of the graves east of the ‘Kerkstraat’ in the Eusebius Church’ cemetery, the graves indicated 
in red date from the period 1350-1829 AD and the graves indicated in green date from 1650-1829 (AXer Zielman 
& Baetsen, 2020, p.100, fig. 63). 

Extensive cemetery research carried out in the Netherlands has shown that the loca<on of 
graves can offer informa<on about the social status of the individuals buried there (Van 
Genabeek, 2018, p. 174, van Oosten, 2019, p.155). A combina<on of both historical and 
archaeological sources indicates that the north side of the church was the least favored 
posi<on by the people. It was ofen referred to as the “cold” or the “cursed” side, since the 
sun would never shine upon these graves (Grolman, 1923, p. 388; van Oosten, 2019, p. 155). 
This phenomenon is witnessed in the St John’s churchyard in ‘s-Hertogenbosch during the 18th 
and 19th centuries (Portegies, 1999, p. 178-185; van Oosten, 2019, p. 161). Within the 
churchyard, the southside of the church was the most pres<gious. This was reflected in the 
price as it was three <mes more expensive to be buried in the south than in the northeast. 
Historical sources also aiest to the existence of this belief in the province of Drenthe (van 
Oosten, 2019, 156; Grolman, 1923, p. 388).  

The studied popula<on of the Old Cemetery of the Eusebius Church in Arnhem was excavated 
from the northern part of the cemetery. This burial loca<on suggests that the graves housed 
individuals of low socioeconomic status (Baetsen & Zielman, 2020, p. 687). Archival data 
confirmed that some of the people buried in the cemetery  of the Eusebius church were of the 
lowest social status. The death records of Arnhem from the middle of the 18th century show 
that if the individual did not have the means to afford a burial, the Eusebius Church would 
offer support.  
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In this case they were referred to as ‘Diaconate death’ (Baetsen & Zielman, 2020, p. 686; 
Geldersarchief, DTB-register 0176/180, p. 47). Another sign of a lower social status of the 
buried is the layout of the cemetery. The burials in the northern sec<on of the cemetery are 
characterized by a more haphazard layout of the burial grounds and the frequent 
superposi<on of graves, as seen in fig. 12. This paiern is also found in other Dutch cemeteries. 
The excava<on of the northern side of the St John’s churchyard in ‘s-Hertogenbosch has shown 
that up to five individuals could be buried on top of each other as a result of the lower price 
of these plots (Van Genabeek, 2018, p. 174, van Oosten, 2019, p. 162). In some areas there 
were even communal graves where mul<ple burials were placed in one pit, probably reserved 
for the poorest of society.   

In this thesis, burial loca<on is used as the main reliable indicator of socioeconomic status in 
the Arnhem popula<on. Based on the loca<on of these graves in the north end of the cemetery 
combined with the results of the conducted historic research of Arnhem’s economic context, 
it is assumed that this popula<on belonged to the lower class consis<ng of unskilled laborers.  

For this research the Arnhem sample was defined based on a few important factors. Firstly, 
the individuals needed to be in storage at the laboratory for Human Osteoarchaeology of 
Leiden University to be accessible. Of the 659 burials, 511 individuals were loaned to the 
osteology laboratory for further research (Baetsen & Baetsen, 2020, p. 362). Secondly, the 
sample was limited to subadults based on the research ques<ons. Analysis has indicated that 
around 159 of these 511 individuals were subadults, meaning they were below the age of 18 
years old when they passed (see infra). Furthermore, while the occupa<on period of the 
cemetery stretches from 1350 to 1829, the focus of this study will be on the post-medieval 
period. In order to carry out an accurate compara<ve analysis, the subadults from the second 
period of the cemetery da<ng from 1650-1829 will be included. In order to accurately diagnose 
rickets, a certain preserva<on rate was needed. These selec<on criteria are further elaborated 
on in 3.1.3. Afer elimina<on, the Arnhem sample contained 53 individuals in total.  

4.1.2. Zwolle 

In 1987-1988 excava<ons took place in the church the “Broerenkerk” (“Brother’s church”) in 
Zwolle as new renova<ons were threatening the graves located in the church and their 
archaeological context (Aten, 2002, p. 13). The excava<on trenches spanned the whole ground 
plan, covering the three construc<on phases of the church (fig. 13). The different research 
areas were primarily chosen based on the loca<on of the tombstones (Aten, 2002, p. 17). 
During this field campaign 168 graves were excavated of a total of 559 graves present in the 
church (Aten, 2002, p. 22-23). It resulted in the detec<on of 529 individuals and more than 
500 human remains that could not be <ed to a specific individual.  
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This commingling of remains occurred when graves were cleaned out for new genera<ons 
(Aten, 2002, p. 29). Each grave contained three layers of burials with more or less one 
individual (Aten, 2002, p. 24-25). When a grave was cleaned out, the resul<ng human remains 
were brought to an ossuary or buried collec<vely below the grave. 

Since the focus of this study is an analysis of the possible effects of socioeconomic status on 
rickets prevalence, the status of the Zwolle sample had to be established. The importance of 
the loca<on of burial and its link with social status has already been discussed, namely within 
the churchyard. The most pres<gious burial loca<on however was in the church itself, showing 
that the popula<on of Zwolle buried in the Broerenkerk was of a high socioeconomic status, 
especially compared to the Arnhem popula<on (van Oosten, 2019, p. 158). Another important 
indicator of status in the Zwolle sample is archival data. The archives show the occupa<on of 
deceased adults buried in the church.  Two main societal groups can be dis<nguished, on one 
hand the middle to higher middle class including captains, second lieutenants, teachers, 
carpenters, smiths, bakers, shop owners, handmaidens, etc. And on the other hand, the upper 
class consis<ng of pensioners, merchants and officials. Showing the popula<on buried here 
were self-employed/skilled workers likely belonging to the middle class of Dutch society and a 
subset belonging to the elites of the city (Van Bavel, Kok, 2004, p. 128).  

The existence of a death register stemming from the period of 1819-1828 made it possible to 
iden<fy certain individuals, adding to the importance of the excava<on (Aten, 2002, p. 13). 
Afer the iden<fica<on process, the 529 individuals were divided in two groups (Aten, 2002, p. 
29). One containing the 141 individuals from the period 1819-1829 that were iden<fied based 
on the death register. A second group of 388 individuals that were broadly dated based on 
stra<graphy to a period stemming from 1675 to 1819. A third group consists of the 
commingled remains of around 500 more individuals possibly spanning the whole period of 
the 17th century un<l 1828. 

 



48 
 

 

Figure 13: Ground plan of the Broerenkerk showing the trenches in black (top) and the 3 construc/on phases 
(bobom) (AXer Aten, 2002, p. 14-16).  

The collec<on available in storage at the laboratory for Human Osteoarchaeology of Leiden 
University stems mainly from the first group of individuals iden<fied based on the death 
register from the period 1819-1829. Around 73 subadults were present in this collec<on. The 
selec<on process was just like in Arnhem based on availability of the collec<on, age and 
preserva<on, which will be further elaborated in this chapter. Afer excluding individuals that 
were not available for the paleopathological analysis of rickets, the sample included 30 
individuals.  

4.1.3. Selec<on criteria 

Not every individual from the cemetery samples was available for the analysis of rickets. 
Therefore selec<on criteria ware employed to create a sample including every individual that 
could be analyzed for the disease. The first important criterium was age. Rickets is a childhood 
disease that rarely develops before the age of 4 months (Brickley & Mays, 2019, p. 541; 
Maiyegun et al., 2002). Therefore, individuals below four months old were excluded from the 
study. It is possible that rickets appears in infants below this mark and is the result of vitamin 
D deficiency in the mother. Since vitamin D levels of the fetus in utero are dependent on the 
mother, it is possible that babies are born with neonatal rickets (Levene, 1991; Paierson & 
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Ayoub, 2015, p. 793). These congenital condi<ons are rare and therefore not likely to be 
detected in the archaeological record.  

It is expected that manifesta<ons of rickets in the skeleton are due to the inadequate 
produc<on of vitamin D in the skin influenced by exposure to the sun and by insufficient diets 
to a lesser extent (Brickley et al., 2014, p. 48, Ortner & Mays, 1998, p. 46; Veselka, 2019, p. 14-
19). Since rickets occurs as a result of vitamin D deficiency in childhood, adults were excluded. 
The upper age limit is set at 18 years old to only include subadults in the sample.  

The second important criterium is the preserva<on of bones. Within paleopathology 
preserva<on has always been a key aspect of research methodology. Tradi<onally, efforts were 
ofen concentrated on well preserved skeletons as it was assumed that more informa<on could 
be gathered from these individuals (Brickley et al., 2014, p. 52-54). However, pathologies ofen 
result in deteriora<on of the skeleton. When suffering from a vitamin D deficiency, skeletons 
are more suscep<ble to poor preserva<on as difficul<es with the mineraliza<on of osteoid 
arise. A study of a post-medieval popula<on from St. Mar<n’s in the UK (Brickley et al., 2006) 
has shown individuals with vitamin D deficiency also had a worse preserva<on. Therefore, it is 
important to not only include well preserved skeletons in paleopathological studies in order 
to get an accurate representa<on of the disease within a popula<on. Common manifesta<ons 
of the disease can be obscured by or hard to dis<nguish from post-deposi<onal processes 
(Mays et al., 2006, p. 362-363). 

For this study a selec<on was made based on preserva<on to make sure that an accurate 
recording of the presence of vitamin D deficiency was possible. Since the disease generally 
affects the long bones, the presence of the upper or lower limbs depending on age, was a 
deciding including factor in the study. For individuals younger or equal to  two years old there 
had to be a minimum of one femur or one humerus present. This age category covers the 
period where infants are crawling and learning to walk. As a result, mechanical forces are more 
likely to affect the arm bones and the femur.  

For all individuals older than two years old there had to be at minimum one femur or <bia 
present. Afer the age of two years it was assumed that every individual was walking and as a 
result the lower limbs would be most likely to be affected by bending deformi<es. Especially 
the femur and <bia seem to be the most indica<ve bones in the lower leg based on a study of 
a Bri<sh popula<on from Birmingham in the 19th century (Mays et al., 2006, p. 362). In this 
Bri<sh popula<on bending deformi<es were three <mes more common in the lower limbs 
than in the upper limbs. The fibula was the least likely to be affected and both the femur and 
<bia showed similar rates. In addi<on, metaphyseal flaring was the most likely to occur in the 
femur and the <bia (Mays, et al., 2006, p. 365). 
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When looking at the individual bones, all stages of preserva<on were as much included as 
possible to gain the most accurate representa<on of reality. Generally, a high rate of 
preserva<on is necessary to be able to dis<nguish lesions (Mays et al., 2006, p. 363). 
Difficul<es arise when growth plates and metaphyses are (almost) completely eroded or large 
parts of the bones are not preserved. In some individuals the bones were too damaged by 
taphonomic processes to gather any informa<on. When this was the case for all long bones 
that were present, they were excluded from the study. In total, 83 individuals met the criteria 
and were included in the sample.  

4.2. Methods 

The following part will detail the methodologies used in this study to carry out the age-at-
death es<ma<on and rickets analysis. 

4.2.1. Es<ma<on of the age at death 

First, the age at death of each individual was es<mated using a combina<on of methods that 
are based on the development of the skeleton. The main methods for ageing subadults as 
accurately as possible are based on dental development. The following three methods were 
used:  

- Demirjian et al. (1973) for age assessment based on development of deciduous teeth. 
- Moorrees et al. (1963) and Harris and Buck (2002) for age assessment based on 

development of permanent teeth. 

- AlQahtani et al. (2010) method for age assessment based on dental erup<on. 
 

When individuals had one or more deciduous teeth, these were analyzed using the method 
established by Demirjian et al. (1973). By comparing each tooth with the dental forma<on 
stages established in this method, the age of the individual can be es<mated. Addi<onally, the 
permanent teeth of every individual were also assigned a forma<on stage based on the 
method of Moorrees et al. (1963) adapted by Harris and Buck (2002). Lastly, the results of all 
teeth of each individual were combined and compared to a dental erup<on chart developed 
by AlQahtani et al. (2010) to age the individual. The overall age es<mates from each method 
were combined to come to the final age es<mate for each subadult. See appendix 1 for all 
charts used for age es<ma<on based on dental development during this study.  
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In case of poor preserva<on resul<ng in the teeth being unobservable, a combina<on of the 
following methods was used to determine age at death: 

- Measurements of bones: Maresh (1970) for length of long bones, Black and Scheuer 
(1996) for the clavicle length and Molleson and Cox (1993) for the ilium length. 

- The stage of bone fusion: Schaefer et al. (2009) 
 

First, all the bones of an individual that were available for age es<ma<on (e.g., long bones, 
clavicle and the ilium) and were preserved, were measured. These measurements were then 
compared to the measurements from reference collec<ons carried out by Maresh (1970), 
Black and Scheuer (1996) and Molleson and Cox (1993). Addi<onally, the same bones, if their 
state of preserva<on allowed it, were analyzed for their stage of fusion.  
 
The individual age of each subadult in the sample was registered, in addi<on the individuals 
were assigned to age categories of one year star<ng from the category “4mo-1yr old” un<l 
“18yrs old” (see appendix 1). These age categories were used to facilitate a beier overview 
and an accurate comparison to other studies done in the Netherlands. Other frequently used 
divisions in bioarchaeology, that will be used in the following chapters, are: infant (birth-2yrs), 
child (3-6yrs), juvenile (7-12yrs), adolescent (13-17yrs). As previously men<oned, individuals 
younger than  four months old and older than 18 years old were excluded from the sample. 

4.2.2 Es<ma<on of rickets 

Afer the age-at-death assessment, a subsequent macroscopical examina<on for the presence 
of rickets was carried out within the samples from Arnhem and Zwolle. When analyzing 
individuals for rickets, it is important to not only focus on the most recognizable deformi<es 
like bending of the long bones but also to carefully consider more subtle altera<ons. 
Otherwise, the risk of missing, for example, milder forms or infan<le rickets grows. For this 
reason, a diagnosis will be based on mul<ple features. One feature alone cannot be considered 
a diagnos<c trait of rickets, however combined they make a tenta<ve diagnosis possible. 
Differences in severity of the disease and age of the individual result in varia<on of the 
expression of lesions and in varia<on of the bones affected (Brickley & Ives, 2008, p. 99). 

In this thesis the selec<on of the analyzed features was based on the criteria established in 
leading studies by Ortner and Mays (1998, p. 40) and expanded by Brickley and Ives (2008, 
103-105). Furthermore, they were streamlined with the criteria employed in the studies by 
Veselka, Hoogland and Waters-Rist (2015) and Veselka, Brickley and Waters-Rist (2021) that 
focused on rickets prevalence in the Netherlands. This way a more accurate comparison of the 
results of Arnhem and Zwolle with other ci<es in the Netherlands could be carried out. 
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The following 14 pathological lesions were studied in the popula<ons from Zwolle and Arnhem 
(see table 3). Some traits were grouped together for more clarity. Long bone growth plate 
deformi<es correspond to porosity, cupping deformi<es and fraying bone margins of the 
growth plate. Long bone metaphyseal deformi<es include flaring and swelling but also porosity 
and irregularity of the cortex. Pelvis deforma<on circumscribes concavity of the ilium and 
previously men<oned protrusio acetabula. Lastly, cranium abnormali<es include craniotabes, 
frontal and parietal bossing, delayed closure of fontanelles and thinning.  

Table 3: List of macroscopic features used to assess rickets.  

Macroscopic features of Rickets   
Cranial vault porosity 
  

Long bone metaphyseal deformities  
  

Orbital roof porosity 
  

Bending of upper limbs 
  

Angulation of ramus 
  

Bending of lower limbs 
  

Flared/thickened costo-chondral ends of ribs 
  

Thickening of long bones 
  

Cortex of costo-chondral ends of ribs irregular and 
porous 
  

Angulation of neck femur  
(coxa vara) 

Long bone growth plate deformities  
  

Pelvis deformation 
  

Cranium abnormalities  
  

Long bone concave curvature porosity 
  

 

A scoring form was created for every individual where the presence of each lesion was 
recorded either as present, absent or unobservable (see appendix 1). Features were 
considered unobservable if the state of preserva<on had made it impossible to observe said 
feature. In order to diagnose rickets at least three features had to be recorded as present or, 
in case of a bending deformity one other feature had to be present, conforming to Veselka, 
Hoogland and Waters-Rist (2015). It was important to move away the focus from only bending 
deformi<es to be able to register all forms of vitamin D deficiency, especially the mild ones. 
Furthermore, in case of infan<le rickets the expression of the disease can be more subtle and 
ofen<mes bending deformi<es of the long bones would not have been able to develop yet.  

This method was set in place to detect all varia<ons of rickets as robustly as possible and to 
make comparison of the results with other studies from within the Netherlands possible. 
However, a case-by-case approach was also employed as not all features carry the same 
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weight. Some lesions can be aiributed to a plethora of disease, for example orbital roof 
porosity is considered a non-specific stress marker. If in one case, three features are present, 
but they consist of only porous lesions, for example cranial vault porosity, orbital roof porosity 
and porosity of long bone metaphyses, this individual cannot be diagnosed with rickets.  

4.2.3. Sta<s<cal analysis 

The results of the data collec<on were compiled in a database and subjugated to sta<s<cal 
analysis. However firstly, afer registra<on the crude prevalence of rickets was calculated for 
each popula<on by using the following formula: 

p = n/N x 100 

In this case p is the prevalence, n is the number of individuals where rickets has been 
diagnosed and N amounts to the total number of examined individuals of the popula<on 
(Keiding, 1991, p. 371; Waldron, 1994). In order to make an analysis between popula<ons 
more accurate age-specific rates were looked at for comparison. Since the crude prevalence 
of the disease is influenced by age, the prevalence of rickets was calculated for each age group 
to exclude the erroneous factor of age. Subsequently, the results per age group were 
compared between both sites.  

In order to assess whether a rela<onship exists between prevalence of rickets and 
socioeconomic status a sta<s<cal analysis was carried out. Socioeconomic status as a variable 
was based on which site the individuals came from. Rickets prevalence is based on the number 
of individuals that were diagnosed with rickets. A Pearson's χ2 -test for independence was 
employed to see if differences in rickets prevalence between Arnhem and Zwolle were 
sta<s<cally significant. This way it was tested whether the variables status and rickets 
prevalence were independent of each other or whether there was an associa<on (Peacock & 
Peacock, 2011, p. 262, 274). The test compares the observed frequencies of the variables to 
the expected frequencies under the assump<on that there is no associa<on. If the observed 
and the expected frequencies differ significantly, an associa<on exists between the two 
variables (Peacock & Peacock, 2011, p. 262). The test will calculate the p-value to determine 
the strength of the associa<on. If the p-value is lower than 0.05, the associa<on is sta<s<cally 
significant. In short, the rela<onship between socioeconomic status and rickets prevalence will 
be considered sta<s<cally significant if the p-value is below 0.05. The sta<s<cal tests were 
carried out in the Spyder programming applica<on by wri<ng a code in the Python language.  
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4.2.4. Ethical considera<ons 

In this study, the human remains of two communi<es were analyzed in order to gain insight 
into their lived experiences and the way they interacted with their environment. With the act 
of handling human remains should always come a careful considera<on of ethical concerns. 
Every skeleton represents a once living person, therefore it is important to safeguard the 
human integrity of all human remains, both physical and personal (Kreissl Lonfat et al., 2015, 
p. 1176-1177). During the paleopathological analysis, the physical integrity of each individual 
was protected by handling the remains with respect and by minimizing possible harm. The 
human remains were studied in the protec<ve environment of the osteological laboratory and 
only handled with the purpose of scien<fic progress. Furthermore, every analysis conducted 
was non-destruc<ve.  

Ethical considera<ons do not only apply during analysis but also afer when for example 
reproducing the results. The skeletal manifesta<ons of rickets were recorded with photographs 
specifically for the purpose of this thesis. These images were not spread or shared in any other 
way. Furthermore, the communi<es studied in this thesis stem from rela<vely recent <mes, as 
a result it is possible that living rela<ves exist. Out of respect, all individuals are anonymized in 
the following descrip<on of the results and the discussion.  
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Chapter 5: Results  
The results of the analyses conducted on the archaeological samples from Arnhem and Zwolle 
will be detailed in this chapter. The first sub-chapter will entail the results of the age-at-death 
analysis and rickets analysis, so the age distribu<on of the affected individuals both 
popula<ons can be studied. Knowing the age distribu<on of the affected individuals will 
then enable the study of environmental factors that may have influenced their vitamin D 
status. Furthermore, the results of the sta<s<cal analysis of the possible rela<onship between 
rickets prevalence and socioeconomic status will be described. In the second part of this 
chapter, the individuals affected with skeletal manifesta<ons of rickets in both samples will be 
described.   

5.1. Age distribu8on and rickets prevalence  

5.1.1. Arnhem  

The Arnhem sample contained 53 individuals varying from 4 months to 17 years old. Figure 14 
shows a graph detailing the age distribu<on of the studied subadults and the number of 
individuals affected with rickets per age category. All age groups were represented in the 
sample with one excep<on, no individuals of 10 years old were detected. In total 18 subadults 
(34%) were below two years old (infants) around their <me of death. Table 4 presents the 
number of individuals with rickets and the prevalence of the disease in the different age 
categories. In total four cases of rickets were recorded in the Arnhem sample, resul<ng in a 
crude rickets prevalence of 7.6%.  

  

Figure 14: Number of individuals affected with rickets per age category in Arnhem.  
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  Table 4: Rickets prevalence in four age groups from Arnhem.  

 

5.1.2. Zwolle  

The Zwolle sample consists of 30 individuals ranging from four months to 14 years +- 2yrs old. 
Figure 15 shows the age distribu<on of the Zwolle sample. Compared to Arnhem, the share of 
infants was substan<ally larger in Zwolle with 22 subadults, or 73% of the sample, being 
around two years old or younger. When considering rickets, four cases of rickets were detected 
and categorized with a ‘yes’ in the Zwolle sample. One other individual was diagnosed with a 
possible case of rickets. The prevalence of rickets for each age group where the disease was 
diagnosed is presented in table 5. The crude prevalence of rickets in the sample from Zwolle 
is 16.7%.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5: Rickets prevalence in three age groups from Zwolle.  

 

  Figure 15: Number of individuals affected with rickets per age category in Zwolle.  
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5.2. Rickets prevalence and socioeconomic status  

To establish whether a sta<s<cally significant rela<onship exists between the prevalence of 
rickets and socioeconomic status, a Pearson's χ2 -test for independence was carried out.   

When considering the crude prevalence which was 16.67% in Zwolle and 7.55% in Arnhem, no 
sta<s<cally significant associa<on exists in rickets prevalence between Arnhem and Zwolle 
(χ2=2.61, p=0.27). However, there is varia<on in the results as Zwolle has more than double 
the crude prevalence of Arnhem. Interes<ngly, more individuals were affected by the disease 
in the high-status popula<on of Zwolle than in the low-status popula<on of Arnhem. This trend 
is con<nued in the age group of ‘4mo-1yr’ olds with 22% versus 12.5%. The majority of cases 
fall into this age category, that makes up 33% of all individuals affected with rickets. For one-
year olds the same prevalence is registered between popula<ons, while for the two-year olds 
Zwolle has a prevalence of 33% compared to 0% in Arnhem.  The prevalence of rickets in 
infants (i.e. subadults around or below two years old) was also calculated since incidence of 
the disease tends to be highest in these age groups, resul<ng in a rickets prevalence of 11.1% 
for Arnhem and of 22.7% in Zwolle. It has to be noted that 77.78% of all individuals affected 
by the disease are infants from 4months to around 2 years old. The other age groups are not 
directly eligible for comparison since the categories of 6yrs and 15yrs are not represented in 
Zwolle.   

5.3. Descrip8on of rickets cases  

5.3.1. Arnhem  

V0556   

Individual V0556 was an adolescent of around 15yrs +- 2yrs old. Manifesta<ons of rickets were 
detected on the lower limbs and the pelvis. Both the lef and right femur are affected, with 
flared and swollen proximal and distal metaphyses. Especially, the neck of the right femur 
shows marked swelling with microporosity on the superior surface running to the inferior 
surface of the proximal metaphysis. Furthermore, the head is less medially inclined and angled 
more to the anterior side (fig. 16). The same phenomenon is witnessed on the lef femur where 
the head is angled more anteriorly paired with slight coxa vara (fig. 16). The two <biae display 
swelling and flaring of the proximal metaphyses paired with medial bending from the midshaf 
to the proximal metaphysis causing the <bial plateau to be angled laterally. Addi<onally, the 
fibulae show slight medial bending at the midshaf area. The features on both os coxae consist 
of thickening of the ilia with exaggerated medio-lateral curvature. There is a deformity of both 
acetabulae as they are angled more anteriorly than usual (fig. 17).  
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Moreover, the lunate surface is more flaiened and the acetabular fossae are slightly deeper 
than normal. This is especially the case in the lef os coxa, causing it to protrude into the pelvic 
cavity, this deformity is known as protrusio acetabulae.  

  

Figure 16: (a) Both femora of individual V0556, especially note the flaring and swelling of the proximal 
metaphyses and the coxa vara. (b) the right femur of individual V0556 (leX) compared to a non-rickets femur 
(right), the angula/on and deformity of the neck are notable. (Photographs by Emma Vereecken).  

 

  

a b 

Figure 17: (a) LeX ox coxa of individual V0556 (right) with thickening of the ilium and exaggerated medio-lateral 
curvature. The arrow points to the protrusion acetabulae into the pelvic cavity, this area is notably less concave than 
in the non-rickets example (leX). (b) Close-up of the deformity of the acetabulum of the right os coxa of individual 
V0556. (Photographs by Emma Vereecken). 
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V0821  

Individual V0821 is an infant of 9mo +- 3mo old. Features of rickets were slight cranial vault 
porosity in the form of patches of irregular porous bone forma<on on the frontal bone, paired 
with slight cribra orbitalia in the right socket. Considering the long bones, the right femur 
showed flaring of the distal metaphysis and some slight porosity of the cortex around the 
growth plate. Both <biae had flared proximal metaphyses with the right <bia showing very 
slight medial bending on the proximal por<on of the shaf near the proximal metaphysis. The 
bending is subtle, but the bone exhibits an exaggerated curvature compared to the lef <bia 
(fig. 18). These lesions indicate an ac<ve but probably early/mild stage of the disease.   

   

Figure 18: Lower limbs of individual V0821 showing flaring of the distal metaphysis of the right femur 
and of the proximal metaphyses of the /biae. The arrow indicates the slight medial bending of the right 
/bia. (Photograph by Emma Vereecken).  
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V1112  

Individual V1112 was around 6yrs +- 0.5yr old at the <me of its death. Only the right femur 
displayed lesions of rickets. Some porosis was present on the neck por<on of the bone. 
Furthermore, there was anterior bending of the mid shaf to the proximal part of the shaf of 
the right femur (fig. 19). In the concave surface of the bending shaf, new porous bone had 
formed on the subperiosteal surface (fig. 20). This feature is associated with healed cases of 
the disease (Mays et al., 2006, p. 366).  

 

Figure 19: Right femur of individual V1112 displaying anterior bending. (Photograph by Emma 
Vereecken).  

  

Figure 20: Right femur of individual V1112 with the posterior side up. The arrows indicate the new 
porous bone forma/on on the concave side. (Photographs by Emma Vereecken).  
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V1777  

Lastly, individual V1777 is around 1.5yrs ± 2mo old. The infant’s ribs were strongly affected 
with flaring, pilng and fraying margins of the costochondral ends (fig. 21). The cortex of the 
sternal ends was irregular and porous. This individual also displayed strong deformi<es of the 
growth plates of the long bones. The lef humerus was affected by extreme roughening of the 
proximal growth plate paired with porosis and extreme pilng. The proximal metaphysis was 
flared and swollen with fraying metaphyseal margins. The growth plates of both radii were 
marked by severe flaring of the distal growth plate, fraying margins and extreme roughness 
(porosis and pilng) (fig. 22). Heavy flaring and swelling of the distal metaphysis occurred while 
the cortex was irregular and porous. Both <biae showed severe roughening of the distal 
growth plate (porosis and pilng). Furthermore, angula<on of the distal growth plates 
occurred during severe deficiency, leading them to be <lted medially (fig. 22) (Brickley & Ives, 
2008, p. 91). Addi<onally, the proximal and distal metaphyses were swollen.   

Figure 21: LeX ribs of individual V1777 showing signs of rickets like flaring, pifng and porosity of the 
cortex. (Photograph by Emma Vereecken).  
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Figure 22: (a) Both /biae of individual V1777 showing angula/on of the distal growth plate. (b) LeX radius of 
individual V1777 displaying growth plate deformity (anterior side up). (Photographs by Emma Vereecken).  

 

4.3.2. Zwolle  

007  

Individual 007 from Zwolle was around 2yrs ± 1yr old. The manifesta<ons of rickets consist of 
strong deformi<es of the costochondral rib ends, including enlargement of the ends by fraying 
and swelling, but also cupping of the junc<on and an irregular and porous cortex (fig. 25). Both 
humeri showed fraying of the metaphyseal margins and marked porosis and roughening with 
slight cupping of the proximal growth plates (fig.23). The proximal and distal metaphyses of 
the humeri were swollen and had an irregular and porous cortex. Both the lef and the right 
humerus showed lateral bending, which was more pronounced in the proximal part of the 
diaphysis. Frayed metaphyseal margins along with marked porosis and cupping of the growth 
plate were also aiested in the right distal radius and ulna. Furthermore, the right radius had a 
flared and swollen distal metaphysis with a porous cortex (fig. 23). A slight latero-posterior 
bend of the central diaphysis was present. The lef radius and ulna, along with the lower limbs 
of this individual were not preserved. Addi<onally, marked deformi<es of both the ilia were 
registered. The bones were plump and displayed an abnormal medial curvature (fig. 24; 25). 
Severe porosity was present on the iliac crest of both ilia. Lastly, slight cribra orbitalia in the 
lef and right sockets could be remarked.   

a b 
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Figure 23: Upper limbs of individual 007. Note the lateral bending, metaphyseal swelling and 
growth plate deformi/es of the humeri. (Photograph by Emma Vereecken).  

  

Figure 24: LeX and right ilium of individual 007. (Photograph by Emma Vereecken).  
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Figure 25: (a) LeX ilium of individual 007 showing abnormal curvature. (b) LeX ribs of individual 007 displaying 
costochondral end deformi/es. (Photograph by Emma Vereecken).  

  

103  

This individual was an infant of 5mo ± 2mo old at the <me of its death. Iden<fica<on based on 
archival data was not possible. Features of rickets were visible in the costochondral rib ends 
with flaring and fraying, cupping of the junc<on and porosity of the cortex. The long bones 
were affected by growth plate and metaphyseal deformi<es. The lef proximal humerus 
displayed slight flaring and porosity of the metaphysis. Porosis and cupping deformi<es were 
present on the proximal growth plate. The proximal and distal metaphyses of both ulnae were 
marked by high levels of porosity. The distal ulnar growth plates contained cupping deformi<es 
with slightly fraying metaphyseal margins. The two radii showed similar features of rickets, an 
irregular and porous cortex of both metaphyses with slight flaring of the distal metaphysis, and 
cupping of the distal radial growth plates with fraying metaphyseal margins. When considering 
the lower limbs, both femora displayed slight flaring of the distal and proximal metahphyses 
with fraying margins (fig. 26). Porosity of the cortex is present on the distal metaphysis and the 
neck of the femur. The proximal and distal growth plates were irregular and roughened, 
marked by porous lesions and cupping deformi<es. Addi<onally, the proximal end of the lef 
<bia showed flaring of the metaphysis along with porosity and cupping lesions on the growth 
plate.   
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Figure 26: Lower limbs of individual 103. Note the flaring of the metaphyses. (Photograph by Emma Vereecken).  
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279  

Individual 279 was 1yr ± 0.5mo old. The post-mortem damage of the skeleton, especially of 
the cortex and growth plates, is severe. However, features of rickets could s<ll be analyzed. 
Firstly, cranial vault porosity was present in the form of irregular porous bone forma<on on 
the ectocranial surface of the occipital and parietal bones (fig. 27). The ribs displayed 
deformi<es of the costochondral ends including flaring and fraying of the ends with cupping 
of the junc<on. The cortex of the sternal ends was irregular and porous.   

The two radii were heavily impacted by the disease in their proximal and distal ends. The 
margins of the junc<on between the distal growth plate and the metaphysis were fraying of 
both radii. The distal growth plates themselves were coarsened by severe porosity and cupping 
deformi<es. In the case of the right radius, the growth plate showed a slight medial angula<on. 
The proximal growth plate of the right radius was no longer smooth, but finely grained and 
rougher. The distal metaphyses of the lef and right radius showed severe flaring and widening 
(fig. 27). Likewise, the distal metaphysis of the right ulna was flared. The distal growth plates 
of both femora were badly affected by taphonomy, fraying of the metaphyseal junc<on could 
s<ll be observed in both bones. The distal metaphysis of the right femur was flared. Lastly the 
proximal metaphysis of the right <bia showed some slight flaring and fraying of the 
metaphyseal junc<on. These lesions indicate an ac<ve stage of the disease.   

Figure 27: (a) Occipital bone of individual 279 showing porous bone forma/on on the ectocranial surface. (b) Both 
radii of individual 279 displaying marked flaring of the distal metaphyses. (Photographs by Emma Vereecken).  
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314  

314 was an infant of around 6mo ± 5mo old around its death. Age es<ma<on was based on 
post-cranial measurements since no teeth were preserved nor was any archival data available. 
Varius features of rickets were documented on individual 314 indica<ng an ac<ve stage of the 
disease, star<ng with serious deforma<on of the ribs. Rachi<c rosary consis<ng of swelling –
also called beading- of the costochondral ends and cupping of the junc<ons, could be 
documented. Furthermore, some ribs showed marked flaring of their sternal ends. The cortex 
of the costochondral ends was irregular with marked porosis, including both micro- and 
macroporosity.  

Addi<onally, the long bones exhibited strong deformi<es of the proximal and distal ends. Both 
humeri were affected by flaring and swelling of the proximal metaphysis, paired with fraying 
margins of the metaphyseal junc<on (fig. 28). The cortex around the distal metaphyses was 
porous. The proximal growth plates of the lef and right humerus were highly porous, including 
macro pores with a circumference of more than 1mm, and had a velvety texture (fig. 29). The 
surface was rugged with cupping deformi<es. The two ulnae and the right radius were marked 
by both micro and macroporosity of the cortex around the proximal and distal metaphyses, 
some<mes including pores with a diameter of 1 to 2 mm. The distal metaphyses were flared, 
swollen and the margins were fraying. The distal growth plates of both ulnae and the right 
radius showcased the same deformi<es as the humeri, where the original morphology was 
almost completely gone.   

When considering the lower limbs, both femora displayed marked porosis of the cortex 
covering the proximal and distal metaphyses. Coxa vara in the form of acute angula<on of the 
neck of both femora was present (fig. 28). Marked flaring occurred in the distal metaphysis of 
the lef femur, especially towards the medial side enhancing the medial curvature of the bone. 
The right femur had a distal metaphysis showing flaring and marked swelling. The growth 
plates were strongly deformed due to the disease. The proximal metaphyses of the lef and 
right femur showcased severe flaiening and depression of the head. The original morphology 
had made place for a severely roughened growth plate with marked micro- and macroporosity 
on the head and the lesser trochanteric surface. Addi<onally, the distal growth plates of both 
femora were seriously modified, the plates were severely roughened with micro- and 
macroporosity and cupping deformi<es (fig. 29). Furthermore, the distal growth plates of the 
two femora displayed a lateral <lt, paired with a posterior angula<on of the right femoral 
growth plate (fig. 28). Lastly, both <biae exhibited a porous cortex that covered the proximal 
and distal metaphyses. The proximal growth plates of both bones displayed micro- and 
macroporosity paired with cupping deformi<es all over the plates, as seen in the other long 
bones.  
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The distal ends of the <biae showed flaring and swelling with fraying margins (fig. 28). Their 
distal growth plates exhibited wide swept porosity and cupping deformi<es, in addi<on 
abnormal medial <l<ng was witnessed. This medial angula<on paired with the lateral <l<ng of 
the distal epiphyses of the femora resulted in genu valgum or so called “knock-knees” (fig. 
28).   

Figure 28: (a) Lower limbs of individual 314 showing serious deformi/es of the epiphyses. (b) Upper limbs of 
individual 314. (Photographs by Emma Vereecken).  



69 
 

 

A possible case of rickets: individual 295  

Individual 295 was 2.5yrs ± 0.5yr old around the <me of its death and was iden<fied as a 
possible case of rickets. The lesions witnessed were s<ll faint and possibly indicate an early 
onset of the disease. However, certainty couldn’t be reached since the preserva<on of the 
skeleton was rela<vely poor. Features of rickets manifested were flaring and swelling of the 
costochondral rib end of the right fifh rib and flaring of the right sixth rib end.  Other sternal 
ends of ribs were generally not preserved. When considering the long bones, the right radius 
was affected by porosity and star<ng cupping deformi<es of the distal growth plate, paired 
with fraying margins of the metaphyseal junc<on (fig. 30). The cortex was marked by micro- 
and macroporosity of the cortex around the proximal and distal metaphyses. Likewise, the 
right ulna displayed the same growth plate and metaphyseal deformi<es as the right radius. 
Lastly, the lef ulna was affected by marked porosity of the metaphyseal cortex on both ends. 
The lower limbs were not preserved hence they couldn’t be subjected to analysis.  

This will be regarded as a possible case of rickets since the features are faint but present. The 
disease ofen manifests itself this way in young individuals/infants, with deforma<ons of the 
growth plates, long bone metaphyses and ribs being common when suffering from rickets. 
Furthermore, a tenta<ve diagnosis of rickets is ofen made based on the presence of a 
minimum of three features. However, the preserva<on of the skeleton was too fragmentary to 
form a definite diagnosis.   

Figure 29: Detailed pictures showing (a) the deformi/es of the proximal growth plate of the right humerus and b) the 
deforma/on of the distal growth plate of the leX femur. (Photographs by Emma Vereecken).  

 



70 
 

 

Figure 30: Right radius of individual 295 showing rachi/c deformity of the distal growth 
plate. (Photograph by Emma Vereecken).  
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Chapter 6: Discussion 
In this chapter the results from the data collec<on will be discussed. More specifically the 
prevalence of rickets in both Arnhem and Zwolle will be explored and situated within the 
broader context of the Netherlands during the 17th to 19th centuries. 
Firstly, biocultural factors inherent to the urban environment that might have had an impact 
on the vitamin D status of the wider populace of Arnhem and Zwolle will be discussed. 
Secondly, the possible influence of socioeconomic status on rickets prevalence will be looked 
at by employing a life-course approach, meaning that different life stages with their own 
unique set of causes from infant to adolescent will be considered. These two sec<ons cannot 
be completely separated since daily lives in the city will be determined by socioeconomic 
status. 

6.1. Biocultural factors in an urban environment 

 The results show a rela<vely high prevalence of rickets in both popula<ons from Arnhem 
(7.6%) and Zwolle (16.7%). These fit within the paiern of the disease observed in Dutch ci<es 
during the 18th to 19th century (see Table 6) (Maat et al., 2002, p. 15; Veselka et al., 2019, p. 
73). A significant part of the Dutch urban popula<on seemed to have suffered from vitamin D 
deficiency. Mul<ple studies refer to the urban environment and the effects of urbaniza<on as 
an important inhibitor of vitamin D deficiency (Jablonski & Chaplin, 2018, p. 54; Mays et al., 
2006, p. 362; Mays, et al. 2018; Veselka, 2019, p. 21).  
 
Table 6: Overview of rickets prevalence in post-medieval Dutch urban and rural contexts. Data from: Maat et al., 
(2002) and Veselka et al., (2021). 

Site Number of 
subadults  

Number of affected 
subadults 

Rickets prevalence 

Urban    
Arnhem 53 4 7.6% 

Zwolle 30 5 16.7% 
‘S hertogenbosch* 68 3 4.0% 
Hattem 23 6 26.1% 

Den Haag 44 12 27.3% 
Rural    
Roosendaal 14 2 14.3% 
Beemster 87 13 14.9% 

*Only based on /bias, 7% residual rickets was observed  
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During the post-medieval period, vitamin D deficiency was a frequent occurrence in the 
industrialized ci<es of Northern Europe. Albeit the Netherlands did not undergo a tradi<onal 
industrial revolu<on comparable to the United Kingdom, considerable industrializa<on and 
high intensity urbaniza<on s<ll occurred (Veselka et al., 2019, p. 72). Both Arnhem and Zwolle 
were highly developed and densely populated urban centers. Already by the 18th century, 
Arnhem was densely built with limited open space, Zwolle followed a similar development 
(Vredenberg, 2009, p. 45). These towns were formed by high-rise buildings in narrow streets 
and alleyways, with the excep<on of the opulent houses of merchants and officials located in 
the main streets of the ci<es (Klep, 2009, p. 98-100; p. 152-153; Ten Hove, 2005, p. 292-296). 
The majority of the populace lived in small single room houses, some<mes even in 
underground basements, further limi<ng the protrusion of sunlight.  
 
Overcrowding both on the city level, with the crea<on of a densely built street paiern, and 
within the living spaces with one or mul<ple families living in close quarters, is an effect of 
urbaniza<on that can directly impact vitamin D deficiency (e.g., restric<ng sunlight). However, 
together with the insufficient sanita<on and pollu<on of the environment, overcrowding 
facilitated the spread of diseases possibly leading to the secondary development of rickets 
(Brickley & Ives, 2008, p. 95). This might have been the case in a medieval popula<on from 
Wharram Percy where only ac<ve infan<le rickets was diagnosed.  This suggests that these 
infants died from another lethal cause while rickets was ac<ve, and before they had the chance 
to recover from the deficiency and start healing. Therefore, it is possible that these infants 
were suffering from other (fatal) diseases and “were kept indoors in dark smoky houses” 
(Ortner & Mays, 1998, p. 54). In Zwolle and Arnhem historical sources aiest to the spread of 
infec<ous diseases like the plague, smallpox and typhus (Ten Hove, 2004, p. 290-292). For 
some individuals being kept inside might have resulted in secondary rickets. However, it is 
unlikely that all cases of rickets in Arnhem and Zwolle developed in a secondary context. 
Rickets was considerably more prevalent in these two ci<es and more spread out across the 
different age categories than in Wharram Percy (Ortner & Mays, 1998, p. 52-54; Veselka et al., 
2015, p. 670-672).  
 
Along with urbaniza<on came economic diversifica<on resul<ng in a broad scale of 
occupa<ons carried out indoors. From work in the factories, urban industries and crafs to the 
extensive labor carried out at home, urban workers spend a significant amount of their <me 
inside. This was also the case in Zwolle and Arnhem, where many people were employed in 
these sectors (Klep, 2009, p. 135; Ten Hove, 2004, p. 284-287). This would also have had 
ramifica<ons for children and adolescents. They were ofen an important part of the workforce 
either engaged in wage labor or appren<ceships depending on their social background (van 
Nederveen Meerkerk & Schmidt, 2008, p. 731). It would also have influenced sun exposure of 
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infants since a lot of the work of women, their primary caregivers, was centered inside the 
house (van Rijswijk-Clerkx, 1983, p. 30). Furthermore, in modern <mes infants par<cularly can 
be brought along to work by their parents in case a siier cannot be found. It would not be 
unlikely that this also happened during the post-medieval period if no other form of childcare 
was available. In rural villages on the other hand, the primary occupa<ons like caile farming 
and agriculture happened outside, meaning more exposure to UVB radia<on (Veselka et al., 
2021, p. 47). From five years onwards, children in Dutch villages like in Middenbeemster would 
have started to work alongside their parents (Veselka et al., 2015, p. 672).  
 
Another nefarious effect of urbaniza<on and growing industrializa<on is atmospheric 
pollu<on. During the post-medieval period, Dutch ci<es heavily relied on peat as their primary 
source of fuel (Stol, 1998, p. 127-129; Pierik, 2023, p. 216; Zeeuw, 1987, p. 12). Peat played a 
crucial role in the energy infrastructure, serving not only local industries but also domes<c 
households. This widespread use of peat must have contributed to the pollu<on levels in these 
urban areas. Therefore, possibly contribu<ng to the development of vitamin D deficiency since 
air pollu<on has been proven to nega<vely affect vitamin D synthesis (Mousavie et al., 2019, 
p. 71). The pollutants will absorb UVB radia<on before it reaches the skin hindering vitamin D 
metabolism (Chesney, 2012, p. 4). However, it is important to consider that Dutch post-
medieval ci<es were markedly smaller and less industrialized and polluted than ci<es in 
England (Veselka et al., 2021, 47). Therefore, air pollu<on is not assumed to be a primary cause 
of the development of vitamin D deficiency in Arnhem and Zwolle. 
 
Biocultural stu dies of vitamin D deficiency have mainly been focused on the industrial period. 
However, the rela<onship between vitamin D deficiency and urbaniza<on can already be 
observed in the Roman period. In a popula<on from Isola Sacra, da<ng to the 1st to 3rd 
centuries, a rickets prevalence of 7.5% was detected (Lockau et al., 2019, p. 1-5). The urban 
built-up environment consis<ng of apartment buildings paired with economic occupa<on and 
cultural prac<ces nega<vely influenced this popula<on’s exposure to sunlight. It is likely that 
the urban environment including the architecture, economic occupa<ons and sanita<on, 
contributed to the prevalence of vitamin D deficiency in Arnhem and Zwolle. A study 
conducted by Veselka et al. (2021) in the post-medieval Netherlands showed that there was a 
significant rela<onship between seilement type and prevalence of vitamin D deficiency. The 
prevalence of rickets in subadults of the studied ci<es (Gouda, Roierdam, Haiem, Den Haag, 
Rhenen) was twice as high as the prevalence of the disease in the rural areas (Beemster, 
Roosendaal, Silvolde, Noordwijkerhout). According to the authors this can be aiributed to 
differences in occupa<on between villagers and town inhabitants, causing restricted sun 
exposure (Veselka et al., 2021, p. 41).  
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The results from Arnhem and Zwolle fit in the paiern that is witnessed throughout the 
Netherlands during this period (Table. 6). While seilement type can be linked to rickets 
prevalence, it is ofen a confluence of different variables leading to the development of a 
vitamin D deficiency. In the rural context of Beemster a rickets prevalence of 9.5% was 
observed (Veselka et al., 2015, p. 665). This considerable rate of rickets can be explained by 
the communi<es’ cultural prac<ces regarding infant care (e.g., swaddling for an extended 
period of <me, weaning prac<ces and clothing habits). A combina<on of seilement type, the 
physical environment, socioeconomical and sociocultural factors can lead to the restric<on of 
access to sunlight causing rickets to manifest. 
 

6.2. Socioeconomic status and rickets prevalence 

In the previous sec<on, possible effects of the urban environment on rickets prevalence have 
been discussed. Even though a division was made, socioeconomic status cannot be separated 
from urbaniza<on and industrializa<on. The living standards, occupa<ons and cultural 
prac<ces of people are inherently influenced by their socioeconomic status in society. In reality 
all these factors are <ghtly intermingled. However, since the research objec<ve of this thesis 
was to study the possible impact of socioeconomic status on rickets prevalence, it will be the 
focus of this part. The impact of status varies throughout an individual’s life course; therefore 
the socioeconomic environment will be studied within different life stages.  
 

6.2.1. Infants 

In the sample 77.8% of all individuals with skeletal manifesta<ons of rickets were infants. In 
Arnhem the prevalence of the disease within this group was 11.1% with two infants showing 
manifesta<ons of rickets. The one-and-a-half-year-old (V1777) showed serious deformi<es, 
indica<ng a severe deficiency around the <me of death. In Zwolle on the other hand, the 
prevalence was 22.8% in this group. All the five affected cases were below three years old and 
could be found in this group. It should be noted that 73% of the sample of subadults in Zwolle 
were infants. During this period, the infant mortality rate was high across the Netherlands 
(Wintle, 2000, p. 12; Ten Hove, 2005, p. 409-41). The reasons for this skew in Zwolle cannot be 
fully explained. There is an inherent bias in samples excavated from cemeteries. It is possible 
that older children and adolescents were more likely to be buried elsewhere, or that 
excava<on methods introduced this bias for example.   

While the difference in rickets prevalence between the two popula<ons was not sta<s<cally 
significant, there’s a notably higher prevalence in the high-status popula<on of Zwolle. These 
infants seem to be twice as likely to suffer from rickets than their counterparts from a lower 
social background in Arnhem. When considering infant vitamin D deficiencies, both childcare 
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prac<ces and maternal deficiencies should be examined (Brickley et al., 2014, p. 57).  Maternal 
levels of vitamin D will influence the infant during pregnancy and afer birth through breast 
feeding (Lewis, 2018, p. 209). An infant born to a vitamin D deficient mother is at risk of 
developing rickets early on. Especially if they are not exposed to enough sunlight during the 
breas{eeding period.  

Examining the life of mothers can offer a possible explana<on for the high prevalence of rickets 
in infants, and especially in Zwolle where 22.8%  of infants were affected by rickets. In his study 
of daily life in post-medieval Amsterdam, B. Pierik (2023) no<ced that there was generally a 
division of <me spend outdoors between women and men. Men would go further away from 
home for a longer period of <me than women (Pierik, 2023, p. 35; p. 197). Women were at 
home more ofen and 4/5 of work by women was prac<ced inside. There was also a 
socioeconomic division with lower class women being more likely to perform work outside in 
the open air, like selling different products in the streets or on markets, and upper middle 
class/elite women being more secluded (Pierik, 2023, p. 108; p. 199-200). It is likely that the 
same trends existed in other urban centers in the Netherlands like Zwolle and Arnhem.  

This would have had ramifica<ons for the vitamin D levels of their children.  
Well-off Dutch women were assisted by a nurse and a maid in the first months afer birth but 
were s<ll heavily involved in childcare and housework.  Infants were <ghtly swaddled for the 
first half year of their life, strongly restric<ng movement and exposure to sunlight (van Rijswijk-
Clerkx, 1983, p. 36-39). Afer this phase, children spent a significant amount of <me seated in 
a chair while the mother and/or maid worked inside the house. Toddlers were able to play 
inside where their caregivers could keep an eye on them. From the moment toddlers could 
walk, they were given a thick dress and hat made of coion wool to wear to protect them while 
playing around (Leeuw, 1991, p. 75; van Rijswijk-Clerkx, 1983, p. 39). Nieuwenhuijs, a medical 
doctor living in Amsterdam during the early 19th century, wrote in his medical trea<se how 
infants are kept too much indoors (Nieuwenhuijs, 1817, p. 228-230). Infants from a higher 
socioeconomic background therefore seemed to have spent a considerable por<on of their life 
indoors. Not only the <me spent inside but also the clothing and swaddling of upper-class 
infants seemed to have restricted sun exposure. 

Reconstruc<ng the life of poor infants is especially hard since historical sources and art barely 
men<on them. However, the documenta<on by organiza<ons providing poor relief in Zwolle 
offers informa<on about poor mothers and their living circumstances (Bakker et al., 2006, p. 
129; van Rijswijk-Clerkx, 1983, p. 37). Mul<ple families lived together in small rooms, helping 
each other with childcare and nursing.  
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Historical research showed that poor 
women in Dutch ci<es were engaged in 
more informal labor on a day-to-day basis 
and would spend more <me working 
outside than their well-off counterparts 
(Pierik, 2023, p. 108; p. 199-200). It is 
likely that they brought along their infant, 
when no childcare was available, as is 
illustrated in this etch by Rembrandt (fig. 
31). A mother is pictured carrying her 
child on her back when panhandling. The 
illustra<on shows the infant <ghtly 
swaddled and covered with a hat. While 
the infant is more exposed to UVB 
radia<on this way, the occlusive layers of 
fabric have an adverse effect. 

 

 

Next to exposure to sunlight, infant diet should be considered when studying rickets. Mul<ple 
studies have shown that the diet alone cannot sustain sufficient vitamin D levels. However, the 
intake of food rich in vitamin D, in addi<on to UVB exposure, has proven frui{ul in northern 
popula<ons (Jablonski & Chaplin, 2018, p. 56). In the post-medieval Netherlands, a rela<vely 
short period of breas{eeding was the norm (Waters-Rist et al., 2022, p. 3).  Dutch infants were 
breas{ed un<l the age of one year old afer which they were weaned. Breastmilk as a food 
source is low in vitamin D, certainly in vitamin D deficient mothers. During a period of 
breas{eeding that is mainly spent indoors, children will be at a high risk of developing rickets 
(Waters-Rist & Hoogland, 2018, p. 109).  

The predominant weaning foods included animal milks, especially cow’s milk, and porridge 
made from milk, grains and broth (Waters-Rist et al., 2022, p. 2-3). As a replacement of human 
milk, cow’s milk is inferior since its levels of vitamin D are similar to breast milk but lacks in 
other important nutrients. Cow’s milk contains less calcium than human milk and higher 
vitamin D levels are needed in cases of low calcium levels (Veselka et al., 2015, 672). 
Furthermore, the consump<on of unpasteurized cow’s milk by infants can lead to 
gastrointes<nal infec<ons further complica<ng the absorp<on of vitamin D (Waters-Rist & 
Hoogland, 2018, p. 95; p. 107).  

Figure 31:  Etch depic/ng a panhandling family (Rijksmuseum Amsterdam, 
objectnr BI-1961-168-78, hbps://www.rijksmuseum.nl/nl/collec/e/BI-
1961-168-78). 
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In addi<on, Dutch weaning foods were high in phy<c acid, found in grains used in porridges. 
Phy<c acid hinders the absorp<on of calcium which can lead to deficiencies requiring a higher 
vitamin D intake (Graf, 1983, p. 851; Veselka et al., 2015, p. 672). It has been established that 
breas{eeding is beier for overall infant health (Waters-Rist, Hoogland, 2018, 109). 
Breas{eeding, if both mother and child are sufficiently exposed to UVB radia<on, is more 
beneficial regarding vitamin D status. There is no indica<on of a major difference in weaning 
foods between different social classes. However, some research in urban context has shown 
breas{eeding being more resorted to by the lowest social classes since it was cheaper than 
buying weaning foods (Waters-Rist, de Groot, Hoogland, 2022, 2). Breas{eeding and weaning 
prac<ces might have influenced differences in rickets prevalence between Arnhem and Zwolle 
with the high-status popula<on of Zwolle being more nega<vely affected.  

6.2.2. Children and adolescents 

Afer infancy, a switch appears to have occurred during childhood and adolescence. In Zwolle, 
no rickets could be observed from the age group of three years old and onwards. In Arnhem 
on the other hand the disease was witnessed in the 6yrs old and 15yrs old categories. It should 
be considered that, since the sample of 6yr olds from Arnhem consisted of one individual, the 
prevalence of rickets is 100% in this age category. However, an interes<ng result is the 
prevalence of 20% in the age group of 15-year-olds. The trend seems to indicate that rickets 
were more prevalent in adolescents than in infants in Arnhem. The opposite is true in Zwolle.   

Children and adolescents had more freedom and independence from their parents than 
toddlers, making the lifestyle of the mother herself a less influen<al factor of vitamin D status. 
For children growing up in urban centers, the streets, squares and parks were their playground. 
Children from all classes of society played outdoors rather than inside the house (van Rijswijk-
Clerkx, 1983, p. 39). It was around the age of seven that children of well-off parents moved 
further away from the proximity of their house. An etch from the 17th century shows children 
engaged in different games in ‘Lange Voorhout’ in The Hague (fig. 32). In the lef corner two 
upper-class girls are depicted playing with dolls, accompanied by a maid carrying a baby. It 
seems that from the age of three years old, children in Zwolle of a higher socioeconomic status 
were less at risk of developing a vitamin D deficiency. Being able to play independently outside 
might have been an important factor in preven<ng rickets. Even though the clothing prac<ces 
that were fashionable in the higher classes seem to have limited skin exposure to sunlight. 
Both boys and girls are dressed in occlusive clothing like long dresses and pants ofen 
accompanied by a hat (Leeuw, 1991, p. 75). This is visible in the etch where the two girls are 
dressed in elaborate dresses and the baby is <ghtly swaddled. However, spending sufficient 
amount of <me outdoors will cancel out the adverse effects of occlusive clothing.  
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Figure 32: Etch depic/ng playing children playing in the “Lage Voorhout” in The Hague. Two upper-class girls and 
their maid are indicated by the black square (Rijksmuseum Amsterdam, objectnr. RP-P-OB-15.674, 
hbps://www.rijksmuseum.nl/nl/zoeken/objecten?q=Jan+hendriksz&p=1&ps=12&st=Objects&ii=2#/RP-P-OB-
15.674,2).  

Apart from playing outside, middleclass subadults would also enter the workforce during 
adolescence between the ages of 12 to 14 years (van Nederveen Meerkerk & Schmidt, 2008, 
731). However, for well-off adolescents the focus was mainly on voca<onal training. This was 
predominantly the case for boys, who would start an appren<ceship in the voca<on of their 
father. While these occupa<ons must have also kept them inside, the working environment 
might not have been as strict as was the case with wage labor where workers were dependent 
on wages instead of training. Historical sources from Antwerp show how two appren<ces were 
tasked with babysilng the children of their masters during their training and taking them 
outside to play (Pierik, 2023, p. 221).  

While poor children would also have played outside in the street, children in the lowest social 
classes lived a completely different life (Bakker et al., 2006, p. 129). The concept of childhood 
was barely existent, children started working from a very young age to support the family, 
some<mes even from three to five years old (van Nederveen Meerkerk & Schmidt, 2008, p. 

https://www.rijksmuseum.nl/nl/zoeken/objecten?q=Jan+hendriksz&p=1&ps=12&st=Objects&ii=2#/RP-P-OB-15.674,2
https://www.rijksmuseum.nl/nl/zoeken/objecten?q=Jan+hendriksz&p=1&ps=12&st=Objects&ii=2#/RP-P-OB-15.674,2
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731). These were more of an excep<on and poor children generally entered the labor force 
around the age of six years old (van Nederveen Meerkerk & Schmidt, 2008, p. 721-722). The 
workhouses established during the economic stagna<on from the late 18th century onwards, 
were seen as a way to keep poor children off the streets and for them not be a burden. 
Historical sources from Leiden and Tilburg show that it was common for working children, 
especially girls, to live in with their employer (van Nederveen Meerkerk & Schmidt, 2008, p. 
726-727). In the 17th century 45% to 80% of children in Leiden’s tex<le industry were housed 
by their employer. While this arrangement was beneficial for poor families, it also meant that 
children were directly near their place of work and did not have to travel through the city. Child 
labor would have been a factor contribu<ng to developing a vitamin D deficiency by restric<ng 
<me spent outside. In his book “Fabriekskinderen” or “Factory children” the 19th century 
author J.J. Cremer (1863) from Arnhem wrote about the appalling condi<ons children working 
in factories were exposed to. This rough environment would have been nefarious for their 
health in general.   

 Socioeconomic status would also have had an impact on the quality of the diet children and 
adolescents consumed. As a primary source of vitamin D, food does not suffice but in 
combina<on with dermal synthesis, it can help prevent the occurrence of rickets (Veselka et 
al., 2021, p. 47). A study of a rural community from Beemster has shown significant differences 
in diet between rachi<c subadults and subadults not showing skeletal manifesta<ons of rickets 
(Waters-Rist & Hoogland, 2018, p. 111).  Subadults affected by rickets seemed to not have 
consumed as much animal protein like meat, fish and eggs that are rich in vitamin D. Non-
rachi<c subadults on the other hand seemed to have had access to high-trophic-level foods in 
this post-medieval farming community.  
 
This might also have been the case in Arnhem and Zwolle with high status children and 
adolescents having been able to consume more animal protein and quality foods than the 
poor. A historical entry from a diary of a well-off 14-year-old child named Jan Pijnappel shows 
us what food was on the table in the early 19th century (Lintsen, 1992, p. 40; de Booy, 1978). 
His parents were in the buier and cheese trade, making them part of the upper-middle class. 
They seemed to consume meat once every day, either for lunch or for dinner. One lunch 
consisted of meat, cabbage, apples, potatoes and bread. In the evening, buiermilk and cereals 
were on the menu. This tes<mony shows the varied diet of children from the higher social 
classes which might have helped them sustain vitamin D levels, especially during the winter 
months when UVB radia<on was limited (Waters-Rist & Hoogland, 2018, p. 111). Children from 
lower social classes generally could not afford to eat meat most of the <me. Their diet 
consisted of cheap vegetables like cabbage, potatoes and grains of which rye was the most 
important (de Meere & Noordegraaf, 1977, p. 160). Some<mes animal proteins like tallow or 
milk were added.  
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It seems to be that the socioeconomic environment that influenced the occupa<on and the 
diet of children might have lef them vulnerable to developing a vitamin D deficiency. Wage 
labor would have kept poor children from Arnhem indoors more than their beier-off 
counterparts in Zwolle. Furthermore, the inadequate diet of the lower social classes might 
have aggravated a vitamin D deficiency and the absorp<on of nutrients.  
 

6.3. Comparison with Dutch collec8ons 

The results for Arnhem and Zwolle align with the overall trend of the disease in the 
Netherlands. Namely, the prevalence of rickets is rela<vely high in Dutch ci<es during the 17th 
to 19th centuries. Table 7. contains the crude rickets prevalence rates in different ci<es with 
known socioeconomic status, studied earlier by Veselka, Brickley and Waters-Rist (2021) and 
Maat, Mastwijk and Jonker (2002). There is a strong varia<on in prevalence rates between the 
ci<es, with Zwolle and Arnhem cons<tu<ng among the lowest rates of crude rickets 
prevalence.  When considering socioeconomic status, no stand-out trend can be witnessed. 
High rickets prevalences can be found in both high- and low-status popula<ons (table 7).   

Table 7: Overview of rickets prevalence in post-medieval Dutch High and low SES urban contexts. Data from: Maat, 
Mastwijk, Jonker (2002) and Veselka, Brickley, Waters-Rist (2021). 

Site Number of 
subadults 

Number of affected 
subadults 

Rickets prevalence 

Low SES     
Arnhem 53 4 7.6% 
‘S hertogenbosch* 68 3 4.0% 
Gouda 2 42 15 35.7% 
Rhenen 19 10 52.6% 
High SES    

Gouda 1 6 3 50% 
Zwolle 30 5 16.7% 

SES = socioeconomic status 
* Only based on /bias, 7% residual rickets was observed  

 

In their study, Veselka, Brickley and Waters-Rist (2021, p. 46) found no sta<s<cally significant 
rela<onship between socioeconomic status and rickets prevalence. These results are similar 
to the ones in Arnhem and Zwolle. However, an important caveat in this study is the inclusion 
of only one high-status popula<on Gouda 1, which included only six subadults. The small 
sample size makes comparison with Zwolle or the low-status popula<ons hard. Furthermore, 
the Gouda 1 popula<on consisted of some elite/upper class members including the mayor’s 
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family among others. The environment of these families was vastly different from the majority 
of people. The authors point out that the sociocultural prac<ces these individuals engaged in, 
possibly were at the root of their lack of sunlight exposure (Veselka et al., 2021, p. 46). In 
Zwolle, the individuals from the ‘Broerenkerk’ (Brother’s Church) did not belong to this small 
top of society and varied from upper class to middle class. The analysis of this popula<on 
contributes to our knowledge about vitamin D deficiency in Dutch high-status popula<ons. 
However, more of these popula<ons need to be studied for vitamin D deficiency than is now 
the case.  

The ci<es with a low socioeconomic status contained both the lowest and the highest 
prevalences of rickets from the studied ci<es. The results from ‘S Hertogenbosch should be 
carefully considered since the diagnosis was based only on bending deformi<es of the <bia 
(Maat et al., 2002). To not miss cases of rickets it is important to take all bones in considera<on, 
par<cularly for infants. However, Gouda 2 and Rhenen, have a markedly higher prevalence 
then Arnhem showing that considerable varia<on exists among low-status popula<ons. Within 
different popula<ons sociocultural and environmental factors will vary, irrespec<ve of 
socioeconomic status. In Gouda 2 and Rhenen, rickets was highly prevalent in infants with rates 
of 45.0% and 42.9% respec<vely (Veselka et al., 2021, p. 46). In Arnhem, rickets was less 
common in this age group with a prevalence of 11.1%. These infants seem to have been more 
exposed to sunlight than in Gouda 2 and Rhenen. Possible causes can be differences in the 
mother-child rela<onship, in swaddling or clothing prac<ces, infant diet, etc. that are not <ed 
to social class.  

In general, when comparing results in a broader context no direct link can be established 
between socioeconomic status of popula<ons and rickets prevalence. Therefore, it cannot be 
assumed that rickets is more prevalent low-status individuals, as was tradi<onally the case. 
There is considerable varia<on between popula<ons, even between those with comparable 
social class.  

6.4. Limita8ons 

The study of vitamin D deficiency as a result of sun avoidant behavior or inadequate diet can 
offer informa<on about sociocultural and –economic prac<ces of past socie<es. While the 
paleopathological study of human remains provides unique informa<on about individuals and 
popula<ons that are ofen unmen<oned in historical sources, there are some limita<ons when 
using this study to infer informa<on about cultures.  

A first problem that is part of the osteological paradox, is the absence of lesions being used to 
infer whether an individual was healthy. It takes <me for lesions to manifest in the skeleton 
(Siek, 2013, p. 92-93). In this case it is possible for individuals to be vitamin D deficient without 
developing skeletal lesions. Therefore, the assump<on that subadults not showing signs of 
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rickets, had sufficient vitamin D levels can lead to a misrepresenta<on of reality. In addi<on, 
the concept of heterogeneity in frailty should be considered (deWiie & Stojanowski, 2015, p. 
399). Not every individual is as suscep<ble to certain stressors. Some individuals will 
unavoidably have been more ‘frail’. Since not every individual has the same likelihood of dying 
within a specific age group. Some individuals in Arnhem and Zwolle that suffered from rickets 
but did show skeletal lesions of the disease afer death, will be invisible to us. Lesions of rickets 
can disappear completely afer remodeling, especially pathological altera<ons of the growth 
plates and metaphyses (Veselka et al., 2021, p. 47). Long bone bending is most commonly used 
to diagnose residual rickets and can s<ll be visible in the skeleton for an extended period of 
<me (Brickley et al. 2018, p. 44). However, bending deformi<es only occur in 10%-15% of 
individuals (Veselka et al., 2021, p. 47). Which means that a lot of cases will be missed.  

Secondly, it should be considered that cemetery samples are inherently biased as they 
represent only a subset of the popula<on. Already men<oned is the concept of heterogeneity 
in frailty that causes bias in samples (deWiie, Stojanowski, 2015, 406-407). Furthermore, not 
every individual will be buried in a cemetery, nor will they be discovered and excavated by 
archaeologists. Metabolic diseases like rickets will cause the bones to become frailer, making 
them less likely to preserve (Brickley, Ives, 2008, 13). Subadults in par<cular, can be harder to 
detect and be less likely to preserve. In order to diagnose rickets, individuals need to be 
sufficiently preserved to recognize the lesions. Conversely, these individuals are less likely to 
be preserved and included in the sample.  

In the sample from Zwolle, considerably less individuals from the age group ‘3yrs” old and 
onwards, could be included in the sample. This can be the result of many different factors like 
for example: being buried in a different place, selec<on bias during excava<on, worse 
preserva<on causing them either to not to be preserved at all or to not be included in the 
sample. Subsequently, this can cause problems when comparing rickets prevalence in children 
and adolescents between the two sites. It is possible that rickets was prevalent in subadults 
older than three years old in Zwolle, but that they were not included in the sample due to the 
above-men<oned reasons.   

Furthermore, no lesions are pathognomic to rickets therefore iden<fying the disease can be 
hard. In order to accurately diagnose rickets, mul<ple diagnos<c features need to be 
considered. Most of these lesions can also occur in other diseases causing the need for a 
differen<al diagnosis (Brickley & Ives, 2008, p. 103-105). The combina<on of mul<ple 
diagnos<c features makes a tenta<ve diagnosis possible (Mays et al., 2006, p. 363). Difficulty 
can arise when comparing different studies since inconsistencies exist in the methodology of 
researchers. Some studies only include adults or focus primarily on bending deformi<es and 
are at risk of missing manifesta<ons of infan<le rickets.  
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Lastly, when comparing results between studies of vitamin D deficiency, comparable datasets 
and streamlined methodologies are needed. Significant varia<on in sampling strategies, data 
collec<ng methods and repor<ng of results, complicate compara<ve analysis. There is 
considerable varia<on in the criteria used to diagnose rickets between different studies. This 
can lead to individuals being missed or excluded from samples. Addi<onally, comparisons 
between sites ofen rely on crude prevalence rates of rickets, which can be problema<c 
because they do not take the influence of age in account. It should therefore be kept in mind 
that the interpreta<on of the results from Arnhem and Zwolle in the broader context of the 
Netherlands, was based on crude prevalences that do not paint a complete picture. 
Sugges<ons for further research will be specified in the following chapter. 
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Conclusion 
Rickets has long been seen as a disease of narrow and polluted alleyways that made up 
industrialized ci<es. A disease of “the children of the poor” as Palm (1890) stated it. Research 
of vitamin D deficiency classically focused on the Industrial Revolu<on in big urban centers in 
Northwestern Europe. The Netherlands, however, did not experience a tradi<onal industrial 
revolu<on. Its economy modernized already during the Dutch Golden Age and retained a high 
level un<l modern <mes (Veselka, 2019, p. 125; Wintle, 2000, p. 69). Nevertheless, the 17th to 
19th centuries marks an interes<ng period of changes in the poli<cal, social and economic 
landscape that impacted the lifestyle of its popula<on. Since dermal synthesis has been the 
primary source of vitamin D in historic popula<ons, sun-avoidant lifestyles can lead to the 
development of rickets in subadults (Brickley & Mays, 2019, p. 540). Socioeconomic status has 
a considerable influence on people’s lifestyles, therefore an in-depth analysis of its possible 
impact on vitamin D deficiency in the Netherlands was needed.   

This study aimed to evaluate the rela<onship between socioeconomic status and rickets 
prevalence by analyzing sociocultural and economic prac<ces that shaped the daily life of 
subadults and possibly protected or rendered them vulnerable to vitamin D deficiency. The 
cross-popula<on comparison of Arnhem and Zwolle with differing socioeconomic status, can 
be fiied within the wider context of the Netherlands and contribute to the broader 
understanding of rickets in the region.  The research was carried out to answer the ques<on: 
“Does socioeconomic status impact the prevalence of rickets in post-medieval Dutch 
popula<ons?”. To get a further understanding of this complex interac<on, a sub-objec<ve was 
to assess which factors suscep<ble to socioeconomic status, impacted the development of 
rickets in these post-medieval Dutch communi<es. Lastly the ques<on was raised how these 
results fit into the broader context of the Netherlands.  

While there was no significant difference between rickets prevalence in the low-status 
popula<on of Arnhem and the high-status popula<on of Zwolle. The crude prevalence of 
rickets in Zwolle (16.7%) was more than double as high as it was in Arnhem (7.6%). It showed 
that subadults of the well-off class seemingly were more likely to suffer from rickets. This is 
especially the case for infants. Infancy is a high-risk period for the development of rickets and 
infants in the upper classes of Zwolle (22.8%) suffered twice as much from rickets than poor 
infants in Arnhem (11.1%). The lifestyle of the mother seemed to be a crucial factor at this life 
stage. A combina<on of economic factors such as high-status women working more inside the 
house with their infants compared to lower class women working more outside, and social 
factors such as the well-off class being more secluded from public space and restric<ve 
clothing prac<ces meant that high status infants were less exposed to the sun. Furthermore, 
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the prac<ce of swaddling and a diet poor in vitamin D likely had nefarious effects in the 
development of rickets in both popula<ons.  

From childhood onwards a different trend takes place, where now low-status individuals are 
more likely to suffer from rickets. In Arnhem, prevalence was as high as 20% in the age group 
of 15-year-olds.  Child labor was rampant during this period and poor children entered the 
labor force at a very young age. Long working hours in the local industries and crafs restricted 
<me spent outside, aiding in the development of vitamin D deficiency. High-status children 
faced a different reality with more free <me to play outside as they would enter the workforce 
between the ages of 12 to 14. In these instances, it mostly involved voca<onal training which 
was less demanding than wage labor. Addi<onally, a beier-quality diet with more meats and 
fish rendered them less vulnerable to vitamin D deficiency.  

Socioeconomic status cannot be regarded on its own. The effects of the urban environment 
should also be considered. Mul<ple studies have shown that people living in urban centers are 
significantly more at risk of developing rickets than in rural areas (Mays et al., 2006, p. 362; 
Veselka, 2019, p. 21; Veselka et al., 2021, p. 45). High-rise buildings and narrow streets 
hindered the protrusion of sunlight. Overcrowding facilitated the spread of infec<ous diseases 
rendering people less resilient to metabolic disease. Importantly, urban popula<ons worked 
more inside jobs compared to villagers spending more <me working outdoors (Veselka et al., 
2021, p. 41). These factors inherent to the urban environment affected both the poor and the 
wealthy living in the ci<es.  

It can be concluded that the socioeconomic environment can contribute to the development 
of rickets. The living environment, occupa<on, social norms and cultural habits differ between 
socioeconomic classes and can strongly impact sunlight exposure. However, it does not seem 
to be a determinant of rickets prevalence in the popula<ons of Arnhem and Zwolle. A diverse 
and complex confluence of circumstances are e<ologically at the root of the disease. Although 
the causes of inadequate sun exposure can be different depending on socioeconomic status, 
they are numerous in all social classes of society and can lead to the same result. A rela<vely 
high prevalence of rickets was present in both popula<ons. Even though less subadults 
suffered from a vitamin D deficiency in Arnhem, rickets was s<ll prevalent in this poor 
socioeconomic environment. Addi<onally, the osteological paradox comes into play as even if 
we would assume the environment of a certain subgroup to be more beneficial in rela<on to 
rickets prevalence, not every individual within that group has the same chance of developing 
a deficiency and associated skeletal lesions. Heterogeneity of frailty applies to all social classes.  

In the broader context of the Netherlands, Arnhem and Zwolle fit into the wider paiern of the 
disease, with higher rates in the urban centers, regardless of socioeconomic status (Veselka et 
al., 2021, p. 46). Contrary to earlier research done in the Netherlands, showing that rickets was 
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more common in low-status popula<ons, albeit not significant, this study shows a new 
perspec<ve. Indica<ng that some high-status popula<ons can be more vulnerable to 
developing rickets than some low-status popula<ons. The research shows that low 
socioeconomic status does not automa<cally indicate a high prevalence of rickets and that 
different biocultural factors need to be carefully considered for each popula<on. Moreover, 
the high-status popula<ons that have been studied for rickets, were localized contexts with 
circumstances that apply to a small subset of people, e.g., the Medici family in Florence 
(Giuffra et al., 2015) and the mayor’s family in Gouda (Veselka et al., 2021, p. 47). The results 
from Zwolle contribute to the wider understanding of rickets in high-class popula<ons. 

Further research is needed to gain more insight into the interac<on between socioeconomic 
status and rickets prevalence. The last decade significant contribu<ons have been made to 
explore this rela<onship within the framework of biocultural and life-course approaches. They 
have shown that tradi<onal assump<ons about rickets prevalence in different social classes 
should be ques<oned. Analysis of the Zwolle popula<on has contributed to our knowledge of 
how rickets impacted this well-off community. However, certainly for the research of high-
status popula<ons, an expansion of sources is needed. Specifically for the Netherlands, more 
high-status popula<ons from both rural and urban contexts need to be studied in order to 
come to broader conclusions about this interac<on.  

Furthermore, methodologies for rickets assessment need to be streamlined to facilitate 
accurate comparisons. Therefore, I suggest the use of a mul<ple-criteria-method, varying from 
10 to 16 macroscopic features, to diagnose rickets. It is especially important to carefully 
examine infants since manifesta<ons of rickets in these young individuals can be hard to 
detect. In addi<on, the study of osteomalacia and residual rickets in adults can help to improve 
our understanding of the impact of vitamin D deficiency on communi<es. Specifically for 
infants, the mother-child rela<onship is an important influence on their exposure to sunlight. 
Studying vitamin D deficiency in women and mothers can aid in the understanding of rickets 
incidence in infants. Moreover, socioeconomic status also has likely a profound effect on the 
lifestyle of adults, therefore including them in analyses might offer more informa<on on the 
complex rela<onship between the socioeconomic environment and the prevalence of vitamin 
D deficiency.  
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Abstract 
Rickets, a disease caused by vitamin D deficiency in subadults, has known a long research 
history. The primary causes of a deficiency are a lack of exposure to UVB radia<on and an 
inadequate diet (Veselka et al., 2015, p. 665). While biophysical factors (e.g., la<tude and skin 
color) play a role, recently more aien<on has been paid to sociocultural factors that may have 
contributed to the development of the disease (Brickley et al., 2014, p. 48). Socioeconomic 
status, cultural and religious prac<ces could have impacted an individual’s exposure to 
sunlight.  

In this study, the possible impact of socioeconomic status on the prevalence of rickets in two 
post-medieval Dutch popula<ons from Arnhem and Zwolle will be examined. The Netherlands 
underwent significant social and economic changes during the 17th to 19th centuries that may 
have influenced the health of its popula<on. To explore this, a paleopathological analysis was 
conducted on skeletal remains from two urban popula<ons: Arnhem, represen<ng a low-
status popula<on, and Zwolle, represen<ng a higher-status popula<on. The study seeks to 
answer the research ques<on: "Does socioeconomic status impact the prevalence of rickets in 
post-medieval Dutch popula<ons?" Addi<onally, it explores which socioeconomic factors 
might have influenced the development of rickets and how these findings fit within the 
broader context of the Netherlands 

In total 83 subadults were analyzed for rickets based on 14 macroscopic features. The results 
show a crude rickets prevalence of 7.6% in Arnhem and 16.7% in Zwolle. While the rela<onship 
between socioeconomic status and rickets prevalence was not sta<s<cally significant, rickets 
was more than twice as common in the higher-status popula<on of Zwolle than in the lower-
status popula<on of Arnhem. This was par<cularly evident in infants. It is possible that factors 
influenced by socioeconomic status such as reduced outdoor ac<vi<es for women, clothing 
prac<ces and diet, contributed to this difference between both popula<ons. Addi<onally, the 
effects of the urban environment like density of buildings, pollu<on, overcrowding and more 
indoor occupa<ons likely influenced rickets prevalence in both popula<ons.  

It can be concluded that socioeconomic status is not a determinant of rickets prevalence in 
Arnhem and Zwolle, however it can influence the amount of sunlight exposure an individual 
gets. A confluence of different biocultural factors impacts the prevalence of rickets of which 
socioeconomic status can be one.  
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Appendix 1 
The thesis dataset is available in its en<rety here   

Method for age assesment by Demirjian et al. (1973, p. 220-223, figs. 1&2): 

 

https://docs.google.com/spreadsheets/d/1fOf8HuDmqRzUWZES_gFYjfhQ6YQBTKkUwgq8ocB9sVk/edit?usp=sharing
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Method by Harris and Buck (2002) modified from Moorrees et al. (1963, p. 17-18; figs. 1&2): 
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Method for age es<ma<on based on dental erup<on by  AlQahtani et al. (2010, p. 485, fig. 
6): 
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Scoring form rickets 

Individual number: 

Site:          Age Category: 

Macroscopic features of 
Rickets 

  

Cranium *Ortner, May (1998), 46 and 

Brickley, Ives (2008), 103 
Cranial vault porosity 
(Layers of spiculated, irregular, porous 
bone formaHon) *during healing when 
osteoid is mineralized  

 

 Orbital roof porosity   
 Cranium abnormali<es 

(Craniotabes, Frontal and parietal 
bossing, delayed closure of 
fontanelles, thinning) 

 

Mandible *Brickley, Ives (2008), 103 Angula<on* of ramus 
(*medial) 

 

Ribs *Ortner, May (1998) Flared/thickened costo-
chondral ends of ribs 

 

 cortex of costo-chondral 
ends of ribs irregular and 
porous 

 

Long Bones *Ortner, May (1998), 46 

and Brickley, Ives (2008), 103 
Growth plate deformi<es 
(porosity, fraying bone margins, 
cupping deformi;es) 

 

 Metaphyses deformi<es  
(flaring and swelling, cortex irregular 
and porous) 

 

 Bending of upper limbs  
 Bending of lower limbs  
 Thickening of long bones  
 Long bone concave 

curvature porosity 
 

 Angula<on of neck femur  
(coxa vara) 

  

Pelvis Pelvis deforma<on  
 

 

 

 

 


