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Abstract

Introduction: Physiological stress is one of the various factors that can have an

impact on stable isotope ratios. However, its effect on bone collagen stable isotope

ratios is still not fully understood. This study aims to build on previous research on

how different disease stages may affect bone collagen stable isotope ratios.

Materials and Methods: Carbon (δ13C) and nitrogen (δ15N) isotope ratios were

assessed in 33 skeletons that retained evidence of infectious disease and healed frac-

tures. Samples were taken from active lesions (long bones n = 14; ribs n = 4), healed

lesions (long bones n = 10; ribs n = 9), or a fracture callus (long bones n = 9; ribs

n = 3). Results were compared to stable isotope ratios calculated for regions on these

bones that did not retain evidence of disease or fracture.

Results: Long bones with active lesions had a significantly higher average δ15N

(δ15N = 11.1 ± 0.9‰) compared to those without lesions (δ15N = 10.7 ± 0.7‰;

p = .02), while fracture calluses showed the largest range for both δ15N and

δ13C. There were no significant differences in stable isotope ratios when compared

between nonlesion and lesion sites in the ribs.

Discussion: The increase in δ15N seen in active lesions, when compared with δ15N

from nonlesion regions on the same long bone, may be a consequence of altered pro-

tein metabolism. The high variability of δ15N and δ13C in fractures may be related to

different healing stages of the calluses. This study suggests that stable isotope data

can contribute information about diseases in the past, as well as an individual's

response to diseases in the absence of modern medicine and antibiotics.
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1 | INTRODUCTION

Comparing stable isotope ratios within an individual, from apparently

healthy bone to bone that formed from an injury or disease can

potentially reveal slight variations in diet or metabolism during the

period in which the disease was active or the injury healed. Here, we

assess variation in stable isotope ratios within an individual, by

assessing stable isotope ratios in bone with a disease that is active,

has healed, or retains evidence of a fracture. This study builds on pre-

vious research into the relationship between skeletal pathology,

metabolism, and stable isotope ratios (Katzenberg & Lovell, 1999;

Olsen et al., 2014). Here we present the first study to assess skeletal

lesions of long bones and ribs at different healing stages against stable

isotope ratios calculated for these lesions, and for regions of the same
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bones where there is no evidence of disease or fracture. Differentiat-

ing between healed and active diseases may highlight different meta-

bolic stages as the stable isotope ratios may represent tissue

anabolism or catabolism, while healed fractures represent healed or

healing lesions potentially in the absence of pathogens.

It is still not clear how different tissues, particularly bone, are

affected by the body's net loss of light nitrogen or the mechanisms

underlying changes in δ15N values during periods of physiological

stress. Most studies of metabolism using isotope ratios rely on data

recorded during hibernation or fasting in birds, reptiles, or small mam-

mals (Hatch et al., 2006; Lee, Buck, Barnes, & O'Brien, 2012; McCue &

Pollock, 2008). Others have examined fast-growing tissues in humans

such as hair (D'Ortenzio, Brickley, Schwarcz, & Prowse, 2015; Eerkens

et al., 2017; Mekota, Grupe, Ufer, & Cuntz, 2006; Neuberger, Jopp,

Graw, Püschel, & Grupe, 2013). During fasting, catabolism and anabo-

lism become unbalanced to an extent that differs among tissues.

Increases in δ15N values in tissues have been associated with fasting

or physiological stress (Alamaru, Yam, Shemesh, & Loya, 2009; Boag,

Neilson, & Scrimgeour, 2006; Fuller et al., 2005; Hobson, Alisauskas, &

Clark, 1993), though an increase in δ15N values has not always been

registered in individuals suffering from physiological stress (Castillo &

Hatch, 2007; Mayor et al., 2011; McCue & Pollock, 2008; McFarlane

Tranquilla et al., 2010).

The presence of woven bone in a skeleton indicates new bone

formation, or active bone growth at the point of death (Roberts and

Manchester, 2007). Woven bone can sometimes be present with

some disease processes or rapid bone formation following a trauma,

and can be remodeled into compact bone (healed lesions) as healing

progresses (Turner-Walker, 2008). Katzenberg and Lovell (1999)

observed that new bone deposition as consequence of infection

showed higher δ15N values than the unaffected segments of bone,

and suggested that variation in δ13C values only occur in response to

dietary intake. However, the four pathological specimens in their

study had different types of lesions. One individual had osteomyelitis,

one had active periostitis, one had a fracture and another one had

postparalytic atrophy (Katzenberg & Lovell, 1999). Olsen et al. (2014)

observed different values of both δ15N and δ13C in bones with osteo-

myelitis (n = 6), healed fractures (n = 11), or periostitis (n = 18), but for

their study the healing stage of the lesions were not taken into

consideration.

The lesions in this study will be grouped as (a) active lesions

where woven bone is present, (b) healed lesions where compact bone

is present, and (c) healed fracture calluses. We expect to see a nega-

tive nitrogen balance (compatible with tissue catabolism) in active

lesions and a positive nitrogen balance (compatible with tissue anabo-

lism) in healed lesions and fracture calluses of individuals. Anabolism

should lead to an increase in δ15N values as a result of protein synthe-

sis and not protein breakdown (Fuller et al., 2005; Habran et al., 2010;

Wolf, Carleton, & Martínez del Rio, 2009). Catabolism is based on a

disproportionate loss of 14N-containing amino acids during protein

breakdown which results in higher residual δ15N values in any tissue

undergoing catabolism (Gaye-Siessegger, Focken, Abel, & Becker,

2004; Hobson et al., 1993; Martínez del Rio & Wolf, 2005; McFarlane

Tranquilla et al., 2010). During prolonged periods of disease, or nutri-

tional or physiological stress, dietary protein cannot adequately

replace nitrogen losses (Grossman, Sappington, Burrows, Lavietes, &

Peters, 1945; Powanda, 1977). Consequently, the body's proteins can

be recycled resulting in enriched 15N (Deschner et al., 2012;

D'Ortenzio et al., 2015; Hobson et al., 1993; Mekota et al., 2006;

Neuberger et al., 2013; Steele & Daniel, 1978). Studies of isotope

ratios in hibernating animals contradict the catabolic model, which

predicts that tissues broken down during fasting should have an

increase in δ15N (Lee et al., 2012). However, before hibernation ani-

mals anticipate fasting by building up large fat stores to support the

increased metabolic costs. A decrease in δ13C values has been

observed in cases of malnutrition (Beaumont and Montgomery, 2013;

Mekota et al., 2006; Neuberger et al., 2013) and an increase in δ13C

values while recovering from periods of nutritional stress (Mekota

et al., 2006; Neuberger et al., 2013). Therefore, we expect to see δ13C

values decrease in active lesions and δ13C values increase in healed

lesions and fracture calluses when compared to nonlesion sites within

the same bone (Mekota et al., 2006; Neuberger et al., 2013).

The main objective of this study is to compare stable isotope

ratios from bones that retain evidence of lesions in the form of dis-

ease, or healed fractures, to ratios from cortical bone in the same indi-

vidual that do not retain these skeletal lesions. By comparing δ13C and

δ15N between bone collagen from lesion and non-lesion sites from

the same bone we sought to determine if stable isotope ratios during

or after a disease (indicated by the lesions) correspond with the longer

term record of diet that is represented by stable isotope ratios from

non-lesion sites. Isotopically, the slower turnover of long bone colla-

gen reflects a longer-term and average dietary signal, which may be

more or less than 10 years prior to death (Hedges & Reynard, 2007).

In contrast, ribs have faster turnover rates and may represent diet

from a more recent period prior to death (Cox & Sealy, 1997).

1.1 | The Tomar skeletal collection

Tomar was a Templar town and had an important military role consoli-

dating the Kingdom of Portugal by resisting the Medieval Muslim

Conquest (França, 1994). After the Knights Templar dissolution, the

Order's assets and personnel were transferred to the newly

established Order of Christ, a continuation of the Order of the Temple

of Solomon in Portugal (Valente, 1998). In Tomar, merchants, crafters,

and farmers participated actively in the local army alongside knights,

raising their status (Conde, 1996) and probably having access to simi-

lar food resources as the Templars.

Tomar's necropolis was excavated in an area of approximately

6,500 m2, from where 6,792 individuals (4,991 adults and 1,801 non-

adults) were recovered. Despite being a Templar town the necropolis

represents the general population and not, or at least not only knights.

In a previous study (Curto et al., 2018), the diet of this population was

estimated through stable isotope analysis of 13 faunal remains and

32 human adults without skeletal lesions compatible with infections

or physiological stress. People living in Tomar had a complex diet, low
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in terrestrial animal protein, and high in aquatic protein intake, despite

its inland location (Curto et al., 2018). Fish was an expensive food

source, particularly further away from the coast (Gonçalves, 2004;

Vicente, 2013). Therefore, higher amounts of fish consumption may

reflect higher socioeconomic status. There were no significantly dif-

ferent bone collagen δ13C or δ34S values between sexes or age

groups. However, δ15N did differ significantly with age (lower δ15N in

older individuals; Curto et al., 2018).

The diet of 23 adult individuals with skeletal lesions was also esti-

mated and compared with the diet of those without lesions (Curto

et al., 2019). The δ15N from skeletons with nonspecific generalized

infections differed significantly from skeletons that had either only

healed tibial periostitis or were without lesions (Curto et al., 2019),

suggesting different long term diets. Individuals without lesions

potentially had higher animal protein intake than those with general-

ized infections (Curto et al., 2019). Since Individuals with poorer nutri-

tion are less resistant to infectious diseases (Calder & Jackson, 2000;

Scrimshaw & SanGiovanni, 1997; Woodward, 2001) these results

confirm that diet, measured through stable isotope analysis, can

improve health studies in past populations.

1.2 | Intraskeletal isotopic variation

During tissue maintenance, the same amount of nitrogen ingested is

excreted and bone collagen will largely reflect ingested protein from

diet, averaging over several years (Champe, Harvey, & Ferrier, 2008).

Fahy, Deter, Pitfield, Miszkiewicz, and Mahoney (2017) found

intraskeletal stable isotope variation between −1.6‰ and −0.5‰ in

δ13C and between 1.0‰ and 3.1‰ in δ15N. Katzenberg and Lovell

(1999) registered intrabone stable isotope variation from 0.2‰ to

0.7‰ for δ13C and from 0.3‰ to 0.4‰ for δ15N. Olsen et al. (2014)

recorded intrarib isotopic ratios among nonpathological sites from

−0.1‰ to 0.1‰ for δ13C and 0.0‰ to 0.5‰ for δ15N, while the

intraskeleton ratios varied between −0.2‰ and 0.4‰ for δ13C and

−0.9‰ to 0.7‰ for δ15N.

The body reacts to infection through an inflammatory response

that aims to neutralize the pathogen and repair the resultant damage

(Weston, 2012). There are a limited number of ways in which bone

reacts to inflammation, it either produces or destroys bone, or a com-

bination of both (Ragsdale and Lehmer, 2012; Weston, 2008, 2009).

The intercellular communication between osteoblasts and osteoclasts

is crucial to bone homeostasis (Xu et al., 2005). Osteoclasia and osteo-

blastic repair are always coupled but one or the other may predomi-

nate in a given disease state at a given time period (Ragsdale and

Lehmer, 2012).

In new bone depositions Katzenberg and Lovell (1999) observed

higher δ15N values than in bone segments without lesions for osteo-

myelitis (+1.6‰), active periostitis (+0.1‰), and fracture callus

(+0.3‰); while δ13C did not differ. This study (Katzenberg & Lovell,

1999) suggests that δ13C values are expected to only vary due to die-

tary intake. Olsen et al. (2014) observed different values for both

δ15N and δ13C in bones with osteomyelitis (x δ15N = +1.2‰; x

δ13C = +0.3‰), healed fractures (x δ15N = +0.5‰; x δ13C = +0.1‰),

and periostitis (x δ15N = −0.1‰; x δ13C = 0‰), however the δ13C

values may be related to analytical error and not necessarily metabolic

changes. Olsen et al. (2014) relate the different δ15N and δ13C values

with a net loss of protein from the body, which may have been inten-

sified by low food intake. In extreme cases, reduced appetite or

anorexia is part of the normal physiological response to infection

(Exton, 1997; Murray & Murray, 1979).

1.2.1 | Nitrogen physiological balance

Apart from tissue maintenance, the body can also be in negative or

positive nitrogen balance. When protein intake is insufficient, tissue

catabolism results in body tissues enriched in 15N and body wastes

(urea) enriched in 14N relative to the diet (Steele & Daniel, 1978). In

these situations, the proteins in the body will be recycled resulting in

enriched 15N (Hobson et al., 1993; Hobson & Clark, 1992; Steele &

Daniel, 1978). 15N enrichment was also observed in osteoporotic

bones (White & Armelagos, 1997) and in a probable case of celiac dis-

ease (Scorrano et al., 2014). Chronic malnutrition resulting from the

severe malabsorption of essential nutrients may have affected the iso-

topic composition of the individual's bone collagen (Scorrano et al.,

2014). Negative nitrogen balance is associated with tissue loss during

stress (Fuller et al., 2004).

When in positive nitrogen balance there is more nitrogen

ingested than is excreted (Champe et al., 2008). While some trophic

enrichment relative to diet is expected, as dietary amino acids are less

enriched in 15N, 14N can also increase in the metabolic pool due to

urea salvage (Fuller et al., 2004). Positive nitrogen balance is associ-

ated with tissue gain during growth, such as, for example, during preg-

nancy or recovering from starvation or diseases (Fuller et al., 2004,

2005; Harvey and Ferrier, 2011; Mekota et al., 2006). Beaumont and

Montgomery (2016) found a starvation pattern (δ15N increase) in den-

tine of children from the Irish famine followed by a δ15N decrease

after a dietary shift, which may also be related to recovery from nutri-

tional stress.

1.2.2 | Carbon physiological balance

Similar to nitrogen, carbon balance in the body can also be in equilib-

rium or in negative or positive balance. When dietary protein is inade-

quate, the body synthesizes the nonessential amino acids normally

routed directly from diet (Jim, Jones, Ambrose, & Evershed, 2006) and

may rely more heavily on other macronutrients like carbohydrates

(Ambrose & Norr, 1993). Carbohydrate metabolism also changes dur-

ing periods of infection (Long, 1977; Mizock, 1995), due to the higher

demand for glucose energy, increasing the use of metabolic pathways

that preserve and recycle carbon affecting fat and protein reserves

(Mizock, 1995; Wolfe, 1981). Carbon recycled from fat deposits

results in more 12C into the new tissues, reducing the δ13C values

(Neuberger et al., 2013). A decrease in δ13C values is indicative of a
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severe reduction of energy intake through nutrition (Mekota et al.,

2006; Neuberger et al., 2013) and was also observed in dentine of

children from the Irish famine (Beaumont and Montgomery, 2013).

An increase in δ13C was observed in patients recovering from

starvation (Mekota et al., 2006; Neuberger et al., 2013) and might be

related to higher meat and fat intake after the nutritional stress period

(Chisholm, Nelson, & Schwarcz, 1982; Van der Merwe, 1982). Higher

δ13C values can also be related to changes in diet due to food avail-

ability (e.g., C3–C4 plants; Beaumont & Montgomery, 2016) or even

medicines containing carbohydrates (Eerkens et al., 2017).

2 | MATERIALS AND METHODS

Tomar was a Templar town but the distribution of the skeletons of all

ages and both sexes within the necropolis suggests that this collection

represents the general population of Tomar. Within the analyzed skel-

etons without lesions (n = 32) there were no apparent differences in

diet, place or type of inhumation between sexes (Curto et al., 2018).

Bone collagen stable isotope data (carbon, nitrogen) from 49 skel-

etal lesions in long bones (n = 33) and ribs (n = 16) were analyzed in

33 adult skeletons (22 males; 8 females; 3 undetermined). Out of

these skeletons, 23 individuals (8 females; 14 males; 1 undetermined)

had skeletal lesions compatible with infectious diseases (2 venereal

syphilis; 21 nonspecific infections, from which 5 were generalized)

and 10 individuals had healed bone fractures. Venereal syphilis was

diagnosed by the presence of Caries sicca (Aufderheide & Rodriguez-

Martin, 1998; Ortner, 2003; Ortner & Putschar, 1985) and skeletons

with lesions in various bones but without pathognomonic lesions or

patterns of lesions were considered to have generalized nonspecific

infections.

We assessed lesion healing according to the criteria outlined in

Ortner and Putschar (1985) and Ortner (2003). Lesions with unre-

modeled woven bone were considered active at the time of death.

Rapidly formed woven bone is poorly organized and has a porous

appearance due to the loose organization of the mineralized osteoid

fibers. New bone growth tends to remodel into compact bone during

the healing process. Compact bony growths, without the presence of

woven bone, were considered healed lesions. The skeletons with

active lesions (Figure 1a) represent infectious diseases that were

active perimortem, while the ones with only healed lesions (Figure 1b)

represent diseases overcome by the individuals. Fracture calluses rep-

resent healed or healing bone stages but in the absence of pathogens

and potentially less severe physiological stress.

Intrabone pathological variation was analyzed in long bones and

ribs. Due to the different turnover rate between long bones and ribs,

we expect larger differences in δ13C and δ15N between lesion and

nonlesion sites in long bones than in ribs, due to probable differences

in bone formation. Nonlesion sites from long bones of individuals with

active and/or healed lesions were previously analyzed to compare

their long term diets with those without lesions (Curto et al., 2018,

2019). Skeletons with healed traumatic fractures were added to this

study and analyzed to compare stable isotope ratios between bone

growth as a result of infection or trauma. Bone collagen data, from

nonlesion cortical bone (Curto et al., 2019), are reused here and com-

pared to new unpublished stable isotope data from new bone forma-

tion of potential pathological origin (skeletal lesions). Lesion samples

include: active lesions (woven bone: long bones n = 14, ribs n = 4),

healed lesions (healed periostitis/osteomyelitis: long bones n = 10,

ribs n = 9), and fracture calluses (long bones n = 9, ribs n = 3).

2.1 | Sampling lesions

Skeletal lesions were considered to be from a possible infectious

cause if abnormal bone formation or bone formation and destruction,

compatible with periostitis or osteomyelitis (Aufderheide &

Rodriguez-Martin, 1998; Buikstra & Ubelaker, 1994; Ortner, 2003;

Ortner & Putschar, 1985), was present and not associated with

trauma. New bone formations usually represent pathological changes

resulting in new bone growth, which is remodeled into lamellar bone

during the healing process.

Following Ortner and Putschar (1985) and Ortner (2003) work,

lesions with unremodeled woven bone were considered active at the

time of death and lesions with lamellar bone were considered healed

or healing lesions. Active and healed lesions were differentiated by

macroscopic observations. Rapidly formed woven bone is poorly orga-

nized and has a porous appearance due to the loose organization of

the mineralized osteoid fibers. These type of lesions were considered

active perimortem. Markedly accentuated longitudinal striations and

compact bony growth, without the presence of woven bone, were

considered healed lesions. Fracture calluses were considered healed

bone traumas as the bridging callus connecting the bone fragments

F IGURE 1 Examples of a chronic active (a) lesion (skeleton
16.225) and a healed (b) lesion (skeleton 18.158)
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provides the externally visible evidence of healed fracture in an

archaeological specimen.

The new bone formations were removed by scraping the lesion or

removing the top layer affected, carefully avoiding sampling the com-

pact bone underneath or trabecular bone (particularly in the ribs), as it

remodels more quickly than cortical bone (Sealy, Armstrong, & Schrire,

1995). On the ribs this process was more difficult due to the smaller

size of the lesions and the bones. The skeletons with only active

lesions represent infectious diseases active perimortem and the ones

with healed lesions represent healed individuals. Perimortem fractures

were not considered for this study, only healed calluses.

2.2 | Collagen extraction and analysis

Collagen extraction was done following Longin (1971), Brown, Nelson,

Vogel, and Southon (1988), and Richards and Hedges (1999). The bones

were demineralized with 0.5 M HCL at 5�C for 2 weeks, changing the

solution every 2 days. To bring the pH back to neutral the bones were

washed with demineralized water (dH2O), using a centrifuge, until the

pH was 7. The samples were then acidified again and put in a heating

block for 48 hr, at 75�C. The solution was then filtered using a 5 μm

EZEE© filter and the samples frozen for 48 hr followed by a process of

freeze-drying for another 48 hr. The collagen samples were weighed

into tin capsules and combusted into CO2 and N2 in an isotope-ratio

mass spectrometer at HERCULES Laboratory. δ13C and δ15N were cali-

brated using IAEA-CH-6 (sucrose, −10.449‰), IAEA-CH-7 (polyethyl-

ene, −32.151‰), IAEA-N-1 (ammonium sulfate, +0.4‰), and IAEA-N-2

(ammonium sulfate, +20.3‰). Measurement errors were less than

±0.1‰ for δ13C and ±0.2‰ for δ15N.

Mann–Whitney U nonparametric tests were used for pair-wise com-

parisons and Kruskal–Wallis nonparametric tests were used to compare

more than two groups. All statistics were computed in SPSS 24 for Win-

dows and p-values ≤.05 were considered statistically significant.

3 | RESULTS

Individual isotopic data and collagen integrity for long bones and ribs

can be found in Appendix (Tables 1 and 2, respectively). Figures 2 and 3

TABLE 1 Intrabone differences in collagen δ13C and δ15N between nonlesion (distant from lesion) and lesion (active, healed, or fractured)
sites at long bones

N

Paired differences

t df
Sig.
(two-tailed)Mean SD SEM

95% Confidence
interval of the difference

Lower Upper

δ15N Nonlesion–active 14 −0.4 0.6 0.2 −0.7 −0.1 −2.58 13 0.02

Nonlesion–healed 10 0.2 0.9 0.3 −0.4 0.8 0.68 9 0.51

Nonlesion–fracture 9 0.1 0.8 0.3 −0.5 0.8 0.54 8 0.61

δ13C Nonlesion–active 14 0.2 0.5 0.1 −0.1 0.6 1.63 13 0.13

Nonlesion–healed 10 0.0 0.6 0.2 −0.4 0.4 0.17 9 0.87

Nonlesion–fracture 9 0.2 1.1 0.4 −0.6 1.1 0.62 8 0.55

Note: Mean values are reported as relative rather than absolute values in order to preserve the directionality of the difference (positive or negative)

between different bone sites. Significant for the bold values indicate Sig. (two-tailed).

TABLE 2 Intrabone differences in collagen δ13C and δ15N between nonlesion (distant from lesion) and lesion (active, healed, or fractured)
sites at ribs

N

Paired differences

t df
Sig.
(two-tailed)Mean SD SEM

95% Confidence
interval of the difference

Lower Upper

δ15N Nonlesion–active 4 −0.1 0.2 0.1 −0.4 0.1 −1.44 3 0.25

Nonlesion–healed 9 −0.2 0.4 0.1 −0.5 0.1 −1.83 8 0.10

Nonlesion–fracture 3 −0.2 0.5 0.3 −1.3 1.0 −0.56 2 0.63

δ13C Nonlesion–active 4 −0.4 0.9 0.4 −1.8 1.0 −0.92 3 0.43

Nonlesion–healed 9 0.1 0.9 0.3 −0.7 0.8 0.18 8 0.86

Nonlesion–fracture 3 0.2 0.5 0.3 −0.9 1.4 0.84 2 0.49

Note: Mean values are reported as relative rather than absolute values in order to preserve the directionality of the difference (positive or negative)

between different bone sites.
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illustrate the δ13C and δ15N difference between nonlesion and lesion

(healed fractures, healed lesions, and active lesions) sites within the

same bone. Values below zero point to an increase of δ13C and δ15N at

the lesion when compared to the nonlesion site while values above zero

imply a decrease of δ13C and δ15N. The gray areas across the boxplots

represent the expected normal intrabone range (Katzenberg & Lovell,

1999; Olsen et al., 2014).

3.1 | Intrabone collagen δ13C and δ15N comparison
between lesions and areas without lesions in long
bones

A paired-samples t-test was conducted to compare collagen δ13C and

δ15N values in bone segments with and without lesions. Bone segments

with active lesions (x δ15N = 11.1 ±0.9‰) had higher δ15N values than

those without lesions (x δ15N = 10.7 ±0.7‰); a statistically significant

increase of 0.4‰ (95%CI: −0.7 to −0.1‰; t[13] = −2.58, p = .02;

Table 1). Additionally, median δ15N increases and δ13C decreases in

active lesions, while in healed lesions δ15N decreases and δ13C slightly

increases.

Figure 2 shows a larger difference between δ15N and δ13C from

nonlesion and lesion sites than would be expected for normal intrabone

variation in long bones (gray area on Figure 2; Katzenberg & Lov-

ell, 1999).

The δ15N median for active lesions (~x=−0.5‰; n =14) and both

quartiles are lower than zero (Figure 2) and the expected δ15N intra-

bone variation (+0.3 to +0.4‰; Katzenberg & Lovell, 1999). The

active lesions boxplot is “negatively skewed” and the two outliers with

the highest δ15N increase have lesions in various bones (skeletons

F IGURE 2 Intrabone differences in collagen δ13C and δ15N between nonlesion (distant from lesion) and lesion (active, healed, or fractured)
sites at long bones. Values are reported as relative rather than absolute values in order to preserve the directionality of the difference (positive or
negative) between different bone sites

F IGURE 3 Intrabone differences in collagen δ13C and δ15N between nonlesion (distant from lesion) and lesion (active, healed, or fractured)
sites at ribs. Values are reported as relative rather than absolute values in order to preserve the directionality of the difference (positive or
negative) between different bone sites
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16.169 and 18.158). These results indicate that intrabone δ15N

increased in active lesions and decreased in healed lesions. The active

lesions δ13C median is higher than zero (~x=+0.3‰; n =14) and falls

within the expected intrabone δ13C range (+0.2 to +0.7‰;

Katzenberg & Lovell, 1999), however, the lower quartile is below the

expected intra-bone δ13C range (Figure 2).

The δ15N median for healed lesions (~x=+0.5‰; n =10) is higher

than zero (Figure 2) and slightly higher than the expected normal δ15N

intrabone range (+0.3 to +0.4‰; Katzenberg & Lovell, 1999). The

δ13C median for healed lesions is lower than zero (~x=− 0.1‰; n =10)

and the expected intrabone δ13C range. The healed lesions boxplot

is “positively skewed” and while the outlier with the highest δ15N

decrease only has healed tibial lesions (skeleton 18.250), the one

with the highest δ15N increase has a generalized infection (skele-

ton 14.72).

The δ15N values of fracture calluses have the highest variability,

with both the highest maximum and lowest minimum values. The

δ15N median for fracture calluses (~x=−0.1‰; n =9) is close to zero

(Figure 2) but lower than the expected δ15N intrabone variation (+0.3

to +0.4‰; Katzenberg & Lovell, 1999). Similar to what was observed

for δ15N, fracture calluses have both the higher maximum and lower

minimum δ13C (Figure 2). The δ13C median for fracture calluses (~x=

+0.4‰; n =9) falls within the expected intrabone δ13C range (+0.2 to

+0.7‰; Katzenberg & Lovell, 1999).

3.2 | Intrabone collagen δ13C and δ15N comparison
between lesions and areas without lesions in ribs

A paired-samples t-test was conducted to compare collagen δ13C and

δ15N in bone segments with and without lesions but the results were

not statistically significant (Table 2).

Figure 3 shows a larger difference between δ15N and δ13C values

from nonlesion and lesion sites than would be expected for normal

intrabone range in ribs (gray area in Figure 3; Olsen et al., 2014). The

rib boxplots display a similar pattern to the long bone boxplots.

For the active lesions both the median (~x=−0.3‰; n =4) and the

lower quartile have lower values than the expected normal intrarib

δ15N range (0.0 to +0.5‰; Olsen et al., 2014). The δ13C median for

active lesions (~x=−0.1‰; n =4) and lower quartile are lower than the

expected normal intrabone δ13C range (−0.1 to +0.1‰; Olsen

et al., 2014). The healed lesion δ15N (~x=+0.2‰; n =9) and δ13C

medians (~x=−0.1‰; n = 9) fall within the expected normal intrabone

variation in ribs (δ15N: 0.0 to +0.5‰; δ13C: −0.1 to +0.1‰; Olsen

et al., 2014). However, the δ13C lower quartile is lower than the nor-

mal intrarib δ13C range. The fracture callus δ15N median (~x=0.0‰;

n =3) falls within the expected normal intrabone δ15N variation in ribs

(0.0 to +0.5‰; Olsen et al., 2014). The fracture callus δ13C median

(~x=−0.3‰; n =3) and lower quartile (Figure 3) are lower than the

expected intrabone δ13C variation (−0.1 to +0.1‰, Olsen et al.,

2014). The fracture calluses have the most variable differences, while

active lesions have the lowest difference. The two outliers with healed

lesions have generalized infections (various bones affected). However,

while skeleton 18.158 has the highest δ15N decrease, skeleton 14.72

has the highest δ15N increase (Figure 3).

4 | DISCUSSION

4.1 | Intrabone collagen δ13C and δ15N comparison
between lesions and areas without lesions—Long
bones

The intrabone δ13C and δ15N variability observed in this study is larger

than what was reported for normal intrabone variation (Katzenberg &

Lovell, 1999; Figure 2). This difference may be related to differences

in metabolism or diet during the disease and/or recovery from the dis-

ease. Bone formation and remodeling can occur during some disease

processes (McQueen et al., 2011; Ragsdale and Lehmer, 2012;

Wlodarski, 1989). This repair mechanism is initiated before the cessa-

tion of the disease state or the clearance of a pathogen from the

organism (Klaus, 2014; Neve, Corrado, & Cantatore, 2011; Ragsdale

and Lehmer, 2012). In a diseased state, bone formation does not stop;

instead, it is active in fewer locations, where new woven bone may be

formed (Lian, Gravallese, & Stein, 2011). D'Ortenzio et al. (2015)

suggested that short-term fluctuations of δ15N values might be the

result of changes in the metabolic balance of an individual. Recycled

body tissues used as a protein resource are enriched in 15N, increasing

the δ15N within the individual's tissues (Gaye-Siesseger et al., 2004;

Hobson & Clark, 1992; Hobson et al., 1993; Oelbermann & Scheu,

2002; Steele & Daniel, 1978). Carbon recycled from fat deposits

decreases the δ13C in the body (Neuberger et al., 2013).

4.1.1 | Active lesions

The results indicate an increase in δ15N (x=0.4‰; Table 1) and a

decrease in δ13C (x=0.2‰; Table 1) in active lesions when compared

with δ13C and δ15N from non-lesion sites of the same bone (Figure 2;

Table 1). Since woven bone at the lesions was formed during or after

the process (Klaus, 2014; Lian et al., 2011; McQueen et al., 2011;

Ragsdale and Lehmer, 2012; Wlodarski, 1989), these stable isotope

results represent physiological or nutritional differences between dif-

ferent periods of the individual's life.

While malnutrition impairs the immune system (Calder & Jackson,

2000; Scrimshaw & SanGiovanni, 1997), infections can decrease nutri-

ent availability due to malabsorption (Mitra et al., 1997) and increase

resting energy expenditure (Calder, 2013). During physiological or

nutritional stress the proteins in the body will be recycled resulting in

higher δ15N within the individual's tissues (Hobson et al., 1993;

Hobson & Clark, 1992; Steele & Daniel, 1978), as dietary protein can-

not adequately replace nitrogen losses during these situations

(Grossman et al., 1945; Powanda, 1977; Welle, 1999).
15N enrichment has also been observed in a probable case of

celiac disease (Scorrano et al., 2014) in which chronic malnutrition

resulting from the severe malabsorption of essential nutrients may

CURTO ET AL. 7



have affected the isotopic composition of the bone collagen. Beau-

mont and Montgomery (2016) observed raised δ15N and lower δ13C

in the dentine profiles of children from the Irish famine. Eerkens et al.

(2017) registered stable isotope changes across a series of hair sam-

ples of a mummified girl consistent with undernourishment. The δ15N

slowly increased about 7 months prior to death followed by accelera-

tion in 15N enrichment about 2 months before death suggesting a final

phase which can be related to a cessation or significant reduction of

protein intake (Eerkens et al., 2017).

Reduced appetite or anorexia is part of the normal response to

infection, in extreme cases (Exton, 1997; Murray & Murray, 1979).

Starvation is associated with increases in hair keratin δ15N (Eerkens

et al., 2017; Fuller et al., 2005;Hatch et al., 2006; Mekota et al., 2006

; Neuberger et al., 2013), and collagen from bones with signs of infec-

tion have higher δ15N values than unaffected areas in the same indi-

viduals (Katzenberg & Lovell, 1999). Even though nutritional

restriction usually results in negative nitrogen balance (Hobson et al.,

1993; Hobson & Clark, 1992; Robertson, Rowland, & Krigbaum,

2014), that is not always the case. Williams, Buck, Sears, and Kitaysky

(2007) observed lower δ15N values in blood cells of moderately nutri-

tional restricted puffin chicks (positive nitrogen balance), than those

fed ad libitum. Hatch et al. (2006) did not observe 15N enrichment in

hair samples of bulimic patients and the authors suggest that the

nutritional stress might not be as severe as in anorexic patients. The

varying δ15N difference between lesions and non-lesion sites can be

related with the degree of nutritional or physiological stress and if it is

severe enough to trigger protein catabolism in the individuals' tissues.

Despite these studies relevance a direct comparison to, and among,

the various human tissues is not yet possible. Still, 15N enrichment

possibly related with prolonged nutritional stress was reported in

Napoleonic soldiers (Holder, 2013; Holder, Dupras, Jankauskas, Wil-

liams, & Schultz, 2017). In migrants from the Great Irish Famine ele-

vated δ15N values possibly related to nutritional stress were only

observed in bones of infants, which can be related with their faster

bone turnover (Beaumont et al., 2013).

δ15N from an individual with osteomyelitis, who had AIDS,

showed an increase of 1.6‰ at active lesions (12.9‰) and a

decrease of 0.3‰ at healed lesions (11.3‰) when compared with

non-lesion sites (11.3‰; Katzenberg & Lovell, 1999). Following the

work from Steele and Daniel (1978) and Hobson et al. (1993),

Katzenberg and Lovell (1999) connected this phenomenon to nega-

tive nitrogen balances. The wasting syndrome characteristic of AIDS

might have led to physiological stress and consequently increased

δ15N values. The higher 15N enrichment observed by Katzenberg

and Lovell (1999) than in this study can be the result of more

severe stress than in the Tomar sample or modern care giving and

medication, as these authors studied a forensic sample. Olsen et al.

(2014) also observed a δ15N increase in osteomyelitic lesions (+0.5

to +2.5‰) when compared to values obtained from areas distant to

lesion sites. In periosteal lesions the difference from non-lesion sites

to lesion sites varied between −2.1 and +1.2‰ (Olsen et al., 2014).

This wide interval might be explained by the cluster of both active

and healed lesions.

We observed a statistically significant difference in δ15N between

nonlesion and active lesion sites even though bone should be one of

the last tissues affected by short-term dietary or metabolic changes.

The possibility of 15N enrichment being associated with nitrogen

catabolism due to faster bone growth (Hobson et al., 1993; Hobson &

Clark, 1992; Steele & Daniel, 1978) at the lesions cannot be excluded.

However, Waters-Rist and Katzenberg (2010) did not find a detect-

able δ15N growth effect when analyzing epiphyses, metaphyses and

diaphysis of growing long bones.

Even though the difference between δ13C in nonlesion and active

lesion sites is not statistically significant, there is a trend for δ13C to

decrease. 13C depletion is compatible with what was observed in

starving patients and can be indicative of a severe reduction of energy

intake through nutrition (Hatch et al., 2006;Mekota et al., 2006 ; Neu-

berger et al., 2013). Katzenberg and Lovell (1999) did not find differ-

ences in δ13C between bone sites with and without lesions. Olsen

et al. (2014), on the other hand, observed a δ13C increase in

osteomyelic lesions (+0.1 to +0.5‰) and some periosteal lesions (−0.3

to +0.2‰). Eerkens et al. (2017) observed a slight increase in δ13C in

hair segments of a mummified girl from the late 19th century, which

the authors relate to possible introduction of foods and/or medicines

containing oils or carbohydrates.

4.1.2 | Healed lesions

The increase in δ13C and decrease δ15N at healed lesion sites, when

compared with nonlesion sites, maybe related to the metabolism dur-

ing the recovery from the disease, similar to what has been observed

in hair keratin during recovery from starvation (Mekota et al., 2006 ;

Neuberger et al., 2013). Compact bone at healed lesions was formed

after the disease representing a period when the individual was recov-

ering from the disease (McQueen et al., 2011; Ragsdale and Lehmer,

2012; Wlodarski, 1989). These results may stand for physiological or

nutritional differences between before and after the disease, which

can be observable in skeletonized human remains. However our

results cannot be directly compared with those from the studies men-

tioned (Mekota et al., 2006; Neuberger et al., 2013) as these studies

do not refer to bone tissues but hair keratin.

Both quartiles of δ15N for healed lesions have values higher than

zero, indicating that δ15N decreased in healed lesions when compared

to nonlesions (positive δ15N balance). These differences are not statis-

tically significant, which may be related to the small sample size. Posi-

tive nitrogen balances occur when more nitrogen is consumed than

excreted, being linked with recovery from disease and/or starvation

observed in hair keratin (Fuller et al., 2004, 2005; Hatch et al., 2006;

Mekota et al., 2006; Neuberger et al., 2013). While recovering from

physiological stress the body assimilates more dietary amino acids less

enriched in 15N resulting in a δ15N decrease in tissues formed during

this period (Fuller et al., 2004, 2005; Harvey and Ferrier, 2011;

Mekota et al., 2006; Neuberger et al., 2013).

In a study with patients with anorexia, δ13C values in hair keratin

increased with increasing BMI in patients recovering from starvation
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(Mekota et al., 2006). This increase can be largely due to an increase

in meat and fat intake (Chisholm et al., 1982; Van der Merwe, 1982)

or medicines containing carbohydrates (Eerkens et al., 2017). How-

ever, a significant δ13C increase was not observable in this study when

comparing healed lesions with nonlesion sites.

4.1.3 | Fracture calluses

The difference between nonlesion sites and fracture calluses is the most

variable for both δ13C and δ15N, out of the types of lesions analyzed. In

fractures reabsorption usually precedes formation but it has been

reported that bone reabsorption biochemical markers increased later than

the formation markers of bone turnover (Ingle, Hay, Bottjer, & Eastell,

1999). This suggests that the early increase in bone markers reflects the

callus formation and the later changes represent callus remodeling and

increased turnover in bone around the lesion (Ingle et al., 1999).

Trauma disrupts normal metabolism by increasing muscle protein

catabolism and nitrogen excretion, resulting in a net protein loss or

negative nitrogen balance within days (Long, Birkhahn, Geiger, &

Blakemore, 1981; Yu et al., 2017). An increase in δ15N was expected

alongside the increased turnover rate at the fracture site (Ingle et al.,

1999; Olsen et al., 2014; Veitch et al., 2006) as a result of protein

catabolism (Hobson et al., 1993; Katzenberg & Lovell, 1999; Steele &

Daniel, 1978). However, this was not always the case in our samples.

Another study showed that well-healed fractures registered lower

δ15N than areas without lesions but the sample size was also small

(Katzenberg & Lovell, 1999).These results suggest that the isotopic

composition of fracture calluses may represent positive or negative

nitrogen imbalances given that healing stages may vary from callus to

callus depending on factors such as healing stage and time after the

trauma.

The δ13C decrease observed in fracture calluses suggests either a

change in dietary protein sources (Beaumont & Montgomery, 2016)

or nutritional stress (Mekota et al., 2006; Neuberger et al., 2013). 13C

enrichment can be associated with starvation recovery (Mekota et al.,

2006; Neuberger et al., 2013), apart from representing dietary

changes in either quantity (Chisholm et al., 1982; Van der Merwe,

1982) or source (Beaumont & Montgomery, 2016).

4.1.4 | Outliers

The outliers with active generalized infections (Figure 2; skeletons

16.169 and 18.158) have a similar δ15N increase to that observed in

an individual with AIDS, a wasting disease, described by Katzenberg

and Lovell (1999). The individuals with generalized infections survived

long enough with the disease for its consequences to be visible on the

skeleton (Wood, Milner, Harpending, & Weiss, 1992), representing

chronic infections and may have been in a wasting stage. If in a

wasting stage, this may have led to protein catabolism due to lower

nutrient intake (Exton, 1997; Murray & Murray, 1979), malabsorption

(Mitra et al., 1997), and increased resting expenditure (Calder, 2013).

However, the possibility of these individuals having a dietary shift

during the disease which may have resulted in high δ15N cannot be

excluded. The outlier with the highest δ15N increase among the

healed lesions (Figure 2; skeleton 14.72) also has a generalized infec-

tion and similar values to the ones with active generalized infections.

These results suggest that 15N enrichment may be variable depending

on the etiology or severity of the disease and how it affects the nutri-

tional status and metabolism of the individual.

The only outlier with a large δ15N decrease (Figure 2; skeleton

18.250), in contrast with the other outliers, only has healed tibial

lesions suggesting that this individual might have recovered from

physiological stress. Periostitis may reflect stress and morbidity but

may also often represent later phases of the inflammation and

subsequent recovery from disruption of normal physiology

(Klaus, 2014).

The diets of the individuals, prior to the disease (assuming that

stable isotope ratios from bones without lesions represent an aver-

age of the diet in the last years of the individual's life and not only

during or after the disease) suggest that the ones with nonspecific

generalized infections had diets lower in animal protein than those

without lesions or with only healed tibial lesions (Curto et al., 2019).

While nonspecific generalized infections can be an indication of

poor health and protein intake, healed tibial lesions may indicate a

state of comparatively good overall health and diet (Curto

et al., 2019).

4.2 | Intrabone collagen δ13C and δ15N comparison
between lesions and areas without lesions—Ribs

The intrarib δ13C and δ15N variability observed in this study is larger

than expected (Figure 3; Olsen et al., 2014), similar to what was

observed for long bones (Figure 2). As mentioned before recycled

body tissues are enriched in 15N and depleted in 13C (Deschner et al.,

2012; D'Ortenzio et al., 2015; Gaye-Siessegger et al., 2004; Hobson

et al., 1993; Hobson & Clark, 1992; Neuberger et al., 2013;

Oelbermann & Scheu, 2002; Steele & Daniel, 1978).

4.2.1 | Active lesions

The results suggest an increase in both δ15N and δ13C from active

lesions when compared with δ13C and δ15N from nonlesion rib sites

(Figure 3; Table 2). The enrichment in 15N (x= +0.4‰) observed for

the active lesions of ribs is similar to what was registered in long

bones (x= +0.4‰; Table 1) but not statistically significant for the ribs

(p = .25; Table 2). In contrast to what was observed in long bones, a

slight increase in δ13C was registered in active rib lesions (x= +0.1‰;

Table 2). However, the δ13C difference is not statistically significant

and both quartiles are very close to zero.

This difference in δ15N and δ13C registered in active rib and long

bone lesions can be related to the smaller ribs sample size (n = 4) but also

to the different bone turnover rates between long bones and ribs (Cox &
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Sealy, 1997; Hedges & Reynard, 2007). Cortical bone in ribs represents a

smaller time frame interval than in long bones when compared to the

woven bone formed during or after the disease (McQueen et al., 2011;

Ragsdale and Lehmer, 2012; Wlodarski, 1989). At the ribs it was also

more difficult to separate abnormal new bone from underlying cortical

bone, which can be related to the similarity between lesions and non-

lesion sites.

4.2.2 | Healed lesions

The δ15N quartiles, except part of the lower quartile, fit within the

expected intrarib δ15N range (Figure 3). Still, the δ15N boxplot is posi-

tively skewed suggesting a tendency for δ15N decreases in healed rib

lesions when compared with nonlesion sites. Even though the δ13C

difference median is close to zero, both quartiles are lower than zero

(Figure 3), suggesting a δ13C increase in healed rib lesions when com-

pared to nonlesion sites. However the difference between lesion and

nonlesion sites is not statistically significant for either δ15N or δ13C.

Similar results have been described in hair of patients recovering

from starvation (Mekota et al., 2006 ; Neuberger et al., 2013) but while

hair lacks turnover bone is constantly remodeled. Still, these results sug-

gest that physiological or nutritional differences between before and

after the disease can also be observable in human skeletons. Since ribs

have a faster turnover rate than long bones (Cox & Sealy, 1997;

Hedges & Reynard, 2007), if the individual lived long enough with the

disease (stressor) it is possible that the collagen from healed rib lesions

represents not only the average stable isotope ratios before the disease

but also ratios from periods during or after the disease.

4.2.3 | Fracture calluses

Fracture calluses have the closest to zero δ15N median out of all the

types of the rib lesions analyzed (Figure 3), similar to what was

observed in long bones (Figure 2). Depending on the healing stage

and time after the trauma, fracture calluses can represent either posi-

tive or negative nitrogen balances or even tissue maintenance. Con-

trary to what was observed for the long bones, the rib fracture

calluses show an δ13C increase when compared to nonlesion sites.

Food intake after a period of nutritional stress (Chisholm et al., 1982;

Van der Merwe, 1982), changes in diet due to food availability

(Beaumont & Montgomery, 2016) or even medicines (Eerkens et al.,

2017) can affect δ13C values. However the small sample size (n = 3)

does not allow conclusions to be drawn.

4.2.4 | Outliers

Both outliers (skeletons 18.158 and 14.72; Figure 3) have generalized

infections (various bones affected) with both healed and active lesions.

The lesion site of skeleton 14.72, an elderly female with an unspecific

generalized infection, shows δ15N increase when compared with

nonlesion site of the same bone. The lesion of skeleton 18.158, a

mature male diagnosed with syphilis, shows δ15N decrease at the lesion

site. These results suggest that the individual with the unspecific gener-

alized infection (skeleton 14.72) could have been in a state of physio-

logical stress more severe than the individual with venereal syphilis.

Skeleton 18.158 has larger 15N depletion in healed rib lesions

(Figure 3) than what was observed for healed long bone lesions

(Figure 2), when compared to nonlesion sites. 15N depletion, compatible

with recovery from the stressor (Mekota et al., 2006; Neuberger et al.,

2013), was expected for healed lesions. The lesions in the long bones of

this individual are also compatible to what was expected: 15N enrich-

ment in active lesions and 15N depletion in healed lesions. However,

the difference in healed rib lesions is larger than in healed long bone

lesions, which can be related to different healing stages and therefore

different nitrogen balance. 15N enrichment is expected in active lesions,

since the individual would be in physiological stress (Fuller et al., 2004,

2005; Hatch et al., 2006; Mekota et al., 2006; Neuberger et al., 2013).

5 | CONCLUSION

This study compared stable isotope ratios from cortical bone that

retained evidence of lesions in the form of disease, or healed frac-

tures, to ratios from cortical bone in the same individual that did not

retain these skeletal lesions. Results indicate a δ15N increase and a

δ13C decrease in active skeletal lesions and the opposite in healed

skeletal lesions but only the increase in δ15N on active lesions is statis-

tically significant. Fracture callus δ15N and δ13C values are more vari-

able than both active and healed infectious lesions. The difference in

stable isotope ratios between nonlesion sites and those with active

lesions may be directly related to the disease and/or due to diet shifts

related to the disease, such as inappropriate ingestion of nutrients or

malabsorption leading to starvation and wasting.

These results suggest that stable isotope analysis can be applied

to archaeological samples to increase our understanding of the rela-

tionship between diet, metabolism, diseases, and physiological stress.

Future developments on bone formation and tissue repair, allied with

stable isotope analysis from different human tissues, will improve our

understanding of pathological processes in past populations by

assessing their nitrogen balance and skeletal lesions.
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