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1 | INTRODUCTION

Osteoporosis and osteopenia are subclinical metabolic disorders char-
acterized by a loss of bone density in both cortical and spongy bone,
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Abstract

The evaluation of bone mineral density (BMD) is an important task in paleopathology.
Techniques commonly applied in bone quantity assessment, such as DXA or radio-
grammetry (XR), suffer from several limitations when applied to skeletal remains. In
recently published research, we developed a new methodology and new reference
curves for the evaluation of BMD on human skeletal remains, applying for the first
time Quantitative Ultrasonometry (QUS), a user-friendly, portable, and reliable clinical
technique. This study aims to apply this new methodology to an archeological sample
and to compare the results with those obtained through XR. We apply QUS and XR
to a sample of 104 adults from Medieval Italian cemeteries. Fragility fractures were
recorded. Descriptive statistics and comparisons between sexes, age-at-death
cohorts, and individuals with and without fragility fractures were performed. More-
over, univariate and multivariate logistic regression models were used to define the
parameters most predictive of fracture risk in past populations. The comparison
between sexes showed no significant results concerning BMD parameters, whereas a
decrease in BMD with increasing age is confirmed. The comparison between fracture
and non-fracture individuals and the logit model demonstrated that QUS parameters,
especially UBPI, are more reliable predictors of fracture risk in comparison to XR. Our
results confirmed that QUS is a valuable technique that can be efficiently applied to
archeological remains, also considering its portability. We also propose a modification
of the previously published QUS standard curves, to easily assess osteopenia and

osteoporosis in archeological material.
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which lead to impaired bone strength and an increased risk of fracture
(Brickley & Ives, 2008; Tuck et al., 2018; Tu et al., 2018). Typical clini-
cal complications include fractures of the hip, of the distal radius (Col-
les' fracture), and vertebral compression fractures. These are the most
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affected areas, due to the high content in trabecular bone
(Waldron, 2008). Bone Mineral Density (BMD) is expressed as the vol-
umetric amount of bone mineral content (hydroxyapatite) in a specific
skeletal area (g/cmz) (Agarwal, 2019; Akkawi & Zmerly, 2018;
Golob & Laya, 2015; Mays, 2007; Waldron, 2008), and can be predic-
tive of an individual's risk of developing osteopenia and osteoporosis
(NIH Consensus Development Panel on Osteoporosis Prevention,
Diagnosis, 2001; Wiister et al., 2000). The main goal of this work is to
compare different methodologies that can be used in the assessment
of BMD from dry bones, and more specifically in the diagnosis of
osteopenia and osteoporosis in ancient skeletal remains. BMD
depends on several intrinsic and extrinsic individual factors, espe-
cially age and sex. In fact, BMD increases during growth and reaches
its maximum value once the physiological growth process has been
completed (Peak Bone Mass, PBM), followed by a period of stabiliza-
tion and then a physiological decrease (NIH Consensus Develop-
ment Panel on Osteoporosis Prevention, Diagnosis, 2001; Weaver
et al., 2016). Males and females differ in mean BMD and PBM from
puberty, with the greatest divergence starting after 40-50 years of
age due to the strong menopausal-related bone resorption pro-
cesses in women (de Oliveira et al., 2011; Dede & Callan, 2018;
Steadman, 2005; Weaver et al., 2016).

Osteoporotic fractures cause higher morbidity, increased risk of
other fractures, as well as chronic pain, disability, and a higher risk of
dying (de Oliveira et al., 2011; Johnell & Kanis, 2006; Nazrun et al.,
2014; Odén et al., 2015). For these reasons, osteoporosis is consid-
ered one of the major contemporary health burdens and a current
global pandemic (Golob & Laya, 2015b; Madimenos et al., 2015; Oden
et al., 2015), although it is known that these disorders have affected
human populations since ancient times. In fact, several archeological
cases of low BMD have been observed from the Neolithic to the Mid-
dle Ages (Agarwal, 2018; Agarwal et al., 2004; Beauchesne &
Agarwal, 2017; Brickley & Ives, 2008; Curate, 2014; Curate
et al., 2019; Glencross & Agarwal, 2011; Mays et al.,, 2006; Ryan &
Shaw, 2015). A proper analysis of BMD in past populations not only
provides data on the occurrence of osteoporosis in human history but
can also be a useful and diversified indicator of the health status of a
human group (Agarwal, 2018; Curate, 2014).

Macroscopic analysis of putative osteoporotic fractures has been
considered the main method for the assessment of BMD for several
decades (Brickley & Ives, 2008; Curate et al., 2016; Curate, 2014),
and numerous cases are known in the archeological record
(Brickley, 2002; Brickley, 2006; Ciesielska & Stark, 2020; Curate
et al., 2011; Curate et al., 2013; Ives et al., 2017). However, this
method is not considered to be a complete diagnostic criterion for
low BMD, as osteoporosis acts as a “silent disorder” also before trau-
matic or fragility fractures occur (Njeh et al., 1997; Wylie, 2010). In
the last few years, the application of biomedical techniques to skeletal
remains provided a more systematic approach; the most commonly
applied techniques to skeletal remains are dual X-Ray absorptiometry
(DXA), Computer Tomography (CT), and radiogrammetry
(XR) (Andronowski et al, 2018; Beauchesne & Agarwal, 2017;
Curate, 2014; Hale & Ross, 2018). In particular, the micro-CT,
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providing three-dimensional imaging of the bone, can be used to

quantify bone quality (i.e. trabecular structures) in ancient skeletal
remains and therefore can be useful for the diagnosis of several path-
ological conditions, such as osteomalacia (Welsh et al., 2020) and
osteoporosis (Nazarian et al., 2008). However, these methods, albeit
validated on living subjects, suffer from the lack of a reference model
based on a skeletal collection of known age and sex, and their applica-
tion on archeological skeletons may introduce a bias in the interpreta-
tion of the results mainly due to the absence of soft tissue
(Andronowski et al., 2018).

A recent study has shown the potential of phalangeal Quantita-
tive Ultrasonometry (QUS) for diagnosing osteoporosis on skeletal
remains (Rinaldo et al., 2018). QUS is a reliable, portable, user-friendly,
and computer-assisted clinical technique based on ultrasound waves
propagation (Agnollitto et al., 2021; Baroncelli, 2008; Drozdzowska
et al., 2005; Giavaresi et al., 2004; Guglielmi et al., 2015; Guglielmi &
de Terlizzi, 2009; Hadji et al., 2015; Montagnani et al., 2000; Njeh
et al., 1997; de Oliveira et al., 2011; Wiister et al., 2009, Wster
et al., 2005), which has never been applied before on forensic or
archeological skeletal remains. In the paper of Rinaldo et al. (2018), a
protocol specifically adapted for skeletal remains and new reference
curves were developed using a sample of 110 skeletons of known age
and sex. This allowed providing a standardized and quantitative refer-
ence for the diagnosis of bone loss and health status in past popula-
tions (Rinaldo et al., 2018).

QUS has been previously tested on skeletal elements through
several in vitro studies (de Terlizzi et al., 2000). Nevertheless, its appli-
cation on skeletonized individuals represented a novelty in anthropo-
logical research. To further investigate the diagnostic potential of
QUS in archeological specimens, we applied the protocol proposed by
Rinaldo et al. (2018) to a large archeological skeletal sample consisting
of over 100 individuals from different Italian archeological sites. We
then compared the obtained results with those resulting from XR and
the macroscopic analysis of osteoporotic fractures and we developed
a new cut-off for the prediction of fractures in archeological skele-
tons. Moreover, we introduced a change to the reference curves from
the previous study (Rinaldo et al., 2018) adding the thresholds for the
occurrence of osteopenia and osteoporosis.

We aimed to assess whether QUS can be successfully used on
archeological remains and whether it can provide a predictive value of
fracture for skeletal remains by comparing its results with the XR
technique. This finding could expand the possibilities of analyzing
human archeological remains with regard to bone loss, health, and

human biology of ancient populations.

2 | MATERIALS AND METHODS

21 | Sample

The archeological sample included 104 adult individuals (mean age:
40.7 +12.2 total sample; 42.7 + 12.6 males; 38.5 + 11.4 females)
from nine archeological sites of different epochs located in Northern
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TABLE 1 Brief description of the examined subsample
Males Females YA MA OA
Site name Dating Archeological context n n n n
Chiunsano (Rovigo) 2nd-4th 31 inhumations. The burial area was located along 6 7 6 3 4
Century the Roman settlement area in the municipality of
Gaiba (Rovigo, Italy) (Busing et al., 1994; Busing &
Busing Kolbe, 1996).
Chiesazza (Rovigo) 4th-6th 59 inhumations in simple pit burials or wooden 7 6 2 9 2
Century coffins located in the city of Ficarolo (Rovigo,
Italy) (Busing et al., 1994; Busing & Busing
Kolbe, 1996).
S. Maria in Padovetere 6th-7th Simple pit burials that are located in the area of the 3 1 - 1 3
(Ferrara) Century S. Maria in Padovetere church (Comacchio,
Ferrara, Italy) (Corti, 2007).
Imola, via Emilia 7th-8th Single inhumations in brick coffins. These burials - 2 1 - 1
Century were part of a group of three graves dated to the
Lombard era, discovered along the Via Emilia
(Imola, Bologna, Italy) (Pasini et al., 2018; Rinaldo
et al., 2019).
Crocetta (Ferrara) Early 15th Single inhumation laid supine inside a rectangular pit 1 - - - 1
Century at the Oratory of Cento (Ferrara, Italy) (Balboni
et al., 2005; Lorenzini, 2001; Onisto & Gualdi-
Russo, 2011).
Imola, via Maghinardo 13th Century Two single inhumations deposed in coffer graves 1 - - 1 -
and located in the city of Imola (Bologna, Italy),
S. Anna (Ferrara) 15th-16th Several inhumations located in the area of the 1 - 1 - -
Century cloister and the church of S. Anna (Ferrara, Italy)
(D'angelo, 2005; Onisto et al., 2006).
Osservanza (Imola) 17th Century Four mass graves with 133 individuals were 2 3 2 3
discovered at the Lazzaretto Osservanza (Imola,
Bologna) which dated back to the plague outbreak
of 1630-1632 in the city of Imola (Bramanti
et al.,, 2018; Guellil et al., 2021; Rinaldo
et al., 2019; Rubini et al., 2016)
S. Biagio cemetery 17th-19th Archeological excavations (2013) of the cemetery 33 31 15 30 19
(Ravenna) Century adjacent to the church of S. Biagio (Ravenna)
returned the human remains of over 200
individuals (Masotti et al., 2017; Sciano
et al., 2020; Sciano et al., 2021)
Total sample 55 49 26 48 30

Abbreviation: MA, Middle Adult; OA, Old Adult; YA, Young Adult.

Italy (Po river Valley, Veneto, and Emilia-Romagna regions) (Table 1
and Figure 1 Supplementary Material). Among these, 20 individuals
had already been considered for applicative purposes in our previous
study (Rinaldo et al., 2018). The sub-samples belong to the osteologi-
cal collection of the University of Ferrara (Laboratory of Archeo-
Anthropology and Forensic Anthropology) and were collected from
sites with similar sedimentary context to limit as possible the bias of
the diagenesis influence on bones. For the same reason, only individ-
uals in a good state of preservation were included in the final analysis.
Moreover, only individuals with fully preserved proximal phalanges of
the last four fingers of the hand and second metacarpal bones were
selected for the study. Individuals with undetermined sex and sub-

adults were excluded.

2.2 | Osteological analysis
Biological profiles (sex, age, and stature) were determined by applying
classical anthropological methods (Acsadi & Nemeskéri, 1970;
Brooks & Suchey, 1990; Brothwell, 1981; Buikstra & Ubelaker, 1994;
Ferembach et al, 1980; Gualdi-Russo, 2007; Gualdi-Russo
et al., 2018; Lovejoy et al., 1985; Phenice, 1969; Todd, 1921,
Todd, 1920). Individuals were divided into three age cohorts accord-
ing to Buikstra and Ubelaker (1994): Young Adults (YA, 20-35 years);
Middle Adults (MA, 36-50 years); Old Adults (OA, 50+ years of age).
Osteoporotic fractures were recorded following the guidelines of
Curate and colleagues (Curate et al., 2016) for vertebral compression

fractures, while paleopathological and traumatological analysis of
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FIGURE 1 Graphical representation
of the protocol proposed by Rinaldo

Step 1
et al. (2018). P

Prior to the measurement,
soak phalanges in water for
5 hours to remove air inside

bone tissue’s pores.

Step 3

Keep specimen and
probes immersed in

water during
measurements.

fracture injuries was applied for the proximal femur and distal radius/
ulna (Curate et al., 2013; Lovell, 1997; Ortner, 2003; Sciano
et al., 2020).

For each phalanx, we have taken the following measures: total
maximal length (TML, mm) and distal maximal width (DMW, mm) -
both measured with a sliding caliper -, weight (g), measured with a
precision balance, and volume (cm3), assessed by water immersion
using a graduated cylinder. Density was calculated as weight (g)/vol-

ume (cm?).

23 | QUS assessment

BMD was assessed following the published specific protocol adapted
for skeletal remains (Rinaldo et al., 2018) through phalangeal QUS
(DBM Sonic Bone Profiler device, GEA, Carpi, Italy). This method-
ology involves the application of the probes on the second to fifth
finger proximal phalanges of the hand. Phalanges are one of the
best proxy areas for BMD detection since they are considered an
optimal biomarker due to their very similar characteristics to gen-
eral bone turnover (Wister et al., 2005). The high-precision caliper
is equipped with two 12-mm diameter transducer probes, which
are placed at the lateral and medial portions of the distal metaphy-
sis of the hand phalanges. The protocol proposed by Rinaldo and
colleagues involves three steps (Figure 1): (1) Prior to measure-
ment, the phalanges must be soaked in water for 5 h to remove
the air within the bone trabeculae. (2) Probes must be set at a fixed
distance of 18 mm by using a previously prepared plastic or
wooden spacer and positioned at the distal end of the phalanges.
(3) Measurements are carried out always keeping the phalanges
and probes immersed in water. Water prevents the ultrasounds

from dispersing, as suggested by other studies (de Terlizzi
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Step 2 18 mm
Keep the probes at a fixed

distance of 18 mm, placing a

spacer between the transmitting

and the receiving probes.

S

TABLE 2 Description of each QUS parameter (Baroncelli
et al., 2006, 2010; Njeh et al., 1997; Wuster et al., 2000)

Variables Description

AD-SoS Amplitude dependent speed of sound. The distance
(m/s) between the transducers divided by the time of
flight, that is the time from emitted pulse to the
received signal. Depends on the velocity and
amplitude of the signal received considering the
signal that reaches a predetermined minimum
amplitude value (2 mV) for the first time.

AD-SoS T- The difference between a measured AD-SoS of an
Score individual and the mean value from a healthy young
reference population.

Bone transmission time. The difference between the
time when the first peak of the received signal
reaches its maximum value and the time when the
signal reaches 1700 m/s. BTT depends only on bone
properties and is not influenced by soft tissue.

BTT (us)

UBPI Ultrasound bone profiler index. An instrument-specific
index, which values are between 0 and 1. UBPI is
obtained by 3 parameters (fast wave amplitude,
dynamic of the ultrasound signal, and time frame). It
quantifies the signal characteristics and can is
considered as the “fracture- predictive value”.

et al., 2000; Rinaldo et al., 2018; Wster et al., 2005). The parame-
ters AD-So0S (m/s, amplitude-dependent speed of sound), BTT (us,
bone transmission time), and UBPI (ultrasound bone profile index,
used for the prediction of fracture risk) were registered (Table 2)
(Wuster et al.,, 2000). Samples providing anomalous results
(i.e., one or more parameter = 0) were excluded from the study, to
avoid possible misinterpretation linked to diagenetic alteration of

the bone microstructure.
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We modified the previously proposed reference curves (Rinaldo

et al., 2018) by adding the thresholds for osteopenia (—1 T-score) and

osteoporosis (—3.2 T-score). These specific thresholds are selected

according to the indications of the DBM Sonic Bone Profiler manufac-
turer and are based on studies on living populations (Gambacciani
et al., 2004; Kanis et al, 2005; Nuzzo et al., 2009; Wdster
et al.,, 2000). T-score is calculated as the number of SDs from the peak
of bone mass of the reference population, a value that is usually used
in clinical practice for the evaluation of osteopenic or osteoporotic
conditions (Kanis & Gluer, 2000).

24 | Radiogrammetry assessment

XR measurements were obtained from radiographs taken with the
Carestream Health DRX-1 System (S. Maria Maddalena Hospital,
Rovigo, Italy) for the left second metacarpal bone of the entire sample.
Since previous research has shown no relevant difference between
sides, the right second metacarpal bone was selected for individuals
lacking the left one (Curate, 2014; Ives & Brickley, 2005). Bone speci-
mens were oriented from an anteroposterior view as suggested by
protocols (lves & Brickley, 2004; Lazenby, 1998; Meema &
Meema, 1987; Ortner, 2003). Total length (TL, mm), total width (TW,
mm), and medullary width (MW, mm) measurements were performed
digitally by Carestream Vue PACS Software; values for cortical thick-
ness (CT, mm) and the cortical index (Cl) were obtained using the fol-

lowing formulas:

CT=TL-MW

Cl = TE_MWiy 100.

2.5 | Statistical analysis

The variables were tested for normality using the Shapiro-Wilk test.
Descriptive statistics were performed through the calculation of
means and SDs for continuous variables, and frequencies for categori-
cal variables. The Student t-test or U-Mann Whitney test was used
when comparing the two sexes, and fractured vs non-fractured indi-
viduals, while ANOVA or Kruskal Wallis tests were used in the com-
parison between age cohorts. Tukey HSD post-hoc test was used to
determine the interaction between age-at-death cohorts.

Univariate logistic regression analysis was performed including
the following variables: sex (categorical), mean age, MW, CT, Cl, AD-
SoS, BTT, UBPI, mean weight, mean volume, and mean density. Multi-
variate backward stepwise logistic regression analysis to evaluate the
relationship between dependent and independent variables was per-
formed including the variables with p < 0.25 from univariate analysis
(Altman, 1991).

Receiver operating characteristic (ROC) curve analysis was per-

formed to identify the optimum cut-off value for predicting fractures

in past individuals. The optimal cut-off value was determined by the
point on the ROC curve closest to the upper left-hand corner.

A p-value <0.05 was considered statistically significant.

All statistical analyses were conducted using STATISTICA (version
11, StatSoft, Tulsa, OK), and MedCalc Statistical Software version
14.8.1 (MedCalc Software bvba, Ostend, Belgium).

3 | RESULTS

A general description of the sample from each site is displayed in
Table 1. Comparisons of male and female physical variables for the
proximal phalanges have shown several statistically significant differ-
ences both when considering all the phalanges (Table 3) and when
considering each phalanx separately (Supplementary Material
Table 1). Men have significantly longer, wider, and heavier first pha-
langes in comparison to females. In contrast, the comparison between
density values did not result in significant differences between the
two sexes.

As regards the macroscopic analysis of osteoporotic fractures,
22 individuals out of 104 showed the presence of fractures that could
be interpreted as possible osteoporotic fractures due to their location
(femoral neck, wrist, and thoracic or lumbar spine). Most of the
recorded traumas were vertebral compression fractures (82%), while
femoral neck or wrist fractures were less common (9% each). As an
example, we reported in Figure 2 the case of a male from the Older
Adults cohort (Crocetta, US11) characterized by healed vertebral frac-
tures of the lumbar trait - wedging type -, and a healed rib fracture
(Figure 2a-b). Another male of 30-40 years (St. Biagio, US 162) exhib-
ited an exemplary case of femoral neck fracture characterized by the
compression of the femoral neck (Figure 2c). As expected, most frac-
tures were found in the oldest group (47.6%) and no significant differ-
ences in their frequency were found between the two sexes (Figure 2,
Supplementary Material). For a detailed description of fractures for
each individual see Supplementary Material Table 2.

Mean values of osteometric, QUS, and XR parameters for the
total sample and separately by sex are reported in Table 3. XR param-
eters (TW, MW, CT) resulted significantly different between the two
sexes, with greater dimensions in males, as expected. However, the
Cl, the most BMD-related index, did not show differences between
males and females. This is in accordance with the results obtained
when we compared QUS variables between men and women consid-
ering all age groups together, as they did not show significant differ-
ences (Table 3). The table also reports bone density status, based on
the values of the —1 T score and — 3.2 T score calculated from the
reference values and curves proposed for skeletonized individuals by
Rinaldo et al. (2018) and separately for each sex (Figure 3). Almost
70% of the individuals examined were below the —1 T-score,
i.e. osteopenic, while 10% were categorized as osteoporotic. This high
percentage of osteopenic individuals may be due to the higher mean
age of the total sample, being majority of the individuals above

35 years of age (Table 3).
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TABLE 3 Descriptive statistics of XR,

QUS and osteometric parameters, and Mesan (SD)
comparison between males and females. Variables Total (n = 104) Males (n = 55) Females (n =49)  p-value
Statistically significant p values (p < 0.05) Osteometric parameters
are in bold
TML (mm) 39.12(2.58) 40.43 (2.2) 37.75(2.23) <0.001°
DMW (mm) 10.8 (1.18) 11.42 (1.11) 10.15 (0.86) <0.001°
Weight (g) 2.14(0.72) 2.45 (0.70) 1.80(0.59) <0.001°
Volume (cm3) 2.25(0.58) 2.56 (0.53) 1.91(0.43) <0.001°
Density (g/cm?®) 0.93(0.18) 0.94 (0.18) 0.93(0.19) 0.6815°
XR parameters
TW (mm) 8.98 (1.19) 9.62 (1.14) 8.28 (0.79) <0.001°
MW (mm) 4.74 (1.10) 5.07 (1.02) 4.38 (1.08) 0.001°
CT (mm) 4.24 (0.94) 4.55(0.92) 3.90(0.85) <0.001°
Cl 0.47 (0.09) 0.47 (0.08) 0.47 (0.10) 0.9816°
QUS parameters
AD-S0S (m/s) 1741.70 (59.02) 1740.13 (66.60) 1743.47 (49.83) 0.7711°
BTT (us) 0.68 (0.40) 0.66 (0.39) 0.70 (0.40) 0.5821°
UBPI 0.25(0.14) 0.25(0.14) 0.26 (0.14) 0.6959°
Bone density status® N(%) N(%) N(%) 0.1411°
Below —1 T score 71 (68.3%) 40 (72.7%) 31 (63.3%)
Below - 3.2 T score 11 (10.6%) 3 (5.4%) 8(16.3%)

3Comparison performed using independent sample t test.
bComparison performed using Mann-Whitney U test.
“Comparison performed using x> test.

9Based on the new proposed thresholds (Figure 3).

TABLE 4 Comparison among age classes for XR, QUS, and osteometric parameters in the total sample. Statistically significant p values
(p < 0.05) are reported in bold

Mean (SD)
Variables YAN = 27 MAN =49 OAN =31 p Post-hoc test
Cl 0.50 (0.10) 0.48 (0.07) 0.43(0.11) 0.0194* 1>32>3
AD-SoS (m/s) 1767 (47.07) 1742 (58.50) 1719 (61.58) 0.0030° 1>3
BTT (us) 0.84 (0.47) 0.66 (0.32) 0.57 (0.41) 0.0385° 1>3
UBPI 0.35(0.18) 0.21 (0.10) 0.23(0.12) 0.0003° 1>21>3
Density (g/cm®) 0.94 (0.16) 0.94 (0.17) 0.93(0.23) 0.7748° -

Abbreviation: MA, middle adult; OA, old adult; YA, young adult.
2Comparison performed using ANOVA.
PComparison perfomed using Kruskal-Wallis test.

TABLE 5 Mean XR, QUS, and osteometric values in individuals presenting and not presenting osteoporotic fractures. Values of p < 0.05 are
considered statistically significant

Means (SD)
Variables Fractured (n = 22) Non-fractured (n = 82) p
Cl 0.46 (0.10) 0.48 (0.09) 0.3380°
AD-SoS (m/s) 1719.41 (69.92) 1747.68 (54.69) 0.0455°
BTT (us) 0.54 (0.36) 0.72 (0.40) 0.0498°
UBPI 0.19 (0.10) 0.27 (0.14) 0.0150°
Density (g/cm°) 0.94 (0.23) 0.93(0.17) 0.9560?

#Comparison performed using Mann-Whitney U test.
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FIGURE 2 Examples of fracture types observed in the sample: (a) vertebral wedging fracture of the lumbar trait; (b) healed rib fracture;

(c) fracture of the medial femoral neck (collapse of the femoral head).
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FIGURE 3 Graphs of reference values of AD-SoS in male (a) and female (b) adults proposed by Rinaldo et al. (2018) (reproduced with the kind
permission of Elsevier, Inc.) and modified with the inclusion of thresholds for osteopenia and osteoporosis according to the red T-Score lines

plotted at —1 and —3.2, respectively.

Considering the results obtained for the comparison between the
sexes, the variables found to be statistically different were excluded
from the subsequent whole-sample analyses. The results of the analy-
sis of variance for XR, QUS, and osteometric parameters among the

three age groups of the total sample are shown in Table 4. Cl and
QUS parameters resulted statistically different among the age groups.
In particular, Cl, AD-SoS, and BTT, the parameters most indicative of
the BMD status, decrease with increasing age. The greater significant
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TABLE 6 Univariate and multivariate logistic regression analysis (with backward method) to predict the fracture risk in the archeological

sample. Values of p < 0.05 are considered statistically significant

Univariate Multivariate
Variables Odds ratio (95% CI) Coefficients p value QOdds ratio (95% ClI) Coefficients p value
Sex (males) 1.158 (0.451-2.969) 0.15 0.7603 - - -
Age 1.042 (1.000-1.085) 0.04 0.0439 - - -
Cl 0.081 (0.001-13.609 —-251 0.3343 - - -
AD-So0S (m/s) 0.991 (0.982-1.000) -0.01 0.0388 - - -
BTT (us) 0.237 (0.052-1.089) —1.44 0.0643 - - -
UBPI 0.002 (0.000-0.335) —6.26 0.0060 0.002 (0.000-0.335) —-6.21 0.0060
Density (g/cm?) 1.075 (0.084-13.838 0.06 0.9555 - - -
UBPI probability of fractures in archeological skeletons with a constant of
100 0.0816.
I The optimum cut-off value of UBPI was determined using ROC
80 B analysis and resulted in <0.19 with an area under the ROC curve
- (AUC) of 0.70, indicating a new fracture risk threshold for skeletal
- I individuals (95% Cl = 0.598 to 0.783; sensitivity = 63.6%, specific-
é 60 gigzgz:g 332 ity = 72.0%, Figure 4).
8 i Criterion : 0,19
& 40
L 4 | DISCUSSION
20 -
r This study aimed to evaluate the diagnostic potential of QUS
0 - (in comparison to other traditional methodologies) in archeological
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FIGURE 4 Receiver operating characteristic (ROC) curve for the
assessment of fracture risk using UBPI.

differences were found between the younger and the older age
cohorts. No statistical differences were found when comparing den-
sity across age groups (Table 4).

In Table 5, are reported the results of the comparison between
fractured and non-fractured individuals. Density and CI did not show
any significant difference between the two groups. In contrast, all
three QUS parameters (AD-SoS, BTT, and UBPI) resulted significantly
lower in fractured individuals (Table 5).

Table 6 shows the results of the univariate and multivariate logis-
tic regression analysis. Univariate analysis showed that the variables
significantly associated with greater odds of fractures are mean age
(coefficient = 0.04), AD-SoS (coefficient = -0.01), and UBPI
(coefficient = —6.26), whereas BTT was almost significant
(coefficient = —1.44). In particular, the odds ratio of having an osteo-
porotic fracture increases with increasing age but decreases with
higher values of AD-SoS, BTT, and UBPI, in agreement with the
results in Table 4. However, the backward stepwise multivariate logis-
tic regression analysis revealed that only UBPI (coefficient = —6.21,
p = 0.0060) was a significant independent factor to predict the

skeletons, and its ability to provide new insights into the assessment
of bone quality, and the diagnosis of osteopenia and osteoporosis.
The results of this evaluation performed on more than 100 individuals
from North-Italian archeological sites demonstrate the better perfor-
mance of QUS when comparing fractured and nonfractured individ-
uals, thus designating the QUS parameters as the most effective and
reliable in comparison with osteometric or XR parameters.

As a result of reduced bone mass, osteoporosis occurs, leading to
an increased risk of fracture (Christodoulou & Cooper, 2003; Mays
et al., 2006). Osteoporosis usually affects mostly postmenopausal
women and elderly individuals of both sexes (Diez-Pérez et al., 2003).
More in general, an acceleration in bone loss would occur between
the fourth and the fifth decade (Curate et al., 2019), mostly due to the
enhancement of osteoclastic processes and the reduction of osteo-
blastic proficiency; this process increases cortical porosity and endo-
cortical resorption (Al-Hourani et al., 2021; Zebaze et al., 2010). This
progression starts later in men than in women in physiologic condi-
tions (Khosla et al., 2008).

41 | Sexand age influence

In the examined specimens, although differences between sexes for
the majority of osteometric or radiogrammetric measures have been
detected (except density and Cl), there was no statistical difference,

on average, in the QUS parameters nor bone density status between
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males and females of our sample. The absence of significant sex dif-

ferences in bone maintenance or loss, except for one measure of
trabecular bone microarchitecture, has also been found in other
archeo-anthropological studies (Beauchesne & Agarwal, 2017; Borre
et al, 2015). Likely, the lower average age (especially in the female
sex) compared to current populations affected this result. Indeed,
postmenopausal women would be expected to suffer more severely
from loss of bone mineral density, even if this trend is not always veri-
fied in past populations (Agarwal & Grynpas, 2009). To confirm this
particular trend in the past, it is interesting to note that, although age-
related bone loss is observed in ancient human remains, the preva-
lence of osteoporotic fractures is fairly low compared to modern
populations (Agarwal, 2018; Mays et al., 2006). This disparity has usu-
ally been imputed to shorter life spans and more intense physical
activity in past populations (Cho & Stout, 2011). On the other hand,
the comparison between groups of different ages in our sample
showed, consistently with the literature (among others: Curate
et al., 2009; Glencross & Agarwal, 2011), an evident bone loss with
age as evidenced by Cl (determined by radiogrammetry), AD-SoS,
UBPI, and BTT (all three determined by QUS). Bone density (deter-
mined osteometrically), instead, did not show any significant differ-
ence among different age subsamples, indicating that this parameter
(or the method used to determine it) is not suitable for assessing bone
mineral density in human archeological remains.

Results from the literature on BMD in ancient skeletons, although
generally showing a tendency towards differences with age and sex,
are difficult to compare due to both the different methods and the
different skeletal elements analyzed. With reference to some studies
conducted on ancient Italian populations, age-related bone loss
assessed via increased intracortical porosity and endosteal expansion
was histologically confirmed on rib and femur specimens in a sample
of the Imperial Romans of the Isola Sacra necropolis (Cho &
Stout, 2011). In the same study, significant differences emerged
between sexes with higher bone loss and turnover rates in the female
sex. Conversely, Beauchesne and Agarwal (2017), studying Imperial
Romans of Velia with various methodologies (histology of ribs, radio-
grammetry of the second metacarpal, CT of vertebral trabecular archi-
tecture), did not find any significant difference in bone loss with age
but highlighted differences between sexes in the timing of bone loss
with age. Considering also results from other European populations,
for example, the study on metacarpals in a recent sample of the Portu-
guese population (Coimbra Identified Skeletal Collection), performed
by radiogrammetry and macroscopic analysis, found that endocortical
bone loss with age resulted significant only in females
(Curate et al., 2019). In the Coimbra collection study (Curate et al.,
2019), the incidence of fragility fractures was reported to be influ-
enced by age, whereas metacarpal Cl was not found to be an indepen-
dent risk factor. In a medieval England population at Wharram Percy,
a loss of the vertebral trabecular bone has been observed in young
adults of both sexes, but this loss would occur earlier in young women
and would show little change in bone mineral density in postmeno-
pausal life compared with modern populations (Agarwal &

Grynpas, 2009). These different age- and sex-related patterns may

depend on the different life habits (dietary and behavioral) of the
populations examined but, certainly, the differences in the skeletal
segments analyzed, methodologies applied, and variables considered

make it difficult to draw a general picture.

4.2 | Bone assessment methods and osteoporosis
Despite the variability among groups in a population, present-day
Europeans along with African populations, according to a recent
review (Salari et al., 2021), appear to be the most affected by osteo-
porosis, with a high frequency of osteoporotic fractures (Kanis
et al., 2002; Lofthus et al., 2001). Osteoporosis is directly associated
both with endogenous and exogenous risk factors, mainly including
age and sex, genetics, pathologies, and lifestyle (Dede & Callan, 2018;
Golob & Laya, 2015; Waldron, 2008). In particular, genetics and hor-
mones give a major contribution to the onset of the disorder, while
lifestyle plays a secondary (yet crucial) role in causing deficiency of
vitamin D - induced by insufficient dietary intake and/or lack of sun-
light exposure - and enhancing bone resorption processes (Al-
Bashaireh et al., 2018; Jamal et al., 1999; Sampson, 1997; Sozen
et al, 2017). Therefore, it is important to consider that our sample
includes individuals from different archeological sites (albeit all of
them from the same geographical area) and different epochs. The
majority of fractures (40.1% of all the fractures of the sample) were
found in the archeological site of S. Biagio, but it is also the most
represented site in our sample; 38.5% of the individuals of Chiesazza,
and 50% of the individuals from S.Maria in Padovetere had a fragility
fracture. Additional information can be found in Supplementary Mate-
rial Table 2.

There is no doubt that the analysis of osteopenia and osteoporo-
sis in ancient populations may allow a better understanding of their
causes and spread in the past and the present. From a methodological
point of view, although a preliminary diagnosis of osteoporosis on
skeletal remains is primarily based on the presence of typical fractures
in elderly individuals (Curate, 2014), there is a clear need for the
development of a quantitative methodology through tools other than
macroscopic analysis. A recent review of paleopathological studies
concerning osteoporosis and bone density (van Spelde et al., 2021)
carried out on ancient human osteological specimens showed that
84 publications over the last 50 years (1969-2021) used 16 different
quantitative methods. Specifically, the most frequently used methods
were found to be, in order of frequency, DXA (33.3%), radiogramme-
try (23.8%), and fracture patterns (13.1%). A shift in the applied meth-
odologies has also been outlined by these authors from the 80 s
(photon absorptiometry), to the 90 s and early 2000 s (DXA and radio-
grammetry), up to the 2010 s (CT-based scanning methods). However,
reference thresholds for the latter methods when applied to the skele-
ton are lacking, since those used for living people may not be ade-
quate. Indeed, the confounding effect due to the presence of soft
tissues, as well as the bone diagenesis and the resulting chemical and
biological alterations in the skeletons, can influence and therefore dis-

tort the outcomes of the analysis. More generally, non-destructive
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methods are preferred, while research funding and the possibility of
directly using instrumentation in the site where the remains are stored
may condition the subsequent choice. Moreover, a lack of reference
values for skeletal and archeological populations is usually observed,
for example concerning radiogrammetry; many studies have been
published during the last decades, yet specific cut-offs for assessing

bone loss thresholds are still to be published.

4.3 | QUS and radiogrammetry

Although the application of different methods to different skeletal
elements can help in revealing differences in the timing of bone loss
with age (Beauchesne & Agarwal, 2017), this approach has obvious
limitations. In particular, the difficulty of comparing populations and
periods imposed by the different methodologies applied shows the
need to identify a reliable method that employs thresholds validated
on archeo-anthropological finds and equipment that can be handled
directly in the field. This consideration prompted us to develop our
research in this area and to propose the use of portable instrumenta-
tion such as the QUS, in addition to radiogrammetry and macroscopic
analysis of fragility fractures. In fact, DXA, although it can provide
accurate assessments of osteodensitometry, requires expensive ana-
lyses performed through a complex apparatus, and its widespread use
in archeo-anthropology is, therefore, to be ruled out (Van Spelde
et al., 2021) especially if a large number of samples have to be tested.
Nor, on the other hand, have we resorted to the use of CT-based
scanning methods, as they are currently difficult to access (Van Spelde
et al.,, 2021).

Concerning radiogrammetry, this allows the assessment of corti-
cal bone loss, which can be useful in the diagnosis of osteoporosis and
fracture risk (Ives & Brickley, 2004). Positive aspects of this technique
include its  simplicity, low cost, and non-destructive
nature (Zhu et al., 2008). Therefore, it has been widely applied in
paleopathological studies that evaluated the second metacarpal
(sometimes also at the femur and tibia) (Beauchesne & Agarwal, 2014;
Curate, 2014; Mays, 1996). XR of the second metacarpal bone is one
of the most applied techniques in bioarcheology and is considered a
good proxy for age-related cortical bone loss as well as providing good
intra-group comparability (Beauchesne & Agarwal, 2014, 2017;
Brickley & Ives, 2008; Curate, 2014; Glencross & Agarwal, 2011;
Haara et al., 2006; Ives & Brickley, 2004) even if it does not allow
fracture risk assessment and osteoporosis diagnosis (Curate, 2014). As
well as the phalanges of the hand with the QUS technique, the meta-
carpal bones are the most appropriate elements for XR due to mor-
phologic factors (tubularity, presence of both cortical and trabecular
bone, central medullary canal). Therefore, these elements seem to
provide better results than other skeletal areas such as the femur and
tibia (Baroncelli et al, 2006; Beauchesne & Agarwal, 2017;
Curate, 2014; lves & Brickley, 2004). Quantitative ultrasound method-
ologies have been developed for indirect measurement of bone qual-
ity and skeletal status in the living person by performing ultrasound

measurements at the metaphysis of the proximal phalanx of the last

Er e WILEY-|

four fingers of the hand preferably (Frost et al., 2000; Nayak
et al., 2006; Njeh et al., 1997). As shown in the literature, the perfor-
mance of the QUS parameters was comparable to DXA, and all QUS

parameters were predictive of vertebral fractures (Albanese
et al., 2009; Gluer et al., 2004). In the latter study mentioned, UBPI
was specifically found to be the most appropriate parameter for clini-
cal practice, reflecting bone changes due to aging. The application of
this methodology to archeoanthropological skeletons is very recent
(Rinaldo et al., 2018) and therefore further experimental confirmation
is needed. Nevertheless, the results of the present study are
encouraging.

Radiogrammetry has sometimes been able to demonstrate an
association between Cl and the risk of osteoporotic fracture
(Mays, 1996), contrary to the evidence of other studies (Curate, 2014;
Mays, 2006). In our study, the comparison of parameters from differ-
ent methodologies in fractured and nonfractured subjects suggested
that the parameters obtained with QUS may be stronger indicators of
fracture risk than XR and osteometric values. Moreover, the applica-
tion of univariate and multivariate logistic regression analysis methods
made it possible to highlight that, once the effect of spurious correla-
tions had been eliminated, the only variable that emerged in the sam-
ple examined as an independent predictor of fractures is the UBPI,
once again confirming the diagnostic validity of the QUS method. To
further confirm this, we evaluated this diagnostic test (UBPI) by plot-
ting sensitivity against specificity (ROC curve) and using the AUC as a
measure of accuracy. Importantly, accuracy indices derived from ROC
analysis are not affected by fluctuations due to the use of arbitrarily
chosen decisional criteria or cut-offs (Hajian-Tilaki, 2013). Most nota-
bly, this study demonstrated that the overall diagnostic performance
of the test, being the AUC value of 0.70, is to be considered discrete
(Swets, 1998). A UBPI value of less than 0.19 was found to be the
optimal cut-off to define the risk of fractures in archeological sam-
ples. Finally, and in comparison to other methods (especially the
osteological observation), QUS allows not only the diagnosis of oste-
oporosis but also that of osteopenia. Nevertheless, some limitations
of this study should be emphasized. Firstly, inter-site differences in
BMD patterns have not been analyzed in this research: to test the
method, we made use only of the best-preserved individuals from
each site. Nevertheless, in an archeological context, preservation
issues may also result in an general underestimation of a low BMD
(Curate, 2014) due to the exclusion of the most fragile and worst-
preserved subjects; therefore the role of diagenesis in bone loss
needs to be further investigated. Even though the diagnostic dis-
crimination between diagenetic and pathologic bone loss is beyond
the scope of this study, it would be important to investigate possible
reasons for preservation issues in subjects with lower BMD. Another
point of discussion is the potential invasiveness of the QUS tech-
nique. Although the invasiveness of water submersion is minimal,
specimens in poor preservation conditions may suffer potential
damage. Although the protocol selection per se excludes poorly pre-
served specimens, since only fully maintained bones can undergo
the analysis, it is recommended to check the conservation status of

the specimen before applying QUS.
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5 | CONCLUSIONS

Our study on bone quality and bone loss in past individuals was
addressed through a multi-method approach and allowed us to high-
light some QUS parameters as reliable predictors of fracture risk and
assessors of the effect of age on bone alterations. Based on the whole
sample, an age-related pattern was evident, showing a significant
decrease with age in the Cl and the three QUS parameters. The com-
parison between individuals with and without macroscopic fractures
showed significant differences in QUS parameters. The UBPI was
found to be the main independent risk indicator for osteoporotic frac-
tures in the examined sample and the diagnostic validity of this test
has been demonstrated. The standard curves developed by Rinaldo
et al. (2018), now implemented with new T-score lines, would seem to
hold the necessary reliability and its application would therefore be
advisable in the field of archeo-anthropology. However, further con-
firmation is awaited through investigations carried out on other skele-
tal populations. Nevertheless, QUS is a reliable, inexpensive, and
easy-to-use tool; its portability contributes to making it a useful meth-
odology for investigating archeological remains also in the field. These
findings may be of great importance in estimating the health status of
past populations, particularly when combined with studies on diet and

ecology.
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