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ARTICLE INFO ABSTRACT

Keywords: Osteoporosis, a complex and heterogeneous disorder with a multi-factorial etiology, is characterized by ab-
Bone density normal bone loss leading to an increased risk of fractures.

Ultrasonometry In recent years, the study of osteoporosis and bone mineral quality has received increasing interest by bio-
Phalanx logical anthropologists. In particular, the study of bone quality in ancient populations in relation to sex, age and
gﬁzzf;ﬁilogy cultural background can provide important insights into the diachronic evolution of a seemingly modern pa-
Osteoporosis thology. However, a number of challenges remain in the determination of bone loss in ancient remains, partly

due to the methodological approaches applied in the anthropological analysis. This underlines the need for a
new methodology and new standards, specifically created and adapted to human skeletal remains.

The current study aims to develop a new methodology to assess bone quality in modern and ancient human
skeletal remains using Quantitative Ultrasonometry, applied for the first time to a skeletal sample of known age-
at-death and sex (Frassetto collection, University of Bologna). After the assessment of intra- and inter-observer
reliability, new ultrasonometric standards based on the analysis of age-related and sex-related changes in bone
quantity and quality were created, providing a reference point for the analysis of osteoporosis and bone loss in
skeletal remains. The applicability of the method was tested in a medieval sample including both males and
females. The low intra- and inter-observer errors suggest that the Phalangeal Ultrasonometry is a reliable and
valid technique that can be applied to modern and ancient human skeletons.

1. Introduction

Osteoporosis is a metabolic bone disorder characterized by a com-
promised bone strength due to low bone density and microarchitectural
deterioration of bone tissue, leading to an increasing risk of fracture
(Curate, 2014; Dede and Callan, 2018; Golob and Laya, 2015; NIH
Consensus Development Panel on Osteoporosis Prevention, Diagnosis,
and Therapy, 2001). The most common consequences of this condition
are three different types of fractures occurring after a moderate trauma,
such as a fall: fractures of the proximal femur (hip), vertebral com-
pression fractures, and fractures of the distal junction of the radius
(Colles’ fracture, Smith fracture) (Curate, 2014; Golob and Laya, 2015;
Johnell and Kanis, 2006).

Bone tissue constantly undergoes modeling and remodeling pro-
cesses throughout life through the action of several types of bone cells
(osteoblasts, osteocytes and osteoclasts), whose relative activity

determines bone balance (Boyd, 2009; Brickley and Ives, 2008; Curate,
2014; Fleisch, 2000; Golob and Laya, 2015; Gosman and Stout, 2010).
During the modeling process, bone tissue is constantly modified in size,
shape and position to mechanically adapt bone during the initial ske-
letal formation; after the end of puberty, remodeling becomes the
prevailing metabolic skeletal process (Curate, 2014; Prestwood and
Raisz, 2000). Bone tissue is always subject to remodeling processes
during the life of the individual in order to respond to new stresses and
replace older bone tissue. However, osteoblastic activity decreases with
senescence. (Curate, 2014; Gilsanz, 1999; Golob and Laya, 2015;
Madimenos, 2015; International Osteoporosis Foundation, 2017). Age-
related bone density loss begins after peak bone mass (PBM) and the
balance between modeling and remodeling is interrupted, leading to a
prevalence of bone resorption over bone formation (Golob and Laya,
2015). Skeletal disorders such as osteopenia (i.e., generalized loss of
bone) and osteoporosis occur when excessive osteoclastic activity leads
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to a bone density loss (Curate, 2014; Golob and Laya, 2015).

Osteoporosis is a multiple-etiological disorder influenced by en-
dogenous and exogenous factors, including senescence, sex, hormonal
factors, dietary and behavioral habits, genetics, reproductive and lac-
tation factors and physical activity (Brickley and Ives, 2008; Dede and
Callan, 2018; Golob and Laya, 2015). Aging is known to be the primary
risk factor of osteoporosis, due to decreases in osteoblastic activity and
in the intestinal absorption of calcium and other nutrients useful to
bone formation (Curate, 2014; Madimenos, 2015; Recker et al., 2004;
Riggs and Melton, 1986).

The study of osteoporosis in ancient populations could be helpful to
understand the patterns and prevalence of this disease in the past and
the present (Agarwal and Grynpas, 1996). Although osteoporosis was
first described about 250 years ago (Duverney, 1751), several studies
have subsequently underlined how this condition (and a more gen-
eralized decline in bone strength) has always affected human groups,
especially after the sedentarism following agriculture and domestica-
tion (Agarwal et al., 2004; Agarwal and Grynpas, 1996; Beauchesne and
Agarwal, 2017; Brickley, 2002; Dewey et al., 1969; Larsen, 2003; Mays,
2016; Ruff et al., 2006, 2015; Ryan and Shaw, 2015; van Gerven et al.,
1969). Although it is quite difficult to establish a clear origin of this
disease (Curate, 2014; Curate et al., 2013; Mays, 2008), several ana-
lytical approaches to the study of ancient evidence of osteoporosis have
revealed clear signs of patterns of bone loss. A preliminary diagnosis of
osteoporosis in archaeological samples is mainly based on the presence
of characteristic fractures in elderly groups of a population, which are
usually perceived as osteoporotic, or due to the fragility of the bone
structure (Curate, 2014).

In order to apply a more standardized and quantitative metho-
dology in the paleopathological study of osteoporosis, several biome-
dical techniques have been tested in skeletal samples (Agarwal and
Grynpas, 1996; Beauchesne and Agarwal, 2017; Curate, 2014). The
most common methods of bone mass evaluation are dual X-ray ab-
sorptiometry (DXA) and radiogrammetry. DXA, considered a very ac-
curate method to assess osteoporosis in archaeological skeletal samples
(Beauchesne and Agarwal, 2017; Golob and Laya, 2015), calculates the
amount of hydroxyapatite in grams of mineral per unit area on a bone
through the transition of two radiation stems across the bone; however
diagenetic processes can affect the outcomes, and the costs of this
method are also quite substantial (Curate, 2014). Radiogrammetry
quantifies the amplitude or geometry of the cortical bone in long bones
by calculating the ratio between medullary cavity thickness and total
width of the diaphysis directly on radiographic images; nevertheless the
measurement of the medullary cavity is not always accurate, with a
precision of the method around 5-10% (Beauchesne and Agarwal,
2017; Curate, 2014; Ives and Brickley, 2004).

The many studies on osteoporosis in ancient populations highlight
the absence of a standardized methodology, a diversified panorama of
analytical approaches and several methodological limits often due to
age-at-death estimation methods in archaeological samples (Brickley,
2002; Curate, 2014). As pointed out by Curate (2014), the lack of a
reference model for ancient populations should be overcome by the
creation of a standardized methodology based on a skeletal collection
with known age-at-death and sex. Quantitative ultrasonometry (QUS) is
based on measurement of the velocity of ultrasound and on inter-
pretation of the characteristics of the ultrasound signal (Wiister et al.,
2000). This technique is currently used by clinicians for the assessment
of bone mineral status in modern populations (Giavaresi et al., 2004;
Hans and Baim, 2017). Phalangeal ultrasonometry applied since 1992,
has proved to be a reliable method to diagnose osteoporosis and predict
fractures (Baroncelli et al., 2006; Gliier, 1997; Guglielmi et al., 2009;
Wiister et al., 2000); based on ultrasound propagation, it provides im-
portant information about bone health, such as bone density, bone
elasticity and risk of fractures in children, adolescents and adults in-
dependently of bone mineral density (Baroncelli et al., 2010; de Terlizzi
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et al., 2000; Guglielmi et al., 2009). This technique is also useful in
assessing properties of bone microstructure, such as elasticity
(Barkmann et al., 2000; de Terlizzi et al., 2000; Guglielmi et al., 2009;
Wiister et al., 2005), correlated to bone density quality and risk of
fractures. The reliability and potential of QUS have also been high-
lighted in a cadaver study (Wiister et al., 2005), showing how quanti-
tative ultrasound can provide better information than DXA concerning
the architecture and mechanical resistance of bone tissue (Wiister et al.,
2005). Limitations of the QUS technique are usually associated with the
monitoring and correct maintenance of the devices and with the re-
producibility of measurements; indeed, precision and reproducibility of
measurements are essential for the correct clinical use of QUS devices
(Hans and Krieg, 2009; Wuster et al., 1998). Moreover, QUS is most
effective when combined with an assessment of clinical risk factors,
especially at the start of the monitoring process (Hans and Krieg, 2009).

Therefore, this method provides several advantages, in that it is
non-invasive, radiation-free, easy-to use, portable and computer-as-
sisted, and automatically collects a large amount of data (Baroncelli
et al., 2006; Guglielmi et al., 2009, 2003; Hans et al., 1998; Wiister
et al., 2005, 2000). However, despite its advantages, it has never been
applied to skeletal material, as far as we know. The aim of the present
study was to develop new quantitative reference standards for the di-
agnosis of osteoporosis in skeletal human remains by application of
Quantitative Ultrasound analyses to phalanges of a large sample of
individuals belonging to a modern skeletal collection with known age-
at-death and sex (Frassetto collection, University of Bologna). Fur-
thermore, archaeological specimens were used to assess osteoporosis
based on comparisons with the new standard curves.

2. Materials and methods
2.1. Osteological samples

Our study included 110 subjects of known sex and age-at-death
from the Frassetto collection (Museum of Evolution, Department of
Biological, Geological and Environmental Sciences, University of
Bologna). These individuals, who died in the early 1900s, were buried
in the cemetery of Bologna and their remains were exhumed during the
first half of the 20th century to be kept in the museum (Belcastro et al.,
2017). In particular, we randomly selected approximately a dozen male
subjects and a dozen female subjects for each of the following age
groups: 21-30; 31-40; 41-50; 51-60; > 60, until a sample of 100 in-
dividuals was reached. Furthermore, ten individuals were randomly
chosen from the same collection for cross-validation.

Individuals who died of tuberculosis (cause of death was generally
known as well; Appendix A, Supplementary Table 1) were excluded
from the analysis due to the well-known destructive effect of this pa-
thology on the bone tissues of several skeletal districts (Choi et al.,
2017; Mariotti et al., 2015).

At the end of the experimentation, we applied QUS to a medieval
sample of 20 adult subjects from different sites in the Po Valley to ex-
emplify their placement in the new reference curves and the resulting
interpretation. These specimens are now part of the osteological col-
lections of the University of Ferrara (Laboratory of Archaeo-
Anthropology and Forensic Anthropology, Dep. Biomedical and
Specialty Surgical Sciences). Sex and age-at-death of the adult in-
dividuals were estimated by traditional anthropological methods
(Acsadi and Nemeskéri, 1970; Brooks and Suchey, 1990; Brothwell,
1981; Buikstra and Ubelaker, 1994; Ferembach et al., 1980; Gualdi-
Russo, 2007; Lovejoy, 1985; Phenice, 1969; Todd, 1921, 1920). We
used the mean age value of each individual (assessed by different
methods) to plot the points in the graph of the AD-SoS reference curves,
drawing through these points a bar parallel to the x-axis to represent
the uncertainty in age determination.
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2.2. Measurement protocol

Ultrasound measurements were performed with a DBM Sonic device
1200 (Igea, Carpi, Italy) that transmits an ultrasound wave at a fre-
quency of 1.2 MHz through the proximal phalanges of the hand. The
instrument consists of two probes acting as signal generator and re-
ceiver mounted on a high precision caliper. The probes were applied on
the metaphysis of the proximal phalanges of fingers II-IV in a medio-
lateral direction following the standard protocol suggested by the
manufacturer (Baroncelli et al., 2001). The distal end of the diaphysis of
the proximal phalanx is an optimal site because it contains both cortical
and trabecular bone (Wuster et al., 1998).

The QUS parameters considered in this study were AD-SoS (m/s)
(amplitude-dependent speed of sound), BTT (us) (bone transmission
time), and UBPI (ultrasound bone profile index). AD-SoS (m/s) is de-
fined as the distance between the transducers divided by the time of
flight, that is the time from emitted pulse to received signal. It depends
both on velocity and amplitude of the signal received considering the
signal that reaches a predetermined minimum amplitude value (2 mV)
for the first time (Baroncelli et al., 2001; Cadossi and Cane, 1996). BTT
(us) is the difference between the time when the first peak of the signal
received attains its maximum and the time when the signal reaches
1700 m/s. BTT depends only on bone properties and is not influenced
by the soft tissue (Baroncelli et al., 2006). UBPI is an index directly
calculated by the instrument, whose value is between O and 1. It
quantifies the signal characteristics and can be considered the “fracture-
predictive value” (Wiister et al., 2000).

The final values considered for the analysis were the mean values
obtained for each of the three parameters over the four fingers
(Baroncelli et al., 2001, 2006). When possible, the measurements were
taken on the left hand. However, there were no significant differences
between the two hands in previous studies (Baroncelli et al., 2001;
Ventura et al., 1996). Before the experimentation, an instrument cali-
bration was carried out by the manufacturer by means of a composite
mother phantom.

Prior to the measurement, phalanges were immersed in water for
five hours to remove the air inside the spongy bone. The amount of time
needed was experimentally defined.

On living subjects, the coupling of the probes with the skin is
mediated by standard ultra-sound gel. This method was ineffective
when applied to skeletal material. Therefore, we decided to keep the
phalanges in a tray filled with water during the measurement to allow
the passage of the ultrasound signal through the phalanges and to im-
prove the acoustic coupling (de Terlizzi et al., 2000; Wiister et al.,
2005). (Fig. 1a). Due to the absence of soft tissues where probes adhere
in the case of measurements on the living, a fixed distance of 18 mm
between the probes was experimentally defined to allow measurements
of both male and female phalanges (Fig. 1b).
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To assess the reproducibility of the technique, measurements of 40
phalanges (ten individuals) were recorded by two trained observers (A
and B) who worked independently from each other. Once all ten ske-
letons were measured, the assessment was repeated by observer A, six
days later.

Once the validation phase was completed, observer A measured the
sample of 110 modern skeletons following the established protocol.
Finally, observer A measured the phalanges of 20 medieval skeletons
from the human skeletal collection of the Laboratory of Archeo-
Anthropology and Forensic Anthropology (University of Ferrara).

2.3. Statistical analysis

We assessed the intra- and inter-observer agreement in the mea-
surements of bone density by computing the intra- and inter-observer
error, Intraclass Correlation Coefficient (ICC) and Bland Altman plot,
including mean differences and limit of agreement. ICC was based on a
two-way model considering single measures and the same rater for all
subjects. Discrepancies between the intra-observer measurements were
identified by the Wilcoxon test and between inter-observer measure-
ments by the Mann-Whitney test. The coefficient of variation (CV%), an
expression of bone mineral density (BMD) variability, was calculated
following the formula reported by El Maghraoui and Roux (2008).

Descriptive analyses were reported as mean and standard deviation
of QUS parameters by sex and age. Associations of age with QUS
parameters were determined using the Pearson correlation coefficient
(r) and the coefficient of determination (r?). Reference curves were
plotted for AD-SoS by age, separately for sex, using a computational
procedure of polynomial curve fitting.

The statistical significance was set at P < 0.05. All analyses were
performed using “Statistica” for Windows, version 11 (StatSoft, Tulsa,
OK, USA). We carried out the study in accordance with the guidelines
for Reporting Reliability and Agreement Studies (GRRAS) (Kottner
et al., 2011).

3. Results

The repeated intra- (A1-A2) and inter-observer (A1l-B) measure-
ments of the two considered QUS parameters (AD-SoS tot and BTT tot)
showed no statistical differences (Table 1). The Bland Altman plot
(Fig. 2), representing the total agreement between the repeated mea-
sures of AD-SoS, showed a mean difference of —22.1 m/s between the
repeated measurements of the same operator (A1-A2), with 95% limits
of agreement between 153.8 and —109.7 m/s. All the measurements
fell within the limits of agreement. The ICC resulted in an intra-varia-
bility of 0.823 (95% CI 0.463-0.952) (Table 2), confirming the ex-
cellent repeatability of the QUS method in the skeletal material. The
measurements comparisons between two different operators (A1l-B)

J

Fig. 1. (a) Measurement using Bone Profiler on phalanges placed inside tray with water. (b) Probes position during the evaluation.
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Table 1
Intra-observer and inter-observer error between measurements derived from
QUS.

Intra-observer error (n = 10)

Parameter Al Mean A2 Mean (SD) Difference 95% CI p value
(SD)
AD-SoS tot 1890 1868(104) —-22.1 —70.1t026.0 0.1688
(m/s) (121)
BTT tot (us) 1.41 1.38 (0.58) —0.04 —0.30t00.22 0.9528
(0.67)
Inter-observer error (n = 10)
AD-SoS tot 1890 1916 (201) 26.1 —45.3t097.4 0.8785
(m/s) (121)
BTT tot (us) 1.41 1.60 (0.96) 0.18 —0.06t00.43 0.1029
(0.67)
AD-SoS tot (m/s)
200}
2 +1.96 SD
L 1538
.
100 - .
o~ » ® .
< o N Mean
< o - . 22,1
50 .
-100} . -1.96 SD
-109,7
-150 ! ! 1 1 1
1700 1800 1900 2000 2100 2200

Average between A1 and A2

Fig. 2. Bland Altman plot evaluating the absolute agreement between two
measures of the same observer (Al vs A2) for the parameter AD-SoS m/s) X-
axis: average of the two measures; Y-axis: difference between the two measures.

Table 2
Intraclass Correlation Coefficient (ICC) values resulting from the repeatability
and reproducibility tests of the AD-SoS tot (m/s) and their related 95% CI.

Intra-variability (n = 10) Inter-variability (n = 10)

Al - A2 Al -B
ICC values 0.823 0.824
95% CI 0.463 to0 0.952 0.459 t0 0.953

displayed similar results, with broader limits of agreement in the Bland
Altman plot (169.4 and —221.6) and a slightly higher difference be-
tween the two measurements (22.1 m/s) (Fig. 3). Moreover, only one
measurement is slightly below the lowest limit of agreement. However,
the ICC value between the two operators is nearly the same (0.823 95%
CI 0.463-0.952) (Table 2) as the value obtained with the repeated
measures by the same operator, signifying excellent reproducibility of
the method. The coefficient of variation (CV%) calculated for AD-SoS
was 2.54% for intra-observer repetition and 3.65% for the inter-ob-
server repetition, proving good precision and a very small difference in
reproducibility and repeatability in the application of QUS to the
phalanges of the skeletal material.

Table 3 reports the mean and SD values of the three principal
parameters detected/calculated by the Sonic Bone Profiler, AD-SoS,
BTT and UBPI, reported for both the different age groups (overall range
from 20 to 60 +) and the total sample, for males and females separately.
The linear association between QUS parameters and age was
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AD-SoS tot (m/s)

20f  41.968D
150 169.4
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Fig. 3. Bland Altman plot evaluating the absolute agreement between measures
of two different observers (Al vs B) for the parameter AD-SoS m/s) X-axis:
average of the two measures; Y-axis: difference between the two measures.

Table 3
Mean and Standard Deviation values for AD-SoS, BTT and UBPI in each age
range of males and females.

Age range N AD-SoS (m/s) BTT (us) UBPI
Mean * SD Mean * SD Mean * SD
Males
21-30 12 1829 + 56 1,07 = 0,36 0,33 = 0,10
31-40 11 1842 + 54 1,24 + 0,25 0,32 + 0,12
41-50 11 1819 += 72 1,11 = 0,35 0,27 *= 0,09
51-60 10 1790 + 46 1,00 = 0,20 0,27 = 0,09
61 + 11 1772 + 56 0,95 + 0,29 0,25 = 0,19
Total 55 1811 + 61 1,08 = 0,30 0,29 * 0,12
Females
21-30 14 1839 + 42 1,00 = 0,28 0,37 = 0,09
31-40 9 1799 += 29 0,74 = 0,18 0,36 = 0,16
41-50 9 1799 + 41 0,95 = 0,29 0,27 = 0,10
51-60 10 1798 + 42 1,03 = 0,30 0,38 = 0,12
61 + 13 1779 + 61 0,91 + 0,38 0,32 = 0,09
Total 55 1805 + 49 0,94 = 0,30 0,34 = 0,11
Table 4

Linear correlation between age and QUS parameters (AD-SoS, BTT and UBPI) in
males and females.

QUS parameter Males Females

r r? p r r? p
ADSoS (m/s) —0.366 0.134 0.00617 —0.419 0.176 0.0014"
BTT (us) -0.217 0.047 0.1121 —0.029 0.001 0.8346
UBPI —0.268 0.072 0.0475" —0.158 0.025 0.2541

@ Significant p values.

investigated. AD-SoS showed a significant negative correlation with age
in both sexes (the parameter decreases with age), with a coefficient of
determination slightly higher in females (13% of the variance explained
in males vs 18% of the variance explained in females) (Table 4). In
contrast, BTT showed no significant linear association with age and
UBPI showed significant correlation with age only in males, although
the explained variance was low for both sexes (Table 4). We decided to
create the reference curves for the modern skeletal collection based
only on AD-SoS values (Fig. 4A and 4B) because in our study it was the
only parameter significantly correlated with age in both sexes. More-
over, in the scientific literature on QUS, it is the most widely used
parameter, being considered a diagnostic tool for osteoporosis diag-
nosis. Therefore, the use of the same parameter allows a comparison
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AD-SoS reference values for males
2050

2000
+35D

1950 =mmmmemmmmmmTTTTTTT T e

o e T T T

1850

1800

1750

AD-S0S (m/s)

25 30 40 45 60 65

AGE (years)

Journal of Archaeological Science 99 (2018) 153-161

AD-SoS reference values for females
2000

1950
+35D

29000 TPaie. ceeesccccevesssmn,

1850

1800
AVERAGE

1750 .

-1sD

AD-S0S (m/s)

1700

1650
-3SD

30 35 40 45 50 65 70

AGE (years)

Fig. 4. AD-SoS references values for males (A) and females (B). Curves are smoothed with a moving average of + 10 years, with reference lines included
showing + 1SD + 2SD and * 3SD from average (SD calculated with the values of the whole sample separately for males and females).

between our new curves and other reference curves from the literature,
(Hamidi et al., 2008; Hayman et al., 2002; Wiister et al., 2000).

In males, the peak value of AD-SoS was found in the 31-40 age
group, whereas in females the peak value was in the first group aged
21-30 (Table 3). The lowest value in both males and females was ob-
served in the last group aged 61 or more (Table 3). Fig. 4 shows the
average AD-SoS trend in the two sexes. Several reference lines have
been drawn to display —1 SD, —2 SD and —3 SD from average. These
cut-offs were chosen to indicate, respectively, mild bone loss (from < -
1SD to = -2SD), moderate bone loss (from < -2SD to = -3SD) and
severe bone loss (< -3SD). Moreover, we completed the graphs re-
presenting +1 SD, +2 SD and + 3 SD lines from the average (Figg. 4A
and 4B).

In order to demonstrate the use of the new reference curves in the
archaeological skeletal material, we applied the same methodology to a
sample of medieval skeletons of various age-at-death. Table 5 reports
the list of medieval individuals analyzed for osteoporosis by site. Then
we plotted the resulting AD-SoS values of medieval skeletons on the
previously created graphs in Fig. 5. The results of four males (Fig. 5A)
fell between plus and minus 1SD from the average curve (ID no. 9, 6, 1,
8), indicating a normal range of bone mineral density. Mild and mod-
erate bone loss resulted for ID no. 5, 3, 10 and for ID no. 2, 4 respec-
tively. Severe bone loss resulted only for ID no. 7 that fell slightly un-
derneath of -3SD line. Among females (Fig. 5B), four of them fell within
the normal range (ID no. 2, 3, 5, 6). Among the remaining females,
three had values slightly lower than -1SD, indicating mild bone loss (ID
no. 1, 4, 10), other two fell under -2SD, indicating moderate bone loss
(ID no. 7, 8), whereas just an old female resulted to have a severe bone
loss (ID no. 9).

4. Discussion

The main objective of this study was to test whether QUS can be
considered a reliable method for the determination of bone loss and
bone quality in ancient and modern skeletal material. To create new
standard curves that could be used as reference values, we applied the
technique to a sample of modern healthy skeletons of known age-at-
death and sex.

Although QUS can be applied to various skeletal sites (e.g tibia,
metacarpal, phalanges) (Stieglitz et al., 2017) we decided to use the
phalanges for several reasons. As observed by Wiister et al. (2005), the
human phalanx is one of the most metabolically active parts of the
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skeleton, being subject to morphological and structural changes of its
trabecular and cortical bone during the bone remodeling process oc-
curring with aging. Its epiphyseal and metaphyseal trabecular and
cortical structure are directly involved in the transmission of ultrasound
impulses, since the trabecular bone of the proximal meta-diaphyseal
region is the first one to undergo the resorbing process (Barkmann
et al., 2000; Wiister et al., 2000, 2005). Furthermore, the common
discovery of phalanges in ancient burials makes phalangeal QUS a very
useful method to assess the bone mineral status of individual bones in
ancient populations.

In the first part of this study, we assessed the reliability of QUS
applied to the phalanx of modern skeletal material. This was necessary
because, to our knowledge, the applicability of QUS to skeletal material
had never been proven. Our results show a low, non-significant abso-
lute difference between the repeated measures, both between the same
operator and between two different operators. Moreover, ICC values
demonstrate an excellent repeatability and reproducibility of the
method, with a lower intra-observer than inter-observer error. Further
steps should be taken to ensure agreement if the method were to be
used by multiple observers. The precision of the method was evaluated
through the Coefficient of Variation (CV%). The results obtained for
AD-SoS values are slightly higher than those obtained in cross-sectional
studies that used the same instrument applied to a living population
(mean 1.0%; range 0.4%-2.5%) (Krieg et al., 2008). This is true espe-
cially for the inter-observer precision (3.65%). On the other hand, the
intra-observer precision is very similar to that observed in the living
(2.54%). This is likely due to the greater difficulties in measuring dry
bone of the phalanx in comparison to fingers with soft tissue.

After testing for reliability and agreement, we statistically verified
the correlation between QUS parameters and age and created new re-
ference curves based on mean AD-SoS values. The creation of these
standard curves for AD-SoS will be a useful tool to assess the bone
mineral status of a skeletal individual in comparison to a skeletal re-
ference population from the same geographic area rather than in
comparison to living populations. Moreover, these curves may be fun-
damental in the diagnosis of osteopenia and osteoporosis using the
established cut-offs. An AD-SoS value below —2 SD (corresponding
to < —2zscore or < 3rd percentile) may identify a condition of “low
mineral status” and therefore osteopenia, while a value under —3 SD
(corresponding to < —3 z score or < 0.1st percentile) should indicate
osteoporosis. The need of new reference curves based on skeletonized
material is underlined by the risk of bias between dry bones and living
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Table 5
List of medieval subjects of different sex and age examined by QUS.
ID number Age Archaeological site Dating Archaeological context References
Males
1 50-60 Chiunsano 2nd -4th The burial area consisted in 31 inhumations from the Early Middle Ages, (Biising et al., 1994; Biising and
Century distributed along the Roman settlement area in Gaiba municipality Biising Kolbe, 1996)
(Rovigo, Italy).
2 45-55 Crocetta Early 15th Single inhumation in rectangular pit located at the center of the Oratory  (Balboni et al., 2005; Lorenzini,
Century of Cento (Ferrara, Italy); the body was placed in a supine position, with  2001; Onisto and Gualdi-Russo,
the head lodged within a niche in the south wall of the pit and covered by  2011)
a tile; other tiles were found located close to the lower extremities.
3 53-63 S. Maria in Padovetere 4th- 7th Simple pit burials referring to the Early Medieval period and referring to  (Corti, 2007)
4 57-63 S. Maria in Padovetere Century the area of the VI Century church of S. Maria in Padovetere (Comacchio,
5 54-68 S. Maria in Padovetere Ferrara, Italy).
6 23-28 Ferrara S. Anna 15th-16th Several Medieval inhumations where found in the area of the cloister and (D'Angelo, 2005; Onisto et al., 2006)
Century the church of S. Anna (Ferrara, Italy), founded in 1295 as a convent and
lately converted in hospital and asylum.
7 30-40 Imola — Via Maghinardo = 13th Century = Two coffer graves inhumations discovered in the city of Imola (Bologna,
Italy), siding two masonry structures from the same chronological frame.
8 53-68 Chiesazza 4th-6th The burial area of Chiesazza (Ficarolo, Rovigo, Italy) consisted in 59 (Biising et al., 1994; Biising and
9 23-34 Chiesazza Century inhumations in simple pit burial or in wooden coffin. Only one burial Biising Kolbe, 1996)
10 30-39 Chiesazza (grave no. 28) showed the presence of grave goods.
Females
1 50-59 Chiesazza 4th-6th See description above. (Biising et al., 1994; Biising and
2 37-49 Chiesazza Century Biising Kolbe, 1996)
3 30-40 Chiesazza
4 30-34 Chiesazza
5 23-39 Chiesazza
6 18-21 Chiunsano 2nd-4th The burial area consisted in 31 inhumations from the Early Middle Ages, (Biising et al., 1994; Biising and
Century distributed along the Roman settlement area Biising Kolbe, 1996)
7 18-22 Ferrara S. Anna 15th-16th See description above. (D'Angelo, 2005; Onisto et al., 2006)
Century
8 25-35 Imola - via Emilia 7th-8th Single inhumations in brick coffins. These burials were part of a group of  (Pasini et al., 2018)
9 58-72 Imola - via Emilia Century three graves dated to the Lombard era, discovered along the Via Emilia
(Imola, Bologna, Italy).
10 23-39 S. Maria in Padovetere 6th- 7th See description above. (Corti, 2007)
Century

subjects with soft tissue. As an example of the applicability of the re-
ference curves, we tested the technique on some medieval skeletons,
obtaining important indications of their bone mineral status compared
to the reference sample.

Our results confirm that age is an important factor affecting QUS
parameters, especially AD-SOS. As it is well known, there is a peak of
BMD at age 25-35 and then a natural decrease after a certain age
(approximately 40) (Guglielmi et al., 2015; Maalouf et al., 2007;
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2050

1950

1900

1850

1800

1750

AD-So0S (m/s)

1700

1650

1600

1550

AGE (years)

Wiister et al., 2000), consistently with our reference curves. In our fe-
male sample, there is a peak of BDM at age 25, followed by a slight
decrease from 25 to 35 and a rapid decrease after 55 (probably due to
menopause). This trend is partially consistent with the AD-SoS data
obtained in a sample of living European women by Wiister et al. (2000).
In particular, the curve of Wiister et al. (2000) showed a small increase
in the age range 19-30, a decrease until 40, then a rapid decline after
50. The reference curve for Lebanese females showed a slightly
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Fig. 5. Application of the new method in a Medieval sample of males (A) and females (B).
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different trend, with an increase between 25 and 35 followed by a rapid
decrease (Maalouf et al., 2007).

In our study the trend of AD-SoS values of males, with a peak at age
35, followed by a rapid decrease, is consistent with the values obtained
by Montagnani et al. (2000) in a sample of living Italian males: the AD-
SoS peak was reached at age 31-40, with a subsequent decrease
reaching its lowest values in the last decade, and the BTT values fol-
lowed the same trend. Similar trends have been obtained for other male
samples (Hayman et al., 2002). More generally, our curves are con-
sistent with the physiological decrease of BMD during aging in both
males and females (Wiister et al., 2000; Drozdzowska et al., 2005;
Baroncelli et al., 2010; Maalouf et al., 2007). However, the mean values
of QUS parameters in the modern skeletal material, especially AD-SoS,
are lower than those of the living population. Although some studies
did not report differences between bone or finger (soft tissue plus bone)
in AD-SoS, suggesting that this parameter reflects only the structural
characteristic of the bone (Guglielmi et al., 2003; Sakata et al., 2004),
they probably did not consider the difference between fresh bone and
dry bone.

The evaluation of osteoporosis and bone quality in archaeological
skeletal remains has become a great challenge in paleopathology,
mainly due to a lack of methodological standardization, the lack of
reference values and methodological limitations in the age-at-death
estimation of archeo-anthropological skeletal remains (Curate et al.,
2016; Genant et al., 1993; Gonzalez-Reimers et al., 2007; Hirata and
Morimoto, 1994; Mays, 2006). Although a large number of methods can
offer different views of bone remodeling and maintenance (Brickley and
Agarwal, 2003), results from different methodologies are not directly
comparable (Curate, 2014); therefore, the use of standardized metho-
dology and reference models are necessary for the paleopathological
study of osteoporosis.

One of the commonly used tools for measuring BMD and evaluating
osteoporosis and fracture risks is the dual energy X-ray absorptiometry
(DXA). However, this method has some limitations, particularly in its
applicability to skeletal material. First, data comparisons between
skeletal specimens and living individuals can cause several inter-
pretative errors (Curate, 2014). Second, its reliability can be distorted
due to the effects of taphonomic processes (Sutlovic et al., 2016).
However, quantitative ultrasonometry also presents these limitations,
as reported in the following section.

In recent years, QUS has been used by clinicians to the assessment of
BMD and to evaluate osteoporosis and fracture risks (Baroncelli et al.,
2006; Glier, 1997; Hamidi et al., 2008; Hayman et al., 2002;
Montagnani et al., 2000; Zhu et al., 2008). Research has also been
conducted to determine how the density and elasticity of the spongy
bone from decalcified pig phalanges and fresh human phalanges in-
fluenced the propagation of ultrasound waves, the results being com-
pared with those obtained from DXA, micro-computed tomography and
mechanical testing. They showed that transmission of the ultrasound
signal is closely linked to the degree of mineralization, and thus is a
powerful tool for the diagnosis of osteoporosis (de Terlizzi et al., 2000;
Wiister et al., 2005). However, these studies had several limitations,
mainly due to the impossibility of comparing the values obtained with
those of other methodologies and to the low number of specimens used.

QUS techniques applied to osteological remains have several ad-
vantages over other classically used techniques (i.e. DXA), such as lower
equipment and operational costs, the lack of any need for a radiographic
technologist or designated room, the absence of ionizing radiation
(Hamidi et al., 2008; Hans and Baim, 2017) and the lack of any need to
sacrifice skeletal parts as required by some destructive analytical techni-
ques (i.e. histological analysis). Hence, it would appear to be a more ac-
cessible method for the paleopathological assessment of osteoporosis.

Nonetheless, whatever technique is applied, there are several lim-
itations to the study of bone density in archaeological remains. In
particular, post-mortem changes in bones due to taphonomic factors
may lead to incorrect results (Sutlovic et al., 2016). In addition to a
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general loss of bone density after death, the inhumed bone may be
severely damaged by humic acids (Schultz, 2003). Moreover, plant
roots, fungi and algae, insects and larvae can attack the skeleton, de-
stroying bone and producing holes and tunnels (Hackett, 1981;
Schotsmans et al., 2017; Schultz, 2003). With regard to QUS, in addi-
tion to these limitations, particular caution is required in the case of
specimens with poor preservation, as the procedure involves dipping
the specimen in water for five hours before taking the measurement.
The absence of soft tissue and the presence of air inside the bones make
it impossible to follow the standard protocol, which needs to be adapted
accordingly. The use of deionized water can reduce the exchange of
minerals between bone and water.

In conclusion, to our knowledge this is the first study to address the
use of QUS to assess osteoporosis in skeletal remains and to propose
reference standards. A key strength of the present investigation is that
all the modern skeletons examined came from an osteological collection
with known age-at-death and sex; the subjects referred to the same
modern period and came from the same geographic area. In addition,
almost all the individuals had the same low social status. Application of
QUS to a medieval sample of both sexes from some northern Italian
archaeological sites indicated promising results, as we were able to
measure AD-SoS values of all the individuals and to estimate their bone
density according to the new reference graphs; thus confirming the
applicability of QUS even on archaeological skeletal material.

This study also has limitations that need to be taken into account.
The first is the impossibility to estimate the real effect of diagenesis on
the loss of bone density, at least without the use of an invasive analysis.
Another limitation is the lack of comparison between the results ob-
tained using QUS and those of other techniques, such as anthro-
pological and radiographic analysis and diagnosis of osteoporotic
fractures or DXA analysis. Moreover, although the new standards have
been developed without including individuals in the sample who died
of tuberculosis, we cannot exclude that other diseases may have af-
fected bone density. Finally, despite the fact that the Frassetto collec-
tion has proved to be a good reference sample for several methodolo-
gical studies (Gualdi-Russo, 2007; Gualdi-Russo et al., 1999; Gualdi-
Russo and Galletti, 2004; Gualdi-Russo and Russo, 1995; Hens et al.,
2008; Zampetti et al., 2016), the applicability of the curves based on
this collection to other non-Mediterranean populations must be de-
monstrated by further research, since ethnic differences in bone density
have been observed with higher values in Africans than in whites and
lower values in Asians than in whites (Manifold, 2014).

Future studies should address the diagnosis of osteoporosis in ske-
letal remains by means of QUS compared to other diagnostic techni-
ques. Thanks to our new reference curves, this technique could also be
useful to identify the pathological status related to increased bone mi-
neral density (hyperostosis).
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