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ABSTRACT

Objectives: The cross-sectional area occupied by mineralized tissues is so high in non-adult individuals that linear methods
provide limited information about its variation along their bones. This issue can be addressed using the compartmentalization
index, a non-linear index that amplifies differences in cross sections with more than 90% of the mineralized area.

Materials and Methods: We selected five femur diaphyseal cross sections of 35 non-adult Homo sapiens individuals from
perinatal to 5years old. Then we measured the percentage of mineralized area of each section and calculated the corresponding
compartmentalization index. Subsequently, the distribution of both measurements was graphically tested.

Results and Discussion: As expected, variations of femur diaphyseal mineralized areas are visually magnified using the com-
partmentalization index for values exceeding 90%, but the significance of statistical comparisons between groups is not affected.
This makes the index particularly useful for exploring subtle variations in the early stages of growth and development. In addi-
tion, we found that using either the compartmentalization index or direct percentage measurements is equally effective for cross
sections with lower mineralized area, as the data distributions are comparable. This also allows applying the compartmentaliza-
tion index in research focused exclusively on adult individuals.

1 | Introduction

Cross-sectional distribution of mineralized tissues has been
largely studied in humans over the last decades. Although
it has been mainly assessed on long bones like the femur
(Goldman et al. 2009; Sansalone et al. 2012; Wysocki
and Doyle 2023) or the humerus (Pfeiffer and Zehr 1996;

Cambra-Moo et al. 2014; Pitfield et al. 2017; Zhao et al. 2021),
recent publications are using other parts of the skeleton, such
as the ribs (Garcia-Martinez et al. 2017; Holcombe et al. 2018;
Holcombe et al. 2019; Beresheim et al. 2019; Loépez-Rey
et al. 2022, 2023). In general terms, these articles suggest that
the distribution of mineralized tissues along adult bones (and
their cross sections) is driven by mechanical stress. Therefore,
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Summary

« The compartmentalization index is a non-linear
method for quantifying cross-sectional mineralized
area.

« It amplifies differences in areas with over 90% of min-
eralized area, typical in non-adults.

« For lower values, it behaves like percentages, making
it also applicable to adults.

those regions subjected to higher mechanical forces (e.g.,
muscular insertions) might have a greater area occupied by
mineralized tissues. This is usually measured using linear
magnitudes as percentages, which are informative enough
when the gradient of mineralized area is variable in the sub-
ject of study. However, there are situations where overall bone
cross-sectional mineralized area is so high that minimal vari-
ations are not evident using linear representations. The most
representative case involves the study of bone mineralized
area in immature individuals.

It is well-known that there is an inverse relationship between on-
togeny and the distribution of bone cross-sectional mineralized
area since it is larger in early stages of growth and development.
This is due to the abundant woven bone tissue found in infants
compared to further ontogenetic stages, when woven bone is
replaced by lamellar bone that is mostly concentrated in the pe-
ripherical region of the cross sections (Cambra-Moo et al. 2014;
Garcia-Martinez et al. 2017; Beresheim et al. 2019). Consequently,
mineralized area can reach values over 90% all along the cross
sections of the infantile long bones, avoiding the generation of
informative graphics on its distribution unless the scale of the “y

A) 100 A ~< =---

axis” is limited to that percentile. Nevertheless, the percentage of
mineralized area (% Min. Ar.) can be easily transformed into a
non-linear index that maximizes distribution differences when its
value is high enough. This is the case of the compartmentalization
index (comp. index, Lopez-Rey et al. 2022, 2023), which is defined
as the relationship between the mineralized and non-mineralized
areas of the bone cross section according to the following formula,
where “x” is the % Min. Ar.:

X

C . ind =
omp. index (y) 100 — %

Given its mathematical formulation, the comp. index behaves
like a rational function whose domain is (0, 99] because (1)
cross-sectional mineralized area cannot be 0, (2) cross-sectional
mineralized area over 99 would lead to enormous comp. index
values, and (3) a cross section 100% mineralized cannot be con-
templated since 100/0 is indeterminate. The graphical represen-
tation of this rational function results in a hyperbola where ‘y’
values increase continuously as ‘x’ approaches 99. The obtained
hyperbola, however, does not behave as a traditional one be-
cause its domain makes it asymmetric, preventing the calcula-
tion of a vertex, which could be approximated to x’=90. The
utility of the comp. index is that differences in mineralized area
will be exponentially magnified when X’ values (% Min. Ar.) are
higher than 90, while they will be negligible when ‘X’ values are
lower (Figure 1). In other words, the comp. index works in the
opposite way to a log-transformation: instead of reducing skew-
ness by compressing a wide range of values into a smaller scale
(Changyong et al. 2014), it spreads out the otherwise tightly clus-
tered values on the high end of mineralization. This property
might help to address the limitations of traditional linear mea-
surements (such as % Min. Ar.) in describing variation within
highly mineralized tissues—a challenge that might affect
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FIGURE1 | (A)Graphical representation of the compartmentalization index's domain, (B) values of mineralized area contemplated in the select-

ed sample, (C) values where the magnification effects of the compartmentalization index are most pronounced.
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Premature 5 vyearsold

FIGURE 2 | From 1 to 5, numbered cross sections selected along the diaphysis of the left femur belonging to individual ID 110562 (4years old).

The percentage (%) of bone length where each section was obtained is also indicated at the right part of the plane, emulating Gosman et al. (2013).

In addition, an example of sections belonging to a random premature and five-year-old individual is included to visually appreciate the magnitude

of their differences.

researchers in fields beyond ontogenetic studies, such as com-
parative anatomy, biomechanics, or paleoanthropology. Thus,
this research aims to contrast the classical linear method to the
comp. index in order to test whether the latter is more useful for
exploring cross-sectional bone properties in early life.

2 | Materials and Methods

The practical case proposed for this methodological article re-
quired the CT-scans of 35 non-adult H. sapiens masculine indi-
viduals, from perinatal to 5years old, which were requested to the
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New Mexico Decedent Image Database (NMDID). Note that peri-
natal individuals were divided into two groups: “premature” for
those who experienced intrauterine fetal death before complet-
ing 9 months of pregnancy; and “0” for those who were born after
9months of pregnancy and passed away before their first year of
life. Consequently, the 35 subjects were distributed in seven age-
based groups of 5 individuals each. All the sample, whose causes
of death did not compromise their skeletal integrity, was scanned
using the pediatric OMI protocol (Edgar et al. 2020) with the fol-
lowing parameters: collimation=16x0.75mm; pitch=0.938;
voltage =120kVp; reference tube current-time=200mAs; and
rotation time =0.50s. DICOM images from the CT-scans were
transformed into virtual 3D models in Slicer v. 5.6.2 (Fedorov
et al. 2012). Afterwards, we segmented the left femur of each
individual and selected five equidistant cross sections from the
beginning to the end of the femoral diaphysis (Figure 2), such as
done by Gosman et al. (2013).

Then we calculated the percentage of each cross section's miner-
alized area (% Min. Ar.) in Fiji-Image J v. 2.1.0/1.53s (Schindelin
et al. 2012). For this purpose, the software provides a threshold
for differentiation between bone tissue (mineralized area, in-
cluding both cortical and trabecular bone) and soft tissue (non-
mineralized area). Knowing the total area of each cross section,
we determined the % Min Ar. and then used it for computing
the corresponding compartmentalization index (comp. index)
according to the formula:

% Min. Ar.

C . index = —————
Omp- ndex 100 — % Min. Ar.

The distribution of the % Min. Ar. and comp. index val-
ues (Table 1, SOM Table S1) was depicted by line plots with
error bars (Figure 3) and statistically studied by Kruskal-
Wallis (p<0.05)+ Dunn-Bonferroni post hoc tests (Table 2).
These analyses were performed in RStudio v. 2023.12.1-402
(R Core Team 2023) using the packages “ggplot2” v. 3.3.3
(Wickham 2016) and “stats” v. 4.2.3 (R Core Team 2023). The
full R script is included in Table S1.

3 | Results and Discussion

Figure 3 shows that, on a scale from 0 to 100, the distribution
of Y values tends to range from 60 to 100 for the percentage of
mineralized area (% Min. Ar., Figure 3A1), but from 6 to 0 for
the compartmentalization index (comp. index, Figure 3B1).
As stated by previous publications (Cambra-Moo et al. 2014;
Garcia-Martinez et al. 2017; Beresheim et al. 2019), miner-
alized area decreases with age, being significantly larger
(p<0.05) in most of the cross sections of premature individ-
uals regardless of the method (% Min. Ar., comp. index) used
for its quantification (Table 1, Table 2). This is important, as
it demonstrates that the comp. index is a useful tool for ex-
ploring high % Min. Ar. without inflating p-values or altering
the statistical significance observed in the raw data. In fact,

TABLE1 | Meanand standard deviation of each femur cross section’'s
percentage of mineralized area (% Min. Ar.) and compartmentalization
index (comp. index) according to age groups.

Section
Age (years) number % Min. Ar. Comp. index
Premature 1 93.69+5.88 42+42.62
f;t:?l‘t’;tll:fe"f 2 97.0842.83  58.98+36.86
development) 3 96.62+3.56 62.89+43.97
4 94.6 £4.59 35.76 £33.13
5 87.27£5.25 8.2+4.15
0<12months 1 86.86+1.82 6.75x1.28
(after birth) 2 91.67+2.21  11.89+4.25
3 92.81+4.01 15.35+5.58
4 86.4+£7.93 8.32+4.86
5 80.42£5091 4.41+1.27
1 1 67.46 +8.98 2.28+0.98
2 84.26+5.84 6.23+£3.09
3 81.92+3.3 4.69+1.07
4 69.15+2.58 2.26+0.26
5 62.81+5.28 1.74+£0.41
2 1 64.36+7.13 1.88+0.48
2 79.27£5.45 4.07£1.18
3 77.14£5.65 3.62£1.26
4 68.93+8.2 2.44+1.06
5 62.64+8.52 1.83+£0.83
3 1 66.35+5.7 2.06£0.63
2 79.36+2.44 3.9+£0.56
3 77.67x£2.8 3.54x0.61
4 68.78 £5.33 2.28+0.58
5 60.45+2.31 1.54+0.15
4 1 67.97 £11.02 2.38+£0.95
2 78.53£11.49 4.4+1.75
3 77.5£6.12 3.68+1.08
4 73.38x+4.4 2.84+0.6
5 68.73£4.79 2.27+£0.56
5 1 69.73 £5.15 2.38+0.59
2 77.8+6.27 3.79+£1.26
3 75.66 £7.65 3.47+1.45
4 71.14+5.23 2.57+£0.74
5 63.01+£4.79 1.74£0.32
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FIGURE3 | Line plots with standard deviation bars representing the percentage of mineralized tissues (A1) and compartmentalization index (B1)
of the studied femur diaphyseal cross sections. A2 and B2 are enlarged sections of the A1 and B1 plots.

the graphical distribution of the values belonging to perina-
tal individuals is flatter and closer to the rest of the sample
in Figure 3A1 than in Figure 3B1, where they are higher and
more variable. This is due to the non-linear characteristics of
the comp. index (Figure 1), which magnify differences in val-
ues over 90% Min. Ar.

Our results also suggest that the relative pattern of change of
the % Min. Ar. along the femoral diaphysis is consistent across
the whole sample, independent of age, and has two minimum
values at the extremes of the diaphysis and one maximum value

in its upper half (Table 1, Figure 3). This tendency aligns with
previous research on non-adult (Gosman et al. 2013) and adult
individuals (Profico et al. 2020). Particularly, on the one hand,
minimum % Min. Ar. matches the extremes of the femoral
medullar cavity, which are wider than the central part as they
contain red bone marrow (hematopoietic) instead of yellow bone
marrow (primarily, a reserve) (Guillerman 2013). On the other
hand, the maximum % Min. Ar. value might respond to the me-
chanical stress produced by the insertions of muscles such as
the adductors and pectineus on the back of the upper femoral
diaphysis (Gray 1918).
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| (Continued)

TABLE 2

ly.o. 2y.0. 3y.o. 4y.0. 5y.o0.

0y.o.

ly.o. 2y.0. 3y.o. 4y.0. 5yo.

0y.o.

0.11

1y.o.

ly.o. 0.11

Section 5

0.06

2y.0.

0.06

2y.0.

0.02

3y.o.

0.02

3y.o0.

4y.o.

4y.0.

0.17

5y.0.

0.17

5y.o0.

0.014 0.005 0.72 0.043

0.026

0.014 0.005 0.72 0.043 Premature

0.026

Premature

Note: Significant p-values are highlighted in bold.

Considering this, our experiment demonstrates that the comp.
index is a valuable tool for ontogenetic research, particularly for
studying individuals in the earliest stages of growth and devel-
opment. Furthermore, the age range for which the comp. index
is useful may depend on the bone selected for the analyses. Since
the femoral diaphysis is primarily composed of cortical bone
(Goldman et al. 2009; Gosman et al. 2013), % Min. Ar. values de-
crease rapidly on the ontogenetic scale. Thus, other bones (e.g.,
vertebrae; Acquaah et al. 2015) or other bone parts (e.g., femur
epiphysis; Sansalone et al. 2012) with a higher quantity of tra-
becular bone in their cross sections might allow for the use of
the comp. index for magnifying differences in a more extensive
range of ages.

The aforementioned characteristics of the comp. index opens
up a wide range of possibilities for using it in research on the
human skeleton during ontogeny. For example, future studies
could explore whether this method can standardize early bone
developmental stages (Cunningham et al. 2016) or detect poten-
tial pathologies (Lewis 2017; Welsh and Brickley 2023), which
could be helpful in an archaeological context. Given that our
results indicate that high levels of cross-sectional % Min. Ar.
are observed only in perinatal individuals regarding long bones
(Tables 1 and 2, Figure 3), it might be interesting to test whether
there is any correlation between mineralization patterns and
factors such as intrauterine developmental alterations, mater-
nal diet, or bilateral asymmetries (Namgung and Tsang 2000;
Lanham et al. 2008; Nuysink et al. 2008). Traditional lin-
ear methods might overlook subtle variations in these cases,
whereas exploring these potential associations in both current
and archaeological individuals using the comp. index could
offer valuable insights into early life conditions and their impact
on skeletal development. Furthermore, the utility of the comp.
index is not restricted to immature individuals as Figure 3A2,
B2 show similar distribution between the % Min. Ar. and the
comp. index. Consequently, the latter could be also standard-
ized as a measure of mineralized area in adult bone cross sec-
tions (Lopez-Rey et al. 2022, 2023).

4 | Conclusions

The compartmentalization index (comp. index) is a non-linear
way to measure the area occupied by mineralized tissues in
bone cross sections. It magnifies visual differences when the
percentage of mineralized area (% Min. Ar.) is >90%, but does
not alter statistical significance of the analyses. This is espe-
cially useful in ontogenetic studies at early stages of growth and
development, as it might allow for comparisons regarding nutri-
tional or bilateral variables, among others. Furthermore, since
data distribution is similar to the % Min. Ar. when values are
<80%, the comp. index can also be used as a standard for mea-
suring mineralized area in adult individuals.
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