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Abstract
Objectives

Complete and accurate human skeletal inventory is seldom possible in archaeological and
forensic cases involving severe fragmentation. In such cases, skeletal mass comparisons with
published references may be used as an alternative to assess skeletal completeness but they are
too general for a case-by-case routine analysis. The objective is to solve this issue by creating
linear regression equations to estimate the total mass of a skeleton based on the mass of
individual bones.

Material and Methods

Total adult skeletal mass and individual mass of the clavicle, humerus, femur, patella, carpal,
metacarpal, tarsal and metatarsal bones were recorded in a sample of 60 skeletons from the
21t century identified skeletal collection (University of Coimbra). The sample included 32
females and 28 males with ages ranging from 31 to 96 years old (mean = 76.4; sd = 14.8). Skeletal
mass linear regression equations were calculated based on this sample.

Results

The mass of individual bones was successfully used to predict the approximate total mass of the
adult skeleton. The femur, humerus, and second metacarpal were the best predictors of total
skeletal mass with root mean squared errors ranging from 292.9 to 346.1 gm.



Discussion

Linear regression was relatively successful at estimating adult skeletal mass. The non-normal
distribution of the sample in terms of mass may have reduced the predictive power of the
equations. These results have clear impact for bioanthropology, especially forensic
anthropology, since this method may provide better estimates of the completeness of the
skeleton or the minimum number of individuals.

Keywords: bioarchaeology; forensic anthropology; bone mass; scattered remains; funerary
practice.

The objective of this paper is to investigate the potential of linear regression to estimate
the mass of human adult skeletons based on the mass of individual bones. In some cases
involving skeletal remains, it may be difficult to assess how complete the skeleton is due to
fragmentation that prevents the anatomical identification of all skeletal elements. For example,
it may be difficult to estimate the minimum number of individuals (MNI) or decide when to
conclude forensic searches for the remains of victims when it is impossible to determine the
amount of missing bones, especially if the remains are very fragmented, commingled and/or
scattered. Such inventory problems are often more complicated still in cases involving burned
skeletal remains. In the case of archaeological cremations, an exhaustive inventory is often
impossible to accomplish due to the high number of anatomically unidentified fragments
(Gongalves et al, 2015). Therefore, unorthodox methods to assess skeletal completeness are
worth exploration.

To our knowledge, the only alternative method to assess skeleton completeness is by
weighing remains to provide an estimate of skeletal mass. This is then compared with references
obtained from samples of complete adult skeletons (e.g. Ingalls, 1931; Lowrance and Latimer,
1957; Silva et al., 2009). However, such comparisons suffer from high variability due to the fact
that skeletal mass is exceedingly variable across individuals due to such variables as ancestry,
sex, age at death, and some diseases, such as osteoporosis, that affect skeletal mass (Bass and
Jantz, 2004; Van Deest et al., 2011; May, 2011; Gongalves et al., 2013). Skeletal mass at the
individual level also varies due to differences in stature, body mass index, and bone mass
density, amongst other factors (Warren and Maples, 1997; Chirachariyavej et al., 2006; May,
2011; Van Deest et al., 2011). Therefore, due to such variability, specific reference for
comparison may not only be inexact, but downright misleading. We seek to resolve this problem
by developing a method to estimate the mass of a skeleton on a case-by-case basis.

The approach presented in this paper consists of obtaining the mass of the complete
skeleton by weighing some of its specific bones. To accomplish this goal, linear regression
models must be developed from a sample of relatively complete skeletons. With this
methodology it is possible to compare the mass of the recovered remains against its original
estimated mass. Only then, can the appraisal of skeletal completeness and scattering be reliably
established. Similar attempts to estimate total skeletal mass have been attempted by Matiegka



(1921) and Trotter (1954). However, in those studies, estimations were based on the metrics of
long bones. Baker and Newman (1957) were the first to apply the procedure here investigated
and argued that dry bone mass could eventually enable the reunion of scattered bones from the
same skeleton. They found significant correlations between the mass of several bones and the
total mass of the skeleton and created regression equations to estimate the latter. However,
these authors used the skull as well as right hip bones and long bones to develop their equations
on both european and african male americans. The resulting equations have little applicability
because they: 1) are based exclusively on male skeletons; 2) are ancestry-specific; 3) are based
on bones that are very susceptible to fragmentation or/and that are often reallocated to
secondary locations; and 4) refer only to the right antimeres. We propose to follow the same
approach with smaller bones, from individuals of both sexes and from the left and right sides of
the skeleton, that tend to be left behind during the reallocation of primary skeletal depositions
(Roksandic, 2002; Duday and Guillon, 2006) or that preserve well in very fragmented
assemblages, such as those of the patella, hand, and feet (Delfleur et al., 1999; Gongalves, 2011).

If regression analyses are proven useful, this kind of approach may bring an important
benefit to the analysis of human skeletal remains. In archaeological and forensic contexts, it will
help the investigator to estimate skeletal completeness in cases where fragmentation is severe.
This method could also potentially assist in estimating the MNI since more than one individual
can be inferred from the presence of unusually heavy assemblages of skeletal remains
(Gongalves et al., 2015). Indeed, skeletal mass has been used repeatedly in bioarchaeological
analyses for that very purpose (e.g., Duday et al., 2000; Ubelaker and Rife, 2007; André et al.,
2013). Although seldom explored due to its limited applicability, skeletal adult mass is sexually
dimorphic and, according to some investigators (Warren and Maples, 1997; Van Deest et al.,
2011; Quatrehomme, 2015), can hypothetically be used to predict sex of unknown individuals.
Besides these potential applications, the possibility of predicting the mass of the entire skeleton
based on a single skeletal element is, by itself, a step forward in physical anthropology.

MATERIAL AND METHODS

The investigation focused on the 21 century identified skeletal collection (CEI/XXI)
housed at the Department of Life Sciences, University of Coimbra, Portugal (Ferreira et al.,
2014). The fact that these skeletons are from individuals who died in recent times was beneficial
to this research, since it avoided possible major biases in skeletal mass that may be related to
post-depositional differential skeletal mass loss or secular trend. At the time of the study the
collection encompassed 236 skeletons.

A sample of 60 adult skeletons of both sexes was examined. It comprised 32 females
with ages ranging from 38 to 96 years old (mean = 78.0; sd = 14.0) and 28 males with ages
ranging from 31 to 95 years old (mean = 74.0; sd = 15.5). The sample included skeletons that
were complete or almost complete. All skeletal elements were ideally present and well-
preserved, but exceptions were taken into consideration for the following: teeth, hyoid,
sternum, hand and foot phalanges. This is for two reasons. First, due to the advanced age at
death of the individuals composing the sample, skeletons were often almost or completely
edentulous; as such, the presence of teeth was overlooked. Second, as for the remaining non-



dental elements, these bones usually represent less than 3-4% of the overall skeletal mass (Silva
et al., 2009) so their absence was assumed to not alter results significantly.

Attention was given to certain bones, such as those of the hands and feet, the clavicle
and the patella that usually preserve well in very fragmented assemblages, such as those
composed of fossil remains or burned skeletal remains (Delfleur et al., 1999; Gongalves, 2011),
to investigate the association of the mass of each bone to overall adult skeletal mass. Other
skeletal elements were selected because they are also weight bearing and hence may be more
significantly correlated with skeletal mass. Therefore, the following individual bones from both
sides were weighed: clavicle; tarsal bones; patella; metacarpals (MC), and metatarsals (MT). The
left femur and left humerus were also weighed, although neither preserve well in very
fragmented assemblages and despite the fact that the humerus is not a weight bearing element.
As this was merely carried out as a comparison of their performance against the other skeletal
elements there was no need to examine femoral and humeral antimeres.

The masses of the total skeleton and of each separate bone included in the research
were documented by weighing it on a Kern PCB digital scale (version 1.5 — 02/2013), which
measures weight in 0.1 gm increments. As a pre-analysis procedure, bilateral skeletal elements
were investigated to determine whether significant asymmetries are present, for if elements
differ significantly by side, then both sides of the skeleton must be treated separately during
statistical analysis. However, if differences between elements of the left and right sides are
statistically insignificant, then a missing skeletal element from one side may be replaced by its
antimere, if present. Bilateral asymmetry was investigated through a Wilcoxon signed ranks test.
Also, the relative directional asymmetry (%DA), which has been often used previously (Steele
and Mays, 1995; Mays, 2002; Auerbach and Ruff, 2006), was calculated for each individual so
that a better notion of asymmetry in a case-by-case basis could be achieved. The formula used
was the following:

%DA = (right — left) /(average of left and right) * 100

Linear regression analysis was carried out using R software (R Development Core Team,
2015). Regression analysis did not take age at death and sex into consideration because we
intentionally assumed that total skeletal mass was directly reflected by the mass of each
individual bone regardless of those variables. In other words, the working hypothesis was that
any significant effect that age, sex, or any other variables may have in the mass of the skeleton
has a roughly similar effect on each of the individual bones investigated in this paper. We called
this the “one for all” assumption. Therefore, the mass of individual bones should always be
significantly correlated with the total mass of the skeleton to which they belong. The working
hypothesis is intentionally “naive” since it has been demonstrated that bone mass is
multifactorial (e.g. Bass and Jantz, 2004; Silva et al., 2009; May, 2011). However, we chose to
prioritize applicability instead of precision. The advantage of such an approach is that if the
regression equations significantly predict skeleton total mass, they can be applied to all cases
involving human remains regardless of whether age-at-death, sex, ancestry, stature, or body



mass of the individual is known in advance. This would be a major benefit because this
information is often unknown in both archaeological and forensic contexts.

RESULTS

The third metacarpal was the only bilateral skeletal element found to be significantly
asymmetric (z= 128.50, p< 0.01) at the 0.01 level, with higher than expected mass for elements
from the right side. Whether this difference is the consequence of statistical noise or some
particular cause could not be determined. Nevertheless, most of the bilateral skeletal elements
in the sample had a heavier ride-side member than its antimere. The only exceptions to this
pattern were the clavicle, cuboid, third cuneiform, and third metatarsal. Excluding the last,
which was heavier among left-side members (non-significantly), all other exhibited virtually no
asymmetry (Table 1 and supplemental information). Although no significant differences in the
mean mass of left- and right-side bilateral skeletal elements was found in almost all cases, large
degrees of directional asymmetry was nonetheless present in a case-by-case basis (individual
%DA values varied from -43.478 to 47.610). Therefore, we decided to investigate each bone by
side, rather than pool elements of the two sides into a single sample.

[Table 1 here]

Correlation matrices (provided as supplemental information) demonstrate that the
variables are highly correlated with one another. Multicollinearity is an obstacle to create proper
multivariable regression models, inducing variable redundancy (Maroco, 2014). Therefore, we
have avoided these, since they would be of little use, with evident problems of overfitting and
reduced applicability to real cases.

Table 2 reports univariate linear regression model parameters, including intercept and
slope values as well as the root mean squared error (RMSE) and explained variance (r2), for each
of the skeletal elements analyzed in this study. Univariate regression models using the left
femur, left humerus, left second metacarpal, and left clavicle were the most accurate at
predicting total skeletal mass. Standard error for regression models using these three bones
varied between 292.9 to 364.7gm. The left fourth metacarpal yielded the least accurate results
with an RSME value of 561.8 gm.

[Table 2 here]

DISCUSSION

Our results demonstrate that a pars pro toto relationship is present within the human
skeleton. That is, the mass of an individual skeletal element is significantly correlated with the
total mass of the skeleton and therefore the mass of this individual element can be used to
predict the mass of the adult skeleton as a whole. This result had already been partially obtained
by Baker and Newman (1957) on the femur, humerus, and clavicle. The actual predictions
proved not to be as accurate for predicting total skeletal mass as anticipated and this is reflected



by the relatively high RMSE values. Nonetheless, this approach can be considered more helpful
than the alternative approach, which consists of rough comparisons with references for skeletal
mass that are too variable and general for any meaningful application on a case-by-case basis.
This is reflected by the fact that Ingalls (1931) found wide ranging variation in the skeletal mass
of males, ranging from 2984 to 6976 gm. It would therefore be difficult to establish a reliable
comparison by merely taking these references into consideration.

The greatest advantage of this regression method is that it may be used without prior
knowledge of the biological profile or the body mass index of the individual. This is because the
regression equation estimates the total skeletal mass intrinsically. Comparisons are not made
against external references but rather by using data from the skeleton itself. This approach is
therefore inherently more reliable in a case-by-case analysis. Skeletal mass references do offer
one advantage that is absent in the regression approach: the regression equations cannot be
applied to incomplete bones. In the case of skeletal mass references, their application does not
require that any of the remains be anatomically identified.

Considering the results of the bilateral asymmetry analysis we expected that linear
models obtained from the mean of the values of both bone sides in the same skeleton would
create statistically sound models. However, we instead provided models for every bone
separated by side. This is an indication that the equations proposed by Baker and Newman
(1957) for left bones may not be appropriate for right bones. By weighing any single bone, any
researcher can obtain an estimation of the total skeletal mass. This can be done either through
hand calculation with the values provided in Table 2 or by accessing our web app
(http://Ifa.uc.pt/MassReg/) that allows anyone with internet access to interactively obtain

predictions. Go to “Predict” and select the desired bone and laterality (X variable) to estimate
the total adult skeletal mass (Y variable). Then, the mass of the selected bone must be inserted
in the “your numeric input” field to do the regression. The results for the fit, minimum, and
maximum values are presented in the “total skeleton mass” table. For example, if the mass of a
left clavicle is 18.2 gm, the fit value will be 3196.91 gm. This value should then be compared with
the actual mass of the entire skeletal assemblage to infer its completeness.

Total adult skeletal mass was best predicted by the masses of the femur and humerus.
This finding was somewhat expected and could be particularly important for making inferences
about the completeness of skeletons from both secondary depositions and disturbed primary
depositions. This is because the femur and humerus are two resilient bones and tend to preserve
very well (Waldron, 1987; Mays, 1992; Bello and Andrews, 2006). Consequently the MNI is often
based on these two skeletal elements. Therefore, our femoral and humeral regression equations
could be especially useful for providing a more reliable estimate of the original skeletal mass of
such assemblages and thereby assist in the determination of how much of it is missing. However,
if the humerus and femur are sufficiently intact to allow application of the regression equations,
chances are that the assemblage is also sufficiently preserved to allow for the more reliable
skeletal inventory. As a result, it is likely that the femoral and humeral equations will not prove
to be the most useful among those that have been proposed here.

As mentioned previously, the skeletal mass approach is more helpful to assess skeletal
completeness in very fragmentary assemblages because a comprehensive anatomical


http://lfa.uc.pt/MassReg/

identification of all fragments is impossible to accomplish in these cases. Under such
circumstances, it may be difficult to identify situations of partial removal of bones from primary
depositions that were naturally or intentionally reallocated elsewhere. In such contexts, it is very
likely to find smaller bones that have more labile joints since they are easily overlooked during
the operation of reallocation (Roksandic, 2002; Duday and Guillon, 2006). Therefore, smaller
bones may prove more helpful for making assessments of skeletal completeness. The left second
metacarpal was the only smaller bone that presented an RMSE smaller than 350 gm.

The applicability of the regression equations may face yet another problem. The
significant correlation between a given bone and total skeletal mass may be compromised
significantly in cases where postmortem bone mass loss does not occur homogeneously
throughout all parts of the skeleton. For example, bone degradation is anisotropic, in particular
regarding its organic component (Willey et al., 1997; Collins et al., 2002). Also, differential
damage within the same bone and within the same skeleton is not uncommon. Regrettably, this
problem cannot be suitably solved by our regressions. However, it is not exclusive to this
approach and also affects potential comparisons with published references for skeletal mass. At
least, by estimating total mass based on one of the elements of the skeleton, a more direct
estimation can be provided.

Regrettably, the age distribution of the individuals studied was not ideal. The sample
was composed of a vast majority of skeletons from elderly individuals, a problem that is
universal among all European collections of recently deceased identified skeletons (e.g. Kranioti
et al., 2008; Rissech and Steadman, 2011; Madentzoglou et al. in print). The impact of this age
skewed distribution is difficult to predict. It is possible that our regression equations are not as
fit for younger individuals. Likewise, the equations of Baker and Newman (1957) may be
somewhat unfit to use in older individuals because their sample was composed of younger
individuals who served in the army. Also, the effect of age on skeletal mass is well known,
especially among females due to higher prevalence of osteoporosis after menopause (Brickley,
2002; Curate et al., 2013). Nonetheless, we intentionally and naively assumed that skeletal mass
changes would affect the entire skeleton in roughly the same way although this assumption is
not entirely supported both by previous studies (Riggs et al., 1981; Riggs and Melton IlI, 1986)
and by the values of correlation that were found between each specific bone and the total
skeleton. Most bones presented quite similar correlations, that ranged from 0.77 to 0.94, but
this was not the case for the left MC4 (0.68) and the right second cuneiform (0.71). Differences
in macroscopical bone composition (trabecular and cortical) or bone differences in weight
bearing certainly influenced the strength of the correlations (Bonnick, 2010). Nonetheless, we
believe that the formulation of regression equations that are specific to each sex, age group, or
any other parameters, although probably able to render better predictions, would impair their
applicability dramatically in many cases since those parameters are often unknown. Besides
that, our sample was not sufficiently large and variable in terms of age at death to allow this
kind of analysis. Additional investigation on a more adequate sample may help further
determine how valid the ‘one for all’ assumption is.

A positive skew was found in the distribution of skeletal mass values. In addition,
frequent data gaps were present in our sample. This non-normal distribution may have led to a
weakening of the predictive power of the regression equations. Also, it may seem odd to use



regression analysis to estimate total skeletal mass (y) from each individual bone mass (x) since
the former includes the latter thus potentially leading to a collinearity problem. Nonetheless,
results were quite satisfactory for some of the bones examined in this investigation and our
results suggest that this method has clear potential. Further investigation in larger and better
represented samples in terms of age may result in improved regression equations that are better
fitted for the estimation of total adult skeletal mass.

The estimation of total skeletal mass can potentially lead to important inferences. The
most obvious is the ability to assess skeletal completeness. Such information could be important
to establish if very fragmentary remains correspond to the entire skeleton or whether some of
its components have been allocated to other places since a skeletal inventory can be difficult to
obtain in such cases. However, the benefits of skeletal mass regression may extend to other
aspects relevant to bioanthropological investigation. As mentioned above, it may contribute to
the estimation of the MNI and the detection of commingled remains. Another possible use for
skeletal mass is sex estimation since skeletal mass is clearly sexually dimorphic (Malinowski and
Porawski, 1969; McKinley, 1993; Warren and Maples, 1997; Bass and Jantz, 2004;
Chirachariyavej et al., 2006; Silva et al., 2009; May, 2011; Van Deest et al., 2011; Gongalves et
al., 2013). These approaches have been used in extreme cases when other diagnostic features
are rare or absent, such as in contexts involving burned skeletal remains. However, they have
not been used consistently since their reliability remains questionable. That is partly due to the
lack of references that can be directly and confidently applied in a case-by-case basis.

Although the regression approach investigated here focused on unburned skeletal
remains it is possible that such approach can also be useful in the examination of fragmentary
burned skeletal remains. A comparison of previously published papers (Lowrance and Latimer,
1957; Silva et al., 2009; Goncalves, 2011) suggests that burned skeletal remains have the same
proportional masses of unburned skeletal remains, as long as they have been homogeneously
affected by similar temperatures. The application of the regression equations to burned skeletal
remains was not tested in this paper but would be an interesting research target in the future.
Another area of investigation, which was not addressed in this paper, refers to the potential of
mass regression in immature remains since these are often poorly preserved.
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Table 1. Relative directional asymmetry (%DA) and descriptive and inferential statistics for the
mean differences between the left and the right antimeres of each bone.

Bone %DA Statistic p-value n

Clavicle 0.000 370.000 0.595 41




MC I 2.985 274.000 0.694 37
MCII 3.369 190.000 0.067 38
McC Il 4.000 128.500 0.004 39
MC IV 3.774 107.500 0.030 37
MCV 4.725 116.000 0.049 36
Patella 2.429 226.000 0.483 33
Calcaneus 1.692 415.000 0.172 47
Talus 2.429 426.000 0.042 51
Cuboid 0.000 497.000 0.392 49
Navicular 2.299 365.500 0.285 47
Cuneiform | 2.597 383.500 0.194 47
Cuneiform Il 3.509 250.500 0.293 45
Cuneiform llI 0.000 373.500 0.971 46
MT | 0.662 352.500 0.218 46
MTII 0.565 393.500 0.340 48
MT I -1.053 515.500 0.815 48
MT IV 3.736 250.000 0.020 44
MT V 0.000 257.000 0.903 39




Table 2. Intercept, slope, root mean squared error (RMSE) and explained variance (R-Squared) of univariate linear regression models according to each bone
and each side.

Left Right
Bone (x) Intercept (a) | Slope (b) RMSE R-squared | Intercept (a) | Slope (b) RMSE R-squared

Humerus 660.806 23.280 307.090 0.859 - - - -
Clavicle 494.576 148.480 364.680 0.805 654.098 138.938 411.486 0.756
MC I 794.155 806.959 406.326 0.776 969.264 724.627 455.077 0.676
MC I 775.494 506.224 346.089 0.822 845.056 493.505 459.849 0.670
MC Il 803.442 553.22 433.468 0.677 652.539 561.11 415.941 0.746
MC IV 1098.979 812.583 561.812 0.403 1023.933 788.089 492.762 0.592
MCV 1047.284 973.989 441.949 0.613 1087.873 923.897 521.917 0.563

Femur 452.783 8.439 292.894 0.872 - - - -
Patella 759.462 233.389 403.533 0.743 917.936 211.817 497.095 0.626
Calcaneus 1133.193 76.802 399.015 0.752 1228.794 71.269 435.780 0.729
Talus 871.382 134.109 400.982 0.766 862.272 131.811 424.576 0.749




Table 2. Intercept, slope, root mean squared error (RMSE) and explained variance (R-Squared) of univariate linear regression models according to each bone

and each side (cont.).

Left Right

Bone (x) Intercept (a) | Slope (b) RMSE R-squared | Intercept (a) | Slope (b) RMSE R-squared
Cuboid 1005.395 445.746 435.727 0.722 940.963 461.524 427.538 0.746
Navicular 1233.235 369.652 487.674 0.644 1080.91 402.445 449.858 0.729
Cuneiform | 962.247 530.002 447.222 0.700 1060.064 500.895 426.964 0.754
Cuneiform Il 1207.161 1090.729 548.408 0.565 1479.411 867.963 599.774 0.434
Cuneiform llI 1212.037 822.907 483.077 0.664 1037.715 881.345 437.058 0.745
MT | 892.175 299.168 460.579 0.678 963.266 283.768 429.269 0.750
MT II 1205.857 434.588 514.372 0.634 1066.276 461.392 447.362 0.725
MT 11l 924.793 557.408 536.143 0.589 894.369 571.026 519.413 0.625
MT IV 818.794 621.027 486.594 0.657 839.228 591.057 522.564 0.626
MT V 1134.667 464.344 522.627 0.629 1380.536 409.376 570.064 0.572




