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The purpose of this paper is to introduce a promising, novel method to aid in the assessment of bone quality in forensically relevant skeletal
remains. BMD is an important component of bone's nutritional status and in skeletal remains of both juveniles and adults, and it can provide
information about bone quality. For adults remains, it can provide information on pathological conditions or when bone insufficiency may have
occurred. In juveniles, it provides a useful metric to elucidate cases of fatal starvation or neglect, which are generally difficult to identify. This
paper provides a protocol for the anatomical orientation and analysis of skeletal remains for scanning via dual-energy X-ray absorptiometry
(DXA). Three case studies are presented to illustrate when DXA scans can be informative to the forensic practitioner. The first case study
presents an individual with observed longitudinal fractures in the weight bearing bones and DXA is used to assess bone insufficiency. BMD is
found to be normal suggesting another etiology for the fracture pattern present. The second case study employed DXA to investigate suspected
chronic malnutrition. The BMD results are consistent with results from long bone lengths and suggest the juvenile had suffered from chronic
malnutrition. The final case study provides an example where fatal starvation in a fourteen-month infant is suspected, which supports autopsy
findings of fatal starvation. DXA scans showed low bone mineral density for chronological age and is substantiated by traditional assessments of
infant health. However, when dealing with skeletal remains taphonomic alterations should be considered before applying this method.

Video Link

The video component of this article can be found at https://www.jove.com/video/56713/

Introduction

The objective of forensic anthropological analyses relies on the practitioner's understanding of bone as a complex tissue with multiple units

and variation. Bone is a hierarchical, composite tissue with both organic and inorganic components organized into a matrix of collagen and
carbonated apatite1'2’3'4. The inorganic component, or bone mineral is organized in a nanocrystalline structure to provide stiffness and framework
for the organic portion1'2’5. The mineral aspect comprises approximately 65% of bone by weight and its' mass is influenced by both genetic and
environmental factors"**€. Because bone mineral occupies a three-dimensional space, it can be measured as bone mineral density (BMD), or a
function of the mass and the volume occupied7. The bulk density of bone mineral varies with age from birth into adulthood®®''"'2 and has been
used extensively in clinical settings as an indicator of osteoporosis and fracture rigk® 1314:15.16.17.18 Dual-energy X-ray absorptiometry (DXA) has
been a widespread tool for the assessment of bone health since its introduction in 1987, particularly scans performed in the lumbar spine and hip
regions“’13'19. Validation of DXA scans has been shown as the gold standard when investigating changes in BMD 131920212223 Subsequently,
the World Health Organization (WHO) has created normative standards including ¢- and z-score definitions for juvenile and adult lumbar spine
(L1-L4) and hips as these are the regions easily captured volumetrically 319,

The increasing reliance on forensic anthropology in medicolegal casework has encouraged the investigation of novel techniques to better
assess skeletal remains in a variety of circumstances. Among these potential techni%ues is the application of DXA scans to assess BMD as an
indicator of bone quality in cases involving fatal starvation and neglect in juvenileszs’ 6, identification of metabolic bone diseases, and estimating
survivability of skeletal elements in taphonomic research”?’.

In the 2015 U.S. Department of Health and Human Services Child Maltreatment Report, 75.3% of the reported child abuse cases were some
form of neglect with ~1,670 fatalities resulting from fatal starvation and neglect in 49 states®®. Most juvenile victims of neglect fail to show signs
of external physical abuse, but failure-to-thrive is seen in all cases?®. Failure-to-thrive is defined as the inadequate nutrition intake to support
growth and development. These can have different factors, one of which is neglect resulting from nutritional deprivationzs’31 (see Ross and Abel
for a more comprehensive review). Deliberate starvation that results in the death of a child or infant is much rarer and considered as the most
extreme form of maltreatment®®**3*_ These nutritional deficiencies have a significant effect on bone growth, particularly longitudinal growth in
children as an immediate consequence of malnutrition®°. Skeletal growth and mineralization primarily depend on vitamin D and calcium, and their
supplementation has been linked to increased BMD?%53¢,

It is exceedingly difficult to identify or prosecute these cases even following a complete autopsy31'37’38 and special consideration to methods

employed must be used. Thus, in cases where fatal starvation or malnutrition is suspected, a multidisciplinary approach is needed particularly
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in cases involving remains in advanced states of decomposmon . When skeletal remains are involved, bone densitometry is a useful tool |n
conjunction with other skeletal indicators such as dental development, measurement of the pars basilaris of the skull, and long bone Iengths
Without using the skeletal indicators mentioned above for infants and juveniles, it would not be possible to discern if low BMD is the result of an
inherent metabolic disorder, malnutrition, or taphonomic process. Another concern is the estimation of body size (weight and stature) in infant
or juvenile skeletal remains. Most normatlve data sets require information about height or weight for comparison purposes as bone growth

in children is size and age dependent . When the remains being assessed are unidentified, estimation methods should be employed. For
infants under one, normative DXA data is age matched only. In juveniles over the age of 1, Ruf'f3 or Cowglll are recommended for estimating
body size in skeletal remains as they are based on the Denver Growth Study sample including ages 1 - 17%%4° When age and body size are
estimated, confidence intervals vary and comparison of the mean to the Center for Disease Control (CDC) produced growth curves*' should
be included in the report as well as the confidence interval for the estimated body size. It is important to note that in most cases, information
regarding ancestry and sex cannot be determined from juvenile skeletal remains prior to puberty, which is particularly important for adolescents
as ancestry and sex are known to significantly impact BMD in adults. In these circumstances, the DXA method may not be applicable. In
identified cases, biological information regarding ancestry, sex, and body size, should be obtained prior to analysis.

Bone densitometry in pediatrics has increased with the development of normative data***® with DXA being the most widely available technlque 4

Malnourished children show significantly lower levels in BMD than healthy children with mineralization correlated with severity of malnutrition®®
DXA scans of the lumbar spine and hips are the most appropriate areas to assess for juveniles according to The American CoIIege of
Radlology Reproducibility has been shown for spine, whole hip, and whole body in children throughout the growth perlod However, the
lumbar spine is preferred as it is primarily composed of trabecular bone, which is more sensitive to metabolic changes during growth and has
been found to be more precise than whole hip assessments®>474 . Using DXA scans is common in pediatric assessment. However, since DXA
is two-dimensional, it does not capture true volume and produces a BMD based on bone area™. In children, this is an important distinction as
body and bone size vary within and between age groups in children®. Most normative data available is for comparlson with DXA measurements,
but care should be exercised to choose an appropriate reference population (see Binkovitz and Henwood'? for a list of commonly used DXA
normative databases).

Following the scan, a z-score is calculated using an age-matched and population specmc reference sample. Z-scores are more appropriate

for juveniles since t-scores compare the measured BMD to a young adult sample A z-score between -2 to 2 indicates normal BMD for
chronological age while any score below -2 indicates low BMD for chronological age49. The -2 to 2 range for both the t- and z-score represent
up to two standard deviations from the mean. Plainly, if a measured BMD score is within two standard deviations above or below their reference
population mean, they are considered clinically normal.

The reliance on morphological variation for the forensic anthropologlst comes from many sources. One of which is the skeletal variation that
arises from disease processes, including metabolic bone disorders™. The ability to identify specific disorders in skeletal remains has a two-fold
advantage: 1) adding information to the biological profile making it more robust and 2) identifying if fractures are pathological or the result of
inflicted trauma. There are a variety of metabolic bone disorders®"*?%® put the most relevant for BMD measures of contemporary remains is
osteopor03|s Osteoporosis develops when the rate of trabecular bone loss is greater than the rate of cortical bone loss with a net loss in bone
denS|ty 354,95 Trabecular bone loss is correlated to an increased risk of fracture, especially in bones that have greater trabecular bone content
(e.g., the os coxa)™ 495,

Numerous studies on osteoporosis and bone mineral density in skeletal remains have been conducted on archaeological assemblages using
both DXA%®%7%859 and other methods®*®"®2. However, when assessing osteoporosis in the adult skeleton from archaeological contexts,
practitioners disregard that dlagnoslng osteoporosis clinically requires the mean of a younger reference sample contemporaneous with the
individuals being assessed®®®*®. This is not an issue in forensic anthropology contexts since individuals are age- and sex- matched to modern
populations with developed reference samples for both the hip and the lumbar spine, although changes in BMD through diagenesis should

be considered for forensic remains. However, taphonomy is the likely factor affecting the ability to obtain legitimate BMD measures from
archaeological samples. This is a consideration in forensic contexts as well, where remains recovered from burial conditions with potential
postmortem intervals beyond a few months. While still of forensic interest, sufficient doubt could be raised for any BMD scores obtained from
remains found in these circumstances.

Osteoporosis is clinically assessed using t-scores of BMD measures that are derived from the individuals’ BMD measures in the hip or lumbar
spine relative to a young adult reference sample using DXAS86867.88 This reference sample can be employed for identifying the occurrence of
osteoporosis in the skeleton. In forensic contexts, this is useful for two reasons: 1) dlfferentlatlng between fractures related to abuse- mfllcted
trauma in the elderly and those from increased bone fragility in osteoporotic individuals® , and 2) as a possible personal identification feature®

Bone density has long been considered an indicator that reflects the activity and nutrition of an anlmal70 " More recently it has been noted

that bone density, as an intrinsic property of bone, affects its survivability during taphonomic processes A consequence of decomposition is
the differential survivability of skeletal elements (i.e., discrete, anatomically complete units of the skeleton) and bone density can be used as
a predictor of survivability, or bone strength7 07172737475 . This is important in forensic contexts as well as archaeological and paleontological
environments in that it affects the practitioners’ ability to adequately employ methods to estimate a biological profile (or age, sex, stature, and
ancestry) if only certain skeletal elements are represented.

Bulk density (bone density with pore space included in the measurement) is the appropriate measurement in this situation, considering it is
precisely the porous structure of bone that influences its susceptlblllte/ to taphonomic processes Many methods of assessmg bone densmé
have been employed including single-beam photon densltometry , computed tomography 767,78 photodensutometry and DXA®

DXA scans may be preferable to other methods as it is relatively inexpensive, whole body scans can be performed, and |nd|V|duaI skeletal
elements can be assessed separately or together during analysis. Using BMD scans before and after taphonomic research studies provides
useful information on bone survivability resulting from different taphonomic factors and environments 82,
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This paper outlines a protocol for obtaining DXA scans of skeletal remains. The method employs the common, clinical positioning of individuals
when performing lumbar spine and hip scans. This allows practitioners to compare the skeletal remains with the appropriate normative
standards. The protocol outlined is applicable to both juvenile and adult remains with limitations discussed later.

The protocol herein adheres to the North Carolina State University's ethics guidelines for human research.

1. Machine Preparing

NOTE: The following protocol can be broadly applied to any whole body, clinical DXA and BMD scanner.

1. Perform calibration once daily prior to scanning any individuals to ensure quality control. After calibration prompts appear upon start-up of the
systems' software, scan a lumbar spine phantom of known density to ensure correct reading of the BMD scanner.

2. If the scanner being utilized does not have a quality control feature in the software, compare the lumbar spine results with those recorded on
the spine phantom to ensure the correct measurements.
NOTE: The spine phantom, should be placed in the center of the scan table and lumbar spine should be selected for quality control.

3. Perform additional tests (e.g., radiographic uniformity) as needed. Perform radiographic uniformity every ten scans maximum to ensure that
the entire scanning surface is detected by the scanner.

4. If the scanner being utilized does not have a radiographic uniformity test in the quality control menu, select whole body scan to ensure the
scanner can read the entire scanning surface.
NOTE: Always center the exam table following quality control and before performing exams.

2. Performing Exam

1. Create patient profiles

1.

2.

3.

Create new patient profiles for each new individual scanned to maintain chain of custody and to ensure scans are correctly associated
with individual remains. If the individual being scanned is identified, proceed to step 2.1.2. If the individual is unidentified, establish the
biological profile prior to scanning to employ the most accurate database references.

Enter demographic information into the patient profile including estimated stature if unknown. Ensure that you select the most
appropriate equation for the remains being investigated.

Select scan type. For steps 2.2, select Anterior-Posterior (AP) Lumbar Spine. For step 2.3, select Left or Right Hip scans.

2. AP Lumbar Spine scan
NOTE: Require lumbar vertebrae (L) one to four.

1.

5.
6.
7

Select Perform Exam | choose patient | Select scan type |AP Lumbar Spine | Next. Select an open container at least as large as
the articulated segment of L1-L4.

NOTE: The one used in this study is 48.26L X 26.85W X 8.89D in cm (19 in. L X 10.57 in. W X 3.5 in. D).

Fill the bottom of the container with rice as a soft tissue proxy.

NOTE: Any kind of rice can work as a soft tissue proxy.

Place L1-L4 in anatomical position (spinous processes should be oriented downwards) in the rice with approximately 0.7 cm (0.28
in.) between each vertebral body as shown in Figure 1A. Ensure that the superior and inferior articular facts are articulated, but the
vertebral bodies are not in contact with one another.

Center the scanning table and place the container with L1 is oriented towards top (head) of scanning table and L4 is placed 1 cm
superior to the intersecting crosshairs. The vertical laser line should be bisecting the vertebrate bodies of all four vertebrae (Figure
1B).

Cover the exposed bone with rice.

Select Start Scan.

Proceed to analysis (step 3.1), If scanned properly (Figure 2). Repeat the scan if not all vertebrae are captured.

3. Left or Right Hip scans
NOTE: Figure 3 is from a left hip exam, if performing a right hip exam, positioning is mirrored.

1.

Select Perform Exam | choose patient | Select scan type | Left Hip (or Right Hip) | Next. Select an open container at least as large
as the articulated os coxa and femur being scanned.

NOTE: The one used in this study is 88.5L X 41.5W X 13.9D in cm (34.85in. L X 16.35in. W X 5.47 in. D).

Fill the bottom of the container with rice (any kind of rice will work as a soft tissue proxy).

Place the os coxa with the acetabulum and obturator foramen facing laterally with the pubic bone oriented medially. Position the ischial
tuberosity beneath the femoral head as it articulates with the acetabulum (Figure 3A).

NOTE: Positioning of the ischial tuberosity is most important because if it extends laterally below the femoral neck it will inflate BMD
estimates.

Place the femur with the femoral head in the acetabulum and with the greater trochanter and femoral head in line parallel to the
scanning table (i.e., in the same plane). Ensure that the femoral shaft is medially rotated with the distal condyle rotated medially and
slightly higher than the medial condyle (Figure 3B).

Center the scanning table, then move the position of the scanning arm and table until the laser crosshairs are oriented so that the
center is directly above the subtrochanteric area of the femur with the vertical line bisecting the top-half of the femoral shaft (Figure
3A). Do not move the remains once they have been positioned. Move the table ensures that bones remain in proper anatomical
position.

Cover the remaining visible portion of the femoral-acetabular joint with rice.
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7. Select Start Scan.

8. Proceed to analysis in step 3.2 if scanned properly (Figure 4).
NOTE: Scans should capture the alignment of the joint such that the midline of the proximal femur is in one plane. The midline should
lie from the center of the femoral head to just under the greater trochanter.

3. Analyzing Exams

1. Analyze AP Lumbar Spine scan

1. Following the scan, an Exit Exam prompt box will appear. Select Analyze Scan.
NOTE: Software will separate each vertebra into their own regions to assess individual elements and total BMD when scanned properly
as shown in Figure 5.

2. Select Results in the Scan Analysis window. Select vertebral lines If the vertebrae are not properly separated for minor adjustments
or directly reposition vertebrae for rescanning.

3. Obtain both age-matched and population specific BMD reference measures to calculate a z-score when performing juvenile BMD
scans.

4. Collect results graph for visualization of the individual relative to the reference population.
NOTE: Figure 6 shows scan results for AP Lumbar Spine of a 31-year-old female.

2. Analyze hip scan.

1. Following the scan, an Exit Exam prompt box will appear. Select Analyze Scan.

NOTE: Software will automatically capture the femoral neck, Ward's triangle, and trochanteric area as shown in Figure 7, if scanned
properly.

2. Select the bone map tool to add or delete areas that are not part of the femoral neck and trochanteric region when not read exactly
by the software due to slight malposition. Make midline adjustments directly on scan by selecting the neck tool and repositioning the
midline.

3. Reposition and rescan if these small adjustments do not allow the proper alignment shown in Figure 7.

4. Select Results in the Scan Analysis window. Compare to reference data for femoral neck, trochanteric region, and the
intertrochanteric region in the software for adults.

5. Compare results with the appropriate age- and population-matched references when assessing juveniles.

6. Use the t-score for adults as it is the most appropriate to differentially assess pathological conditions.

NOTE: Figure 8 shows the ideal scan results for the left hip analysis of a 31-year-old female.

Representative Results

The methodology proposed here is commonly used in living patients and consideration of its novelty to deceased individuals should be noted.
Figure 6 and Figure 8 present the results of an AP lumbar spine and left hip scan, respectively. The individual assessed in these scans is a
deceased white, female, 31 years of age that is housed at the Forensic Analysis Laboratory of North Carolina State University. This individual
had a total BMD score of 0.944 g/cm2 with a corresponding t-score (-0.9) for the ancestry and sex-matched reference population. According
to the WHO classification, her BMD score is clinically normal and not below the -2 t-score that suggests a BMD consistent with osteoporosis/
increased fracture risk®%. The results presented are from three forensic cases where BMD scores were used to assess different etiologies in
each individual set of remains. The methodology proposed has not been systematically assessed in skeletal remains, but in combination with
other methods can aid the investigator during their assessment. Case study 1 illustrates its use in adults whereby perimortem, longitudinal
cracking is evident in the long bones. BMD scores were used to assess whether this cracking was due to fracture risk during life or postmortem
processes where color change comparison was not applicable. Case study 2 illustrates its use in juvenile remains when long-term abuse and
neglect are suspected. Case study 3 illustrates the method's use in infant deaths when fatal starvation is suspected.

In Case Study 1, this individual was a 40-year-old male exhibiting a rare fracture series that includes longitudinal fractures of both anterior
surfaces of the femur and tibia that completely penetrated the cortical bone in the center of each bone (Figure 9A and 9B). The longitudinal
fractures are also associated with transverse fractures bisecting the anterior portion of the tibia at midshaft and slightly distal. As there are no
signs of healing, but no differences in coloration, traditional fracture timing methodologies to distinguish peri- and postmortem were inconclusive.
Moreover, there are pathological changes that have been observed in living diabetes patients including a visible loss of trabecular bone that
can be observed in the individual's radiographs (Figure 9A). To assess if the acute fractures present in the lower limb bones were the result of
fracture fragility or more simply, a postmortem artifact from natural drying processesgo, a DXA scan of the left hip was obtained (Figure 10). The
left hip is assessed since the longitudinal fractures were observed in the femora and tibiae and the lumbar spine was incomplete. The approach
here was to ascertain if the BMD was sufficiently low that normal weight-bearing activities could cause the fractures observed. Total BMD

was 1.299 g/cm2 with a corresponding t-score of 1.8 indicating bone insufficiency was not the cause of the longitudinal fractures. In addition,
postmortem longitudinal cracking produces fracture lines that run along the grain of the bone and can produce fractures at perpendicular angles
from one another™".

In Case Study 2, Figure 11 provides the results for a 13-year-old, female recovered from a clandestine grave with a suspected history of long-
term abuse. Numerous antemortem fractures were evident and patterning was consistent with child abuse®. Current standards to assess
malnutrition in juveniles include comparison of long bone lengths to a reference sample. The juvenile limb lengths for this individual were 355
mm and 300 mm for the left femur and tibia, respectively. These lengths are size-matched most closely with 9-year-old mean Ienggths (350 mm
and 280 mm for femora and tibiae, respectively). This is consistent with a pronounced growth deficit for this individual®®®”. Ruffs® equation
for femur and tibia lengths was used to estimate juvenile stature for the decedent. The estimated stature was 53.3 inches (136.2 cm) (95% ClI:
51.1-55.5 inches). This was compared to the CDC 2000 growth curves for girls aged 2-20*'. As seenin Figure 12, the decedent lies below the
3™ percentile for stature-for-age suggesting delayed growth well below most U.S. 13-year-old females. BMD was assessed to provide further
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insight into the degree of malnutrition as the association between BMD loss and poor nutrition is well established®>% The lumbar spine was

chosen for its completeness and larger composition of trabecular bone. The total BMD of the AP lumbar spine was measured at 0.660 g/cm
with a z-score of -2.2 from the manufacturer’s database. The manufacturer’s database is an age and sex matched sample containing 1,948
individuals aged 3-20 years . This z-score is consistent with low BMD for chronological age providing further evidence consistent with chronic
malnutrition (Figure 13).

In Case Study 3, Figure 14 displays the BMD results of the lumbar spine for a 14-month-old infant with starvation suspected as the cause of
death. The remains were still in early fresh stage of decomposition so articulation of epiphyses was not a concern and weight was 6.1 kg (13.4
Ibs). For comparison purposes, the Gomez and colleagues and Waterlow classmcatlon systems were employed to estimate malnutrition from
reference height and age measurements. Following the Gomez and coIIeagues equatlon

Percent of reference weight for age = ((patient weight) / (weight of normal child of same age)) * 100

where the weight of normal child of same age is taken from a reference population. The infant in this case measured at 38% weight for age of
the reference sample from Gomez and colleagues which is equivalent to Grade Il (severe malnutrition). The Waterlow™ classification system
places 38% as severe wasting, but without stunting as height was within the normal range. The total BMD was measured at 0.790 g/cm while
the age-matched reference group has an average total BMD of the lumbar spine of 0.399 +/- 0.040 g/cm2 5 The z-score was calculated as:

z-score = ((Measured BMD - Age Matched Mean BMD) / Population SD)

and was -5.225 with the age-matched mean from a 1-year-old reference population of 40 infants. The reference data was produced from a
longitudinal study by Braillon and coworkers®! that has been validated i in the literature for DXA spine BMD measures*®% Moreover a study by
Gallo and colleagues suggests the infant BMD observed is below the 3™ percentile of spine BMD for age for 12-month olds® . Any score below
-2 is considered low BMD for chronological age placing the infant in the 0.1 percentile of the normal population (Figure 13). For comparison, the
weight of the infant (6.1 kg) was plotted on the CDC 2000 growth curve chart for males aged 0- 3*! As seenin Figure 15, the infant falls well
below the 3™ percentile for weight-for-age, which is consistent with the DXA z-score well below the -2 for the low end of normal individuals.
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Figure 1: Orientation and placement of lumbar spine segments, L1-L4 for scanning: (A) shows proper orientation for scanning with spinous
processes oriented downwards (corresponds to step 2.2.3); (B) correct location for scanning with laser line bisecting vertebrate bodies and no
contact between vertebrate bodies and black dot represents the crosshairs (corresponds to step 2.2.4). Arrow indicates direction to head of
scanner. Please click here to view a larger version of this figure.
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Scan Time: 00:13
Line: 54

Figure 2: Successful AP lumbar spine scan ideal for analysis. Corresponds to step 2.2.7.
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Figure 3: Placement of hip joint (os coxa and femur) to recreate acetabulo-femur joint. (A) indicates the hip joint alignment for scanning
with the femoral head in the acetabulum and femoral head and greater trochanter in the same plane parallel to the scanning table (step 2.3.3)
and the black dot indicates the location of crosshairs for correct table placement (step 2.3.5). (B) illustrates the degree of medial rotation of the
femur appropriate for scanning (step 2.3.4). Please click here to view a larger version of this figure.
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Figure 4: Successful left hip scan ideal for analysis. Notice that the os coxa does not extend below the femoral neck. Ensure placement of
the joint does not have the iliac tuberosity inferior to the femoral neck (step 2.3.8).

AD5251706 ¥ Lumbar Spine

116 x 166 at [5,33]

Dual Energy

Figure 5: An example of a successful AP lumbar spine scan. L1 - L4 indicates proper placement of vertebral lines between each vertebra
(step 3.1.1).
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DXA Results Summary:

Region  Area BMC BMD T- PR Z- AM
{em?®) (g) (glem?)  score (%)  score (%a)

L1 13.24 11.53 0.871 =11 BE =1.1 B
L2 1585 1461 0921 -1.0 ) -1.0 &
L3 1584 1538 0971 -1.0 ™) -1.0 90
L4 17.51 17.46 0,997 0.6 a4 .6 94
Total 6245 5898  0.944 -0.9 o 0.9 o0

Total BMD CV L0%, ACF = LO34, BCF = LOIZ. TH - 2.063

WHO Classification: Normal (B)

Fracture Risk: Mot Increased

Total

Image not for diagnostic use o . —— |

Ll\[(,x |;.I(,I di = 59,1 (A) M 35 W 8 & 45 s..\p:: €0 65 10 5 80 85 (c)

Figure 6: BMD results from an AP lumbar spine analysis (step 3.1.4). The results presented here are from a deceased white female,

31 years of age, and 64 inches tall. Report has been anonymized for publication. (A) presents image of properly scanned lumbar vertebrae
separated by software placed vertebral lines; (B) scan results listing the individual vertebrae and total BMD scores as well as the t- and z-scores
for the individual. The t- and z-scores were obtained using the WHO reference database for white females; (C) BMD vs. Age graph represents
where the individual's BMD score (cross-hatch circle) falls within the range of average adult females in the WHO database.® The darker blue
shading represents the acceptable range above the mean and the lighter blue shading represents the acceptable range below the mean, or the
two tails of the bell curve around the mean in a normal distribution curve. Please click here to view a larger version of this figure.
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A0525170C x Left Hip

93x 95 at[10,57]

Midline (110, 96)- (158, 56)
Neck 47x15 at[23, 22]
Troch 9x33 at[0,0]

Ward's 11x11 at[5, 5]

Dual Energy

Figure 7: Screen displays an example of a successful hip scan with the femoral midline bisecting the femoral head to just inferior the
trochanteric region. The femoral neck box should be at an angle to capture the full femoral neck angle (step 3.2.2).

DXA Results Summary:
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Total 3128 2585 0762 -1.5 81 -4 51

Total BMIDCV 1P, ACF = 1034, BCF = 1012, TH - 2583
. WHO Classification: Osteopenia L R S R
(A) Fracture Risk: Increased (B) A (C}

Figure 8: BMD results from a left hip analysis (step 3.2.5). The results presented here are from a deceased white female, 31 years of age, 64
inches tall. Report has been anonymized for publication. (A) presents image of properly scanned left hip with midline accurately placed with no
additional bone included from os coxa; (B) scan results listing the neck, trochanteric region (Troch), the intertrochanteric region (Inter), and total
BMD scores as well as the t- and z-scores for the individual. The ¢- and z-scores were obtained using the WHO reference database for white
females. This individual is classified as osteopenic with increased fracture risk using the WHO referencess3; (C) BMD vs. Age graph represents
where the individual's BMD score (cross-hatch circle) falls within the acceptable range albeit on the low end of peak adult females in the WHO
database. The darker blue shading represents the acceptable range above the mean and the lighter blue shading represents the acceptable
range below the mean, or the two tails of the bell curve around the mean in a normal distribution curve. Please click here to view a larger version
of this figure.
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‘ /Fransverse

Longitudinal Stress Fracture
Fracture

Figure 9: Radiographs for Case Study 1. (A) shows the longitudinal fractures of the right femur and (B) the transverse stress fracture of the
right tibia. Also note the reduced radiopaque quality of the proximal femur. Please click here to view a larger version of this figure.

DXA Results Summary: ) R
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Figure 10: BMD results for Case Study 1. The results presented here are from a deceased white male, 40 years of age, approximately 72
inches tall. Report has been anonymized for publication. (A) presents image of left hip scan; (B) scan results presenting the neck, trochanteric
region (Troch), the intertrochanteric region (Inter), and total BMD scores as well as the t- and z-scores for the Case Study 1. The t- and z-scores
were obtained using the WHO reference database for white males.®® This individual is classified as normal using the WHO references; (C) BMD
vs. Age graph represents where the individual's BMD score (cross-hatch circle) falls within the acceptable range of adult males in the WHO
database. The darker blue shading represents the acceptable range above the mean and the lighter blue shading represents the acceptable
range below the mean, or the two tails of the bell curve around the mean in a normal distribution curve. Please click here to view a larger version
of this figure.
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DXA Results Summary: (B)
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Total 33.85 2235 0.660 63 -2.2 T4
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Total

Figure 11: BMD results for Case Study 2. The results presented here are from a deceased white female, 13 years of age, approximately 53
inches tall. Report has been anonymized for publication. (A) presents scan of AP lumbar vertebrae for Case Study 2 separated by software
placed vertebral lines; (B) scan results present the individual vertebrae and total BMD scores as well as the z-scores for the individual. Z-scores
only are presented in juvenile cases because they were obtained using the WHO reference database for age- and sex-matched individuals;

(C) BMD vs. Age graph represents where the individual's BMD score (cross-hatch circle) falls below the range (z-score=-2.2) of 13-year-old
white females in the manufacturer's database.® The darker blue shading represents the acceptable range above the mean and the lighter blue
shading represents the acceptable range below the mean, or the two tails of the bell curve around the mean in a normal distribution curve.

Please click here to view a larger version of this figure.
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Figure 12, Individual growth chart 3rd, 5th, 10th, 25th, 50th, 75th, 90th, 95th, 97th percentiles, 2 to 20 years: Girls stature-for-age

Figure 12: Growth chart illustrating the delayed maturation of the 13-year-old female decedent.*’ The black dot represents the mean
estimated stature and the black lines represent the 95% confidence interval for the stature equation. The individual lies below the 3" percentile
for stature-for-age within the entire range of the Cl. Please click here to view a larger version of this figure.
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Figure 13: Assignment of case study 3 infant z-score relative to the normal population distribution. All values below the red center box

for the normal population measures are considered to indicate low BMD for chronological age. Please click here to view a larger version of this
figure.
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Figure 14: BMD results for Case Study 3. The results presented here are from a deceased male infant, 14 months of age. Report has been
anonymized for publication. (A) presents scan of AP lumbar vertebrae for Case Study 3 separated bone map of vertebral body epiphyses and
surrounding vertebral processes; (B) scan results present the individual vertebrae and total BMD scores. The manufacturer's database used

by this software did not have any age- and sex-matched information for infants younger than three years of age. References from Braillon and
colleagues91 were used to calculate the z-score.
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Figure 1. Individual growth charl 3rd, Sth, 10th, 25th, 50th, 75th, 90th, 95th, 97th percenliles, birth to 36 months: Boys weight-for-age

Figure 15: Growth chart illustrating the severe wasting of the 14-month-old infant.*’ The black dot represents the 6.1 kg (13.4 Ibs) weight
of the infant. The infant falls well below the 3™ percentile for weight-for-age. Please click here to view a larger version of this figure.

The results presented in this paper are illustrative of the applicability of BMD metrics in forensic contexts. As Figure 6 and Figure 8 show, the
scanning position of living individuals for clinical BMD scans is reproducible with skeletal remains, but care must be taken to ensure proper
positioning. This is especially critical for the hip examination where identifying the midline of the femoral neck require the proper angle of

the femur and overestimation of BMD can occur if the iliac tuberosity is not properly positioned medially to the acetabulo-femoral joint. For
the adult male discussed in Case Study 1, BMD metrics can provide the caseworker with additional information about possible pathological
conditions. Without a measure of BMD, the longitudinal fractures could have been consistent with bone insufficiency. This also illustrates that
BMD assessment can be advantageous over X-rays for discerning possible fracture etiologies.

Case Study 2 and 3 provide instances where BMD metrics were integral to establishing severe malnutrition that supported more commonly used
methods. Juvenile cases of fatal starvation are difficult to identify and prosecute especially when remains are recovered in advanced stages of
decomposition31'37'38. The addition of DXA scanning protocols when fatal starvation is suspected can provide further support for findings. In both
juvenile case studies, DXA scans were applied in conjunction with standard methods to compare these individuals with living children. Indeed,

in both cases the DXA results were consistent with the standard method findings illustrating its usefulness in forensic cases of fatal starvation

or neglect. Overall, the three cases discussed here were bolstered by DXA analysis to either include or exclude certain inferences about each
case. However, there are limitations to when this method should be applied in forensic contexts. For example, research has shown that the
relationship between bone volume and bone area in juveniles varies between growth stages12'92. Ensuring that the proper methodology and
normative data is being used (i.e., age-matched normative data) is imperative. When assessin% infants, comparison to other methodologies,
such as measurements of limb segments, should be included in the practitioner's assessment®>>2
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One of the main limitations of this method is the consideration of taphonomy (i.e., diagenetic changes to skeletal composition after death). This
relates to the estlmatlon of survivorship of skeletal elements. In general, skeletal elements with higher BMD values during life will preserve

more readlly 7. but this does not exclude the likelihood that the bone mineral has been altered over time. Thus, while BMD can be employed
bloarchaeologlcally to assess general levels of survivorship it should not be interpreted as living BMD-at-death. This is because if remalns have
been diagenetically altered the BMC will not be an accurate reflection of BMD during life if mineral exchange or catabolism has occurred®. For
example, Ross and Juarez® present a case where infanticide was suspected that may have been due to fatal starvation. However, traditional
methods were chosen because the friability of the remains suggested extensive taphonomic alteration as the remains had been buried for
approximately four years beneath a shed prior to discovery 8 . Thus, as mentioned previously, the taphonomic alteration would have not been an
accurate reflection of the infant’'s BMD at death. In closing, this method can provide support for other indicators of malnutrition or metabolic bone

pathologies, however, condition of remains should be assessed before interpreting DXA results in skeletal remains.
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