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Age Prediction Using Pixel Value Sum from Radiographic
Proximal Femur in a Thai Population
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SUMMARY: The present study aimed to investigate the utility of the proximal femur in the forensic age estimation by assessing
changes in bone densities through radiographs. Using Otsu’s threshold, bone density was quantified by counting all vwdlitesixel
within selected regions of interest, which include femoral head (FH), femoral neck (FN), Ward’s triangle (WT), and grieatéertroc
(GT) from 354 left femora of Northern Thai descent. The pixel width of medullary cavity (MC) was also estimated. Furtheemore, t
study evaluated the performance of linear regression (LR) models for age estimation from radiographic images of proximal femora
Negative correlations were observed between FH, FN, WT, and GT pixel intensity with the age-at-death of the samplesewith femal
exhibiting stronger correlations than males. Moreover, a positive correlation was found between age and MC width in fdegle samp
while male MC widths did not show any relationship with increasing age. The results showed a slight difference betweeadbe LR m
applied to both sexes, which integrated all variables, and the alternative configuration that only utilized relevant &trbutesiels
exhibited similar performance, with a narrow range of root mean square error (RMSE) values, ranging from 12.67 to 12u17d gears,
correlation coefficient range of 0.51 to 0.52. For females, the LR model with FN and WT as selected attributes (RMSE ar4,1.85 ye
correlation coefficient = 0.65) performed decently, while for males, the LR model with all variables showed RMSE of 12a&®lyears
correlation coefficient of 0.46. This study showcased the potential application of pixel intensity in predicting age.
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INTRODUCTION

Forensic anthropology involves the identification oemployed as age indicators due to their close association
unknown skeletal remains, which requires the determinatiavith age. Other skeletal elements, such as sternal rib ends
of a biological profile, including age estimation. Age(lscanet al, 1984, 1985), have been proposed as reliable
estimation is a complex process that involves the evaluatiage indicators due to their minimal mobility. In contrast,
of various skeletal elements, with the skull and pelvis beirgng bones, despite being suggested as age indicators, possess
commonly utilized. The former is assessed based on tegnovial joints that allow for constant movement, making
obliteration of cranial sutures (Meiretial, 1985). However, them less reliable for age prediction than joints with limited
age determination based on bone degeneration is deemeability (Walker & Lovejoy, 1985). Nonetheless, the stage
more reliable, with the pubis symphysis (Brooks & Suchewf ossification is typically used to estimate age from long
1990) and auricular surface (Lovejeyal, 1985; Buckberry bones, primarily to differentiate between adult and sub-adult
& Chamberlain, 2002) of the pelvis being commonlyones. Recent studies, however, suggest that radiological
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techniques can be utilized to evaluate the proximal femugsarface (Lovejoyet al, 1985; Buckberry & Chamberlain,
potential as an age indicator (Curatal., 2013; Navegat 2002), and sternal rib end (Iscan al., 1984, 1985),
al., 2018; Forcet al, 2020; Abdulaet al, 2022; Curatet techniques involving phase analysis can prove challenging
al., 2022). due to subtle changes between phases. Furthermore, the last
phase of these methods often centers on individuals with a
The proximal femur's composition, comprising bothmean age fo60 years, resulting in a rather large age range
cortical and trabecular bone, renders age-related changesl standard deviations for "older adult" samples. Cranial
noticeable in the trabecular structure, which can be evaluatdure closure (Meindt al, 1985) and maxillary suture
through X-ray imaging. Consequently, proximal femora havelosure (Manret al, 1987) are other useful indicators of
potential as a means of determining age, as distinct stagelvanced age. Bone diseases, including osteoarthritis and
of trabecular degeneration are evident (Walker & Lovejoysteoporosis, can also serve as possible indicators of more
1985). Walker & Lovejoy (1985) identified primary andadvanced age. In particular, osteoporosis, which results
secondary trabeculae within the trochanters, Ward's trianglegm bone re<asorption outpacing bone formation and
and medullary cavity as useful markers for ageauses anincrease in bone porosity with increasing age, is
determination, with radiographs classified into eight agealpable in the proximal femoral site, and also commonly
intervals based on radiolucency changes in these regionsieed for diagnosis of hip fracture risk. Therefore, the
interest. However, the high level of activity in the proximaproximal femur is often chosen as thelskal element of
femur leads to unreliable age estimation, as reported by thterest for age estimation in cases where the skull and pelvis
same study (Walker & Lovejoy, 1985). Furthermore, thare absent during forensic recovery. In addition to its
method's subjective nature poses a challenge, as investigasoiitability as an age indicator, the proximal femur offers
must categorize each radiograph into various stages.aflvantages such as greater bone density and better protection,
gquantitative approach may be more appropriate foesulting in better preservation compared to the pubic
evaluating trabecular changes in the proximal femur tharsgmphysis and sternal rib ends.
qualitative approach. Additionally, the range of age intervals
in this study is skewed towards individuals under 50 years The need for age estimation methods that specifically
old, with individuals over 60 years old clustered in oneater to the aging population has become increasingly urgent
category. These limitations suggest that further researchridight of the recent rapid growth of the elderly demographic,
necessary to validate the potential of proximal femora agarticularly in cases where their deaths occur in isolation
reliable indicator of advanced age. (Blatt et al, 2020). Additionally, the definition of "older
adult" age range varies considerably in the literature, with
Age grouping schemes are commonly utilized isignificant overlap, making it challenging to establish
forensic anthropology, with the most common categorizatiatefinitive age estimates. The root cause of this issue can be
separating adults into young, middle, and older age grouatributed to the underrepresentation of elderly samples in
(Falys & Lewis, 2011). The end of young adulthood ishe osteological collections used in the development and
generally established at 25 years of age, as most late epiphysaétiation of age estimation methods. According to Marquez-
fusion will have occurred by this age. Middle adulthood iSrant (2015), the absence of adequate older adult samples
typically considered to be between 25 to 35 years old, leavingstudies has hindered the development of anthropological
a broad age range for older adults. As age increases, #ye assessment methods for distinguishing between
precision and accuracy of age estimation methods decreasdividuals aged 60, 65, 70, and 80 years old.
due to the inconsistent relationship between chronological and
biological age, and older adults tend to exhibit greater variation, Hence, this study aims to capitalize on the abundance
resulting in less precise and accurate age estimates (Bothaf&older adult samples in our osteological collection to
Steyn, 2022). Issues with aging older adults have beépvelop a novel age estimation technique tailored for older
identified in numerous studies (Listi, 2016; Cappellal, Thai individuals (50 years and above) using radiographs of
2017), with even the most reliable aging methods yieldingroximal femora. The selection of X-ray as the imaging
high errors in this population. Underestimating andnodality is motivated by its cost-effectiveness and
overestimating the age of elderly individuals are the mostidespread use in disaster victim identification. The
commonly encountered challenges (Cappetlal, 2017). quantification of bone densities in the proximal region of
These problems present a significant obstacle in identifyinge femur using image analysis tools enables the detection
the skeletal remains of elderly individuals. of age-related bone degeneration. Linear regression analysis
will then be employed to derive an age prediction model,
In comparison to other age estimation methods su@rhich has been demonstrated to be effective in analogous
as pubic symphysis (Brooks & Suchey, 1990), auriculatudies. As noted by Fort al (2020), while an exact age
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estimate would be ideal for age estimation, forensigtatistics.Statistical analyses were conducted using Jamovi
anthropologists typically rely on estimated age ranges (ithe jamovi project, 2024), an open-source software for data
practice. Therefore, the objective of this investigation is tanalysis. Descriptive statistics were calculated for each ROI,
identify the optimal configuration for age prediction thatncluding mean and standard deviation (SD), to examine
yields the narrowest age range, which would be moteends across different age classes. Student’s t-test for
practical for estimating the age range of elderly adults wiindependent samples was employed to analyze sexual

greater precision. dimorphism in pixel sum values. A Pearson correlation
coefficient analysis was used to determine the relationship
MATERIAL AND METHOD between pixel sum values and age. In this study, a p-value

less than 0.05 was considered statistically significant.
Material. This study aimed to evaluate the utility of
radiographic proximal femoral density in predicting age. A
sample of 354 radiographs of documented left femora was
acquired using AiRTouch Portable X-Ray Equipment
(Aspenstate, USA) and derived from the skeletal collection
located at the Osteology Research and Training Center
(ORTC), Chiang Mai University. The radiographic procedure
was taken between February — March 2022. The
aforementioned sample consisted of 161 females and 193
males of Thai descent, with an age-at-death range of 19 to
94 years. The samples were born in Thailand between the
years 1935 and 1998, and their deaths occurred between 2004
and 2019. Femora visually exhibiting signs of pathology and
trauma were excluded from the study to ensure the accuracy
of the results. The majority of samples in this osteologicainear Regression Analysis.The data from Excel were
collection is skewed toward older adults, so this is axported in CSV format to formulate linear regression
excellent opportunity for developing age prediction methodsodels for age estimation, using the Waikato Environment
in older adults. The use of human specimens in this reseafoh Knowledge Analysis software (Weka; version 3.8.3)
was approved by the Research Ethics Committee of tfferanket al, 2010). To develop the age prediction models,
Faculty of Medicine at Chiang Mai University, under ethicah dataset of 354 radiographic left femora was used,
exemption number ANA-2564-08568. incorporating all variables. Linear regression (LR) is a simple

and widely used statistical model for regression tasks. It
Image ProcessingThe radiographic images were saved aagssumes a linear relationship between the input features and
DICOM (Digital Imaging and Communications in Medicine)the target variable and aims to find the best fitting line
and processed in Fiji software (Schindediral,, 2012). The through the data points to make predictions on new data.
images were converted into binary values (0 = black pixé¢tlowever, the inclusion of irrelevant attributes can further
255 = white pixel) using the "Otsu thresholding" filter [21] diminish the performance of linear regression. To circumvent
The study focused on five regions of interest (ROIs): femortilis issue, WEKA provides M5 method, an automatic feature
head (FH), femoral neck (FN), Ward's triangle (WT), greateselection process that only selects pertinent attributes. This
trochanter (GT), and medullary cavity (MC). Theprocess is enabled by default, but it can be disabled if
guantification of bone density within each ROI (FH, FNnecessary. In this study, we tested the performance of LR
WT, and GT) was performed by calculating the sum of whit@odels with both approaches. The performance of each
pixel values. This process involved utilizing the freehanthodel was assessed using a 10-fold cross-validation method,
selection tool and the "Measure" command. Each white pixehich involves dividing the dataset into 10 equal segments
value, which corresponded to a value of 255, representadd consecutively using each segment as a test set in 10
the bone density within the selected ROIs. The resulting sutarations, ensuring each segment is used as the test set once.
of white pixel values for each ROI can be observed in thighe selection of an appropriate cross-validation technique
"RawIntDen" column within the "Results" window. is a critical component in evaluating the effectiveness of
Furthermore, the width of MC at the region adjacent to thtege prediction models. In this study, the 10-fold cross-
lesser trochanter was measured using the straight-line tealidation approach was deemed optimal due to its ability
and the "Measure" command (Fig. 1). All data weréo reduce both processing time and computational
converted to megapixel units and recorded in a Microsaféquirements, as compared to other commonly utilized
Excel spreadsheet. technigues such as the leave-one-out method.

Fig. 1. lllustration of ROIs
on radiographic proximal
femur that was applied
with Otsu thresholding
filter. Abbreviations: FH:

femoral head; FN: femoral
neck; WT: Ward'’s triangle;
GT: greater trochanter;
MC: medullary cavity
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RESULTS @
dNno EBE B IR
Table | presents a summary of the descriptive statistics of the pix‘ﬁ;\E
sum values for each ROI, categorized by age class and sex. All values are
expressed in the unit of megaplxe!s. Table | also includes the results of n§ e 9ET9S
independent sample t-test analysis, which shows statistically significant [T
differences in bone densities between male and female proximal femora
as demonstrated by the p-values (p < 0.05). However, no sexu eI aTa0g
dimorphism was observed in MC pixel width (Table II). Furthermore, PSS ddddns @©d
Pearson's correlation analysis was conducted to investigate the relationshz EN o000 m a3 fl’
between pixel sum values and the age at death of the individuals. In Tab SO dddss o
o
I, the findings suggest that FH, FN, WT, and GT were negatively correlat 29
with the age of the samples (p < 0.001), with stronger correlations observed| B 3385 v .
~—
in females (Pearson's r values ranged from -0.515 to -0.643) than malgSe ©= ST a2 33
(Pearson's r values ranged from -0.318 to -0.505). Additionally, a positive’ Ig oSS S v
correlation was found between age and MC pixel width in female sampl 6o NN GO ‘g
(p = 0.004), but no association was observed between male MC pixe e ssasm ]
i 0 N N mo < =z
widths and increasing age (Table II) g, B5dcagas solE
Z|ggpeeseee 23| &
This study presents an evaluation of LR models for estimating % e S R ) o v g
based on radiographic images of the proximal femora. The summariz Tt ecececee © g S
findings are presented in Table Ill. When considering both sexes, the—‘LRs Seel0aS @ v g
model that included FH, FN, and WT as selected attributes for =- JoSScsSo Q2| S
prediction yielded a RMSE of 12.67 years and a correlation coefficients E E/OO © <o S ‘3 é?
0.52. However, its performance exhibited a marginal improvement v. So 0oy S 7]
the LR model that encompassed all variables, resulting in RMSE of 12¢ 1 g
I~~~ c
years and a correlation coefficient of 0.51. Among females, the LR mog@el _BEI33NY 8
incorporating FN and WT as selected attributes demonstrated the hig§ §t§ ceeeeeee § é' 8
efficacy in age prediction (RMSE = 11.85 years), exhibiting a correlatlg S 5’% Q2SR B Y Svig
coefficient of 0.65, the strongest among all tested LR models. Inthe gas€| << << omo | g 8
of males, the LR model that incorporated all attributes exhibited the Rl\/@ = eeossaa i f/’ S
of 12.52 years, accompanied by a correlation coefficient of 0.46.5 =~ S~ o0 I
Interestingly, an alternative LR model that solely utilized FN as the selecleg: = 88|8
. . . . . . = c
variable for age prediction displayed inferior performance, characterized w83 5898 S ?v 8
by RMSE of 12.56 years and a correlation coefficient of 0.46. The ER Moo ©
equations for age-at-death estimation proposed in this study are provitled| =g sssss 3
in Table IV E | RoosId® =
in Table IV. B oRECIANOE 88§
— | © o O
0| S ) ©
. Rk . . . X ‘_‘SENO’JI\I\CDOOQ SARVARYS
Table II. Summary of statistical analysis for pixel widths in the MC. S} E 6 06 N~ O < 9
= S B B B B B B |
Age class MC pixel width N (354) == ® § =
F (161) M (193) F(161) M (193) 215 csecace ¢ . S
Mean (SD) >18-30 143 (207) 160 (2.19) 7 2 =5 gghegue S
3140 132 (L16) 138 (1.93) 4 8 e e £ 38 “Z'
4150 136 (1.93) 147 (2.28) 15 26 sjnd ST
51-60 139 (2.32) 145 (1.83) 31 37 S| HFEnIeres "Vig
61-70 135 (1.56) 145 (1.44) 41 51 o A ddoo~ Q
71-80 147 (1.82) 146 (2.26) 33 42 S =
>80 155 (2.43) 146 (213) 30 27 23 o S
@4 @19 58 8988283 £
) ol BaaaaaR -
Mean difference -0.318 g2 [ M <o~ I
p-value 0.140 E w
[%2]
=] I = <
Pearson's r 0.224 0.024 2 o 3 2 |8
pvalue 0.004 0.736 > = c33 353
Abbreviations: MC: medullary cavity; SD: standard deviation; F: female; M: male % g 8 g $ 3 ? g
S = =5a aof
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g <
2 ke
oo |w = DISCUSSION
b8z [T WRE 28 BBl
88~ |8 SNS 8T 9983
2 e A o> The current investigation explores the association
£ E I © ol § between proximal femoral pixel sum values in radiographs and
5 “g §§ 2 S8 429 §cv;' 2 age, achieved by utilizing Otsu's threshold to binarize white
@ L |E | pixel values (255) from black pixel values (0). Results from
= ++ 4+ ++| 2 statistical analyses indicate that all regions of interest (ROIs
5 £
8 © 3} with the exception of MC demonstrate potential for age
~ - = Q Q
=2 vk |@ = = = |2 prediction. The assessment of LR models for age estimation
© © T .. [} . . . P
vy L. = indicates that the LR model is most effective at predicting age
= < g
S =) N o |2 in females, with RMSE of 11.85 years, utilizing FN and WT as
e = 5 Q@ |E - ) ’ -
s % §§ o < = ~ |&  selected attributes. The best model for male age prediction was
88 |2 .\ . . |& the LR model that incorporates all variables, with RMSE of
3 2 12.52 years. The LR model with FH, FN, and WT as selected
© [J]
ug g}g g o o b |5 attributes demonstrated RMSE of 12.67 in estimating age for
W™ K> QO i 1 i
5 RRE g all samples. This study underscores the efficacy of the linear
< (= © % regression analysis in developing robust age prediction models.
B SHE s |@
LS = g . . e ..
=38z ;3’ . . . é The rationale for generating sex-specific age prediction
°°rgl3 £  models stems from the well-established sexual dimorphism in
7|8 @ one densities in the proximal femora, as reported in various
8 sk k& S @  bone densit th [ f ted
sB8- 2 2 £ studies (Wheatley, 2005; Castikd al, 2011; Pascha#t al,
S-L %s S o <5 = E 2018). Moreover, this study reveals that age-related changes in
N K S 9. § bone densities are more prominent in females compared to
I N — N .8 . . . .
ol aa RS = Lo = males, as aresult of differential hormonal regulations and higher
o "L o e 4 g susceptibility of females to age-related bone diseases such as
« 5 > = osteoporosis. Notably, the femoral neck, a site associated with
- 2| E& &E zz E a higher risk of hip fracture in elderly women, shows the greatest
| Eaazt z o s potential for age prediction in females, with FN and WT
§ & = ﬁ Qg ST §§ § demonstrating the strongest association with age in this region.
@ 2 = Ba < o
£ o |E 252 I2 S2E . . .
z 25 Sz |8 % ~ 3 It is unsurprising that femoral neck (FN) was included
$ S L: E 4+ o+ + % in various configurations of the LR models, as it demonstrated
S o |2 o % the strongest correlation to age compared to other ROIs (Table
5 m2fz & S| Ex =« € I). Our study employed the same age markers that were
0 4 g |5 = ® ; : I
3| 2 = |8 g | __ |5 analyzed in Walker & Lovejoy (1985), which include femoral
B ; % Sa 3 o g head, femoral neck, Ward's triangle, greater trochanter, and
E ooZ g ¢ ed 2 € |5 medullary cavity. However, our study differed in approach as
S 23 SEE 2 > f: we employed a quantitative method using image analysis
o 3 5 =  tools. The results demonstrate that counting the sum of white
2 j w| jnu T ; pixels in the ROIs of radiographs has potential for generating
% =33 2 % @  data for age prediction models. However, as revealed in this
2. g %C’n S §,§, %% §,§, % study, the radiographic proximal femur can exhibit relatively
s s z |58 5 5 high variability, which makes it challenging as a reliable age
Sk |9 = ) ® L . . o .
g g3 8= £o % _ 2 Q indicator. The high degree of physical activity in the proximal
Sl s ° L3 > A 5|8 femur may contribute to the inaccuracy of determining an
£ S 5= 2 3 €12 individual based on this region. Given th i
Sk B - 3 i ElE individual's age based on this region. Given the continuous
S S_anEelo 2 0 g S § “I‘ movement and weight-bearing stresses on the proximal femur,
3 <o ﬁgg 5 § > g E gl methods that rely on examining the inner structures of this
< 2= < : £ 212 region may be less reliable compared to those that utilize joints
= g% S| 2 29 ££  with limited mobil h as the pubi hysis, which
2|, c5glS S >, £ 2o HE with limited mobility, such as the pubic symphysis, whic
ol 55228 o8 =2 fa 0ol have been found to be more reliable for age prediction
Qo o JE:’E.{::’_Q-- O | o — gg: T © |2
S 2| TEgEeZ cls2 228 =32 (Rattanachet, 2022).
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The issue of accurately estimating age is furthdor age estimation using femoral neck BMD. Both DXAGE
compounded by the limited number of samples frorand LR models tended to overestimate the age of younger
individuals over 90 years old. The 80-year-old demographsamples and underestimate the age of older samples (Bethard
also presents a challenge as it is difficult to distinguish froet al, 2019). Although Betharet al. (2019) appreciated the
the 90-year-old demographic, and to some extent, the #antitative approach used in Navega's DXAGE, they were
year-old demographic, which can hinder the precision skeptical about using the application for individuals in the
age assessment (Cungtaal,, 2009). In the present study,age range of 20-40, as peak BMD would not have been
the number of individuals over 80 years old is significantlgttained yet until the fourth decade of life (Heetgl, 2004).
lower than the number of individuals within the age rang€he subsequent investigation by Cuettal (2022), sought
of 40-60 years old. Although the impact of this on the efficadp enhance Navega's DXAGE by incorporating male samples
of the generated age prediction model is unknown, it ia the training process. However, the revised version of
crucial to have a more diverse age demographic compositbXAGE, DXAGE 2.0, is still encumbered by certain
of skeletal collections to improve the accuracy of ag@nitations. For instance, the study's scope is restricted to
estimates, especially for elderly individuals. Imaizetal individuals of South European descent, and there is a dearth
(2021) suggested that increasing the sample size usedtosamples from older males, which may hinder its
derive the model can minimize mean absolute errors in agiagplicability to other populations.
older adults. Therefore, a larger sample size, especially from
individuals over 60 years old, is needed to improve the Our study aimed to improve upon previous research
reliability of age prediction methods for elderly-presentingy including both male and female samples with a similar
human remains. age range to the study conducted by Nawga (2018),

(19-94 in our study compared to 21-95 in their study).

The research conducted by Curateal (2013), However, our results showed that age estimates for females
explored the relationship between age-at-death and bare more reliable than those for males due to a stronger
mineral content within the proximal femur, which led to theorrelation to age. As a result, males exhibited larger RMSEs
generation of a linear regression equation. Interestingly, ttiean females. Table V provides a comparison of error
study categorized the samples into three age subgrouestimations for our study and previous research that utilized
Young, middle-aged, and older adults, and reported @anoximal femur for age prediction. RMSE was chosen as a
increase in accuracy for the older adult category (Cetatesuitable metric for regression analyses, as it indicates the
al., 2013). Botheet al (2019), conducted a similar studyapplicability of the models to samples that were not part of
that formulated linear regression equations for age estimatithve studied group. Though, other metrics, such as mean
using bone density of the proximal femur in White and Blacibsolute error (MAE) and standard error of estimation (SEE),
South Africans. When separated by ancestry, the ernaere also used in previous research to assess the accuracy
estimates of age prediction decreased significantly. Abdulaf age estimation models. Regardless of the chosen metric,
etal (2022) utilized the osteometric technique in radiographlissearchers should strive to minimize these values as much
for age estimation using hip axis length, although theas possible. Our results were comparable to previous studies
method was less precise. The study by Nae¢gh (2018), that used bone mineral density (BMD) of proximal femur
investigated the potential of utilizing artificial neuralfor age estimation, with the exception of studies by
networks for age estimation in proximal femoral bon€hansingthongt al (2022) and Fordt al (2020), that used
mineral density (BMD), resulting in promising outcomesHounsfield units of the proximal femur to predict age. Table
These findings formed the basis for the development ofMasuggests that females are more suitable for providing
web application (DXAGE) incorporating the proposedeliable age estimates due to the strong correlation of bone
model. However, the study was limited by a sample siziensity in this region with age. Artificial neural networks
that was confined to a specific demographic (females GANNs) have shown effectiveness in predicting age using
European descent), thus highlighting the need for expandipgoximal femur density, as demonstrated by the studies
the sample to include a more diverse population that includesnducted by Curatet al (2022) and Naveget al. (2018).

a greater representation of males and individuals frodonetheless, the lack of interpretability associated with
various ethnic backgrounds (Navesjaal, 2018). ANNs presents a significant concern, impeding the
identification of relevant predictors and their relationships

Bethardet al (2019), validated Navega's DXAGE to the modeled property (Zhangal, 2018). This limitation
application (Navegat al, 2018) by testing it against BMD is commonly known as the "black box" issue, as ANNs only
data from females in the National Health and Nutritioprovide approximations without generating an identifiable
Examination Survey, and compared its performance to lineaodel due to unclear relationship between network weights
regression equations formulated by Paschall & Ross (2018)d the property being modeled. In contrast, “non-black box”
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models, such as LR models, yield interpretable models with reproducible regression
coefficients that elucidate the relationship between predictors and outcomes (Zhang
et al, 2018). Therefore, LR models are more preferable over ANNs due to this issue.
Furthermore, the utilization of ANNs for age prediction in legal contexts cannot be
recommended (Rattanacletal, 2023).

R
0.43
0.44
0.37
0.57
0.72
0.64
0.46

Male
SE
10.71
13
21.15
13.24
12

RMSE
13.62

This study offers an innovative method for assessing bone density in radiographs
for age estimation, which is an alternative to the traditional approach of obtaining
BMD from dual-energy X-ray absorptiometry equipment (DEXA), or by using computed
tomography (CT) scanner to measure bone densities in Hounsfield unitsetFadrd
(2020), investigated the association between Hounsfield units of the proximal femur
and age-at-death, and developed linear regression models for age estimation with a
standard error of estimation of 12 years and accuracy rates ranging from 86-92 %. A
validation study was conducted by Chansingtheingl. (2022), in a Thai population,
wherein the authors reported that the age estimation models developed ley &lord
(2020), were not applicable for estimating the age of Thai individuals. As a result, the
authors formulated Thai-population-specific linear regression models for age estimation
(Chansingthongt al, 2022). The radiographs used in our study were obtained using a
mobile X-ray scanner, which offers the advantage of rapid on-site analysis by forensic
anthropologists. This approach can be particularly useful when remains are partially
decomposed or burned, where the maceration of soft tissues can be invasive, and routine
postmortem imaging can be used for biological profiling estimation. Additionally, the
use of a mobile X-ray scanner is more cost-effective than a mobile CT scanner, a factor
that is particularly important in forensic settings in developing countries where access
to high-quality egipment may be limited. Finally, the implementation of a statistical
model for biological profile estimation in this study has the potential to improve the
objectivity of the analysis based on postmortem radiographs.

12.52

MAE
12.9
10.78

R
0.24
0.45
0.73
0.77
0.72
0.76
0.65

10.23

20.28
12.66

Female
SEE
12

RMSE
12.54
11.85

R AE
0.387
0.409
111
8.44 10.61
0.56
10.12
0.52

SEE
14
20.63
12

All

In summary, the quantification of white pixels in proximal femoral radiographs
appears to be a promising approach for age estimation in elderly individuals. This
method offers greater objectivity than visual assessments of trabecular loss, which are
susceptible to inter-observer errors. Moreover, the method developed by Walker &
Lovejoy (1985) was originally designed for individuals under 50 years old, whereas
our approach is tailored to older samples, with the aid of statistical models. Our study
supports the use of a LR model for age prediction based on pixel intensity, although
the addition of highly age-correlated attributes slightly decreases the RMSE of age
prediction. It is important to note that the age prediction models in this study are
specific to forensic cases in Thailand. Limitations of the study include the relatively
small number of samples to formulate LR equations and limited representation of
samples from the 80s and 90s age range. Further research should involve more diverse
samples to minimize RMSE in aging older adults.

RMSE
13
12.67

MAE

Model
LR

LR

LR
ANN
LR
ANN
LR

LR

20-72.6)

Portugese (2B5)
43-73)

Northern Thai (196)

CONCLUSION

White South Africans (2B1)
Central Thai (18-86)

Portugese (2@5)

Population (Age range)
Portugese (2@6)

Ghanaian (3182)

USA
USA

The current study employs Otsu's threshold to quantify bone density by counting
white pixels within a selected region of interest in proximal femoral radiographs. In
addition to examining the differences in bone densities and medullary cavity widths
between male and female proximal femora, the study explores the relationship between
pixel sum values and age at death. Our findings demonstrate that significant differences
exist in bone densities between males and females, with females exhibiting stronger
correlations between FH, FN, WT, and GT and the age of the individuals, thereby
resulting in more reliable age estimates for females. Evaluation of LR model
performance for age prediction reveals that the LR model performs the best when the
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Chansingthonget al. (2022)
Curateet al. (2013)
Curateet al. (2022)

Fordet al. (2020)
Navegaet al.10

Paschall & Ros$2018)

Presenstudy .
Abbreviations: LR: linear regression; ANN: artificial neural network; MAE: mean absolute error; RMSE: root mean squargErstan8iard error of estimation; R: correlation coefficient

Abdulai et al. (2022)
Bothaet al. (2019)

First author

Table V. Meta-analysis of the error estimations in previous research using proximal femur for age estimation.
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