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Sex Estimation Using Three-Dimensional Volumetric Analysis
of the Korean Ulna
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2Department of Anatomy and Cell Biology, College of Medicine, The Hanyang University of Korea

Abstract : Sex estimation is an essential step in forensic identification, and various skeletal elements have been
studied because human remains are often recovered in fragmented conditions. The ulna is frequently preserved
and exhibits sexual dimorphism; however, most previous studies have relied on two-dimensional osteometric
methods that may not sufficiently reflect the complex three-dimensional morphology of the bone. Therefore, this
study aimed to establish and validate sex estimation equations using three-dimensional volumetric analysis of
the Korean ulna based on computed tomography (CT) images. A total of 1,200 CT scans of Korean adult ulnae
without pathological deformities or fractures were analyzed. The ulnae were reconstructed into three-dimensional
models, and the maximum length and regional volumes of the olecranon, mid-shaft, and distal regions were
measured. Logistic regression analysis was performed using 1,000 samples to derive sex estimation equations, and
the remaining 200 samples were used for validation. Significant sex differences were observed in all measured
regions (p <0.05), and high inter-observer reliability was confirmed with low %TEM values. In the validation
dataset (n =200), sex estimation based on maximum length correctly classified 82.0% of right ulnae and 84.0% of
left ulnae. In comparison, sex estimation based on three-dimensional volumetric measurements of the olecranon,
mid-shaft, and distal regions yielded higher classification accuracies of 90.5% and 90.0% for the right and left
ulnae, respectively. In particular, volumetric analysis of the mid-shaft region demonstrated markedly improved
sex estimation accuracy compared with conventional two-dimensional osteometric methods. These findings
suggest that three-dimensional volumetric analysis more effectively reflects the morphological characteristics
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and sexual dimorphism of the ulna than traditional linear measurements. This study provides population-specific

standards for sex estimation in Koreans and may contribute to forensic anthropology and personal identification

in medico-legal contexts.
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Table 1. Descriptive statistics of object’s age

200 Images 1,000 Images
Sex
N Mean + sd (years) N Mean + sd (years)
Male 98 58.16%+15.14 604 5321%+15.33
Female 102 49.19+17.62 396 48.70+15.85
Total 200 53.59%17.2 1,000 5142%15.69

sd, standard deviation

&2 "4 1027, oA 9gZolen F AR @A
58.16A1, 14 49.194 Fch(Table 1).

1,009 CT 94<& &Fst7] HsiA ALEE A
= ¥Yst A4S flste A& $¢ PMCT (SOMATOM
AS +, Simens Healthcare, Erlangen, Germany) ZH| 2 4],
AL Shim [22] 59 W ol w2t Whole body scan
o2 AYPstglth. PMCT HALZ €oj7l DICOM 3
MIMICS 25.0 (Materialise’s Interactive Medical Image
Control System, Materialise NV, Leuven, Bilgium) Z=
OWg o] g3} 226~3071 HU (Hounsfield Units) H<
o] Ax|gto & AW ImageS F&3ta, FZ 2w o] Y
2 9] F7HE A A Computer Aided Design (CAD)ZE ¥
2ttt (Fig. 1). MgHe 2& AW G452 3-matic 17.0
(Materialise’s Interactive Medical Image Control System,
Materialise NV, Leuven, Bilgium)& ©]-8-3}o] 2w o] %
)4 o] (Maximum length)@} ZF £9]9] A& (Volume)S
SRS 5 A AW HdidolE 7|Ee® 5 dAst
At Aw o] A& THE 2| F-9] (Olecranon region), 51t
£ 9] (Mid-shaft region), HZH ] (Distal region)2 &
stel Zgstgion, 2 Be)e) Sguslel e Ay
7 93 Aol Hojdols SASAT o) F, BEA RS
(Olecranon region)d] S = e ZEA| 9 EX
oA e HERAZ 2w Z o] 25%9] st
AHE 2H5AT, WEES) (Distal region)®] ZHH =
A o] HEZLEE TEA = 2w Zfd o] 10%°]
st AAS S48kt S (Mid-shaft region)
o 2P Au Hrjdolo] 50%E T|EoR BE
9 BOE 10%, UEFH H22 10%E EAste] &
B 219l & 2% HFsHe AL SN 4
g8k Ath (Fig. 2). 1,000719] 33E& =5 3-matic 17.0
(Materialise’s Interactive Medical Image Control System,
Materialise NV, Leuven, Bilgium)< ©]-83] 2 EZ7} 9=
AW ol ZHUYE V1202 A4S A2
23 QAR 22% Aot A% AW 242 A 29

F % 99 o4 dAHY A9 PHOR T 19 o4 o}y
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b

Fig. 1. Three-dimensional reconstruction model used for metric
estimation: A. Anterior & posterior plane of right ulna; B. Anterior
& posterior plane of left ulna.
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(Technical Error of Measurement)2 AF&3to] H715IH2
o, WX} (cross-validation)2 $83}A] &Qkth(Table
2). 1,00049] CT F4= ol-&sto] ZHEZ -7 (inde-
pendent t-test)& o1 83te] AHo] WE HolE BHHY
i, & 2w 7F Zpol= S EE -7 (paired t-test)
< AR&s] B7FSHRITH(Table 3). TR, ZA|AF 3H&
A (logistic regression analysis)= 33500, o| & g
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A, B
Olecranon Olecranon
region reglon
25% 25%
40% 40%
Maximum
Maximum Mid-Shaft Length Mid-Shaft
Length region region
60% 60%
Dis_hl 90% Dis_tal 20%
region . ‘region .
Fig. 2. The right (A) and left (B) ulna volume measurement range of three regions.
Table 2. Intra-observer reliability statistics by each region
N Absolute mean difference TEM %TEM R
Right ulna Olecranon region 200 17.5 38.332 0.056 10
Mid-shaft region 200 18.3 42.063 0.078 10
Distal region 200 10.6 30.492 0.112 1.0
Maximum length 200 0.008 0014 0.006 1.0
Left ulna Olecranon region 200 153 37.356 0.055 1.0
Mid-shaft region 200 14.6 32.060 0.059 1.0
Distal region 200 202 43434 0.161 1.0
Maximum length 200 0.009 03.016 0.006 1.0
of et 7t 2918 A A EHSAh 1 AT BE & 8 SH% 1 AAE (inter-observer agreemen)E A%
A 770N el G Aol BAHCE SO U o2 WIS F 9o SUH 2AAERA 1,247
Eigon, 0 223 Q& 2w o] zto] JA| Folgk Zfo|7k 2)7F AHojH BE 3R JAoA uhE Zstg o,

UEFGTH(Table 3).
A A4S A
o|-§3te] EXAE IHRAE 53
E 5o AEuEEs
ol% =& HE 349 gIAES

7] 918 100049 CT GAL
3} %2 (Table 4), ©]
A% HA4E EE3ATHTable 5).
2517] 919 v

A] 200718 FEZ 0|85t £4& +35HATH(Table 6).

Measurement; TEM)

Qlx
=27

2 dFolM e 549 A3 A

. EX™X} 2t ME| = (Technical Error of

=2 e 9

Anhe wmetelch 24R 7 Ml Ao B Ao,
71€% &% 22} (Technical Error of Measurement, TEM),
Add TEM (%TEM), AE= A R)E 71E02 37t
ahalc}.
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A, BE &4 F9olM SR T 52 A=
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ow TEM ZE2 0.014~43.434 &2 Uyt A3
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Table 4. Logistic regression analysis of the ulna volume

95% confidence

Degrees Significance interval about
SE. Wald of probability Exp (B) EXP (B)
freedom p-value (p)
Lower Upper
Right Olecranon region 00023 000 247.846 1 000 1.000 1.000 1.000
ulna Constant —15.034 962 244.193 1 000 000
Mid-shaft region 00027 000 256.568 1 000 1.000 1.000 1.000
Constant —13.893 875 252.031 1 000 000
Distal region 00042 000 278.362 1 000 1.000 1.000 1.000
Constant —10.604 648 267.689 1 000 000
Maximum length 133 008 256.731 1 000 1.142 1.124 1.161
Constant —31.950 2011 252.371 1 000 000
Left Olecranon region 00023 000 247.691 1 000 1.000 1.000 1.000
ulna Constant —14.333 916 244.746 1 000 000
Mid-shaft region 00027 000 253.108 1 000 1.000 1.000 1.000
Constant —13.559 858 249.493 1 000 000
Distal region 00054 000 255.081 1 000 1.001 1.000 1.001
Constant —13.504 852 251.195 1 000 000
Maximum length 121 008 249.940 1 000 1.129 1.112 1.146
Constant —28.976 1.851 245.149 1 000 000
EXP (B), exponentiated regression coefficient; interpreted as the odds ratio
Table 5. Logistic regression equations and classification criteria for sex estimation using the ulna
Measurement regions Discrimination equation Predicted probablity Sectioning point

Right ulna Olecranon region Logit(p) = —15.034 +0.00024 Xx RUOR

Mid-shaft region Logit(p)= —13.893 +0.00027 Xx RUMSR

Distal region Logit(p) = — 10.604 +0.00042 x RUDR

Maximum length Logit(p)= —31.950 +0.13288 X RUML = OB | 4 GloEiP)) Male: p>0.5;
Left ulna Olecranon region Logit(p) = —14.333+0.00023 Xx LUOR Female: p<0.5

Mid-shaft region
Distal region
Maximum length

Logit(p) = — 13.559 +0.00027 x LUHMSR
Logit(p) = — 13.504 +0.00054 x LUDR
Logit(p) = —28.976 +0.12144 x LUML

RUOR, right ulna olecranon region; RUMSR, right ulna mid-shaft region; RUDR, right ulna distal region; RUML, right ulna maximum length; LUOR, Left
ulna olecranon region; LUMSR, left ulna mid-shaft region; LUDR, left ulna distal region; LUML, left ulna maximum length; p, predicted probability of being

male.

2. |20 (Maximum Length)

A7k 1687 (84%), EL A7} 327 (16%)01 4 o™, oA
1027 % 787(76.5%), §4L 987 % 9071 (91.8%)2] &

Aw o] Hojdol= 4 7t FAH2E FoF Aol

2] &2 2 TH(Table 6).

£ Hou, #9 ol F9% Aol7t wEHA At
CH U ZolE o] L3 Aund Az ou=x Ao A N
E}_ﬂtﬁ Zo] : 18 sedse © 3. % 72t &= (% Volume)
2 UX|7}F 1647 (82%), ELA7L 367 (18%)°1 A
o, AL 10248 £ 754 (73.5%), B3 9874 = 89 LEZE AW A, TEARY, TR, HERY B
A(90.8%)2 A& BTt Y& Awol Ao AgHA  F YHAX7L 18174 (90.5%), L7} 197 (9.5%)°] %)
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Table 6. Sex consistency of three region in right and left ulna
Right ulna
Olecranon region Mid-Shaft region Distal region Sex estimation Maximum length
Mis Mis Mis Mis Mis
Match match Match match Match match Match match Match match
Male 94 4 94 4 94 4 94 4 89 9
(N=98) (95.9%) (4.1%) (95.9%) (4.1%) (95.9%) (4.1%) (95.9%) (4.1%) (90.8%) (92%)
Female 87 15 87 15 87 15 87 15 75 27
(N=102) (85.3%) (14.7%) (85.3%) (14.7%) (85.3%) (14.7%) (85.3%) (14.7%) (73.5%) (26.5%)
Total 181 19 181 20 181 19 181 19 164 36
(N=200) (90.5%) (9.5%) (90.5%) (10%) (90.5%) (9.5%) (90.5%) (9.5%) (82.0%) (18.0%)
p <0.05
Left ulna
Olecranon region Mid-Shaft region Distal region Sex estimation Maximum length
Mis Mis Mis Mis Mis
Match match Match match Match match Match match Match match
Male 95 3 95 3 95 3 95 3 90 8
(N=98) (96.9%) (3.1%) (96.9%) (3.1%) (96.9%) (3.1%) (96.9%) (3.1%) (91.8%) (8.2%)
Female 85 17 85 17 85 17 85 17 78 24
(N=102) (83.3%) (16.7%) (83.3%) (16.7%) (83.3%) (16.7%) (83.3%) (16.7%) (76.5%) (23.5%)
Total 180 20 180 20 180 20 180 20 171 29
(N=200) (90%) (10%) (90%) (10%) (90%) (10%) (90%) (10%) (85.5%) (14.5%)
p <0.05
o AER Uro] Bk A, BEARY, SR W 2on, 49 EF A= GRS oF 15~16% ¥ 4
ZRo T oL 1027 F 8771 (853%), BAL 984 FFo| et
% 947(959%)9 YN & et HEH BN
A AR 7F 1817 (90.5%), EAX] 7t 197 (9.5%)0] 2
o, oJAJo] 10274 F 87A(85.3%), BAL 984 & 944 hr
(959%)9] dA&& EHH
Az Zw o] ASE BEANHY S MERS B B ATE 29 AWE O CT AL BID
F AR LA 18071 (90.0%), =LA7F 207 (10%)°1 3 33 FAeE AFAste] BEAF- (Olecranon re-
o AR o] HYE B, EEAR, %7”?'—%’4 W gion), 77l (Mid-shaft region), %59} (Distal region)
=99 BE of4e 1027 F 857 (83.3%), HHL o ARS AZsta, o] F ol g HuE PHAS £2
A F 957196.9%)9 &L BT HFA4EHE OM sto] 1 fEAS AFstuA st
= JELA7E 1807 (90.0%), =L A7 207 (10%)°1 A2 &2 dFoA s SAHA T A= 24 A HE
u% ool 1024 % 857 (833%), AL 987 F 954 ® AZ WS & 579 nAn ABHS Uehi
6.9%)°] YA&-& H U Th(Table 6) (Table 2). At B 22+et %TEM Fto] HRtA o= f
EE I AZ 2w o % 77 A S WH2 A S A Ushgen, 53 2e 54 F9olM %TEM 3
BE 22 AW 34 BE00~05%)8 USForh AZ o BRE 0.02% oI5t BelFe] A /1EHY Aol
YT BE o)A o] BF FAEsL FART F  PYHOE o]FolH S BAT 4 Yot ol £ A7
10~13% & o] Ushgrh hel, Hrjhol2 AT o4 AH8T 33 G4 Z1% A AS o] L A
| S 71 Fo AL (82~84%)5 H I J& FHsty glon, =EH Adud A £33 FE
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FaZ7o] 7MY e T AHTE MR YEige
o, AEUREL FA 84%, oA 86%0| T H15g
o 9 TR Hduyy g W JEAA &S 3
76%, 973 83%= VebgTh B3 AFAES Fobz ezt
51 Ao AR oy o] AT Aol vls ddiHeg
2ol sjHstgen, sig ATl S3tE AEud
712 24 AxsHq

Celbis S[30]2 E7]Q A4 & 1274 djite =z
Hat 3

= 2w HZdolE o] &% JEHIRE S sYsta o,
Ahw Hjdo] g Mo 91.3% (34 88.8%, o
A 95.7%)% =2 JEYAES BTt Issa 5 [31]
2 oJFE A AA 12278 Ao E Aw Hddo|E
ol-ggt AEWES Pt A3, 923% (FA 953%, 4

d 892%)8 =2 AHUAE
o, A7} ZRko|u i gyt 22

AolA 83 tiAl A #7F 2 4 okl skGinh E=3t
Zapico 5 [32]2 FHA u=<d ¥ ot 7l Ak
o] I AS AolA Ahw FEFA X241 H| (Ulna Mini-
mum Breadth of Olecranon)”7} 7} 9431 AdodE W4
g Buskgich A TE2] Hade] gE AR Al &
A n]=2l Ao A= 91.3%, ghelot|g]7} o=
824%9] JHLAEE Uetllon, 53] F& {3 (frag-
mentary remains) A3 A £ & 7154 0] ATt A
A8t gt

FelS SR Tt Lee S[2119 AFE AnR
,LEER AWE YR FYdolet 53R AET
A% A, Hjdol= AA 81.5% (273 83.7%, 4
A 77.1%), BEFHAEYE AA 712% (24 704%,
4 7129%)8 AELAEE Uelttar Bustgloh 2 A
TollA LEZ Aw o] 221U A A Sl H o] 4
HAX &S AA 82% (F4 90.8%, 94 73.5%)=2 e}
U Lee 5[2119 A A2t AR AFE ik 19
U, 3214 AESHAS 835 23 Lee 52119 552
2o HFote FHEH AELAES AA 90.5%
(A 95.9%, 94 853%)2 UEh} oF 19% FAH 2
5 Ao A4F AwWo e Hddol= A 855%
(84 91.8%, 914 76.5%), T5H= A 90% (44
96.9%, 9143 833%)% JAHELAE&ES UEo LEF A
W o] Aute} fARGE AH3kS HATh B3 & AolA £
E5 Apuj o} A& 2w o] A F9jo] AHTE Hg=t F
At Uetton, o= ZF B4 AFo] AR 2 A
BAAE YEIYZ] dEo 2 AREHT Lee (2119 A+
oA = =l Apw ol FdHud Hs=r} oA
Hoh @Al =4 Ugson, & dtoA: dA49 A
Hud g7t BT A et ol7d |9y 7t
Adud Jor o] o= =l oA YEE 3
ey EA41 AR o|F A9 T TR0l Ie AR
AtgET. Kim 5 [33]2 =919 HewE o I+
@] TN ET v wE S o, gl B HElwe &
Hel FGAET AFos Zu, =l oA HEw=
U2 2 RI= K IA yepdtha H1skGH
Lee 52119 Aol E =2l FAd2 A A S3gke] o
£ AT GAAET ddFH o AA Yehtes FF
< Byt o]get 2A5S T & o, 2 Aol o
ARt A4 Al A =rt ddAes =4 ug
W oolfe el Aol Uethus A3 oA
I FeEjhE wolo] £ 7]Q1% A2 Al H). 117
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U, BRI A B4 29 225 7PXl—t— A =
SHYE HwE BH, Lee 5[2119] 22H93 AS AT
M= 01*394 AT AT G REY =4 Uehd jE
W, & A7 334 AY EA A EA4Y AEEE &
g7t OEWEE} EA Ut o3t Zpol= AS W
o] zpolof wE A= AR EH W, 32 A A EAo] A
R0 dAA FeEsty EQ A o] 4E Hot
avtH oz vdelyy] fEoz WE

9_]7]—9,] mﬂ‘— _ﬁl_xlzs]- _J_/d_,,} ixl—zs]— PR x]L] 33}
d FxE0]7] W&o, dol-vu|-AH F& o83 2%
A AS PARte 2= o]t I HRE FES| W
0%}7] o]t} Moore 5[34]2 @] ZEu|o} et A}
S W) AS AFolA Aw o], 7}§517é 4 A
2 4o|E o3} **‘*‘ﬂ“*% Fefstglon, 2w 2ty
Zo] @& AR A] 78.5%9] AELA& L}E}m_u} ES)
tHZ:lOlQ} 722 AE A Al~9-f‘a o B A=
89.9%9] ¥ JEYX &S Bt B MallE[35]
< @l S5 F¥ A7y ZwE g es 4w i
of, ZEAF yn| d HZRFY Yu|E %M‘z A, 24
W FHfdo] s W4l 87.05%, WA M4 2A=
90.58%°] A LA &L HeplThL shgict. olid A
= o] JHEE A dHA AS fvE o]
o} ohekgt FEiEtA AEE A e A AEEE A
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R RIS Hojshy JlQl A oA B dAolH, AR W AR He a7t 22 4
g2 dAsE A7t Bol bt 24 848 o83 A7 3 e A= Hw A F HEHT FSR 4
2 o]PAE Ustl= WolR|ut, 7]E AFES HFEE 244E AS ol oEste] Aw o] £ 33 P}
2 EAL 223 utosln] Ratqct waka, B AtoAs AEE 229 (computed tomography, CT) GAL 7]
RO 2 h=Ql Apw o] 334 A& E4S o] &3 A WA et O FaAS At shle. d
A2 A Moy 2do] gle d=U AU Aw CT 4 12007019181, o] & 32 Bz 744 & F
tjZ o)} THE X4 (olecranon region), ZH5-9] (mid-shaft region), HHHH] (distal region)®] HH-& ZA 3%t
AEEE WA &S 98 10009 ARE 0|85t 2ALY IARAN S FHTF o, UHA 20079 A=
£ °ol8std fFrade A 24 23 2E AS Tl Ao e Fo7 Zel7t YEhg 2w (p<0.05),
W2 %TEM g2 T3 &2 S84 1 A= SRIEH. 524 25 EE0=200)004 ZZolE o]-&3 4

My HUTE 0BZ 2w 820%, A% A8l 840%2 Leteh, v, BEARY], F0RY) L Bk 9o 339
AA AZAE ol83 AT HAEL 02% 2w 90.5%, A% Aw 900%2 YE o £ HUEE ot
=5, 305909 A4 LHL 7129 2498 AS PHRTt BAT PR JRBE YAES Uehic ol He 2
e 3R A Y BHo| 712 Y AS PRt AEY Fehsry S4T §H olgHL nr} ERH OB NIT
e AT B ATE BEUL YO B ATAT Solf Aumd 712 ANSALH, BT W9l
3 9 WOISHE A A Hopol 4 £-8351 28T 4+ IS A0 st

HotE7| 22 A7 ASH, 4 o1FA, AFEHDTE Y, A (Ulna)



