CQ20: What postmortem imaging findings are useful for age estimation?

Recommendation Grade: C1

Bones and teeth are relatively resistant to postmortem changes and are therefore useful for age
estimation. In individuals up to around 25 years of age, the degree of skeletal growth and development
can be used. In adults, age-related degenerative changes serve as indicators. However, as age increases,

individual variation becomes greater, making precise age estimation more difficult.

Explanation
e Background

In the investigation of unidentified human remains, estimating biological profiles such as age, sex,
stature, and ancestry is essential. Bones and teeth are commonly used for age estimation because they
are relatively unaffected by postmortem changes. Age estimation in younger individuals is based on
assessments of growth and development. In contrast, age estimation in mature individuals relies on
the degree of age-related (degenerative) changes. However, such degenerative changes vary
considerably between individuals due to factors such as hormones, genetics, biomechanics, and
pathological conditions, making age estimation in adults generally less precise than in younger
individuals'™.

o Imaging Findings
1) Age Estimation in Younger Individuals

For age estimation using bones, individuals up to approximately 25 years old are assessed based on
the appearance and fusion of ossification centers and the degree of epiphyseal fusion' 2 The
relationship between skeletal development and chronological age has long been studied using both
direct observation and radiographic imaging>''. However, there are still few studies that have
evaluated these features using postmortem CT or MRI.

In dental-based age estimation, assessments are made using the degree of tooth calcification and
eruption status' 2. The developmental chart of dental eruption presented by Schour and Massler'? is
widely recognized. Studies evaluating the accuracy of applying such developmental charts for age
estimation have reported that charts created from data on populations closely matched to the target
group provide relatively higher accuracy'® '*. For Japanese individuals, data published by the Japanese
Society of Pediatric Dentistry are available'>. One widely used method for estimating age based on
dental development stages is that of Demirjian'® 7. However, some studies have reported that this
method tends to overestimate chronological age® '®. The Willems method'®, which is a modification of

Demirjian’s, has been regarded as having a lower tendency to overestimate age, although some
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questions remain about its accuracy?**.

In recent years, the growing number of legal proceedings involving migrants and refugees has
highlighted the impotance of age estimation in both legal and forensic contexts**. While the age of
criminal responsibility varies by country, many countries define adulthood as 18 years or older. As a
result, numerous studies have focused on determining whether an individual is over the age of 18. The
Study Group on Forensic Age Diagnostics (Arbeitsgemeinschaft fiir Forensische Altersdiagnostik:
AGFAD), primarily based in Germany, recommends a comprehensive approach involving physical
examination, radiographic examination of the left hand, dental assessment (including radiographs and
cone-beam CT), and CT imaging of the medial clavicular epiphysis®® 2. For age estimation using the
bones of the left hand, classification systems such as those by Greulich and Pyle*” or Tanner-
Whitehouse?® #° are used. For the medial clavicular epiphysis, the Schmeling classification®® ! and the
more detailed Kellinghaus classification®? are commonly employed. Alternative methods that avoid
radiation exposure—such as low-dose CT, MRI, and ultrasound—are also being studied® 7. In
addition, there are studies exploring age estimation based on bone density of the medial clavicle and
the first costal cartilage®®. The third molar is often used as an indicator for determining whether root
development has been completed, which typically occurs after the age of 18***2. The third molar
maturity index (I3M) proposed by Cameriere has shown high sensitivity and specificity for
distinguishing adults in white populations* *, and has also been investigated in other ethnic groups* .
Further research has explored age estimation methods using imaging of the iliac crest, right knee, left
elbow, and sternum**~°'. There are also studies that have used 3D photography to construct facial
prototypes for the purpose of age estimation®.

2) Age Estimation in Adults

In adults, age estimation is based on age-related changes in bones and teeth' 2. In dry bone analysis,
traditional methods have used features such as the degree of cranial suture closure, morphology of the
pubic symphyseal surface, changes in trabecular structure of long bones such as the humerus and
femur as well as the pubis, degenerative changes in articular surfaces of the ribs and ilium, degree of
osteophyte formation, degree of tooth wear, and reduction in the size of the pulp cavity?.

The relationship between skeletal aging and chronological age, similar to the evaluation of
developmental stages in younger individuals, has long been studied through visual inspection and
radiographic imaging. More recent studies using postmortem CT have proposed age estimation
methods based on features such as cranial suture closure®, interpubic distance™, trabecular structures
of the pubis and ilium**, morphological changes in the pelvic bone®¢, ossification of the sternum and
ribs*’, and osteophyte formation in the thoracolumbar spine®®. Three-dimensional visualization of
bones using CT and laser scanning has also been explored as a tool for age estimation® .

In dental-based approaches, many studies have reported the use of the pulp/tooth ratio, which changes

with age due to secondary dentin deposition® ¢2. Specific methods include Kvaal’s technique, which
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uses linear ratios on two-dimensional radiographs®*; Cameriere’s method, which employs area ratios

on radiographs®; and approaches using postmortem CT to compare volumetric measurements®> .

Additionally, complementary studies have investigated age estimation based on bone mineral density

measurements using CT imaging of the pubic symphysis, femur, and thoracic vertebrae™ 2.

O Literature Search Strategy and Selection (as of August 13, 2023)
[PubMed]

#

Search formula

Number of

articles

((((((((((postmortem) OR post-mortem) OR "post mortem")) OR victim))
OR ((((refugee) OR asylum) OR migrant) OR immigrant))) AND "age
estimation")) AND  ((((((((((((((imaging) OR CT) OR "computed
tomography") OR MR) OR "magnetic resonance") OR MDCT) OR MSCT)
OR X-ray) OR "X ray") OR Xray) OR roentgeno) OR radiograph) OR
radiography))

238

(((meta-analysis) OR systematic review)) AND "age estimation"

59

(=

ik

#

Search formula

Number of

articles

({2 W1/TH or [HEi{R72W7/AL)) and (FT=Y) and AB=Y and PT=5#%
FRBR <)) or (X #% CT/TH or X % CT/AL)) and ((FT=Y) and AB=Y and
PT=2238%0% <)) or (MRIU/TH or MRI/AL)) and ((FT=Y) and AB=Y and
PT=2i% %% <) or (X #%/TH or x ##/AL)) and (FT=Y) and AB=Y and
PT=237%8%F% <)) and (FF iR O HEE/TH or fEHRHEE/AL))

134

@ Additional Sources Not Captured by the Search Strategy
References [1], [2], [5], [7], T12], [13], [14], [15], [1el, [17], [27],

[28], [29],

[30], [63], [64], [65], [66], [67], [69]
M References
1) Saukko P et al : The establishment of identity of human remains. In : Saukko P, Knight B, eds.

2)

Knight’s Forensic Pathology 4th ed, p95-132, Boca Raton FL, CRC Press, 2016

WHFI3 2 - B0, AEEofE EHFKR, SHEE %), pl53-273,

A, 1990

100



3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

Mays S © The effect of factors other than age upon skeletal age indicators in the adult. Ann Hum

Biol 42 5 2015 : 332-341 (level 1)

Cunha E et al : The problem of aging human remains and living individuals : A review. Forensic

Sci Int 2009 5 193 = 1-13 (level 1)

Lee HJ et al : The ossification pattern in paediatric occipito-cervical spine : is it possible to

estimate real age? Clin Radiol 2015 ; 70 : 835-843 (level 4b)

Torimitsu S et al : Age estimation based on maturation of the medial clavicular epiphysis in a

Japanese population using multidetector computed tomography. Leg Med 2019 5 37 : 28-32 (level

4b)

Nougarolis F et al : Bone age estimation based on multislice computed tomography study of the

scapula. Int J Legal Med 2017 5 131 : 547-558 (level 4b)

Ekizoglu O et al : Applicability of T1-weighted MRI in the assessment of forensic age based on

the epiphyseal closure of the humeral head. Int J Legal Med 2019 5 133 : 241-248 (level 4b)

Santoro V : Applicability of Greulich and Pyle and Demirijan aging methods to a sample of Italian

population. Forensic Sci Int 2012 5 221 : 153.e1-153.e5 (level 4b)

Dahlberg PS et al : Agreement between chronological age and bone age based on the Greulich

and Pyle atlas for age estimation : a systematic review. Report from the Norwegian Institute of

Public Health No. 2017-21. Knowledge Centre for the Health Services at The Norwegian Institute

of Public Health (NIPH) : NIPH Systematic Review : Executive Summaries [Internet] .2017
(level 4b)

https://www.ncbi.nlm.nih.gov/books/NBK482103/

Serinelli S et al : Accuracy of three age determination X-ray methods on the left hand-wrist : a

systematic review and meta-analysis. Leg Med 2011 ; 13 : 120-133 (level 1)

SchourIetal : The development of the human dentition. ] Am Dent Assoc 1941 ;5 28 : 1153-1160
(level 6)

AlQahtani SJ etal : Accuracy of dental age estimation charts : Schour and Massler, Ubelaker and

the London Atlas. Am J Phys Anthropol 2014 ; 154 : 70-78 (level 4b)

Baylis S et al : Precision and accuracy of commonly used dental age estimation charts for the

New Zealand population. Forensic Sci Int 2017 5 277 : 223-228 (level 4b)

HA/NRERIY 2 HARNNRIC BT 2708 - KAH O EFHHRIIC B3 2 FEE. /I

VA BB A AERE 1988 526 ¢ 1-18 (level 4b)

%

16) Demirjian Aetal : Anew system of dental age assessment. Hum Biol 1973 5 45 : 211-227 (level

17)

18)

6)
Demirjian A et al - New systems for dental maturity based on seven and four teeth. Ann Hum Biol
1976 3 3 = 411-421 (level 6)

Jayaraman J et al : The French-Canadian data set of Demirjian for dental age estimation : a

101



19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

33)

34)

35)

systematic review and meta-analysis. J Forensic Leg Med 2013 5 20 : 373-381 (level 1)
Willems G et al : Dental age estimation in Belgian children Demirjian’s revisited. J Forensic Sci
2001 : 46 : 893-895 (level 4b)

Esan TA et al : The Demirjian versus the Willems method for dental age estimation in different
populations : a meta-analysis of published studies. PLoS One 2017 5 12 : e0186682 (level 1)
Mohd Yusof MYP et al : Performance of Willem’s dental age estimation method in children : a
systematic review and meta-analysis. Forensic Sci Int 2017 5 280 : 245.e1-245.e10 (level 1)
Wang J et al : Is Willems method universal for age estimation : a systematic review and meta-
analysis. J Forensic Leg Med 2017 5 52 : 130-136 (level 1)

Sehrawat JS etal : Willems method of dental age estimation in children : a systematic review and
meta-analysis. J Forensic Leg Med 2017 5 52 : 122-129 (level 1)

Sykes L etal - The effects of the refugee crisis on age estimation analysis over the past 10 years -
a 16-country survey. Int J Environ Res Public Health 2017 5 14 : 630 (level 4b)

Schmeling A etal : Criteria for age estimation in living individuals. Int J Legal Med 2008 ; 122 :
457-460 (level 1)

Yurdabakan ZZ et al - Evaluation of third molar maturity index by cone beam computed
tomography in legal age estimation : a preliminary study. Am J Forensic Med Pathol 2023
44 : 103-110 (level 4b)

Greulich WW, Pyle SI : Radiographic Atlas of Skeletal Development of the Hand and Wrist,
Standford University Press, 1959

Tanner JM et al : Assessment of Skeletal Maturity and Prediction of Adult Height (TW2
Method) . Academic Press, 1975

Tanner JM et al : Assessment of Skeletal Maturity and Prediction of Adult Height (TW3 method) ,
London, W.B. Saunders, 2001

Schmeling A et al : Studies on the time frame for ossification of the medial clavicular epiphyseal
cartilage in conventional radiography. Int J Legal Med 2004 ; 118 : 5-8 (level 4b)

Hermetet C et al - Forensic age estimation using computed tomography of the medial clavicular
epiphysis : a systematic review. Int ] Legal Med 2018 5 132 : 1415-1425 (level 1)
Kellinghaus M et al : Enhanced possibilities to make statements on the ossification status of the
medial clavicular epiphysis using an amplified staging scheme in evaluating thin-slice CT scans.
Int J Legal Med 2010 5 124 : 321-325 (level 4b)

Widek T et al : Forensic age estimation in males by MRI based on the medial epiphysis of the
clavicle. Int J Legal Med 2023 ; 137 : 679-689 (level 4b)

Schulz R et al : Sonographic assessment of the ossification of the medial clavicular epiphysis in
616 individuals. Forensic Sci Med Pathol 2013 5 9 : 351-357 (level 4b)

Schmidt S et al : Magnetic resonance imaging-based evaluation of ossification of the medial

102



clavicular epiphysis in forensic age assessment. Int J Legal Med 2017 5 31 : 1665-1673 (level
4b)

36) LvPetal : Tanner-Whitehouse skeletal maturity score derived from ultrasound images to evaluate

37)

38)

39)

40)

41)

42)

43)

44)

45)

46)

47)

48)

bone age. Eur Radiol 2023 ; 33 : 2399-2406 (level 4b)

Gassenmaier S et al : Forensic age estimation in living adolescents with CT imaging of the
clavicula - impact of low-dose scanning on readers’ confidence. Eur Radiol 2020 ; 30 : 6645-
6652 (level 4b)

Milenkovic P et al : The role of CT analyses of the sternal end of the clavicle and the first costal
cartilage in age estimation. Int J Legal Med 2014 ; 128 : 825-839 (level 4b)

Angelakopoulos N et al : Third molar maturity index (I3M)  for assessing age of majority :
study of a black south African sample. Int J Legal Med 2018 ; 132 : 1457-1464 (level 4b)
Cameriere R et al : Assessment of legal adult age of 18 by measurement of open apices of the
third molars : study on the Albanian sample. Forensic Sci Int 2014 ; 245 : 205.e1-205.e5 (level
4b)

da Nobrega JBM et al : Validation of the third molar maturation index to estimate the age of
criminal responsibility in northeastern Brazil. Forensic Sci Int 2019 ; 304 : 109917 (level 4b)
Gulsahi A et al : Accuracy of the third molar index for assessing the legal majority of 18 years in
Turkish population. Forensic Sci Int 2016 5 266 : 584.e1-584.¢6 (level 4b)

Cameriere R et al : The comparison between measurement of open apices of third molars and
Demirjian stages to test chronological age of over 18 year olds in living subjects. Int J Legal Med
2008 ; 122 : 493-497 (level 4b)

Santiago BM et al : Accuracy of the third molar maturity index in assessing the legal age of 18
years : a systematic review and meta-analysis. Int J Legal Med 2018 ; 132 : 1167-1184 (level
1)

Giannitto N et al : Application of third molar maturity index ( I3M) for assessing adult age of
18 years in a Southern Italian population sample. Eur J Dent 2023 5 17 : 200-209 (level 4b)
De Luca S et al : Accuracy of Cameriere’s cut-off value for third molar in assessing 18 years of
age. Forensic Sci Int 2014 ; 235 : 102.e1-102.¢6 (level 4b)

Deitos et al - Age estimation among Brazilians : younger or older than 187 J Forensic Leg Med
2015 : 33 : 111-115 (level 4b)

Wittschieber D et al - The Risser sign for forensic age estimation in living individuals : a study

of 643 pelvic radiographs. Forensic Sci Med Pathol 2013 5 9 : 36-43 (level 4b)

49) Hackman L, Black S : Age estimation from radiographic images of the knee. J Forensic Sci 2013

50)

58 : 732-737 (level 4b)
Sauvegrain J et al : Study of bone maturation of the elbow. Ann Radiol 1962 ; 5 : 542-550 (level
4b)

103



51)

52)

53)

54)

55)

56)

57)

58)

59)

60)

61)

62)

63)

64)

65)

66)

Shedge R et al : Age estimation from sternebral fusion in an Indian population — A computed
tomographic evaluation. Leg Med 2021 ; 53 : 101951 (level 4b)

Matthews H et al : Estimating age and synthesising growth in children and adolescents using 3D
facial prototypes. Forensic Sci Int 2018 ; 286 : 61-69 (level 4b)

Chiba F et al - Age estimation by multidetector CT images of the sagittal suture. Int J Legal Med
2013 5 127 : 1005-1011 (level 4b)

Chiba F et al - Age estimation by quantitative features of pubic symphysis using multidetector
computed tomography. Int J Legal Med 2014 ; 128 : 667-673 (level 4b)

Villa C et al : Forensic age estimation based on the trabecular bone changes of the pelvic bone
using post-mortem CT. Forensic Sci Int 2013 ; 233 : 393-402 (level 4b)

Biwasaka H et al : A quantitative morphological analysis of three-dimensional CT coxal bone
images of contemporary Japanese using homologous models for sex and age estimation. Leg Med
2019 536 : 1-8 (level 4b)

Monum T et al : Age estimation from ossification of sternum and true ribs using 3D post-mortem
CT images in a Japanese population. Leg Med 2020 ; 43 : 101663 (level 4b)

Chiba F et al : Age estimation by evaluation of osteophytes in thoracic and lumbar vertebrae
using postmortem CT images in a modern Japanese population. Int J Legal Med 2022 ; 136 -
261-267 (level 4b)

Villa C et al : Technical note : Reliability of Suchey-Brooks and Buckberry-Chamberlain
methods on 3D visualizations from CT and laser scans. Am J Phys Anthropol 2013 5 151 : 158-
163 (level 4b)

Stoyanova DK etal : A computational framework for age-at-death estimation from the skeleton :
surface and outline analysis of 3D laser scans of the adult pubic symphysis. J Forensic Sci 2017 ;
62 : 1434-1444 (level 4b)

Marroquin TY et al - Age estimation in adults by dental imaging assessment systematic review.
Forensic Sci Int 2017 + 275 : 203-211 (level 1)

Bjork MB et al : CT and MR imaging used in age estimation : a systematic review. J Forensic
Odontostomatol 2018 5 1 : 14-25 (level 1)

Kvaal SI et al - Age estimation of adults from dental radiographs. Forensic Sci Int 1995 ; 74 :
175-185 (level 4b)

Cameriere R etal : Age estimation by pulp/tooth ratio in canines by peri-apical X-rays. J Forensic
Sci 2007 5 52 : 166-170 (level 4b)

Someda H et al : Age estimation based on three-dimensional measurement of mandibular central
incisors in Japanese. Forensic Sci Int 2009 ; 185 : 110-114 (level 4b)

Agematsu H et al : Three-dimensional observation of decrease in pulp cavity volume using micro-

CT : age-related change. Bull Tokyo Dent Coll 2010 ; 51 : 1-6 (level 4b)

104



67)

68)

69)

70)

71)

72)

Aboshi H et al : Age estimation using microfocus X-ray computed tomography of lower
premolars. Forensic Sci Int 2010 5 200 : 35-40 (level 4b)

Sakuma A et al : Age estimation based on pulp cavity to tooth volume ratio using postmortem
computed tomography images. J Forensic Sci 2013 ; 58 : 1531-1535 (level 4b)

Sasaki T et al - Human age estimation from lower-canine pulp volume ratio based on Bayes’
theorem with modern Japanese population as prior distribution. Anthropol Sci 2014 ; 122 : 23-
35 (level 4b)

Navega D etal : Anew method for age at death estimation based on femoral bone mineral density
and artificial neural networks. J Forensic Sci 2018 ; 63 : 497-503 (level 4b)

Dubourg O et al : Correlation between pubic bone mineral density and age from a computed
tomography sample. Forensic Sci Int 2019 ; 298 : 345-350 (level 4b)

Kondou H et al : Estimating the age at death for forensic cases using quantitative computed

tomography. Forensic Sci Int 2022 ; 337 : 111367 (level 4b)

105





