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Materials and methods

Search strings

In MEDLINE, the following search string was used:

1. “age determination by teeth”[MeSH Terms] OR “age determination by
skeleton”[MeSH Terms] OR “determine age”[TIAB] OR “age determination”[TIAB] OR
“determined age”[TIAB] OR “determining age”[TIAB] OR “estimate age”[TIAB] OR “age
estimation”[TIAB] OR “estimated age”[TIAB] OR “estimating age”[TIAB] OR “assess
age”[TIAB] OR “age assessment”[TIAB] OR “assessed age”[TIAB] OR “assessing
age”[TIAB] OR “measure age”[TIAB] OR “age measurement”[TIAB] OR “measured
age”[TIAB] OR “measuring age” [TIAB]

2. “magnetic resonance imaging”[MeSH Terms] OR “MRI”[TIAB] OR “NMR
imaging”[TIAB] OR “magnetic resonance imaging”[TIAB] OR “MR imaging”[TIAB] OR
“nuclear magnetic resonance imaging”[TIAB] OR “imaging, magnetization

transfer”[TIAB] OR “magnetization transfer imaging”[TIAB]

3. 1-2AND

In Embase, the following search string was used:
1. ‘dental age estimation’/exp OR ‘bone age determination’/exp OR ‘determine age’:ti,ab
OR ‘age determination’:tiab OR ‘determined age’:ti,ab OR ‘determining age’:ti,ab
‘estimate age’:ti,ab OR ‘age estimation’:ti,ab OR ‘estimated age’:ti,ab OR ‘estimating
age’:ti,ab OR ‘assess age’:ti,ab OR ‘age assessment’:ti,ab OR ‘assessed age’:ti,ab OR
‘assessing age’:ti,ab OR ‘measure age’:ti,ab OR ‘age measurement’:ti,ab OR ‘measured

age’:ti,ab OR ‘measuring age’:ti,ab

2. ‘nuclear magnetic resonance imaging’/exp OR ‘mri’:ti,ab OR ‘nmr imaging’:ti,ab OR
‘magnetic resonance imaging’:tiab OR ‘mr imaging’:tiab OR ‘nuclear magnetic
resonance imaging’:ti,ab OR ‘imaging, magnetization transfer’:ti,ab OR ‘magnetization

transfer imaging’:ti,ab

3. 1-2AND
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In Web of Science, the following search string was used:
1. TS=(“determine age” OR “age determination” OR “determined age” OR “determining
age” OR “estimate age” OR “age estimation” OR “estimated age” OR “estimating age”
OR “assess age” OR “age assessment” OR “assessed age” OR “assessing age” OR

“measure age” OR “age measurement” OR “measured age” OR “measuring age”)

2. TS=(“magnetic resonance imaging” OR “MRI” OR “MR imaging” OR “nuclear magnetic
resonance imaging” OR “NMR imaging” OR “imaging, magnetization transfer” OR

“magnetization transfer imaging”)

3. 1-2AND

In study registers, the following search string was used:

"age estimation" OR "age determination" OR "age assessment"

Results

Selection of studies and data

The database search rendered 391 single records (Fig. 1). Searching study registers generated one
relevant ongoing study: the Swedish Age Assessment Study (SAAS). However, no additional data for
this review were provided. Furthermore, six additional records were identified by networking at
conferences on forensic science and imaging.

Early studies tended to include only descriptions of the bones’ developmental changes on MRI [1].
They lacked details on age distribution within certain developmental stages. Other studies did not
report sex-specific data [2-5]. Although these studies were included for qualitative synthesis, they
were unsuitable for data extraction.

Moreover, 23 studies did not report the statistics on age distribution that were needed for
guantitative synthesis [1-20]. When the study design indicated that such data should be available, the

authors were contacted. Out of 32 authors that were contacted, only 13 responded, with ten of them
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providing the requested data or statistics [19, 21-29]. This led to 33 studies suitable to create the

overview graphs of development per anatomical structure in Fig. 5 of the Supplementary Material.

Characteristics and quality of included studies

Study characteristics

Magnetic resonance imaging approaches

Table 5 displays the characteristics of the MRI approaches. Most protocols used surface coils or
dedicated extremity coils. A head/neck coil was used at an alternative site by two groups: to study the
hand/wrist [13, 19, 25, 30], and to study the clavicles [13]. Positioning was often not reported in
retrospective studies. By contrast, it proved to be a major issue in the study of clavicles, since the
prone position reduced motion artefacts [14, 31]. In an attempt to avoid motion artefacts in other
structures, specific fixation was applied by a bite bar [32], and stabilization was applied by vacuum

pillows [19, 31].



Table 5 Magnetic resonance imaging (MRI) characteristics of eligible studies. Studies are grouped per anatomical site and ordered per staging technique (see Table 6).

Anatomical structure Reference Year MRI scanner Coil Positioning MR sequence Voxel size (mm?3) Acquisition time
Spheno-occipital Ekizoglu 2016a 1.5T Siemens NA NA in text T1 SE; figure ST 2-4 mm NA
synchondrosis captions say T2
Molars Baumann 2015 3T Siemens 8-channel multifunctional coil Supine T1 3D TSE; 3D CISS 0.6x0.6x%x1.0 9:47 and 8:57
Lower left third molar Guo 2015 3T Philips 16-channel surface head/neck coil Supine T2 TSE M 0.50 x0.65 x 2.0, 5:36
R0.19x0.19 x2.0
Third molars De Tobel 2017b 3T Siemens 4-channel flexible surface head coil Supine T2 FSE 0.33x0.33 x2.0 S$6:33;A6:49; C6:29
Third molars De Tobel 2017c 3T Siemens 4-channel flexible surface head coil Supine T2 FSE 0.33x0.33 x2.0 S$6:33;A6:49; C6:29
Clavicle Hillewig 2013 3T Siemens Loop-shaped surface coil with 11 cm bore Prone on vacuum T1 GE VIBE 0.7x0.7x0.9 4:02
pillow
Clavicle Tangmose 2014 1T Siemens Surface coil Supine; prone T2 3D GE 0.7x0.7x1.5 6:04
Clavicle Vieth 2014 3T Philips 2 elliptical loop shaped surface coils 14 cmx 17 cm Prone 3D FFE 0.7x0.7x1.4 5:41
Clavicle Schmidt 2017 3T Philips Surface coil Prone T13DFFEFS M0.69x0.70 x 1.4, 5:41
R0.29x0.29 x0.7
Clavicle De Tobel 2019c 3T Siemens Loop-shaped surface coil with 11 cm bore Prone T1 VIBE 0.7x0.7x0.9 4:02
Manubrium Martinez Vera 2017 3T Siemens Neck coil Supine T1 3D VIBEWE 09x0.9x0.9 NA
Proximal humerus Ekizoglu 2018 1.5T Siemens Extremity coil NA T1 TSE 0.5 x0.5 x3.5 1:44
Left distal radius Dvorak 2007 1Tor 1.5T Wrist coil Wrist above the T1SE <0.5x<0.5x3 NA
head or at the side
Left distal radius George 2012 1.5T Siemens Wrist coil Prone both hands T1 FSE 0.39x0.39x3 NA
outstretched
Left distal radius Bolivar 2015 1.5T Siemens Wrist coil Wristabovethe  T1SE <0.5x<0.5x3 NA
head or atthe side
Left distal radius Rashid 2015 1.5T Siemens Surface coil Wrist above the T1 FSE 0.5x0.5%x3 5:48
head or at the side
Left distal radius Tscholl 2016 1Tor 1.5T Wrist coil Wrist abovethe  T1SE <0.5x<0.5x3 NA
head or atthe side
Left distal radius Abdelbary 2018 0.31T open 8-channel hand/wrist coil Supine hand next T1 SE ST3 mm <7:00
to body
Left distal radius Sarkodie 2018 1.5T GE or Toshiba Wrist coil Wrist above the T1SE <0.5x<0.5x3 NA
head or atthe side
Left distal radius Schmidt 2015 3T Philips 2 elliptical loop shaped surface coils 14 cmx 17 cm NA T1 TSE 0.4x05x1.5 6:00
Left hand/wrist Serin 2016 Philips, Siemens, GE,  Extremity coils NA T1SE ST 2-5 mm NA
Toshiba
Left distal radius Timme 2017 3T Philips 16-channel surface head/neck coil NA T1 TSE M0.4x05x2.5,R 3:33
0.2x0.2x25
Left wrist De Tobel 2019b 3T Siemens Wrist coil Supine hand next T1 SE; T1 VIBE 0.20x0.20 x2.0; 2:43;5:57
to body 0.40 x0.40 x0.40
Left hand/wrist Tomei 2014 0.2T G-Scan open Hand/wrist coil NA T13DSE 0.73x1.09x1.3 1:39 (twice if necessary)
Left hand/wrist Serinelli 2015 0.2T G-Scan open Small coil NA T13DSE 0.73x1.09x1.3 NA
Left hand/wrist Terada 2013 0.3T Neomax open 1-channel dedicated coil Seated 3D GE 0.39x0.78 x1.56 2:44
Left hand/wrist Terada 2014 0.3T Shin-Etsu open 1-channel dedicated coil Seated 3D GE 0.39x0.78 x1.56 2:44
Left hand/wrist Terada 2016 0.3T Shin-Etsu open 1-channel dedicated coil Seated 3D GE 0.39x0.78 x1.57 2:44
Left hand/wrist Urschler 2016 1.5T Siemens Head coil Prone with T13DVIBE;T1SE;T23D 0.43x0.43x0.9; 3:08;1:00;2:21
outstrectched arm GE 0.86 x0.86 x 2.0;
on vacuum bed 0.86 x0.86 x0.9
Left hand/wrist Hojreh 2018 1.5T Siemens Head/neck coil Prone with T1 3D VIBE WE 04x04x15 2:26
outstrectched arm
Left hand/wrist Urschler 2015 3T Siemens Head/neck coil Prone with T1 3D FLASH VIBE 0.45x0.45x0.9 <4:00

outstrectched arm
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Table 5 (continued) Magnetic resonance imaging (MRI) characteristics of eligible studies.

Anatomical structure Reference Year MRI scanner Coil Positioning MR sequence Voxel size (mm?3) Acquisition time
Iliac crest Wittschieber 2014 3T Philips 8-channel SENSE cardiac coil NA T13D GE 0.49 x0.49 x2.2 17:47
Proximal femur Vo 2015 1.5T GE Surface coil anterior +spine coil posteriorly Supine T1 3D spoiled GE ST1mm NA
Sacrum Bollow 1997 1.5T Philips Body coil Supine with T1 SE, T2* opposed-phase dynamic 11:12
elevated legs FFE, dynamic T1 opposed-
phase FFE
Sacrum Bray 2016 1.5T Siemens NA NA T1 TSE, STIR, T1 Turbo 1.0x1.0x3-5;2.5x NA
Inversion Recovery 25x8
Magnitude, postcontrast
T1, DWI
Patellofemoral joint Kim 2014 1.5T GE Knee coil NA intermediate, T1,T2,and ST 3-4 mm NA
PD; FSE
Distal femur Saint-Martin 2015 1.5T Philips NA NA T1 TSE NA NA
Knee Dedouit 2012 1.5T Philips Extremity coil NA FSEPD ST 3.5-4 mm 4:00
Knee Ekizoglu 2016b 3T Siemens Knee coil NA T2 TSE ST 3.5 mm 2:20
Knee Harcke 1992 0.5T HP Vista Knee coil (>6 years old) or head coil (<6 years old) NA T1 SE, field-echo, T2 SE NA NA
Knee Laor 2002 1.5T GE Extremity coil, torso phased-array coil, or NA intermediate, T1, or T2; SE, ST 3-5 mm NA
quadrature head coil FSE, some with inversion
recovery; 3D spoiled
gradient-recalled-echo;
some with gadolinium
contrast
Proximal tibia Jopp 2010 1.5T or 3T Philips Knee coil NA 15TT1 TSEand PDSPIR; ST1.5TC3.0 mm,S
3TT1 TSE and STIR long TE 3.5 mm; 3T C 3.0 mm,
SENSE S4.0 mm
Distal femur Kramer 2014a 3T Siemens 15-channel knee coil NA T1TSE 04x0.4x3.0 1:57
Proximal tibia Kramer 2014b 3T Siemens 15-channel knee coil NA T1TSE 0.4x0.4x3.0 1:57
Knee Fan 2016 1.5T Philips or Knee coil NA T1 TSE NA NA
Siemens
Knee Ottow 2017 3T Philips Surface coil NA T1 TSE M 0.6 x0.77 x3,R 3:51
0.31x0.31x3
Knee Auf der 2018 3T Philips 8-channel knee coil NA T1 SENSE 0.1875x0.1875 x2 NA
Mauer
Knee Vieth 2018 3T Philips Surface coil NA T1 TSE; T2 TSE SPIR M 0.6 x0.77 x3,R 3:51;3:08
0.31x0.31x3;M
0.6 x0.76 x3,R0.31
x0.31x3
Knee Pennock 2018 15T Extremity coil NA T1 NA NA
Knee Craig 2004 1T or 1.5T GE NA NA 3D fat-suppressed spoiled ST 1.0-2.0 mm NA
GRASS
Knee Kercher 2009 1.5T or 3T NA NA T1 NA NA
Ankle Saint-Martin 2013 1.5T Philips Extremity coil NA T1SE ST 2-4 mm 4:00
Distal tibia Saint-Martin 2014 1.5T Philips Extremity coil NA T1SE ST 2-4 mm 4:00
Ankle Ekizoglu 2015 1.5T Siemens Extremity coil NA T1SE 0.5 x0.5 x3.5 mm 4:00
MFA Stern 2017 3T Siemens T 8-channel multifunctional coil and CW head/neck TC Supineand W T PD TSE; CW T1 3D GE T0.59x0.59%x1.0;C NA

coil

prone with
outstrectched arm

09x09x0.9;,W
0.45x0.45x0.9

A=axial; C (voxel size) = clavicle; C (acquisition time) = coronal; GE (scanner) = General Electric; M = measured; MFA = multi-factorial age estimation; NA = not apllicable or not reported: R = reconstructed; S = sagittal ; ST=slice
thickness; T = teeth; W = wrist.
Sequences: DWI = diffusion-weighted imaging, FLASH = fast low angle shot, FFE = fast field echo; FS = fat saturation; FSE =fast spin echo; GE =gradient echo; PD =proton-density-weighted; SE =spin echo; SENSE =sensitivity

encoding; SPIR = spectral-presaturation-with-inversion-recovery; STIR = short-tau-inversion-recovery; T1 = T1-weighted; T2 = T2-weighted; TSE = turbo spin echo; VIBE = volume-interpolated breath-hold examination; WE = water

excitation.
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Table 6 Characteristics of analyses in eligible studies. Studies are grouped per anatomical site and ordered per staging technique.

Anatomical structure Reference Year Staging technique Number of stages Statistical analysis Number of Professional background
observers

Spheno-occipital Ekizoglu 2016a Bassed 5 Simple linear regression 2 Radiologist and forensic pathologist
synchondrosis
Molars (mineralization) Baumann 2015 Demirjian 8 Descriptive 2 Dentists
Molars (eruption) Baumann 2015 Olze 4
Lower left third molar  Guo 2015 Demirjian 8 Descriptive 1 Dentists
Third molars De Tobel 2017b Demirjian 8 Descriptive 2 Medical doctor/denstistry student and
Third molars De Tobel 2017b Kéhler 10 researcher at radiology
Third molars De Tobel 2017c De Tobel 8 Bayesian 2 Resident OMFS and dentist
Clavicle Hillewig 2013 Kreitner (cfr. Schmeling 1, 2, 3, 4/5) 4 Bayesian 4 Radiologists and PhD-student
Clavicle Tangmose 2014 Kreitner (cfr. Schmeling 1, 2, 3, 4/5) 4 Descriptive 3 MD, radiologist, forensic anthropologist
Clavicle Vieth 2014 Schmeling and Kellinghaus 9 Descriptive 2 NA
Clavicle Schmidt 2017 Schmeling and Kellinghaus 9 Descriptive 2 NA
Clavicle De Tobel 2019c¢ Kellinghaus and Wittschieber, discarding stages 11, reduced to 6 in the model Bayesian 2 Radiologist, resident OMFS, forensic

1 and 4/5, discarding substages of stage 2 (2, anthropologists

3aa, 3ab, 3ac, 3b, 3¢)
Manubrium Martinez Vera 2017 No staging, measurements and shape variations; NA Principal component NA NA

semi-automatic segmentation analysis and multiple

linear regression
Proximal humerus Ekizoglu 2018 Schmeling and Kellinghaus 9 Descriptive 2 Radiologists
Left distal radius Dvorak 2007 Dvorak 6 Descriptive 3 Radiologists and neurologist
Left distal radius George 2012 Dvorak 6 Descriptive 3 Radiologists
Left distal radius Bolivar 2015 Dvorak 6 Descriptive 3 Radiologists and sports medicine physician
Left distal radius Rashid 2015 Dvorak 6 Descriptive 2 Radiologists
Left distal radius Tscholl 2016 Dvorak 6 Descriptive 2 NA
Left distal radius Abdelbary 2018 Dvorak 6 Simple linear regression, 3 Radiologists
ANOVA

Left distal radius Sarkodie 2018 Dvorak 6 Descriptive 3 Radiologists
Left distal radius Schmidt 2015 Schmeling and Kellinghaus, including TFS 11 Descriptive 2 Forensic physician
Left hand/wrist Serin 2016 Jopp (cfr. Schmeling 2, 3, 4/5) 3 Bayesian, transition 2 Resident and senior forensic pathologist
Left distal radius Timme 2017 Schmeling and Kellinghaus, including TFS 11 Descriptive 2 NA
Left wrist De Tobel 2019b Schmeling and Kellinghaus; SE stage 4/5 11, reduced to 8 in the model Bayesian 2 Resident OMFS and forensic anthropologist

substages based on VIBE stage (3c, 4, 5)
Left hand/wrist Tomei 2014 Tomei Sum of scores (range 9-85) Simple linear regression 2 Radiologists
Left hand/wrist Serinelli 2015 Tomei Sum of scores (range 9-85) Descriptive 2 NA
Left hand/wrist Terada 2013 Tanner-Whitehouse-2-Japan RUS Sum of scores Simple linear regression 2 Orthopedic specialists
Left hand/wrist Terada 2014 Tanner-Whitehouse-2-Japan RUS Sum of scores Simple linear regression 3 Orthopedic specialists and radiologist
Left hand/wrist Terada 2016 Tanner-Whitehouse-2-Japan RUS Sum of scores Simple linear regression 2 Orthopedic specialist and radiologist
Left hand/wrist Urschler 2016 Greulich-Pyle; Tanner-Whitehouse-2 Age categories; sum of scores Descriptive 2 Radiologists
Left hand/wrist Hojreh 2018 Greulich-Pyle Age categories Descriptive 2 Radiologists
Left hand/wrist Urschler 2015 Continuous Age categories RRF NA NA




Table 6 (continued) Characteristics of analyses in eligible studies.
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Anatomical structure Reference Year Staging technique Number of stages Statistical analysis Number of Professional background
observers
Iliac crest Wittschieber 2014 Webb (cfr. Schmeling 1, 2, 3, 4) 8 Descriptive 1 NA
Proximal femur Vo 2015 Adjusted Dvorak; angle of Notzli 6, continuous angles ANOVA 3 Radiologists
Sacrum SA Bollow 1997 Bollow (cfr. Schmeling 2, 3, 4/5); ADC continuous 3 Descriptive 3 Radiologists
Sacrum LA Bollow 1997 Bollow 3
Sacrum SA Bray 2016 Bollow (cfr. Schmeling 2, 3, 4/5); ADC continuous 3 ANOVA 2 Radiologists
Patellofemoral joint Kim 2014 Open/closing or closed; measurements 2 Regression 2 Radiologists
Distal femur Saint-Martin 2015 Fused or not 2 Descriptive 2 Forensic pathologists
Knee Dedouit 2012 Dedouit 5 Transition 2 Radiologist and forensic pathologist
Knee Ekizoglu 2016b Dedouit 5 Descriptive 2 Radiologists
Knee Harcke 1992 Harcke (cfr. Kellinghaus 2a/2b, 2c, 3, 4/5) 4 None NA NA
Knee Laor 2002 Laor (metaphyseal stripe; cfr. Schmeling 2 with 4 Descriptive 2 consensus Radiologists
stripe, 3 with stripe, 4/5 with stripe, 4/5 no stripe)
Proximal tibia Jopp 2010 Jopp (cfr. Schmeling 2, 3, 4/5) 3 Descriptive 2 Radiologists
Distal femur Kramer 2014a Schmeling and Kellinghaus 9 Descriptive 2 NA
Proximal tibia Kramer 2014b Schmeling and Kellinghaus 9 Descriptive 2 Radiologists
Knee Fan 2016 Kramer (cfr. Kellinghaus 2, 3a, 3b, 3c, 4, 5) 6 Simple linear regression 2 NA
Knee Ottow 2017 Schmeling and Kellinghaus 9 Descriptive 2 NA
Knee Auf der Mauer 2018 Jopp (cfr. Schmeling 2, 3, 4/5) and SKJ 3 Descriptive 3 Forensic pathologist
Knee Vieth 2018 Vieth 6 Descriptive 2 NA
Knee Pennock 2018 Pennock Age categories Descriptive 2 NA
Knee Craig 2004 Continuous Areas at superior-inferior Simple linear regression  NA Radiologists
MIP, volumes
Knee Kercher 2009 Physeal volume continuous NA Simple linear regression  NA NA
Ankle Saint-Martin 2013 Jopp (cfr. Schmeling 2, 3, 4/5) 3 Bayesian, transition 2 Forensic pathologists, trained by senior
radiologist
Distal tibia Saint-Martin 2014 No staging, signal intensity 3D or 2D graph Minor or adult Descriptive NA NA
Ankle Ekizoglu 2015 Jopp (cfr. Schmeling 2, 3, 4/5) 3 Descriptive 2 Radiologists
MFA Stern 2017 Continuous Ages as output RRF and DCNN NA NA

ADC = apparent diffusion coefficient; ANOVA = analysis of variance; DCNN = deep convolutional neural network; LA = lateral apophyses; MFA = multi-factorial age estimation; MIP = maximum intensity projection, NA = not

applicable or not reported; OMFS = oral and maxillofacial surgery; RRF =random regression forest; SA = segmental apophyses; SKJ = cumulative score of the knee joint; TFS = threefold stratification sign.
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Staging techniques and statistical processing

Table 6 displays the different staging techniques, how they were analyzed for age estimation, and who
conducted the staging. In those tables, studies are grouped according to anatomical site from head to

toe: skull, teeth, chest, upper limb, hip, and lower limb.

In addition to the generally applicable most elaborate staging technique for bone development (Table
2), two staging techniques should be considered MR-sequence-specific: Dedouit [33, 34] and Vieth
[35]. Similarly, four MR-specific signs of bone development have been reported: the threefold
stratification sign in wrist MRI [27, 36, 37], and the metaphyseal stripe [2], the oreo-sign and the
crack-sign [10] in knee MRI.

In an attempt to combine information from different bones, Auf der Mauer et al. (2018) calculated the
sum of the stages in three knee bones on MRI [26]. Similarly, the Tomei (MRI) [38] and Tanner-
Whitehouse (radiograph) [39] hand/wrist atlas techniques calculate a sum of individual bone scores.
Conversely, the Greulich-Pyle hand/wrist (radiograph) [40] and Pennock knee (MRI) [10] atlas
techniques use standard images per age category instead of scores. Finally, (semi-) automatic
technigues extract continuous data from the MRI to relate them to age [3, 4, 7, 9, 13, 25].

A final characteristic in relation to image analysis lies in the observers’ background and experience.
Table 6 of the Supplementary Material clearly demonstrates the multidisciplinary nature of age
estimation. Some studies reported how many years of experience the observers had, either in their

discipline (range 2 to 20 years) [5, 41], or with age estimation (range 1 to 9 years) [27, 28].



Risk of bias assessment

Table 7 Risk of bias assessment. References are ordered in the same way as in Tables 1 and 5-6.
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Green cells indicate that the issue was addressed appropriately. Red cells indicate that the issue was addressed

inappropriately. Yellow cells indicate that the issue was not reported.

Reference

Year

Selection bias

Detection bias

Reporting bias

Ekizoglu
Baumann
Guo

De Tobel
De Tobel
Hillewig
Tangmose
Vieth
Schmidt
De Tobel
Martinez Vera
Ekizoglu
Dvorak
George
Bolivar
Rashid
Tscholl
Abdelbary
Sarkodie
Schmidt
Serin
Timme

De Tobel
Tomei
Serinelli
Terada
Terada
Terada
Urschler
Hojreh

Urschler

2016a

2015

2015

2017b

2017c

2013

2014

2014

2017

2019¢c

2017

2018

2007

2012

2015

2015

2016

2018

2018

2015

2016

2017

2019b

2014

2015

2013

2014

2016

2016

2018

2015

+ ?
= ?
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
- ?
+ +
? ?
+ +
- +
- +
- +
+ +
- ?
+ ?
+ +
- +
? +
? +
? +
? +
- +

Perfor.mance Attrition bias
bias

- + + ? +
+ - + + ?
+ - + + ?
+ - + + ?
+ + + + ?
+ + + + ?
+ + + + -
+ + + + ?
+ + + + ?
+ + + + -
+ + + + ?
- + + + +
+ + + -

+ + ? ? +
+ + + ? +
+ + ? ? +
+ + + ? ?
+ + + + +
+ + + + +
+ + + ? +
= + + ? >
+ + + ? +
+ + + + ?
+ + + + ?
+ + + ? +
+ - + + ?
+ - + + ?
+ - + + ?
+ - + ? ?
+ - + + +
+ + + ? ?

?

?

+
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Table 7 (continued) Risk of bias assessment.

Reference Year Selection bias Perfm:mance Attrition bias Detection bias Reporting bias Ot-her
bias bias
Wittschieber 2014 + ? + + ? + + + + ? + = + + -
Vo 2015 + + - ? ? + + + ? ? + ? + + -
Bollow 1997 ? - ? ? ? - - + + ? ? ? + + -
Bray 2016 ? + - ? ? B B + + ? ? ? + + -
Kim 2014 + - - ? ? - - ? ? ? + + + + ?
Saint-Martin 2015 ? + + ? ? - + ? ? ? + s + ? ?
Dedouit 2012 + + - ? ? - + + ? + + + - ? ?
Ekizoglu 2016b ? + - ? ? - + ? ? ? ? ? - ? -
Harcke 1992 ? + - ? ? - - ? ? ? ? ? ? ? ?
Laor 2002 + - ? ? ? - + ? + + + + ? =
Jopp 2010 + + - + + + + + ? + + c 5 + -
Kramer 2014a ? + - ? ? - + + ? ? + + + ? ?
Kramer 2014b ? + - ? ? - + + ? ? + + + ? ?
Fan 2016 ? + - + ? o + + ? “ ? ? - ? ?
Ottow 2017 ? + + + ? + + + + + + + + + ?
Auf der Mauer 2018 + + - + + + + + + + + - - + ?
Vieth 2018 ? + + + ? + + + + + + + + + ?
Pennock 2018 + + + ? ? - + + ? ? + - - + o
Craig 2004 ? + - ? ? - - ? ? + ? ? + ? -
Kercher 2009 ? + ? ? ? - - + ? ? ? ? ? ? -
Saint-Martin 2013 ? + - ? ? - + + ? + + + - + ?
Saint-Martin 2014 ? + - ? ? - + + ? + + + + + ?
Ekizoglu 2015 ? + - ? ? - + + ? + ? ? + ? ?
Stern 2017 + + + + ? + + + ? + + - + + ?

Performance bias was caused by participants being scanned for a clinical indication, which was not in
agreement with the review question. The second source of performance bias considered the
interpretation of the images and was caused by applying a staging technique which might not be
suitable for MRI [15-17, 19, 21, 22, 30, 42], or by focusing on development, rather than age estimation

[1-5, 7, 8].
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Attrition bias was caused by a lack of information about why data were missing [43], or by more
missing values in certain age categories [14, 28, 43]. Especially in clavicle studies, motion artefacts and
anatomical shape variants caused missing data, ranging from 1% [31] to 36% [28]. Molars were not
assessable on MRI in 0-15% [21], the left wrist in 1% [27] to 14% [17], and a knee scan was repeated
up to three times in case of motion artefacts [44].

Detection bias was a minor issue, since it can be assumed that observers were blinded for the age of
participants, even when it was not reported. Blinding for sex seems less important, since in practice
the sex is also known.

Reporting bias was caused as a result of neglecting to specify which observer’s results were reported.
Although several studies received funding from governmental agencies or sports associations, they
were not considered to cause conflicts of interest.

Other sources of bias were manifold:

not sex-specific [2-5, 7];

- asmall age range of the study population (i.e. 5 years or less) [6, 12, 23, 36, 45, 46];

- alower age limit close to 18 (i.e. less than 2 years lower than 18) [36, 45, 46];

- an upper age limit close to 18 (i.e. less than 2 years higher than 18) [3, 5, 6, 10, 20, 24, 30, 43,
47-50];

- anupper age limit younger than 18 [12, 15-19];

- age expressed in years without fractions, so that subjects who exceeded 6 months of a year
would be counted as reaching the upcoming age [49];

- only birth years were recorded, no birth dates [34];

- unclear statistical approach [19].
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Quantitative synthesis

Age distributions in relation to development

Fig. 4 explains how differences in reported data were handled to create the graphs in Fig. 5. Tables
with the statistics used to create the graphs in Fig. 5 can be obtained from the corresponding author
upon request.

To quantify how well the age distributions increased with increasing stages, several studies reported
correlation coefficients. The Pearson correlation coefficient was reported for the manubrium (0.66-
0.73) [9], and hand/wrist (0.90-0.92) [16, 18]. The Spearman correlation coefficient was reported for
the spheno-occipital synchondrosis (0.73-0.86) [51], clavicle (-0.043-0.77) [14, 52], proximal humerus
(0.63-0.65) [41], distal radius (0.07-0.77) [6, 12], hand/wrist (0.94-0.96) [50], proximal femur (0.79-
0.83) [20], distal femur (0.76-0.85) [26, 34], proximal tibia (0.76-0.85) [26, 34], proximal fibula (0.77)
[26], and knee (0.80-0.98) [10, 26]. Remarkably, the correlation coefficients were mostly higher in
males than in females.

Furthermore, two studies applied transition analysis and reported mean ages of transition from one

stage to another [33, 53]. They only applied main stages, without substaging.

Fig. 4 Clarification of what the box-plots in Fig. 5 indicate.

When the first choice statistics were not available, the second choice statistics were used to create the graph
instead. When the second choice statistics were not available, the third choice statistics were used. This needs to
be taken into account when interpreting the graphs.

First choice

Maximum
Upper quartile

Median

Lower quartile

Minimum

Second choice

Maximum
Mean + 0.98 standard deviation

Mean

Mean - 0.98 standard deviation

Minimum

Third choice

5th percentile
Mean + 0.98 standard deviation

Mean

Mean - 0.98 standard deviation

95th percentile
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Fig. 5 Sex-specific age distributions per developmental stage of different anatomical structures.

Similar staging techniques for development are grouped. Main stages are jointly indicated on top of the graph.
Note that stages were re-named according to the most elaborate staging technique (Table 2), if appropriate.
Below the main stages, the number of participants per boxplot is indicated.

Age is displayed on the ordinate, uniformly calibrated for all graphs. References and stages are included on the
abscissa. If results from different observers were reported, those are separately included in the graph.

Per graph, results from the same study are indicated by the same color of the box-plots.
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Fig. 5 Sternal end of the clavicles — Most elaborate staging technique.

When both clavicles were reported separately, they are separately included in the graph.
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Note that Serinelli et al. 2015 applied the MRI-specific atlas, Hojreh et al. 2018 applied the Greulich-

Pyle atlas, and Urschler et al. 2015 applied an automated method.
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Fig. 5g Left distal radius spin echo sequence — Dvorak staging technique.

SA = Latin American; AF = African; EU = European; AS = Asian.
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Fig. 5h Left distal radius spin echo sequence — Most elaborate staging technique.

For De Tobel et al. 2019, the stages between brackets correspond with added VIBE information.
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Fig. 5] Distal femur — Most elaborate staging technique.
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Fig. 51 Proximal tibia — Most elaborate staging technique.
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Fig. 5n Distal femur — Vieth staging technique.

Fig. 50 Proximal tibia — Vieth staging technique.
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Table 8 displays the reproducibility statistics of different MRI approaches for age estimation.



Table 8 Reproducibility statistics in the included studies. References are ordered in the same way as in Tables 1 and 5-7.

Anatomical structure Reference Year Inter-observer variability Intra-observer variability
Measure Value N parti- N structures N obs- Measure Value N parti- N structures N obs-
cipants ervers cipants ervers
Spheno-occipital Ekizoglu 2016a Cohen's kappa 0.907 1078 1078 2 Cohen's kappa 0.954 1078 1078 1
synchondrosis Weighted kappa 0.981 Weighted kappa 0.990
Molars (mineralization) Baumann 2015 Cohen's kappa 0.51 18 262 molars 2 NA
Molars (eruption) Baumann 2015 Cohen's kappa 0.57 18 274 molars 2 NA
Lower left third molar  Guo 2015 Kappa 0.83 60 60 2 Kappa coefficient 0.89 60 60 1
Third molars De Tobel 2017 ICC 0.85-0.94 52 183 molars 2 1CC 0.94-0.98 52 Not specified 1
Third molars De Tobel 2017 ICC 0.86-0.95 52 183 molars 2 ICC 0.94-0.98 52 Not specified 1
Third molars De Tobel 2017 Weighted kappa 0.790 309 899 2 Weighted kappa 0.873 130 379 2
18 De Tobel 2017 0.803 309 899 218 0.857 130 379 2
28 De Tobel 2017 0.784 309 899 228 0.848 130 379 2
38 De Tobel 2017 0.764 309 899 2 38 0.890 130 379 2
48 De Tobel 2017 0.804 309 899 2 48 0.889 130 379 2
Clavicle Hillewig 2013 Fleiss' kappa 0.76 left, 0.74 220 440 4 Cohen's kappa 0.75 20 Not specified 1
right
Clavicle Tangmose 2014 Kappa (stages 1-3 -0.004-0.414; 49-53 98-106; prone 3 Kappa 0.669; prone 53; prone 106; prone 1
collapsed) prone position position 26-32 position 0.788 position 32 position 64
0.040-0.446
Clavicle Vieth 2014 NA NA
Clavicle Schmidt 2017 Weighted kappa 0.987 80 160 2 Weighted kappa 0.991 80 160
Clavicle De Tobel 2019c Weighted kappa 0.64,0.60,0.61 NA 400,471,387 4 Weighted kappa 0.82 NA 186
Kendall’s coefficient of 0.800 NA 400,471,387 4
concordance
Manubrium Martinez Vera 2017 NA NA
Proximal humerus Ekizoglu 2018 Cohen's kappa 0.828 428 428 2 Cohen's kappa 0.898 NA NA NA
Left distal radius Dvorak 2007 Correlation coefficient 0.91-0.92 496 496 3 NA
Left distal radius George 2012 Spearman 0.9 150 150 3 NA
Left distal radius Bolivar 2015 Kappa 0.23 60 60 3 Kappa 0.79 6 6 1
Left distal radius Rashid 2015 NA NA
Left distal radius Tscholl 2016 Kappa 0.928 487 487 2 NA
Left distal radius Abdelbary 2018 Weighted kappa 0.828 61 61 2 NA
Left distal radius Sarkodie 2018 Kappa 0.95 286 286 3 NA
Left distal radius Schmidt 2015 Kappa 0.88 30 30 2 Kappa 0.94 30 30 1
Left distal radius Serin 2016 Cohen's kappa 0.81 263 263 2 Cohen's kappa 0.93 263 263 1
Left distal ulna Serin 2016 0.88 263 263 2 0.94 263 263 1
Left proximal first Serin 2016 0.84 263 263 2 0.95 263 263 1
metacarpus
Left distal radius Timme 2017 Cohen's kappa 0.974 100 100 2 Cohen's kappa 0.988 100 100 2
Left distal radius SE De Tobel 2019b Weighted kappa 0.792 361 361 2 Weighted kappa 0.856 98 98 1
Left distal radius VIBE Weighted kappa 0.712 359 359 2 Weighted kappa 0.843 98 98 1
Left hand/wrist Tomei 2014 Pearson 0.95F 097 M 78 F,101 M 179 x 9 bones 2 NA
Left hand/wrist Serinelli 2015 Pearson 097 F, 098 M 151 151 x 9 bones 2 Bland-Altman plots NA 151 151 x 9 bones 1
Left hand/wrist Terada 2013 Pearson 0.922-0.926 83 83 x 13 bones 2 Pearson 0.958 83 83 x 13 bones 1
Left hand/wrist Terada 2014 Pearson 0.880-0.935 88 88 x 13 bones 3 Pearson 0.918 88 88 x 13 bones 1
Left hand/wrist Terada 2016 Pearson 0.956-0.964 59 59 x 13 bones 2 Pearson 0.959 59 59 x 13 bones 1
Left hand/wrist Urschler 2016 Weighted kappa GP 0.74; TW2 0.51 18 GP 18;TW2 18 2 NA
x 13 bones
Left hand/wrist Hojreh 2018 ICC 0.95F;0.97 M 33;17 22;15 2 NA
Left hand/wrist Urschler 2015 NA NA
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Table 8 (continued) Reproducibility statistics in the included studies.

Anatomical structure Reference Year Inter-observer variability Intra-observer variability
Measure Value N parti- N structures N obs- Measure Value N parti- N structures N obs-
cipants ervers cipants ervers
lliac crest Wittschieber 2014 NA NA
Proximal femur Vo 2015 1CC 0.694 43 86 3 ICC 0.788 43 86 1
Sacrum Bollow 1997 NA NA
Sacrum Bollow 1997
Patellofemoral joint Kim 2014 NA NA
Distal femur Saint-Martin 2015 Cohen's kappa 0.86 214 214 2 Cohen's kappa 0.86 214 214 1
Distal femur Dedouit 2012 Cohen's kappa 0.86 290 290 2 Cohen's kappa 0.96 290 290 1
Proximal tibia Dedouit 2012 Cohen's kappa 0.63 290 290 2 Cohen's kappa 0.96 290 290 1
Distal femur Ekizoglu 2016b Cohen's kappa 0.836 503 503 2 Cohen's kappa 0.919 503 503 1
Weighted kappa 0.954 Weighted kappa 0.978
Proximal tibia Ekizoglu 2016b Cohen's kappa 0.885 503 503 2 Cohen's kappa 0.961 503 503 1
Weighted kappa 0.979 Weighted kappa 0.993
Knee Harcke 1992 NA NA
Knee Laor 2002 NA NA
Proximal tibia Jopp 2010 NA NA
Distal femur Kramer 2014a Kappa 0.85 30 30 2 Kappa 0.94 30 30 1
Proximal tibia Kramer 2014b Kappa 0.85 30 30 2 Kappa 0.88 30 30 1
Distal femur Fan 2016 ICC 0.946 322 322 2 ICC 0.967 322 322 1
Proximal tibia Fan 2016 ICC 0.978 322 322 2 ICC 1.000 322 322 1
Proximal fibula Fan 2016 ICC 0.931 322 322 2 ICC 0.965 322 322 1
Distal femur Ottow 2017 Kappa 0.941 115 115 2 Kappa 0.961 115 115 1
Proximal tibia Ottow 2017 Kappa 0.951 115 115 2 Kappa 0.971 115 115 1
Knee Auf der 2018 Fleis' kappa 0.840 36 104 3 NA
Mauer
Distal femur Auf der 2018 Fleis' kappa 0.799 36 104 3 NA
Mauer
Proximal tibia Auf der 2018 Fleis' kappa 0.886 36 104 3 NA
Mauer
Proximal fibula Auf der 2018 Fleis' kappa 0.833 36 104 3 NA
Mauer
Distal femur Vieth 2018 Cohen's kappa 0.913 100 100 2 Cohen's kappa 0.914 100 100 1
Proximal tibia Vieth 2018 Cohen's kappa 0.847 100 100 2 Cohen's kappa 0.893 100 100 1
Knee Pennock 2018 ICC 0.957 323 323 2 1CC 0.992 323 323 NA
Knee Craig 2004 NA NA
Knee Kercher 2009 NA NA
Distal tibia Saint-Martin 2013 Cohen's kappa 0.84 180 180 2 Cohen's kappa 0.97 180 180 1
Calcaneum Saint-Martin 2013 Cohen's kappa 0.90 180 180 2 Cohen's kappa 0.97 180 180 1
Distal tibia Saint-Martin 2014 NA NA
Distal tibia Ekizoglu 2015 Cohen's kappa 0.834 167 167 2 Cohen's kappa 0.883 167 167 2
Calcaneum Ekizoglu 2015 Cohen's kappa 0.802 167 167 2 Cohen's kappa 0.811 167 167 2
MFA Stern 2017 NA NA

F =females; GP = Greulich-Pyle atlas technique; ICC = intra-class correlation coefficient; M = males; NA = not applicable or not reported; SE = spin echo MR-sequence; TW2 = Tanner-Whitehouse-2 atlas technique; VIBE
=volumetric interpolated breath-hold examination MR-sequence
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When data from different observers was available, those were separately included in Fig. 5. Note that

the inter-observer differences were mostly subtle, but might have severe consequences around the

age of 18. For instance, Fig. 5f shows that females categorized by observer 1 into the age standard of

17 years old were relatively younger than for observer 2 [30]. Few studies included cross-tabulations

of different observers’ results [27-29], which demonstrate that discrepancies are mostly within

neighboring stages.
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