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Abstract

The study of facial growth is explored in many fields of science, including anatomy, genetics,
and forensics. In the field of forensics, it acts as a valuable tool for combating child pornogra-
phy. The present research proposes a new method, based on relative measurements and
fixed references of the human facebspecific ally considering measurements of the diameter
of the iris (iris ratio)Pfor the analysis of facial growth in association with age in children and
sub-adults. The experimental sample consisted of digital photographs of 1000 Brazilian sub-
jects, aged between 6 and 22 years, distributed equally by sex and divided into five specific
age groups (6, 10, 14, 18, and 22 year olds “one month). The software package SAFF-2D s
(Forensic Facial Analysis System, Brazilian Federal Police, Brazil) was used for positioning
11 landmarks on the images. Ten measurements were calculated and used as fixed refer-
ences to evaluate the growth of the other measurements for each age group, as well the accu-
mulated growth (622 years old). The Intraclass Correlation Coefficient (ICC) was applied for
the evaluation of intra-examiner and inter-examiner reliability within a specific set of images.
Pearson's Correlation Coefficient was used to assess the association between each mea-
surement taken and the respective age groups. ANOVA and Post-hoc Tukey tests were used
to search for statistical differences between the age groups. The outcomes indicated that
facial structures grow with different timing in children and adolescents. Moreover, the growth
allometry expressed in this study may be used to understand what structures have more or
less proportional variation in function for the age ranges studied. The diameter of the iris was
found to be the most stable measurement compared to the others and represented the best
cephalometric measurement as a fixed reference for facial growth ratios (or indices). The
method described shows promising potential for forensic applications, especially as part of
the armamentarium against crimes involving child pornography and child abuse.
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Introduction

Thehumanfacedoesnot growhomogenouslypvertime. Eachof the manyfacialstructures
developsn differentdimensionsanddirections[1, 2]. Consequentlythe facialanatomy
reacheglifferentproportionsdependingon age]1, 3, 4]. This phenomenonknown asallome-
try, isthereasorwhy achild'sfacedoesnot correspondo asmallerversionof anadult'sface.
Growth andalterationsin craniofaciaimorphologyarousesnterestin manyfieldsof science,
especiallphysicalanthropology[5+7] andgeneticg8]. In thesefields,morphologyis most
oftenstudiedin relationto evolutionaryprocesg$9, 10] and medicaltherapeutic$11+15].
However nowadaysalternativeapplicationof craniofaciaimorphology,suchasin the scope
of forensicscienceshasreceivednajor attention.In this regard forensicstudiesveredevel-
opedin thelastdecaddo investigatdacialgrowth asan anthropometrictool for ageestima-
tion proceduresn caseénvolving child pornography[16,17].

Traditional anthropometryis performedby takingmeasurementdirectly from the subjects
usingcalipersor measuringapesClearly this requiresacontrolledenvironmentaswellas
the consentand cooperationof the examinedsubjectbwhichcanbeachallengingaskwhen
childrenareinvolved[18]. Analysisof two-dimensional2D) imagessuchascephalograms
andphotographshasconsequentlegmergedasan alternativemethodfor investigationsn this
field. Amongthe 2D techniquesisedfor imageacquisitionand analysisof the humanface,
photo-anthropometryremainsapopularapproachor epidemiologicahndforensicstudieslt
consistof landmarkingphotographgo enablehe measuremendf distancesanglesand pro-
portions[5]. Thesameprincipleis alsoapplicablén three-dimensiona{3D) imageq15, 19].

A directcomparisorbetweermeasurementtakenfrom differentphotographss only reli-
ableif theimageswvereacquiredstandardlyor with metricreferencedn generalphotographs
couldhamperanthropometricanalysesdoweveranthropometricexamsarefeasiblaf the
photographsretakenfollowing the sameprotocol.In this context,ratiosandangleshetween
facialdistancegould becalculatedo allowananthropometricexam.evenin the absencef
metricreference# theimage[20]. Yet,theratiosobtainedbetweertwo linearfacialdistances
culminatein indicesthatmayplayanimport partin anthropologyastoolsfor the classification
of facialtypes[21].

In generalunderstandinghe growthandalterationsn craniofaciaimorphologyrequires
long-termlongitudinal studieshat registethumandevelopmenfrom childhoodto adulthood
with director indirect measurementef the face UsinganinnovativeapproachFerrarioetal.
[15] conducteda mixedlongitudinaland cross-sectionadtudyon the quantificationof growth
alterationsn craniofaciaimorphologyby employinganoninvasive3D assessmeiihat used
camerasndinfra-red sensorsDifferencesn growthtiming andfacialproportionsbetween
malesandfemalesould bedetectedollowing this approachOtherauthorshavesimilarly
found otheranthropologicahpplicationsfor the assessmeinf growth alterationsin craniofa-
cialmorphology,namelythe ageestimationof childreninvolvedin pornography{17].

On onehand,allometryenablesgeestimationin forensicsciencesOn the otherhand,it
limits the usefulnessf facialindicesfor the detectionof differencesn growth proportions.
Thisisjustifiedsincetheindicesarefoundedon two measurementthat aretakenfrom facial
structureghatdevelopwithin differenttimings.In otherwords,the useof indicesto assess
growth proportionsis similar to estimatingsomeoneelse'sarspeedvhile driving aseparate
car.In this context,the outcomeis not therealcarspeedbut rathertherelativespeed
betweerboth cars.Forthe humanface the useof indicesresultsin relativevariationsof
facialstructureq2]. Despitetheir relativenature,measurementsakenfrom thefaceare
closerto real-lifemeasurements more stablefacialstructuresareconsideredasreferences
in theindexequation.
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Thepresentstudythereforeaimedto analyzehe allometryof humangrowth usinga setof
10facialmeasurementtakenfrom children,adolescentgndyoungadults. The diameterof
theiris wasusedasreferencdo assesthe craniofacialvariationsin theremainingnine
measurements.

Material and methods
Sampling and facial analysis

The sampleconsistedf 1000photographstakenstandardly of Braziliansubjectsaged
betweert and22yearsThe samplevashomogeneouslidivided (n = 200)into five agegroups
of6,10,14,18,and22yearolds,with astandarddeviationof 1 month in eachagegroup.The
photographsvereselectedrom adatabasef the BrazilianFederaPolice.Forinclusionin the
databasehe photographsveretakenfollowing the International Civil Aviation Organization
(ICAO) guidelinedor passportaindwerestoredin.PNG 24-bitformat with resolutionof
640 480pixels.In addition,the sameflashsystemand cameramodelwereusedfor all photo-
graphsandpositionedl.5metersfrom the subject'face Only photographof subjectswith
neutralfacialexpressionglosedips,and headpositionedstraighttowardsthe camerawvere
selectedPhotograph®f subjectavith headrotation in the sagittal axial,or coronalaxesvere
excludedaswell asthosewith facialdeformationsor evidentasymmetriesSubjectsvith facial
hair, adornmentsand makeup werealsoexcludeddueto incompletevisualizationof the face.
A cephalometri@nalysif all photographsvasperformedby asingleexaminerTo assess
intra-examinerreliability, a setof 100imagesvereexaminedn duplicateby positioning11
landmarkson pre-establishedeferencepoints (Tablel) [22]. At this step,anon-commercial
softwarepackagelevelopedy the BrazilianFederaPolicefor 2D facialanalysi{SAFF-20 +
Forensid-acialAnalysisSystempPepartmentof FederaPolice Brazil)wasused.The software
registergCartesiarcoordinatesn the x- andy-axedor eachof the positionedandmarksThe
intra- andinter-examinerreliability of the landmarkingmethodologywasalsoassesseutior
to the studyand consistef the analysi©f 10photographdy threetrainedexaminersthree
times,within anintervalof 15days.

Table 1. Definition of the cephalome tric landmar ks used in this study [2, 22].

Landm ark Definition

1. Nasion (n) The interception of the midsagittal plane and the line crossing the superior palpebral
creases, above the upper eyelids.

2. Subnasale (sn) The lowest point of the nose on the midsagittal plane.

3. Gnathion (gn) The lowest point of the chin, on the midsagittal plane.

4. Endocanthi on The medial limit of the eye.

(en)

5. Ectocanth ion The lateral limit of the eye.

(ec)

6. Iridion laterale (il) | The most lateral point of the rim of the iris.

7. Iridion mediale The most medial point of the rim of the iris.

(im)

8. Pupil (pu)? The central point of the iris, mathematically calculated, between the Iridion laterale
and the Iridion mediale of each eye.

9. Zygion (zy) The widest point in the region of the zygomatic bone seen in the frontal view.

10. Chelion (ch) The lateral limit of the mouth.

11. Alare (al) The most lateral point on the 2wingP of the nose.

2Not described, but calculated as the arithmetic mean between the Iridions.

https://abi.org/10.1371djurnal.por.0180330.t0D
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Fig 1. Graphic represe ntation of the measurem ents adopted in this study. The iris measurement corresponded to the average
value of the right and left im-il; the image was obtained and illustratively used with the consent of the subject and relatives.

https://dbi.org/10.137/ournal.pon€®180330.g001

Calculation of absolute measurements

Oncelandmarkswereregisteredtheir coordinatesvereusedto calculatelOmeasurements
expresseth pixels. Amongthe 10measurementsjine wereconsideredo bejustifiedfor the
presenttudyon the basighat theyarecommonlyusedto build facialindicesin anthropomet-
ric studieq17,18,21,22]. Theremainingmeasurementalculatedhe diameterof theiris and
wasincludedasanewapproachfor anthropometricfacialanalysigFig 1).

Relative Measurement Groups (RMG)

In orderto enabletheinvestigationof allometryamongthe 10 measurementfkelativeMea-
suremeniGroups(RMG) wereestablishedTable2). Thesegroupsallowedthe observatiorof
growingdifferencedrom 10diverseperspectivesl his approachwasfoundedon determining
afixedreferencaneasuremento build specificratios(similar to indices,but without express-
ing centesimaValuesYor eachgroup.Variationsbetweemrmeasuremente/ereobservedsa
function of age.

Sincethis approachs foundedon the analysiof proportions,the fixed referencevalue
couldbeselectedandomlyfor eachgroup.However the meanvaluedor thereferencanea-
surementgrom the total sample(n = 1000)wereusedto reachvaluescloserto the actualfacial
measurement©ncethereferencesaluesvereestablishedheimagesverescalechasedn
the percentagelifferencebetweerthereferencesalueandatargetvaluefor eachgroup(size
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Table 2. Relative Measurement Groups (RMG) and fixed measureme nts.

RMG Fixed Measurem ent n
RMG 1 zy-zy 1000
RMG 2 ec-ec 1000
RMG 3 en-en 1000
RMG 4 pu-pu 1000
RMG 5 iris 1000
RMG 6 al-al 1000
RMG 7 ch-ch 1000
RMG 8 n-sn 1000
RMG 9 n-gn 1000

RMG 10 sn-gn 1000

The iris was calculated by the arithmetic mean of the distances between the points il and im for each eye.

https://abi.org/10.1371djurnal.por.0180330.t0D

normalization);e.qg.if the original referencaneasurementequiredenlargemenby afactorof
1.5to reachthe targetvalue the sameenlargemenfactorwasappliedto theremainingmea-
surementsThis procedurekeptthe metric proportionsof the photographsinalteredand
enabledhe comparisonof differentfacialstructuredrom the sameperspectivén eachRMG.
After establishinghe RMG, thevariablesn eachgroupwereconvertedo percentageal-
ues(anthropometricratios)of the referenceneasurementél able3). At this stagethe sample
stratificationby agerange(6,10,14,18,and 22 yearsold) wasusedto assesanthropometric
variationsduring ageing Despiteknowing of the differencesn craniofacialdevelopment
betweersexe$l], the presenistudydid not aimto investigatecraniofaciadevelopmentn
function of sexdimorphism.For thatreasonthe samplewasanalyzedyroupedby sex.

Calculation of Relative Growth (RG) and Average Relative Growth
(ARG)

TheRelativeGrowth (RG)wasassessedor eachagegroup,with the ageof 6 yearsconsidered
asthe@zeropoint®, from which percentageariationswereinvestigatedisafunction of agein
relationto the otheragesubgroupsOnceRGwasobtainedfor eachmeasurementiverage
RelativeGrowth (ARG) wasassessealy takinginto consideratiorthe valuescalculatedor
eachRMG.

Table 3. Representative formul as for calculat ing the proportio nal measureme nts for each Relative Measurem ent Group after image scaling.

RMG? Fixed Measurem ent® (n = 1000) Proportion al Measurements © (Anthropom etric Ratios)
1: zyzy 2: ecec 3: enen . 10: sngn
1 Zvzy Zvzy" 2y ECEC” 5¢fc [ ENEN’ S | sNeNT sy
ECEC ZYZY™ Fl ECEC™ ¢ ENEN" £ec - | SNGN" 2528
ENEN ZYzy 220 ECEG’ £5£¢ ENEN" EMEY | .. SNGN® &M
10 SNGN ZYZY¥% " Svex ECEG ™ <von ENEN " i - | SNGN " 5wy

®RMG: Relative Measurement Group;

bFixed Measurement: reference measurement used for calculating ratios obtained through the mean reference values of each group;

“Propor tional Measureme nts: measurement calculated for each image from the ratio between the image measurement found and the mean value of the
fixed (reference) measurement in each group (calculated for each image and each RMG).

https://da.org/10.1371durnal.pon®180330.t003
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Table 4. Quantificat ion of the metric variation of measureme nt 1 (zy-zy) as a function of age and Relative Measurement Group to determin e the

Average Relative Growt h.

Measurem ent Age (years)
1. zy-zy 6to 10
10to 14
14to0 18
18to 22

6 to 22 (cumulativ e)

https://da.org/10.1371durnal.pon®180330.t004

RMG1 RMG2 RMG3 ... RMG10: ARG
zy-zy ec-ec en-en sn-gn
0 D% 6 10 D% 6310 e D% 6120 6 10
O D% 102 14 D% 10 14 e D% 101014 10 14
0 D% 142 18 D% lf 18 e D% 1}018 14 18
0 D% 182 22 D% 182 22 e D% 181022 18 22
0 % zyzy2,, % 620 % zyzy 'S, 18 22

Table4 detailsthe procesdollowedto quantifythe ARG whenusingthe craniofaciaimea-
surementl (zyzy)asreferenceAnalysisof the columnsallowsfor the visualizationof the
proportionalgrowth of the zyzymeasurementvithin eachof the L0RMGs,in eachof the dif-
ferentagerangesZerovaluedn thefirst columnareexplainedby the scalingprocesswhich
madethereferencaneasurementixedfor all agerangesn RMG1(zy-zy).The codification

% 210 canbeinterpretedasthe percentageariationof measurementy-zy within
RMG2,whenconsideringhe meanvaluesobtainedfrom the cohortof 6 to 10yearolds
(6+10)thecolumnon thefar right showsthe ARG for the zy-zymeasuremenih eachage
rangeobtainedfrom the meanvaluesof the relativezy-zygrowth, by consideringall RMGs
(i.e.ARG 7%, refersto theagerangeof 6+10years) The bottomline of Table4 showsthe
cumulativerelativegrowth of zy-zyfrom 6 to 22yearsof age.

After ARG quantificationfor all measurements ranking of the relativevariationswasper-
formedconsideringthe agerangesseparateland combined(cumulativegrowth).In this pro-
cedure positivevaluesndicatedpositivevariationsof aspecificmeasurementomparedo the
meangrowth of the others while the oppositewasinterpretedfor negativevalues.

Themeasurementthat usediris diameterasreferencd RMG5)+propose@sanew
approachn the presentsstudybwereusedasthe parameteto analyzevariationin theremain-
ing measurement8asen this analysisanewranking systemwasdesignedo provideout-
comescloserto therealgrowth of the measurementsonsidered.

Statistical analysis

TheKolmogorov-Sminovtestwasusedto assesgdatanormality andthe IntraclassCorrelation
Coefficient(ICC) appliedto the evaluationof theintra- andinter-examinemeliability for posi-
tioning landmarksand performingmeasurement®escriptivestatisticavereusedfor initial
datascreeningPearson'€orrelationCoefficientwasusedto associateneasurementwithin
eachgroupandage Thestatisticalifferencesn eachRMG wereassessealy applyingthe
ANOVA testasafunction of age(consideringthe differentageranges)A Post-hocTukeytest
wasusedto searchfor statisticaifferencebetweerspecificagerangesandto verify the effi-
ciencyof eachfixed measuremenin detectingthe relativegrowth.

All statisticatestswereperformedwith the SPS$ 21.0softwarepackag€lBM* , New
York, USA),with consideratiorfor asignificancdevelof 5%andconfidenceanterval of 95%.
Researcllatabasessedfor stasticahnalysisnaybefound within the supportinginformation
filesS1tSiles.

Ethics statement

Thepresentresearctwasconductedwith the approvalof the Committeeof Ethicsin Research
of the Universityof S o Paulo,underprotocolnumber17017213.0.0000.544eimages
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Table 5. Cephalom etric landmark measur ements expressed in pixels.

Measurem ent 6 years (n =200) 10years (n=200) | l1l4years (n=200) | 18years (n=200) | 22years (n=200) Total sample
(n =1000)

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
1. zy-zy 254.84 23.70 249.77 16.78 245.85 16.82 247.15 24.77 250.01 26.23 249.52 22.21
2. ec-ec 169.15 9.20 167.65 8.41 166.74 8.91 166.26 8.55 166.70 7.74 167.30 8.62
3. en-en 62.29 4.92 61.07 4.57 60.27 4.54 59.84 4.43 60.24 4.38 60.74 4.64
4. pu-pu 114.68 6.15 114.58 5.44 114.78 5.76 115.50 5.56 116.17 5.07 115.14 5.63
5. iris 24.96 1.63 23.58 1.64 22.20 1.67 21.67 1.64 21.56 1.45 22.79 2.07
6. al-al 64.86 4.74 65.04 5.69 67.56 6.00 68.04 5.79 67.81 5.85 66.66 5.80
7.ch-ch 80.10 8.29 83.98 7.77 85.27 8.22 85.94 8.35 87.32 6.64 84.52 8.24
8.n-sn 93.67 7.79 96.17 9.02 98.22 8.52 98.32 9.49 99.44 9.50 97.16 9.10
9.n-gn 205.58 13.77 211.15 13.93 216.44 15.92 219.91 15.76 223.73 15.40 215.36 16.27
10. sn-gn 111.97 10.35 115.03 10.07 118.27 11.19 121.64 10.90 124.36 13.76 118.25 12.15

https://da.org/10.1371durnal.pon®180330.t005

usedto illustratethe presentstudywereacquiredand usedwith the signedconsentof the pho-
tographedsubjectandhisrelatives.

Results

Thedatahereinstudiedpresentedvith anormal distribution. TheIntraclassCorrelationCoef-
ficientrevealedxcellenbutcomedor thelandmarkingperformedin theintra- andinter-
examinerreliability testswhich wereperformedprior to andduring the researcliproject
(ICC> 0.90;p < 0.001) Themeanandstandarddeviationof eachof the cephalometric
measurementebtainedbeforesizenormalizationarepresentedn Table5. Thevaluesare
expresseth pixels,with malesandfemalegrouped consideringthe five agegroupsandthe
completesamplg(6£22yearsold).

The ARG of eachmeasuremenasafunction of the agerangesarepresentedn Table6.
Usingiris diameter ARG reachedhelowestvaluedn all agegroupsin comparisorto the
othermeasurementfositivevaluesndicateameasurementvith arelativegrowth higher
thanthe meanvariationof measurementsyhile negativevaluesndicatethe opposite The
iris valuesnvereconsistentlynegativeandwasthe measurementeastalteredwith ageIn the
cumulativeanalysig6+22years)jris measurementseachedavalue4.2timeslower (-14.83%)
thanthe seconchighestrankedmeasurementen-en,-4.62%).

Table 6. Average Relative Growth for the 10 measureme nts studied as a function of age.

Measurement Averag e Relative Growth
6 to 10 years 10to 14 years 14 to 18 years 18to 22 years 6 to 22 years

1. zy-zy -2.18% -1.90% 0.23% 0.39% -3.29%
2.ec-ec -1.08% -0.85% -0.57% -0.49% -2.80%
3.en-en -2.14% -1.57% -1.05% -0.10% -4.62%
4. pu-pu -0.27% -0.12% 0.33% -0.17% -0.07%
5. Iris -5.74% -6.20% -2.62% -1.23% -14.83%
6. al-al 0.01% 3.52% 0.46% -1.14% 3.00%
7.ch-ch 4.60% 1.23% 0.52% 0.87% 7.54%
8.n-sn 2.39% 1.84% -0.22% 0.51% 4.74%
9.n-gn 2.49% 2.17% 1.31% 0.96% 7.28%
10. sn-gn 2.57% 2.45% 2.58% 1.33% 9.41%

https://da.org/10.1371¢urnal.pon®180330.t006
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Fig 2. Averag e Relative Growth of the 10 measureme nts studied accordi ng to an age-segmental analysis.

https://abi.org/10.137/ournal.pon®180330.g002

Graphicalrepresentatiorof ARG progresdetweeragegroups(Fig 2) enables clearinter-
pretationof the datareportedin Table6, showingthat facialmeasurementladdifferentrela-
tive growth betweerthe agegroups.Someof the specificmeasurementpresentedARG values
thatrangedbetweerthe positiveand/or negativescaleor the differentagerangeqe.g.width
of thefacezy-zy),while othermeasurementsonsistentlyremainedpositiveor negativesuch
asthe heightof the lowerthird of theface(sn-gn)andthe diameterof theiris. Thecumulative
approachfor ARG (61+22yearsold) enabledhe constructionof a proportionalgrowthrank for
eachof the measurementg&-ig 3). The heightof the lowerthird of the facepresentedhe high-
estpositivevalue(+9.41%)jndicating agreatemelativegrowth, while the diameterof theiris
hadthe mostnegativevalue(-14.83%)suggesting is the moststablemeasurementf the
study.

Table7 expresseBearson'€orrelationCoefficient(r) betweerageandtherespective
RMG measurementddAmongthe 81 possibilitiesexpresseth the Table(9 9), only two combi-
nationsresultedn verystrongcorrelation(0.8 || < 1)with agethewidth of thelips (ch-ch)
in RMG8(n-sn),andthediameterof theiris in RMG9(n-gn). Themeasurementeachedut-
comeghatweremore consistenthandstronglycorrelatedto agewithin RMG5(Iris ratios),
reportingsevernvalueswith strongcorrelation(0.6  |r| < 0.8)andtwo with moderatecorrela-
tion (0.4 |r] < 0.6),amongnine possibilitiesApart from thesemeasurementsnostcombi-
nationsresultedin weak(0.2 |r| < 0.4)or veryweak(0< |r| < 0.2)correlationswith age.
Consideringthe meanvaluef the correlations(bottom line), it is possibldo infer thatall
groupshadaweakcorrelationwith age exceptfor the groupthat usedthe diameterof theiris
asreferenc RMG5).

The ANOVA testindicateda statisticallysignificantgrowth (p < 0.05)in all RMGs,for
almostall the relativemeasurementgnd showedmetric differencegrom 6 to 22yearsOn
the otherhand,the post-hoctest(Table8) indicatedthat the differencesn growth mainly took
placein thetwo loweragerangeg6+10,10+14yearsold), while RG detectionfell dramatically
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Fig 3. Rankin g of the cumulativ e Average Relative Growth expressed as percentage values for the cumulativ e age range of

6to 22 years.

https://abi.org/10.137/ournal.pon®180330.g003

Table 7. Pearson's Correlation Coefficient (r) assessment of the correlati on between the 10 measur ements and age (6+22 years) in relation to each

RMG.
Measurem ent Relative Measureme nt GroupbPea rson's Correlat ion Coefficien t (r)
RMG1: RMG2: RMG3: RMG4: RMG5: RMG6: RMG?7: RMGS: RMG9: RMG10:
zy-zy ec-ec en-en pu-pu Iris al-al ch-ch n-sn n-gn sh-gn
1. zy-zy .a -.024 .055 -.155 .489 -.265 -.287 -.261 -.400 -.298
2.ec-ec .047 .a .109 -.445 677 -.320 -.333 -.327 -.567 -.318
3.en-en -.058 -.113 a -.284 417 -.323 -.331 -.290 -.431 -.320
4. pu-pu .219 445 .281 .a .709 -.186 -.237 -.185 -.404 -.234
5. Iris -.596 -.682 -.421 -.713 .a -.645 -.628 -.696 -.804 -.567
6. al-al .310 .317 .323 .189 .629 .a -.085 -.008 -.150 -.142
7.ch-ch .356 .376 .343 .262 .672 104 .a .081 -.019 -.053
8.n-sn .303 .324 .286 .189 .685 .017 -.067 .a -.132 -.062
9.n-gn 512 .566 426 407 .799 152 .014 .149 .a -.062
10. sn-gn 445 444 412 .350 .684 .196 .075 .150 .133 .a
MEANP 0.32 0.37 0.30 0.33 0.64 0.25 0.23 0.24 0.34 0.23
2. Not calculated since one or more variables are constant.
b, Mean calculated using absolute values.
p  0.01,level of significance;
p 0.05, level of significance
https://da.org/10.137 1§urnal.pon®180330.t007
9/19
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in theolderagerangeq14+18,18+22yearsold). The RMG thatemployedhe diameterof the
iris asthereferenceneasuremenfRMG5)wasthe groupwith more measurementsapableof
detectinggrowthin theagerange$+10,10+14and 14+18yearsin the agerangeof 18+22
yearsgrowth differencesvereonly observedor severmeasuremenassociationsut of the 81
possibilitiesvhenconsideringall RMGs(Table8).

Oncetheiris measuremenivasobservedo offerthe bestoutcomejt wasusedto evaluate
facialgrowthwith amoreaccurateperceptionof the metric changeshat occurin thefacial
structuresaccordingto age(Fig 4). In subjectsagedbetweerb+10yearsmouth width wasthe
facialdimensionwith the highestgrowth percentag€10.9%)Yetin subjectsagedl0+14years,
thenasalwidth presentedighestgrowth percentag€10.3%)whilein subjectsaged14+18
and 18+22yearsthe heightof thelowerthird of the facewasthe facialdimensionwith highest
growth percentagebpresenting.5%and 2.8%growth,respectivelyThe heightof the lower
third of thefacealsodisplayedhe highestgrowth percentagé28.8%)n the cumulativeanaly-
sis(6+22yearsold). This growth percentagevasmorethantwicethat of facewidth (zy-zy:
13.63%).

Discussion

Craniofacialgrowthis acontinuousmorphogenetigprocesshat modifiesa setof relatedana-
tomic structuresn amorphological functional,and balancednanner.This processs primar-
ily exploredin thefieldsof anthropology geneticsdentistry,medicine andforensicq1, g].
Allometry, whichis foundedon the comparison®f anatomicproportions,is oneof the mech-
anismsfor examiningthe craniofaciagrowth processDespitebeingmore commonlyusedin
comparativeanimalbiologythanin humananthropology[2], allometryrecentlyemergechsa
potentialtool for forensicageestimation.

Accordingto the StudyGroup on ForensicAgeDiagnosticsstandardparametergor age
estimationarenecessarto guidebestpracticesnternationally[23+24].Speciahttentionis
givento agesf majorlegalimportance suchasl14,18,and21yearq25+28].Asrecom-
mendedby the Group, estimatedageshouldbebasedn threeindependenevaluations,
namely:1) clinical examinationusinganthropologicabspectand sexuamaturity; 2) hand
andwrist examinationusingcarpalradiographsand 3) dentalexaminationusingpanoramic
radiographg29, 30]. However,under speciatircumstanceshe only evidenceavailableor
analysiss aphotographjn whichthe abovementioneduidelinesarenot applicable Analy-
sisof the maturationof sexuatraits maybe consideredvhenfull bodyimagesareobtained;
howeverageestimationthroughananalysi®f sexuamaturationusingphotographshould
not beconsideredor forensicpurposeg17,30]. Thisis primarily justified by the factthat
outcomegnaybebiasedy intentionalmodifications,suchasthe removalof pubichair [16,
17]. Thistypeof evidencés mostcommonin cybercrimesnvolving child abuseln these
crimes,victimsandperpetratorsmaybe photographed30] andtheir facialtraits maycon-
tribute to crime characterizationNeverthelessgeestimationthroughfacialphotographss
achallengingorocedure.

Thesearctfor ageindicatorsthroughfacialtraitsis justified by Cattanecetal.[16]. The
authorsprovidedimagesof models(aged>18 yearsold) from apornographicwebsiteto 23
examinersconsistingof forensicexpertspediatriciansgynecologistsandlaypersonsThe
examinersvereaskedo estimatethe ageof the modelsmentioningwhich photographidandi-
catorof agecontributedmostsignificantlyin eachcaseFacialtraits weredescribecdasthe
mostcitedindicator, reaching64%of the forensicexpertsopinions. This outcometriggered
further researchn thisfield, including the developmenbf methodologiedasedn facialindi-
cesfor forensicageestimation[17].
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Table 8. Post hoc Tukey test outcomes showing the statistical growth difference s between each age range in relation to the different measure-
ments of the Relative Measurement Groups (RMG).

Age (years) Measurem ent Relative Measurem ent Group

RMG1: RMG2: RMG3: RMG4: RMGS5: RMG6: RMGT7: RMGS: RMG9: RMG10:
zy-zy ec-ec en-en pu-pu Iris al-al ch-ch n-sn n-gn sn-gn

6to 10 1. zy-zy
2. ec-ec
3.em-en

4. pu-pu
5. Iris
6. al-al
7.ch-ch
8.n-sn

9. n-gn
10. sn-gn
10to 14 1. zy-zy
2.ec-ec
3. em-en
4. pu-pu

5. Iris

6. al-al
7.ch-ch

8.n-sn

9.n-gn
10. sn-gn
14to 22 1. zy-zy
2. ec-ec

3.em-en
4. pu-pu
5. Iris
6. al-al
7.ch-ch
8.n-sn
9.n-gn
10. sn-gn
18to 22 1. zy-zy
2. ec-ec

3.em-en

4. pu-pu
5. Iris

6. al-al
7.ch-ch
8. n-sn
9. n-gn
10. sn-gn

statistica lly significant differences (p  0.05)

https://da.org/10.1371¢urnal.pon®180330.t008
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Fig 4. Facial growth ranking for the four age ranges (6+10, 10+14, 14+18, 18+22) and for cumulativ e growth (6+22)taking the
diamete r of the iris as the fixed reference.

https://bi.org/10.137Aournal.pon®©180330.g004

Anthropometricindicesrepresentapracticaltool for analyzingthe proportionsof the
humanbody.When usedfor forensicpurposestheymayprovideanindication of age sex,
andancestnj21]. Thesandiceshaveoptimal applicationfor the separatanalysiof anthro-
pometricmeasurementsuchasthe determinationof sexusingtheischium-pubicindex.On
theotherhand,limitations maybefound whenthe anthropometricanalysislependon a
combinedsetof measurementsuchasthe evaluationof facialgrowthbin which severahna-
tomic structuresgrow simultaneouslyandwith differenttimings. The presenttudydiffers
from the currentliterature[2, 5, 16+ 18]by suggestinghe useof fixed measurementto verify
thevariationof all the otherfacialstructureghat surroundit. Thisapproachenablescompar-
isonwithin andbetweerdifferentsetsof anthropometricmeasurementby checkingtheir var-
iation accordingto age.
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Theresultsobtainedusingthe presentmethodologyshouldbeanalyzedvith the under-
standingthatfacialstructuresdo not decreas@ size More specificallygeneratiorof negative
valuessolelyindicateshat oneanatomicstructurepresentedg growth speedslowerthanthe
fixedreferenceneasurementiccordingly,agrowthrateof 0.00%mustnot betranslatedasa
lackof developmentbut ratherasa proportional growth speeetweertwo facialstructures.
Thisinterpretationis mostapparenwhenobservingan ARG rateof 0.00%for nasawidth (al-
al) of the 6to 10yearolds.It indicatesthat this anatomicstructuregrewin proportion with the
averaggrowth of all otherfacialstructuresHowever from 10to 14yearsold (equivalento
thegrowthspurtin the pubertyperiod),the samestructure(al-al) showedhe highestaverage
growthrateamongall otherstructuresBy contrast theiris showeda considerablyoweraver-
agegrowthratein comparisornto the other structuresThisthereforerepresentedhe moststa-
blestructurein the presentstudy,asindicatedby the negativevaluedor theiris' RGratein all
thecomparisongroups.

Augusteyretal.[31] addressethe stabilityof theiris' dimensionghroughagrowthanaly-
sisof eyeballgrom patients(n = 541)agedirom Oto 104yearsold. Theauthorsobservedhat
this structurehasa predominantgrowthin the pre-natalstageendingin thefirst yearof life.
Consequentlytheiris trendsto maintainits dimensionghroughoutlife. Driesseretal.[23],
2011 alsoobservedhe stabilityon the dimensionsof theiris. Theauthorsdesigneda study
with photo-anthropometryfor the purpose®f facialreconstruction.Thediameterof theiris
wastestedbasedn its applicabilityasa calibrationfeature Specificallytheiris wasusedasa
fixedanatomicstructureto registerdifferentphotographof the samepersonthat underwent
plasticsurgery Despiteproving usefulin thesepreviousstudiesthe diameterof theiris is not
commonlyaddresseth cephalometri@nalyseor anthropologicapurposesespecialljor
ageestimationbasedn facialgrowth. One of the fewstudieghat usedtheiris asa photo-
anthropometricreferencavasmadeby Georgd22], whichintroducedthe termsiridion med-
ialeandlridion lateraleas" " in thefield of forensicfacialanalysis.

Thehigherefficiencyof iris diameterasareferenceo detectmetric changesn sub-adults
becomesnore evidentwhenevaluatingRG,by comparingthe diameterof theiris with the
otherstructuresTaking,asan examplethe cumulativeRG of nasaheight(n-sn) (from 6 to
22yearsold) andestimatinggrowth usingthreeindices(n-sn/zy-zy;n-sn/ex-exn-sn/pu-pu)
foundin theliterature[17,18],it is possibldo reachthe following growthrates:8.4%,7.7%,
and4.8%yespectivelyWhenthethreeindicesarereplacedvith measurementeelativeto the
diameterof theiris (n-sn/iris), the growthrateincreaseso 23%(Fig 5). From apracticalpoint
of view,the diameterof theiris asameasurementeferenceiris ratio) wasmore efficientn
detectingthe growth of nasaheight,with results4.8timesmore accuratehaninterpupillary
distancewhichis moreoftenusedfor facialmetric analyses.

Theresultsof this studyindicatethatthe diameterof the iris maybe consideredasa prom-
ising referencemetric for the analysiof facialimagesgespeciallyor ageestimationbasecn
facialgrowth. The presentedindingsareevenmorerelevantwhenconsideringhattheywere
achievedvith groupedsexesndwithin apopulationof highmiscegenatioriBrazilian).The
strongcorrelationbetweeriris measuremenandagein the Brazilianpopulationsuggestthe
potentialapplicabilityof this methodin amorehomogeneougopulation,stratifiedby sex,
wouldtendto bemorediscriminatingfor agerangesandfacialstructures.

In comparisorto other studieshat haveinvestigatedacialproportionsfor ageestimation
[17], the presentstudyapplieda differentapproachby combininga post-hocTukeytestwith
ANOVA statistics This enabledan analysidbetweeragerangeqpost-hocTukeytest)and not
only by groupingthem (ANOVA). Interestingly ANOVA statisticpointedtowardgrowth
differencesn all groupswhilstthe post-hocTukeytestshowedhat only asmallpart of the
statisticabhssociationsvereefficientin detectinggrowth afterthe ageof 14.However since
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Fig 5. Comparison between the growth patterns of the height of the middle third of the face (n-sn) accord ing to different
fixed references. From the left to the right: zy-zy; ex-ex; pu-pu; and iris diameter.

https://bi.org/10.137Aournal.pon®©180330.g005

child abusecase®fteninvolvevictimsyoungerthan 14yearsold, the positiveoutcomesrom
thepresentstudyin the loweragerangesnaysupportthe Courtswith both technicaland sci-
entific evidenceagainsthesecrimes.

Despitebeingmore efficientfor ageestimationof subjectgyoungerthan 14,the proposed
methodstill detectedacialgrowth during post-pubertaktagesin fact,the resultsdiffered
from traditional findingsdescribedn theliterature[1]. Insteadof detectingthe endof facial
growtharoundthe ageof 16 (post-pubertabge)[12+14,32],the presenttudyverifiedresidual
facialgrowth betweerthe agesf 18and22.This growthwaspredominantlylocatedin the
heightof thelowerthird of theface(sn-gn,with 5.5%in subjectsagedl4+18yearsold; and
2.8%in subjectaagedl8+22yearsld) andwasfound to be statisticallysignificantaccording
to thepost-hocTukeytest. Theseesultsalsocorroboratethefindingsthatindicateearlydevel-
opmentof the neurocraniumcomparedo the esplanchnocraniunfil].

Themajor limitation of the methodpresentedn this studyconcernghe needfor facial
photographswith aminimum resolutionin thefaceareato enablethe correctmeasurement
of thediameterof the Iris andthe consequentalculationof ratios.Unfortunately these
imagesarenot commonlyfound during routine forensicinvestigationg33]. Despiteusing
2D imagesthe presentstudyhaspotentialapplicationnot only in 2D but alsoin 3D imaging,
particularlyin case$n whichreconstructionsaaremadeusingnon-standardizedmaging
[19].

Thefacialgrowth patternobtainedusingtheiris RMG is visuallyexpresseth Fig6,in
which differentproportionsandtimings betweerthe anatomicstructuresareillustrated
(accordingto growth outcomes)Moreover thisimagesprojectsthe growth patternas
avisualrepresentationtranslatingthe studyresultsto arealworld applicationof the
presentmethodin forensicpracticebincludingageestimationandfacialageprogression.
Boththis applicationsplayanimportantrole by givinganindication of the ageof the vic-
tims andsuspectsvolvedin child abusecasesaswell narrowingthe searchfor missing
children.
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Fig 6. Facial progression based on age from a standard photograph of a 6-year-old boy (above). Superimposition with the projection
of facial growth by considering the iris ratio for each measurement adopted in the study (below).

https://bi.org/10.137Aournal.pon®180330.g006

Conclusion

Thefacialmeasurementgquantifiedusingfixed anthropometricreferenceprovedto bea
potentialtool for the photographicstudyof facialgrowth,representingan alternativeto the
conventionaffacialindicescurrently usedin forensicinvestigations.
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Thediameterof theiris wasthe mostefficientfixed anthropometricreferencdor the detec-
tion of facialgrowth. Application of this anthropometricreferencen further studiess promis-
ing andbringsinnovativeperformanceo forensicpractice gespeciallyvith regardto age
estimationof victimsinvolvedin child abusecases.

Validation studieson the relativegrowth of anthropometricreferencesisingthis newly
describednethodareencouragedh differentpopulationsaswellin 3D imagesAdditionally,
its applicationmustbeextrapolatedo alternativeapplicationsn forensicanthropologysuch
asthe determinationof sexandancestrythroughfacialpatterns.
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