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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 faceÐspecific ally considering measurements of the diameter

of the iris (iris ratio)Ðfor 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�Š

(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 (6±22 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 growhomogenouslyovertime.Eachof themanyfacialstructures
developsin differentdimensionsanddirections[1, 2]. Consequently,thefacialanatomy
reachesdifferentproportionsdependingon age[1, 3,4]. Thisphenomenon,knownasallome-
try, is thereasonwhyachild'sfacedoesnot correspondto asmallerversionof anadult'sface.
Growthandalterationsin craniofacialmorphologyarousesinterestin manyfieldsof science,
especiallyphysicalanthropology[5±7]andgenetics[8]. In thesefields,morphologyismost
oftenstudiedin relationto evolutionaryprocess[9, 10]andmedicaltherapeutics[11±15].
However,nowadays,alternativeapplicationsof craniofacialmorphology,suchasin thescope
of forensicsciences,hasreceivedmajorattention.In this regard,forensicstudiesweredevel-
opedin thelastdecadeto investigatefacialgrowthasananthropometrictool for ageestima-
tion proceduresin casesinvolvingchild pornography[16,17].

Traditionalanthropometryisperformedby takingmeasurementsdirectlyfrom thesubjects
usingcalipersor measuringtapes.Clearly,this requiresacontrolledenvironmentaswellas
theconsentandcooperationof theexaminedsubjectÐwhichcanbeachallengingtaskwhen
childrenareinvolved[18]. Analysisof two-dimensional(2D) images,suchascephalograms
andphotographs,hasconsequentlyemergedasanalternativemethodfor investigationsin this
field.Amongthe2D techniquesusedfor imageacquisitionandanalysisof thehumanface,
photo-anthropometryremainsapopularapproachfor epidemiologicalandforensicstudies.It
consistsof landmarkingphotographsto enablethemeasurementof distances,angles,andpro-
portions[5]. Thesameprinciple isalsoapplicablein three-dimensional(3D) images[15,19].

A directcomparisonbetweenmeasurementstakenfrom differentphotographsisonly reli-
ableif theimageswereacquiredstandardlyor with metric references.In general,photographs
couldhamperanthropometricanalyses.However,anthropometricexamsarefeasibleif the
photographsaretakenfollowing thesameprotocol.In thiscontext,ratiosandanglesbetween
facialdistancescouldbecalculatedto allowananthropometricexam,evenin theabsenceof
metric referencesin theimage[20]. Yet,theratiosobtainedbetweentwo linearfacialdistances
culminatein indicesthatmayplayanimport part in anthropologyastoolsfor theclassification
of facialtypes[21].

In general,understandingthegrowthandalterationsin craniofacialmorphologyrequires
long-termlongitudinalstudiesthat registerhumandevelopmentfrom childhoodto adulthood
with director indirect measurementsof theface.Usinganinnovativeapproach,Ferrarioetal.
[15] conductedamixedlongitudinalandcross-sectionalstudyon thequantificationof growth
alterationsin craniofacialmorphologybyemployinganoninvasive3D assessmentthatused
camerasandinfra-redsensors.Differencesin growthtiming andfacialproportionsbetween
malesandfemalescouldbedetectedfollowing thisapproach.Otherauthorshavesimilarly
foundotheranthropologicalapplicationsfor theassessmentof growthalterationsin craniofa-
cialmorphology,namelytheageestimationof childreninvolvedin pornography[17].

On onehand,allometryenablesageestimationin forensicsciences.On theotherhand,it
limits theusefulnessof facialindicesfor thedetectionof differencesin growthproportions.
This is justifiedsincetheindicesarefoundedon two measurementsthataretakenfrom facial
structuresthatdevelopwithin differenttimings.In otherwords,theuseof indicesto assess
growthproportionsissimilar to estimatingsomeoneelse'scarspeedwhiledriving aseparate
car.In this context,theoutcomeis not therealcarspeed,but rathertherelativespeed
betweenbothcars.For thehumanface,theuseof indicesresultsin relativevariationsof
facialstructures[2]. Despitetheir relativenature,measurementstakenfrom thefaceare
closerto real-lifemeasurementsif morestablefacialstructuresareconsideredasreferences
in theindexequation.

Iris ratio for the analysis of facial growth
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Thepresentstudythereforeaimedto analyzetheallometryof humangrowthusingasetof
10facialmeasurementstakenfrom children,adolescents,andyoungadults.Thediameterof
theiris wasusedasreferenceto assessthecraniofacialvariationsin theremainingnine
measurements.

Material and methods

Sampling and facial analysis
Thesampleconsistedof 1000photographs,takenstandardly,of Braziliansubjectsaged
between6 and22years.Thesamplewashomogeneouslydivided(n = 200)into fiveagegroups
of 6,10,14,18,and22yearolds,with astandarddeviationof 1month in eachagegroup.The
photographswereselectedfrom adatabaseof theBrazilianFederalPolice.For inclusionin the
database,thephotographsweretakenfollowing theInternationalCivil Aviation Organization
(ICAO) guidelinesfor passportsandwerestoredin.PNG24-bit formatwith resolutionof
640�480pixels.In addition,thesameflashsystemandcameramodelwereusedfor all photo-
graphs,andpositioned1.5metersfrom thesubject'sface.Only photographsof subjectswith
neutralfacialexpression,closedlips,andheadpositionedstraighttowardsthecamerawere
selected.Photographsof subjectswith headrotation in thesagittal,axial,or coronalaxeswere
excluded,aswellasthosewith facialdeformationsor evidentasymmetries.Subjectswith facial
hair,adornments,andmakeup werealsoexcludeddueto incompletevisualizationof theface.

A cephalometricanalysisof all photographswasperformedbyasingleexaminer.To assess
intra-examinerreliability,asetof 100imageswereexaminedin duplicatebypositioning11
landmarkson pre-establishedreferencepoints(Table1) [22]. At thisstep,anon-commercial
softwarepackagedevelopedby theBrazilianFederalPolicefor 2D facialanalysis(SAFF-2D1 ±
ForensicFacialAnalysisSystem,Departmentof FederalPolice,Brazil)wasused.Thesoftware
registersCartesiancoordinatesin thex- andy-axesfor eachof thepositionedlandmarks.The
intra- andinter-examinerreliability of thelandmarkingmethodologywasalsoassessedprior
to thestudyandconsistedof theanalysisof 10photographsby threetrainedexaminers,three
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
(en)

The medial limit of the eye.

5. Ectocanth ion
(ec)

The lateral limit of the eye.

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

7. Iridion mediale
(im)

The most medial point of the rim of the iris.

8. Pupil (pu)a 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 ªwingº of the nose.

aNot described, but calculated as the arithmetic mean between the Iridions.

https://doi.org/10.1371/journal.pone.0180330.t001
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Calculation of absolute measurements
Oncelandmarkswereregistered,their coordinateswereusedto calculate10measurements
expressedin pixels.Amongthe10measurements,ninewereconsideredto bejustifiedfor the
presentstudyon thebasisthat theyarecommonlyusedto build facialindicesin anthropomet-
ric studies[17,18,21,22].Theremainingmeasurementcalculatedthediameterof theiris and
wasincludedasanewapproachfor anthropometricfacialanalysis(Fig1).

Relative Measurement Groups (RMG)
In orderto enabletheinvestigationof allometryamongthe10measurements,RelativeMea-
surementGroups(RMG) wereestablished(Table2).Thesegroupsallowedtheobservationof
growingdifferencesfrom 10diverseperspectives.Thisapproachwasfoundedon determining
afixedreferencemeasurementto build specificratios(similar to indices,but without express-
ing centesimalvalues)for eachgroup.Variationsbetweenmeasurementswereobservedasa
function of age.

Sincethisapproachis foundedon theanalysisof proportions,thefixedreferencevalue
couldbeselectedrandomlyfor eachgroup.However,themeanvaluesfor thereferencemea-
surementsfrom thetotal sample(n = 1000)wereusedto reachvaluescloserto theactualfacial
measurements.Oncethereferencevalueswereestablished,theimageswerescaledbasedon
thepercentagedifferencebetweenthereferencevalueandatargetvaluefor eachgroup(size

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://doi.org/10.1371/journal.pone.0180330.g001
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normalization);e.g.if theoriginal referencemeasurementrequiredenlargementbyafactorof
1.5to reachthetargetvalue,thesameenlargementfactorwasappliedto theremainingmea-
surements.Thisprocedurekeptthemetricproportionsof thephotographsunalteredand
enabledthecomparisonof differentfacialstructuresfrom thesameperspectivein eachRMG.

After establishingtheRMG,thevariablesin eachgroupwereconvertedto percentageval-
ues(anthropometricratios)of thereferencemeasurements(Table3).At thisstage,thesample
stratificationbyagerange(6,10,14,18,and22yearsold) wasusedto assessanthropometric
variationsduring ageing.Despiteknowingof thedifferencesin craniofacialdevelopment
betweensexes[1], thepresentstudydid not aim to investigatecraniofacialdevelopmentin
function of sexdimorphism.For that reason,thesamplewasanalyzedgroupedbysex.

Calculation of Relative Growth (RG) and Average Relative Growth
(ARG)
TheRelativeGrowth(RG)wasassessedfor eachagegroup,with theageof 6 yearsconsidered
astheªzeropointº, from whichpercentagevariationswereinvestigatedasafunction of agein
relationto theotheragesubgroups.OnceRGwasobtainedfor eachmeasurement,Average
RelativeGrowth(ARG)wasassessedby takinginto considerationthevaluescalculatedfor
eachRMG.

Table 2. Relative Measuremen t 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://doi.org/10.1371/journal.pone.0180330.t002

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

RMGa Fixed Measurem entb (n = 1000) Proportion al Measurements c (Anthropom etric Ratios)

1: zyzy 2: ecec 3: enen . . . 10: sngn

1 �Z�Y�Z�Y �Z�Y�Z�Y�2�-�'1 ˆ �Z�Y�Z�Y
�Z�Y�Z�Y

�E�C�E�C�2�-�'1 ˆ �E�C�E�C
�Z�Y�Z�Y �E�N�E�N�2�-�'1 ˆ �E�N�E�N

�Z�Y�Z�Y
. . . �S�N�G�N�2�-�'1 ˆ �S�N�G�N

�Z�Y�Z�Y

2 �E�C�E�C �Z�Y�Z�Y�2�-�'2 ˆ �Z�Y�Z�Y
�E�C�E�C

�E�C�E�C�2�-�'2 ˆ �E�C�E�C
�E�C�E�C �E�N�E�N�2�-�'2 ˆ �E�N�E�N

�E�C�E�C
. . . �S�N�G�N�2�-�'2 ˆ �S�N�G�N

�E�C�E�C

3 �E�N�E�N �Z�Y�Z�Y�2�-�'3 ˆ �Z�Y�Z�Y
�E�N�E�N

�E�C�E�C�2�-�'3 ˆ �E�C�E�C
�E�N�E�N �E�N�E�N�2�-�'3 ˆ �E�N�E�N

�E�N�E�N
. . . �S�N�G�N�2�-�'3 ˆ �S�N�G�N

�E�N�E�N

. . . . . . . . . . . . . . . . . .

10 �S�N�G�N �Z�Y�Z�Y�2�-�'10 ˆ �Z�Y�Z�Y
�S�N�G�N

�E�C�E�C�2�-�'10 ˆ �E�C�E�C
�S�N�G�N �E�N�E�N�2�-�'10 ˆ �E�N�E�N

�S�N�G�N
. . . �S�N�G�N�2�-�'10 ˆ �S�N�G�N

�S�N�G�N

aRMG: Relative Measurement Group;
bFixed Measurement: reference measurement used for calculating ratios obtained through the mean reference values of each group;
cPropor 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://doi.org/10.1371/journal.pone.0180330.t003

Iris ratio for the analysis of facial growth

PLOS ONE | https://doi.org/10.1371/journal.pone.0180330 July 7, 2017 5 / 19



Table4 detailstheprocessfollowedto quantifytheARGwhenusingthecraniofacialmea-
surement1 (zyzy)asreference.Analysisof thecolumnsallowsfor thevisualizationof the
proportionalgrowthof thezyzymeasurementwithin eachof the10RMGs,in eachof thedif-
ferentageranges.Zerovaluesin thefirst columnareexplainedby thescalingprocess,which
madethereferencemeasurementfixedfor all agerangesin RMG1(zy-zy).Thecodification
�ï%�� �� ���2

6� 10 canbeinterpretedasthepercentagevariationof measurementzy-zy,within
RMG2,whenconsideringthemeanvaluesobtainedfrom thecohortof 6 to 10yearolds
(6±10);thecolumnon thefar right showstheARGfor thezy-zymeasurementin eachage
rangeobtainedfrom themeanvaluesof therelativezy-zygrowth,byconsideringall RMGs
(i.e.ARG zyzy

6� 10, refersto theagerangeof 6±10years).Thebottomline of Table4 showsthe
cumulativerelativegrowthof zy-zyfrom 6 to 22yearsof age.

After ARGquantificationfor all measurements,arankingof therelativevariationswasper-
formedconsideringtheagerangesseparatelyandcombined(cumulativegrowth).In thispro-
cedure,positivevaluesindicatedpositivevariationsof aspecificmeasurementcomparedto the
meangrowthof theothers,while theoppositewasinterpretedfor negativevalues.

Themeasurementsthatusediris diameterasreference(RMG5)±proposedasanew
approachin thepresentstudyÐwereusedastheparameterto analyzevariationin theremain-
ing measurements.Basedon thisanalysis,anewrankingsystemwasdesignedto provideout-
comescloserto therealgrowthof themeasurementsconsidered.

Statistical analysis
TheKolmogorov-Smirnovtestwasusedto assessdatanormalityandtheIntraclassCorrelation
Coefficient(ICC) appliedto theevaluationof theintra- andinter-examinerreliability for posi-
tioning landmarksandperformingmeasurements.Descriptivestatisticswereusedfor initial
datascreening.Pearson'sCorrelationCoefficientwasusedto associatemeasurementswithin
eachgroupandage.Thestatisticaldifferencesin eachRMGwereassessedbyapplyingthe
ANOVA testasafunction of age(consideringthedifferentageranges).A Post-hocTukeytest
wasusedto searchfor statisticaldifferencesbetweenspecificagerangesandto verify theeffi-
ciencyof eachfixedmeasurementin detectingtherelativegrowth.

All statisticaltestswereperformedwith theSPSS1 21.0softwarepackage(IBM1 , New
York,USA),with considerationfor asignificancelevelof 5%andconfidenceintervalof 95%.
Researchdatabasesusedfor stasticalanalysismaybefoundwithin thesupportinginformation
filesS1±S6Files.

Ethics statement
Thepresentresearchwasconductedwith theapprovalof theCommitteeof Ethicsin Research
of theUniversityof S�o Paulo,underprotocolnumber17017213.0.0000.5440.Theimages

Table 4. Quantificat ion of the metric variation of measureme nt 1 (zy-zy) as a function of age and Relative Measuremen t Group to determin e the
Average Relative Growt h.

Measurem ent Age (years ) RMG1
zy-zy

RMG2
ec-ec

RMG3
en-en

. . . RMG10:
sn-gn

ARG

1. zy-zy 6 to 10 0 D% ���� ����
6� 10 D% ���� ���3

6� 10
. . . D% ���� ���10

6� 10 ��� ����
6� 10

10 to 14 0 D% ���� ���2
10� 14 D% ���� ����

10� 14
. . . D% ���� ���10

10� 14 ��� ����
10� 14

14 to 18 0 D% ���� ���2
14� 18 D% ���� ���2

14� 18
. . . D% ���� ���10

14� 18 ��� ����
14� 18

18 to 22 0 D% ���� ���2
18� 22 D% ���� ���2

18� 22
. . . D% ���� ���10

18� 22 ��� ����
18� 22

6 to 22 (cumulativ e) 0 �ï% zyzy���2
6� 22 �ï% �� �� ���3

6� 22 �ï% zyzy���10
6� 22 ��� �� ��

18� 22

https://doi.org/10.1371/journal.pone.0180330.t004
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usedto illustratethepresentstudywereacquiredandusedwith thesignedconsentof thepho-
tographedsubjectandhisrelatives.

Results
Thedatahereinstudiedpresentedwith anormaldistribution.TheIntraclassCorrelationCoef-
ficient revealedexcellentoutcomesfor thelandmarkingperformedin theintra- andinter-
examinerreliability tests,whichwereperformedprior to andduring theresearchproject
(ICC > 0.90;p < 0.001).Themeanandstandarddeviationof eachof thecephalometric
measurementsobtainedbeforesizenormalizationarepresentedin Table5.Thevaluesare
expressedin pixels,with malesandfemalesgrouped,consideringthefiveagegroupsandthe
completesample(6±22yearsold).

TheARGof eachmeasurementasafunction of theagerangesarepresentedin Table6.
Usingiris diameter,ARGreachedthelowestvaluesin all agegroupsin comparisonto the
othermeasurements.Positivevaluesindicateameasurementwith arelativegrowthhigher
thanthemeanvariationof measurements,whilenegativevaluesindicatetheopposite.The
iris valueswereconsistentlynegativeandwasthemeasurementleastalteredwith age.In the
cumulativeanalysis(6±22years),iris measurementsreachedavalue4.2timeslower(-14.83%)
thanthesecondhighestrankedmeasurement(en-en,-4.62%).

Table 5. Cephalom etric landmark measur ements expressed in pixels.

Measurem ent 6 years (n = 200) 10 years (n = 200) 14 years (n = 200) 18 years (n = 200) 22 years (n = 200) Total sampl e
(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://doi.org/10.1371/journal.pone.0180330.t005

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 10 to 14 years 14 to 18 years 18 to 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://doi.org/10.1371/journal.pone.0180330.t006
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Graphicalrepresentationof ARGprogressbetweenagegroups(Fig2) enablesaclearinter-
pretationof thedatareportedin Table6,showingthat facialmeasurementshaddifferentrela-
tivegrowthbetweentheagegroups.Someof thespecificmeasurementspresentedARGvalues
that rangedbetweenthepositiveand/ornegativescalefor thedifferentageranges(e.g.width
of theface:zy-zy),whileothermeasurementsconsistentlyremainedpositiveor negative,such
astheheightof thelowerthird of theface(sn-gn)andthediameterof theiris. Thecumulative
approachfor ARG(6±22yearsold) enabledtheconstructionof aproportionalgrowthrank for
eachof themeasurements(Fig3).Theheightof thelowerthird of thefacepresentedthehigh-
estpositivevalue(+9.41%),indicatingagreaterrelativegrowth,while thediameterof theiris
hadthemostnegativevalue(-14.83%),suggestingit is themoststablemeasurementof the
study.

Table7 expressesPearson'sCorrelationCoefficient(r) betweenageandtherespective
RMGmeasurements.Amongthe81possibilitiesexpressedin theTable(9�9), only two combi-
nationsresultedin verystrongcorrelation(0.8� |r| < 1) with age:thewidth of thelips (ch-ch)
in RMG8(n-sn),andthediameterof theiris in RMG9(n-gn).Themeasurementsreachedout-
comesthatweremoreconsistentlyandstronglycorrelatedto agewithin RMG5(Iris ratios),
reportingsevenvalueswith strongcorrelation(0.6� |r| < 0.8)andtwo with moderatecorrela-
tion (0.4� |r| < 0.6),amongninepossibilities.Apart from thesemeasurements,mostcombi-
nationsresultedin weak(0.2� |r| < 0.4)or veryweak(0 < |r| < 0.2)correlationswith age.
Consideringthemeanvaluesof thecorrelations(bottom line), it ispossibleto infer thatall
groupshadaweakcorrelationwith age,exceptfor thegroupthatusedthediameterof theiris
asreference(RMG5).

TheANOVA testindicatedastatisticallysignificantgrowth(p < 0.05)in all RMGs,for
almostall therelativemeasurements,andshowedmetricdifferencesfrom 6 to 22years.On
theotherhand,thepost-hoctest(Table8) indicatedthat thedifferencesin growthmainly took
placein thetwo lowerageranges(6±10,10±14yearsold),whileRGdetectionfell dramatically

Fig 2. Averag e Relative Growth of the 10 measureme nts studied accordi ng to an age-segmental analysis.

https://doi.org/10.1371/journal.pone.0180330.g002
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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
6 to 22 years.

https://doi.org/10.1371/journal.pone.0180330.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 GroupÐPea rson's Correlat ion Coefficien t (r)

RMG1:
zy-zy

RMG2:
ec-ec

RMG3:
en-en

RMG4:
pu-pu

RMG5:
Iris

RMG6:
al-al

RMG7:
ch-ch

RMG8:
n-sn

RMG9:
n-gn

RMG10:
sn-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

MEANb 0.32 0.37 0.30 0.33 0.64 0.25 0.23 0.24 0.34 0.23

a. 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://doi.org/10.1371/journal.pone.0180330.t007
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in theolderageranges(14±18,18±22yearsold). TheRMGthatemployedthediameterof the
iris asthereferencemeasurement(RMG5)wasthegroupwith moremeasurementscapableof
detectinggrowthin theageranges6±10,10±14,and14±18years.In theagerangeof 18±22
years,growthdifferenceswereonly observedfor sevenmeasurementassociationsout of the81
possibilitieswhenconsideringall RMGs(Table8).

Oncetheiris measurementwasobservedto offer thebestoutcome,it wasusedto evaluate
facialgrowthwith amoreaccurateperceptionof themetricchangesthatoccurin thefacial
structuresaccordingto age(Fig4). In subjectsagedbetween6±10years,mouthwidth wasthe
facialdimensionwith thehighestgrowthpercentage(10.9%).Yetin subjectsaged10±14years,
thenasalwidth presentedhighestgrowthpercentage(10.3%),while in subjectsaged14±18
and18±22years,theheightof thelowerthird of thefacewasthefacialdimensionwith highest
growthpercentageÐpresenting5.5%and2.8%growth,respectively.Theheightof thelower
third of thefacealsodisplayedthehighestgrowthpercentage(28.8%)in thecumulativeanaly-
sis(6±22yearsold). Thisgrowthpercentagewasmorethantwicethatof facewidth (zy-zy:
13.63%).

Discussion
Craniofacialgrowthisacontinuousmorphogeneticprocessthatmodifiesasetof relatedana-
tomic structuresin amorphological,functional,andbalancedmanner.Thisprocessisprimar-
ily exploredin thefieldsof anthropology,genetics,dentistry,medicine,andforensics[1, 8].
Allometry,whichis foundedon thecomparisonsof anatomicproportions,isoneof themech-
anismsfor examiningthecraniofacialgrowthprocess.Despitebeingmorecommonlyusedin
comparativeanimalbiologythanin humananthropology[2], allometryrecentlyemergedasa
potentialtool for forensicageestimation.

Accordingto theStudyGroupon ForensicAgeDiagnostics,standardparametersfor age
estimationarenecessaryto guidebestpracticesinternationally[23±24].Specialattentionis
givento agesof major legalimportance,suchas14,18,and21years[25±28].Asrecom-
mendedby theGroup,estimatedageshouldbebasedon threeindependentevaluations,
namely:1) clinicalexaminationusinganthropologicalaspectsandsexualmaturity;2) hand
andwrist examinationusingcarpalradiographs;and3) dentalexaminationusingpanoramic
radiographs[29,30].However,underspecialcircumstances,theonly evidenceavailablefor
analysisis aphotograph,in whichtheabovementionedguidelinesarenot applicable.Analy-
sisof thematurationof sexualtraitsmaybeconsideredwhenfull bodyimagesareobtained;
however,ageestimationthroughananalysisof sexualmaturationusingphotographsshould
not beconsideredfor forensicpurposes[17,30].This is primarily justifiedby thefactthat
outcomesmaybebiasedby intentionalmodifications,suchastheremovalof pubichair [16,
17].This typeof evidenceis mostcommonin cybercrimesinvolvingchild abuse.In these
crimes,victimsandperpetratorsmaybephotographed[30] andtheir facialtraitsmaycon-
tribute to crimecharacterization.Nevertheless,ageestimationthroughfacialphotographsis
achallengingprocedure.

Thesearchfor ageindicatorsthroughfacialtraits is justifiedbyCattaneoetal.[16]. The
authorsprovidedimagesof models(aged>18 yearsold) from apornographicwebsiteto 23
examiners,consistingof forensicexperts,pediatricians,gynecologists,andlaypersons.The
examinerswereaskedto estimatetheageof themodelsmentioningwhichphotographicindi-
catorof agecontributedmostsignificantlyin eachcase.Facialtraitsweredescribedasthe
mostcitedindicator,reaching64%of theforensicexperts'opinions.Thisoutcometriggered
further researchin this field, including thedevelopmentof methodologiesbasedon 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:
zy-zy

RMG2:
ec-ec

RMG3:
en-en

RMG4:
pu-pu

RMG5:
Iris

RMG6:
al-al

RMG7:
ch-ch

RMG8:
n-sn

RMG9:
n-gn

RMG10:
sn-gn

6 to 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 � � � � �

10 to 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 � � � � �

14 to 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 � � � �

18 to 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://doi.org/10.1371/journal.pone.0180330.t008
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Anthropometricindicesrepresentapracticaltool for analyzingtheproportionsof the
humanbody.Whenusedfor forensicpurposes,theymayprovideanindicationof age,sex,
andancestry[21]. Theseindiceshaveoptimalapplicationfor theseparateanalysisof anthro-
pometricmeasurements,suchasthedeterminationof sexusingtheischium-pubicindex.On
theotherhand,limitationsmaybefoundwhentheanthropometricanalysisdependson a
combinedsetof measurements,suchastheevaluationof facialgrowthÐin whichseveralana-
tomic structuresgrowsimultaneouslyandwith differenttimings.Thepresentstudydiffers
from thecurrent literature[2, 5,16±18]bysuggestingtheuseof fixedmeasurementsto verify
thevariationof all theotherfacialstructuresthatsurroundit. Thisapproachenablesacompar-
isonwithin andbetweendifferentsetsof anthropometricmeasurementsbycheckingtheir var-
iation accordingto age.

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://doi.org/10.1371/journal.pone.0180330.g004
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Theresultsobtainedusingthepresentmethodologyshouldbeanalyzedwith theunder-
standingthat facialstructuresdo not decreasein size.More specifically,generationof negative
valuessolelyindicatesthatoneanatomicstructurepresentedagrowthspeedslowerthanthe
fixedreferencemeasurement.Accordingly,agrowthrateof 0.00%mustnot betranslatedasa
lackof development,but ratherasaproportionalgrowthspeedbetweentwo facialstructures.
This interpretationismostapparentwhenobservinganARGrateof 0.00%for nasalwidth (al-
al) of the6 to 10yearolds.It indicatesthat thisanatomicstructuregrewin proportion with the
averagegrowthof all otherfacialstructures.However,from 10to 14yearsold (equivalentto
thegrowthspurt in thepubertyperiod),thesamestructure(al-al)showedthehighestaverage
growthrateamongall otherstructures.Bycontrast,theiris showedaconsiderablyloweraver-
agegrowthratein comparisonto theotherstructures.This thereforerepresentedthemoststa-
blestructurein thepresentstudy,asindicatedby thenegativevaluesfor theiris' RGratein all
thecomparisongroups.

Augusteynetal.[31] addressedthestabilityof theiris' dimensionsthroughagrowthanaly-
sisof eyeballsfrom patients(n = 541)agedfrom 0 to 104yearsold.Theauthorsobservedthat
thisstructurehasapredominantgrowthin thepre-natalstage,endingin thefirst yearof life.
Consequently,theiris trendsto maintainits dimensionsthroughoutlife.Driessenetal.[23],
2011,alsoobservedthestabilityon thedimensionsof theiris. Theauthorsdesignedastudy
with photo-anthropometryfor thepurposesof facialreconstruction.Thediameterof theiris
wastestedbasedon its applicabilityasacalibrationfeature.Specifically,theiris wasusedasa
fixedanatomicstructureto registerdifferentphotographsof thesamepersonthatunderwent
plasticsurgery.Despiteprovingusefulin thesepreviousstudies,thediameterof theiris isnot
commonlyaddressedin cephalometricanalysesfor anthropologicalpurposes,especiallyfor
ageestimationbasedon facialgrowth.Oneof thefewstudiesthatusedtheiris asaphoto-
anthropometricreferencewasmadebyGeorge[22], whichintroducedthetermsIridion med-
ialeandIridion lateraleas"��� �������	�" in thefield of forensicfacialanalysis.

Thehigherefficiencyof iris diameterasareferenceto detectmetricchangesin sub-adults
becomesmoreevidentwhenevaluatingRG,bycomparingthediameterof theiris with the
otherstructures.Taking,asanexample,thecumulativeRGof nasalheight(n-sn) (from 6 to
22yearsold) andestimatinggrowthusingthreeindices(n-sn/zy-zy;n-sn/ex-ex;n-sn/pu-pu)
found in theliterature[17,18],it ispossibleto reachthefollowinggrowthrates:8.4%,7.7%,
and4.8%,respectively.Whenthethreeindicesarereplacedwith measurementsrelativeto the
diameterof theiris (n-sn/iris), thegrowthrateincreasesto 23%(Fig5).Fromapracticalpoint
of view,thediameterof theiris asameasurementreference(iris ratio) wasmoreefficientn
detectingthegrowthof nasalheight,with results4.8timesmoreaccuratethaninterpupillary
distance,whichismoreoftenusedfor facialmetricanalyses.

Theresultsof thisstudyindicatethat thediameterof theiris maybeconsideredasaprom-
isingreferencemetric for theanalysisof facialimages,especiallyfor ageestimationbasedon
facialgrowth.Thepresentedfindingsareevenmorerelevantwhenconsideringthat theywere
achievedwith groupedsexesandwithin apopulationof highmiscegenation(Brazilian).The
strongcorrelationbetweeniris measurementandagein theBrazilianpopulationsuggeststhe
potentialapplicabilityof thismethodin amorehomogeneouspopulation,stratifiedbysex,
would tendto bemorediscriminatingfor agerangesandfacialstructures.

In comparisonto otherstudiesthathaveinvestigatedfacialproportionsfor ageestimation
[17], thepresentstudyappliedadifferentapproachbycombiningapost-hocTukeytestwith
ANOVA statistics.Thisenabledananalysisbetweenageranges(post-hocTukeytest)andnot
only bygroupingthem(ANOVA). Interestingly,ANOVA statisticspointedtowardgrowth
differencesin all groups,whilst thepost-hocTukeytestshowedthatonly asmallpartof the
statisticalassociationswereefficientin detectinggrowthaftertheageof 14.However,since
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child abusecasesofteninvolvevictimsyoungerthan14yearsold, thepositiveoutcomesfrom
thepresentstudyin theloweragerangesmaysupporttheCourtswith both technicalandsci-
entific evidenceagainstthesecrimes.

Despitebeingmoreefficientfor ageestimationof subjectsyoungerthan14,theproposed
methodstill detectedfacialgrowthduring post-pubertalstages.In fact,theresultsdiffered
from traditional findingsdescribedin theliterature[1]. Insteadof detectingtheendof facial
growtharoundtheageof 16(post-pubertalage)[12±14,32],thepresentstudyverifiedresidual
facialgrowthbetweentheagesof 18and22.Thisgrowthwaspredominantlylocatedin the
heightof thelowerthird of theface(sn-gn,with 5.5%in subjectsaged14±18yearsold;and
2.8%in subjectsaged18±22yearsold) andwasfound to bestatisticallysignificantaccording
to thepost-hocTukeytest.Theseresultsalsocorroboratethefindingsthat indicateearlydevel-
opmentof theneurocraniumcomparedto theesplanchnocranium[1].

Themajor limitation of themethodpresentedin thisstudyconcernstheneedfor facial
photographswith aminimum resolutionin thefaceareato enablethecorrectmeasurement
of thediameterof theIris andtheconsequentcalculationof ratios.Unfortunately,these
imagesarenot commonlyfound during routine forensicinvestigations[33]. Despiteusing
2D images,thepresentstudyhaspotentialapplicationnot only in 2D but alsoin 3D imaging,
particularlyin casesin whichreconstructionsaremadeusingnon-standardizedimaging
[19].

Thefacialgrowthpatternobtainedusingtheiris RMGis visuallyexpressedin Fig6, in
whichdifferentproportionsandtimingsbetweentheanatomicstructuresareillustrated
(accordingto growthoutcomes).Moreover,this imagesprojectsthegrowthpatternas
avisualrepresentation,translatingthestudyresultsto arealworld applicationof the
presentmethodin forensicpracticeÐincludingageestimationandfacialageprogression.
Boththis applicationsplayanimportant roleby givinganindicationof theageof thevic-
tims andsuspectsinvolvedin child abusecases,aswellnarrowingthesearchfor missing
children.

Fig 5. Compa rison 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://doi.org/10.1371/journal.pone.0180330.g005
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Conclusion
Thefacialmeasurementsquantifiedusingfixedanthropometricreferencesprovedto bea
potentialtool for thephotographicstudyof facialgrowth,representinganalternativeto the
conventionalfacialindicescurrentlyusedin forensicinvestigations.

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://doi.org/10.1371/journal.pone.0180330.g006
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Thediameterof theiris wasthemostefficientfixedanthropometricreferencefor thedetec-
tion of facialgrowth.Applicationof thisanthropometricreferencein further studiesispromis-
ing andbringsinnovativeperformanceto forensicpractice,especiallywith regardto age
estimationof victimsinvolvedin child abusecases.

Validationstudieson therelativegrowthof anthropometricreferencesusingthisnewly
describedmethodareencouragedin differentpopulations,aswell in 3D images.Additionally,
its applicationmustbeextrapolatedto alternativeapplicationsin forensicanthropology,such
asthedeterminationof sexandancestry,throughfacialpatterns.
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