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Abstract Knowlcdge of  stature  is necessary  fbr evaluating
nutritional  status  and  for correcting  certain  functional

parameters. Measuring stature is diMcult or impossible in
bedridden or wheelchair-bound  persons and  may  also be

diminished by disorders of  the spinal colurnn  or extremities.

The purpose of  this worl( is to dcvelop cstimation  equations

for young  adult  athletes  fbr their subsequent  application  to

disabled persons, The  main  sample  comprised  445 male  and

401 fernale sportspersons.  Cross validation  was  also perfbrmed
on  100 males  and  1Ol females, All wcrc  Caucasian, the niales
being over  21 and  the females over  18, and  all practiced some

kind of  sport, The fo11owing variahles  were  included: staturc,

sitting height, arm  span,  and  lengths of  uppcr  arm,  fbrearm,

hand, thigh, lower leg, and  foot. Simple and  multiple

regression  analyses  were  perfbrmed using  statute as a

dependent variable  and  the others as predictive variables.

The bcst equation  for ma]es  (R2=O.978; RMSE==1.41cm;
PE==1.54cm) was  stature: 1.346+1.023*lower leg+O.957*
sitting height+O.530*thigh+O.493*upper arm+0.228*

fbrearm. For females (R2=:O.959; RMSE=:1.57cm;  PE=l.25

cm)  jt was  stature:  1,772+O.l59*arm  span+O,957;r:  sitting

height+O.424 * thigh+O.966 * lower 1cg. Altern ative equations

were  developed for when  a particular variable cannot  be
included for reasons  of  mobility, technical dithculty, or

segment  loss, J PIlysiot Anthffvrpol 28(Z): 7i-82, 2009
http:/lwww,jstagejst,go,jpft)rowseijpa2
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Introduction

  Stature or standing  height is defincd as the distance between
the head vertex  and  the standing  surface, Its dimension
depends on  the length of  various  segments:  cephalic,  spinal,

pelvic, and  lower limbs. It is considerecl  to be one  of  the  most

important indicators ofbedy  size,

  Adult hurnan stature is the rcsult of a multifactorial

biologicaL process. Determining factors (polygenic inheritance)
define the physiological potentia] while  cnvironmental

conditions  (nutrition, climate, oxygen,  affbctivity) and  thc
degrec of  environmenta1  adaptability  wi]1  determine to what

extent  this potential is realized. Growth fo11ows a specific

pattern which  is genetically controlled  in which  body
segments  grow  at  different rates fo11owing a  cranio-cauda1

sequence,  As  a  result  the proportion between body segments

changes,  Consequently the  influence that the varjous  factors

have on  the length ol' body segmcnts  will vary  depcnding on
when  they interact, providing a greater or lesser pertbrmancc
from a biomechanical viewpoint,  The regulation  of  all the
factors involved in this process is known as  whole-body

coordination  (Kouda, 2005; Iwanaga, 2005), Changes recorded
in stature (secular trend) of various  populations at difTercnt
times in their history are a true refl¢ ction of erwirormiental

conditions, stature being considered  an  index of  wclfare  and

socioeconomic  progress (Fogel, 1994; Eveleth and  Tanner,
1990), In Japan it has been confirmed  that the increase in
height in recent  years is main)y  due to an  increase in the length

ofthe  lower limbs (Tanncr et al., 1982; Ohyama et al., 1987),

  It is sometimes  diencult to measure  stature accurately  in
debilitatcd people such  as the elderly or the sick when  jt is
impossible to put them  in the right  position. In other  cases  the

problem is due to lowcr limb amputations  caused  by accident

or  disease, These people tend to be bedridden andfor  move

with  thc aid of  a  whcelchair,  prosthesis, or crutches. Finally,
stature may  be diminished by disorders either  in the spinal

colurnn  (osteoporosis, kyphosis, or scoliosis) or  in the lower
limbs (contractures), and  may  also  bc duc to the effect

of  aging, Since the determination of stature is necessary

for medical  assessment  and  nutritional control, regression

equations  have been developed to estimatc  it from other

anthropometric  variables  that are casy  to obtain  and  are ctosely

related  to stature  (Hanis and  Bcnedict, 1918; Forbes, 1974;
Knudson et  al., 1976; Frisancho, 1984; Golshan et al., 2003;
Engeland et  al., 2003).

  These techniques  originate from fbrensic anthropologM

rcsponsible  for the  identification of  human remains,  One of

two basic methods  is used:  either the anatomical  method  bascd
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on  the direct reconstruction  of stature, or the mathematical

methoq  based on  thc correlation between skelcta]  components

with  stature, either by applying  a  multiplication  factor (hcight
divided by bone length) or  regression  equations  (Nath and

Badkur, 2002). A  fbrerunner o'f these techniques is tbe study  of

skeleta[  proportions, such  as  the work  prescnted to the French
Acadcmy  of  Sciences by Sue jn the 18th century  (Villanueva
and  Castil]a, L998), However, the first tabtes for the estimatio"
of  stature, based on  the length of  the 6 long ]imb bones, date
back to 1888 and  the woTk  of  the Frenchman  Rollet,
subsequently  modified  by ManouvTier  (1 893) and  Karl Pearson

(1 899) (in Trotter, 2004), The mest  irnportarit development in
this field was  made  by 1[lrottcr and  Glcser (1958, 1977), who

estimated  stature from the length oflong  limb bones as  part of
a study  of  the identification of VVbrld War 2 and  Korean War
goldier$.  Other works  include those of Dupertuis and  Hadden

(1951), Genoves (1967), Tblkka (1950), and  more  recent]y  the

work  that Nunes de Mendoga (1998) carried  out  on  a

Portugucsepopulation.

  The first equations  for estimating  thc height of  living people
for practical application  weTe  dcveloped by Zorab, PriiTte, and

Harrison in ]963. Their work  was  based on  a sample  of 177
children  ofEuropcan  cxtraction of  both sexes  with  a mean  age

of  12.8 years. Thc work  arose  from the need  to cvaluate

pulmonary t'unction in children  and  young people suffering

from short  stature  due to spinal  column  disordcrs, tbr whom

normal  age,  gendeg  and  height references  were  not  valid.

Length oftibia was  used  as a predictive variable,

  Since then the field of  application  of  stature  estimation  has
widencd;  it is no  longer the sole  province of  archaeology  and

forensics but is also  used  for living peTsons. Accuracy  in
stature  estimation  depends to some  extent on  the specificity of

thc samples  on  which  the estimation  is based and  can  be
infiuenced by such  factors as age  range,  sex, ethnicity, and

socioeconornic  level. This explains  whM  over  the years, a

number  of  authors  have developed equations  to bc applied  to

various  speci[ic  subpopulations  (Saxena, 1984; Bhatnagar, ct

al., 19g4; Hibbert et al., 19g8; Stccle Emd  Chenier, 1990; Giles
and  Val]andigham, 1991; Gordon and  Buikstra, 1992; Singh
and  Phookan, 1993; Jarzem and  C}ledhill, 1993; Brewn et al.,

2000).

  Perhaps the most  important work  was  done by Chumlea, et
a]. (1985), who  used  the measurernent  of  knee height to

estimatc  thc stature of men  and  womcn  from 60 to 90 years
old.  Later, Chumlea  et  al. (1994) dcveloped equations  that

were  applicable  to the adult  and  infant population, using  a

sarnple  from National Hea[th Examination Surveys CN HES)  I,

Il, and  III conducted  between 1960 and  1970, More  recently

still, in 1998, they  widenecl  their study  and  developeci
equations  for the c]derly US  population (over 60 ycars old).

  Onc ef the areas in which  stature estimation  equations  may

be applied  is for pcrsons with  a  physical disability whose

staturc  cannot  be mcasured  by conventional  methods  due to

disorders of the spinal colurnn  or  the extrernities or  because
thejr stature may  be undcrestimated  duc to thosc disorders.

Since Ludwig Guttman (1944, Engtand) introduccd
competitive  sport as an esscntial part o'f the medical

rehabilitation of  his patients with  spinal  cord  lesions, many

disabled people have cngaged  in physical activities, ranging

from purely recreatienal  activities to top-level compctition.

  The hypothesis under  study  is that new  predictive equations

with bettcr correlation  coeMcients  using  more  anthropometric

yariables  ean  be developed fbr use  with  young adult

Caucasians, and  that the predictive capability ofthe  equations

cmi  be increased by this association of  variables.  Since it is

sornetimes  impossible to measure  a  given vaiiable,  cither due
to a  lacl< of  any  reliable  rneasuring  device or due to thc naturc
of  thc disability itselC we  believe it is important to provide
alternative equations  with  different variables  so  as  to be abte  to

choose  the best onc  l'or each  particular casc.  Thus  the objective

of' this paper is to develop stature  estimation  equations  based
on  body segment  lengths of young adult sportspersons,  to be
applied  in thc field of functional assessment  for pcrsons with

physical disability,

Methods

Subjects

  The  study  was  conducted  on a sample  comprising  a total of

1047 sportspersons,  545 male  and  5e2 fernale, All these
sportspersons  competed  at a national  and/or  internationul Level.

The mean  age  ofthc  male  sample  was  25.7± 3.9 years and  that

of  the lernalc sampLe  was  23.1±4.8 ycars. Thc  trajning profilc
of  the group under  study  was:  11± 4.8 years of  training,

5,7± 1,] days a week,  and  3.5± 1,2 hours a day for thc ma]es;
and  9,S±4.6 years of  training, 5,5± 1.1 days a  week,  and

3,3 ± 1 ,4 hours a day for the females.

  The samp]e  were  all Spanish sportspersons  who  had been to
a sports  mcdical  check-up  at the Medical Center of  the High
Council fbr Sports betwcen the years 1999 and  2006. The age
range  for males  was  from 2l to 40 ycars old,  and  for females
from 18 to 40, All were  Caucasian and  any  person suffering
ftom syndromes  associated  with  disorders in stature and/or

body proportions was  exc]uded.

  Thc samplc  was  divjded into two  groups: a  first group to
obtain  the regression  equations  and  fbr simple  validation,  and  a

smaller  group for cross-vaHdation,  The twe groups were

formed by random  selection  from arnong  the various  sports.

  The first group comprised  846 sportspersons:  445 malcs  and

401 females. In the male  sample  the folluwing sports  were

represented:  athletics  (n= 157), badminton (n==5), basketball

(n=35), boxing (n;25), canoeing  and  kayaking (n=19),
t'encing (n==13), gynmastics <g), gotf (n=3), field hockey

(n-:15), indoor football (n=:20), judo (n=:58), karate (n=9),
kickboxing (n=17), lifesaving (n:::1), Olyrr]pic shooting

(n=25), swijnming  (n=I3), taekwondo  (n==3), tennis (n=t),
and  wrestling  (n= 18), Tbe  female sample  comprised:  artistic

skiing  (n=2), ath]eti'cs  (n=91), badminton (n=6), basketbal]

(n=16), baseball (n=1), boxing (n=2), cross-country  skiing

(n=5), cyc[jng  (n=2), fencing (n=11), field hockey (n=50),
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golf(n==2), gymnastics (n=:19), judo (n==69), karate (n=7),
kayaking (n==2e), kickboxing (n=1), mountaineering  (n=1),
Olympic  shooting  (n=28), orienteering  (n=1), rowing  (n=7),
skating  (n=1), soccer  <n=1), softball  (n=3), squash  (n=2),
swirmning  (n=34), taekwondo  (n==8), tennis (n:=1), and

wrestling(n=10).

  201 sportspersons,  100 males  and  101 femalcs, took part in

the cross-validation  study, The male  sarnple comprised:  alpine

skiing (n=1), archery  (n=4), handball (n=1), cross-country

skiing  (n=3), cycling  (n:=16), motorcycling  (n=1),
oricntccring  (n=5), paddleball (19), rugby (12), sailing (n=3),
triathlon (n=33), and  weight  lifting (n=2), In the female

sample  the fo11owing sports  wcre  rcpresented:  alpine skiing

(n!1 1), archery  (n==7), handball (n=18), paddleball (n== 19),
triathlon (3O), and  weight  lifting (n=16).
  All the sportspersons  sigried  an  informed conscnt  fbrm
authorizing  the use  of  their data for research  purposes provjded
confidentiality be maintained.

ILfeasu"wments

  The  aiithropometric  technjques employed  were  standardized

by the International Society for the Advanccment  of

KinanthropoTnetry (ISAK) and  the author  of  the work  was

ISAK-certified at  Level 3 or Instructor level. The protocol was

perfbrmed first thing in the morning  to avoid  diurnal variation

'tnstature.

  Thc  anthropometric  variables used  in the stature  estimation

were:  stature,  sitting  height, arm  span,  upper  arm  length,
fbrearm Eength, hand length, thigh  length, lower leg length, and

foot ]ength. Body weight  was  also  includcd to complete  the

anthropometric  study.

  The anthropometric  cqujpment  consisted  of the fo11owing
itcrns: scalcs,  fbr measuring  body wcight  (Seca Delta
digital model,  weighing  capacity  from O.]kg to 360kg); a

stadiometer,  for measuring  stature (from Holtain Limited, with

a measuring  range  of 700 mm  to 2,200 mm,  accurate  to 1 mm);
a  sitting  height table (from Holtain Limited, with  a mcasuring

rangc  of  300rmn to 1105mm, accurate  to 1mm); an

anthropometer  in cam,as  bag (from GPM  Sibcr Hegner

Machinery  Limited length of  scale  O-2100mm,  accurate  to

1 mm),  and  a  measuring  board for measuring  arm  span  (madc
by thc anthropometry  dcpartment using  millimeter  graph
papeT),

Data analysis

  All the values  obtained  were  analyzed  by descriptive
statistics. Sexual dimorphism analysis  was  performed using  the

Stuclent's t-distribution for unpaired  data, and  significant

ditfercnce was  considered  to be psO.05,
  The relationship bctween variables was  expressed  using

Pearson's corre[ation  coeMcient  (r) ana  afier checking  for
statistical  significance  (pSO.05), the corresponding  regrcssion

cquations  were  determined and  validated  by simple  and  cross

va]jdation, Stature was  considercd  as  the dependent response

variable (y) and  the othcr  lengths as  the prcdictive or

independent variables  (x). Firstly a  simple  regression  was

perfbrmea then a rnultiple regression  was  run associating two

or more  predictive variablcs. The stepwise  regression  rnethod

was  used,  in which  each  variable  is evaluated  according  to its
contribution  to the R2 and  is only  included if it is statistically
significant.  Three diferent cases  were  considered  to decide

which  variables to include. In the first case,  where  the subject

was  only  incapable of  standing, all thc prcdictive variables

were  included. In the second  case, where  the subject was

unable  to keep the trunk erect, sitting height was  excluded  and

the remaining  variablcs wcrc  included. In the third case,

involving amputations  or  segmcnt  loss in addition  to one  of  the
above  circurnstances,  the relevunt  variab!es  were  excluded

from the study  according  to thc type  efdisability.

  To asscss thc accuracy  of  the estimation  equations  a simple

validation  was  performed using  the root mean  squure  crror

(RMSE), while  cross  validation  was  uscd  to assess  the

accuracy  of  the estimation  equations  for the second  group of

sportspersons  in order  to calculate the pure error (PE).
  Student's t-distribution was  uscd  for paired data to compare
thc hcight estimated  by our  equation  and  by cquations  from
other  authors.  The  tec'hnical error  of  measurement  (intra-
observer  TEM)  was  determined for 20 of the subjects  and  was

found to be within  the range  estab]ished by the ISAK.

Results

AnthropometricschaFucteristics

  First, all the data frorn the  anthropometric  variabies of

the sarnplc wcre  analyzed,  i.e., fbr thc 1047 sportspersons

(545 males  and  502 females). The general anthropornetric

characteristics are  shown  in Table 1, where  we  can  sce  the

mcan,  the standard  deviation, and  the range.

  Thc  distribution of  staturc values  (stature being the

anthropometric  rncasurement  which  wc  use  as our  dependent
variable  in the regression  analysis) fbr both male  and  femalc
samplcs  is shown  in Fig. 1 , In males,  stature  varied  betwecn a
minimurn  of  150.4cm  and  a maximum  o'f 208.1 crn (meun:
179.4cm). In females, stature values  varied bctwccn a

minimum  of  147.4crn and  a  maximum  of  196cm. (meap:
166.5crn),

  Table 2 shows  the same  statistics for the various  body
segment  variables: lcngth of uppcr  arm,  forearTn, hand, thigh,
lowcr leg, and  foot,

  All thc anthrepemetric  dimensions measured  direetly
showed  statistically significant differences betwccn males  and

femalcs, wjth  ap<O.OOOI  for both sexes,  with  females having
a rower mean  value  for all the above-mentioned  parameters
than  mtt]es,

Simpie linear regression

  First we  constmctcd  a correlation  matrix  (TleLble 3) to see

how  closety the above-mentioned  variab]es  were  interrelatca
using  the Pcarson correlation  coe'encjent  (r). Then  we

perfbrmed a simple  ]inear rcgression  analysis  on  each  of  the
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  Table 1 General anthropometric  characleristics  oftotul  samplc

r..

  Males(n==S45)

    Y.ettn
    Range

  FemalesCn=502)

    Mean

    SD

    Range

Age WeightStatul'eArm  spanSittingheightLengt]i
 oflowerlimb

25,7

 3.922.3

23,1

 4.823,6

76.1
 l5,1165,1

60.8
 1L2912

179.4
 9.157.7

166.5
 7.64g,6

!g32
 10,O64,8

167,7

 8JS6.3

94,4

 4.124.8

882

 3.523.2

85.0

 5.73g.3

78,3
 4,831,6

Age (ycurs), XVbight (kg). Other variablcs'  valucs  in cm

Table

{ijl)l14Sasd;21iofbltA.th1ge.{ISQ)I2slpiteSojbpte
 itsEliby/gbj#vbybybyts,fovi-eif;)sr>j,;geJ2vrk{esippm

            Males Females

                    Fig. 1 Distribution ofstature  (,cm),

2 Body segment  lengths of  sub.iects (cm)

Upper armForearm Hand ThighLowerlegFeot

Males{n=545)

  Mean

 SD

 RangeFcmales(n=S02)

 Mean

 SD

 Runge

33.92.1142

3L3

 1,911.9

262

 I.710.S

231

 1,5

 9,2

19,6

 Ll6,4

l7.9

 .95.5

45,6

 3.119.8

42,8

 2.817.6

39,8
 2.918.5

36,8
 2.516.2

26,7
 1.6
 9.9

24.1

 1.3

 8.S

independent variables (X), and  the dependent variable, stature

(N). As  goodness-ofifit parameters for our  modcl  we  use  thc
coeMcient  of  determination R2 and  root  mean  square  error

RMSE  (Simple Validation), and  pure error PE  (Cross
VilidatiQn),

  The  results are displayed in Figs, 2 and  3, showing  the
regression  straight lines (p<O.OOOI). The  equations  are

cxpressed  as  fo11ows, S n?.,,f: S (simple regression), nO (order
number),  m  (male) or  f(female) according  to sex.

Multipte linear ragression

  For thc first case  wc  start  by pcrfbnning a  multiple  linear
regression  on  stature  with  arun  span,  sitting  height, and  direct
lower lirnb lengths, Foot length was  not included as it does not
increase reliability. In all the steps, p was  statistically

significant with  a value  <O.OOOI.  The process was  then

repeated  but this time the arm  span  variable was  replaced  by
direct upper  limb lengths: upper  am,  forearm, and  hand
lengths, with  ap<O.OOO1.  In this model,  hand and  foot lengths

(in ma[es)  and  fbrearm and  hand  lengths (jn femalcs) were  not

                          NII-Electronic  Mbrary  
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Table 3 CorrelationManix:Pearsoncorrclationcoeencicnt

1 2 3 4 s 6 7 8 9

Staturc Cl)
Arm  span  (2)
Sitting hcight (3)
Upper arm  (4)
Foreurrn (5)
Hand  (6)Thigh

 (7)Lower
 leg (8)

Foot C9)

1.00
 .93
 .90
 .89
 .86
 .78
 .gg
 ,92
 .85

1.00.82,92.90,84.g2,88.85
1.00,74.72,70.73.73.78

1,OO.84,73.80.86.77

1.00,79.76.86.79
1,OO

 .68
 .7S
 ,83

1.00,84,73
1.00.81

1.00

males

1 2 3 4 5 6 7 8 9

Stature(1)
Arm span  {2)
Sittingheight(3)
Upperarm(4)
Forearm  C5)
Hand{6)Thigh

 (7)Lower
 ]eg (8)

Foot (9)

l.OO.91.86,85.g2,73.83.88.77

1,OO.70.91.90.81.81

 .88
 ,76

l.OO.63.62.64.59.62.67

1,OO.82,72.76.84.66

1.00.73

 ,75
 .84
 ,68

1,OO

 ,6'1
 .67
 ,80

1.00.81.62

1.00.70

1.00

females

included as they do not  incr¢ ase  statistical  significance.

  For the second  case, when  sitting height could  not  bc
measured  properly due to the subject not being able te sit up
straight  or  moye  from a  lying position, we  performed a

regression  model  that excluded  that variable,  using  direct lower

limb lengths and  arin  span,  or instead of  t]ie latter, direct upper

limb lengths.

  Final]y, for the third case,  invo]ving amputations  or  loss

of a  limb or  body  segment,  with  or  without  the possibility
of measuring  sining  hcight properlM we  performed
multiple  regression  analysis by using  the predictive variablcs

corresponding  to each  particular case.

  Tlables 4 and  5 show  thc equations  developed for the various
cases,  ranked  from greater to lesser accuracy  and  precision.

Discussion

  The sample  used  is large and  reprcsentativc. It inclucles
a  great many  different sports, and  each  anthropometric

measurement  ltas a wide  range  of  vaiiation. The choscn  age

range  (over 18 in females and  over  21 iii males,  and  under  40
in both sexes)  provides tt group with  anthropometrjc  variab[es

that are fu11y develeped but not  yet afft)ctcd  by aging.  We

consider  this to bc fundarnental fbr estimating  stature,  as  it
would  not  be right to corre]ate lcngths in samples  that included
either  subjects  stjll growing and  developing, or adults  of

advanced  age.  The  study  is also  contemporaneous,  taking  in

ar!threpometric  research  carried  eut  between  1999 and  2006.

There is a secular  trend in the evolutjon  of  a  nirmber  of

anthropometric  variables  that makes  it llecessary  to revise

certain rcferences  obtained  in the past, which  may  have altcrcd
ever  time, When  comparing  the rnean  height we  obtained  with

the Spanish rcference  ofHernandez  et  al, (1988) for 18-year-
old  malcs  and  females, we  can  see  that thc males,  with  a mean

height of  179.4 cm,  exceed  the reference  height of  175,6 cm  by
3.8 cm.  Meanwhilc  in our study  the females had a mean  height
of  166.5 cm,  5.24 cm  taller than the general female populat{on
(161.26cm). In other words,  sportspersons  are taller than

sedentary  people although,  as we  mentioned  the fact that the
rcfercnce  values  were  obtained  ten years befbre our  study  rnay

have a  bearing on  this djiierencc.

Stature estimation  equations

  Stature estimation  is based on  thc relationship  between
height and  certain anthropometric  variables.  In ancient  t{mes

artists sought  an  ideal "canon
 of  proportions" governing the

proportions of the humap body. They  calculated  height from
the length of  thc head estirnating it to be the length of  bctween
6 and  10 heads, Hffwever, the Iength of the head is not  a

variable used  by scientists, who  consider  only  postcrania]
measurements  to be stature reiated.

  With rcgard  to forensic studies, the measurements  that

previde the best correlation are those based on  the length of
thc long bones, fbllowed by lcngth of  the spinal column,

The first mcasurements  correspond  in cxternal  eT surface

anthropometry  to the length of  the segments  ofthe  extrcmities,

and  the second  to the sitting  height. Of the cxtreinity  bones,
the lowcr limb bones give the best correlation,  The results  vary
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according  to racial group and  sex: for Caucasian malcs  it is thc Caucasians perhaps the most  interesting are those of  Nunes de

femur fbllowed by the fibula that give the  smal]est  estimation  Mendoza  in 1998, applied  to a  Portuguese sample  (1OO males
error,  while  in Caucasian females the  order  is first the fibula, and  100 fernales) aged  between 20 and  59 years, estimating

second  the tibja, and  then the femur. With  regard  to upper  limb stature  using  femur and  huinerus length. The mean  reference

bones, in both sexes  the humerus giyes the best correlation height is]ower than our  Spanish sarnple; 168cm and  156cm,

(TrotterandGleser, 1958, 1977).Ofpresentdaycquations fbr for ma[es  and  females respective]y, The  eQefTlcient of
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dctcrmination (R2) for the femur (at physiological length) was
O.74 and  O.77, fbr males  and  females respectively, The

equivalent  in our  work  would  bc thigh length, where  in males
we  obtained  a  similar  value  (O.77), while  for females it is lower

(O.68), In thc case  ofthe  humerus, values  ofO,61  and  O.60 for
rnales  and  females respectively  are  lower than  our  equivalent

coeMcients  for uppeT  arm  length (O.79 and  O.72).

  In our height correlation matrix  (Thble 3), ranked  in ordcr
from highest to towest correlation,  we  find: arm  span,  lower leg

length, sitting height, uppcr  arm  length, thigh length, forearm
length, foot length, and  lcngth of the hand. In all variables

fema]es gave lower correlation valucs. It shou]d  be noted  that
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Table　4　Regrcssion　equations 　on 　male ．　sample
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thigh length (equivalent to femoral length), which  in forensic
medicine  studies  gives a  better correlation  than  upper  arm

length (equivalent to humeral length), in our  sarnple gives a
worse  correlation  than  upper  arTn  length, especially  in females,

With  regard  to lengths of  extremity  scgments,  lower leg length

has the greatest degrcc of  correlation  with  the other  lengths:
O,86 with  upper  arm  and  forearm lengths, and  O,84 with  thigh

length. Hand  Iength correlates  bctter witb  arm  span  and  foot
length than with  stature, while  foot length correlates equally
well  with  height and  arm  span, and  with  hand length a littlc
worse.

  There is sexual  dimorphism in the proportion of  body
segments,  with  females providing lower correlations than
males.  This difference may  be due to both genetic load and  the

degree ofadaptability  to the environment.

Egtimation u,sing simple  iegression

  Using simple  linear regression  we  find that the iso]ated
variable  yielding the lo",est error is arm  span  (equations Sl.

and  Slf), w{th  a  coe'encient  of  dctcrrn{nation R2 of  O.864 in

males  and  O.820 in fernales. Another equation  based on  arm

span  is the onc  developed by Hibbert ct al. (1988), not

comparable  with  our  study  due to the different age rangc  (8 to
18 years old), In 1990, Steele and  Chenier developed another
equation  fbr females from the USA  i'n whieh  age  was  used  as  a

predictive variable  together with  arm  span.  The model  involved
females from 35 to 89 years old,  and  had an R2 ofO,903,  Their
sample  of  298 females with  such  a  broad age  rangc  raises

doubts as  to whether  the size  of  thc sample  is representative  for
each  age  range,  as well  as whether  it is valid  for people undcr
35 years ofagc.  With regard  to Jarzcm and  Gledhill's equation

(1993), there are a number  of  points which  lead us  to the

conclusion  that it is unreliable, not  the least of which  is the size
of  the saniple (only 61 rnales and  58 females, all CaRadian)
combined  with  a  very  broad age  range  (from 6 months  to 56

ycars old),  which  means  that the heights of  children  who  are

still growing and  deveLoping, cach  at thejr own  particular stagc

of  maturity,  are being correlated  with  those of  pcople who

are  aiready  aging,  making  their coeencients  of  determination
high but incorrect, Furtheitrnore, neither  agc  nor  degree of
maturity  were  accountcd  fbr in thc regression  equation,  and

measurements  were  made  by tape measure,  which  may  give
risc  to a greater degree of error  in mcasurement.  In Great
Britain, Han and  Lcan's equation  (1996), with  a  samplc  ot' 78

males  and  of  82 females aged  between 17 and  70, yields a
lower R2 than our  O.64 for males  and  O.68 for females, and  a

grcater error,  4 cm  and  3,7 cm  respectively.  The case  of  the

equation  developed by Brown, Whittemore and  Knapp  (2000)
is similar:  a  small  sarnple  size  (26 males  and  57 females), a

wide  age range  from  20  to 6I years old  and  only  95%  ofthe

sample  are said to be white.  The  rest  of  the equations  bascd on

arm  span  are not  applied  to Caucasian populations.
  The second  variablc  is lowcr leg length (equations: S7. and
S7f), with  R2 of  O,851 and  O.780 for malcs  and  females
respectjvely. As  we  mentioned  earlier,  Zorab et  al. (1 963), who

were  the first to dcvclop stature  estimation  equations

fbr clinical  application, used  length of tibia, obtaining  an

estimation  error of 3.93 cm  and  3.87 cm  fbr males  and  females
respectivcly;  in our  work  the error  is slightly  lo",er (3.70cm
and  3.62 cm).  In addition  to the equation  invQlving arm  span,

Han  and  Lean (1996) developed another  using  lowcr lcg
length, but measured  as the height to the upper  margin  of  the

patelSa. As we  mentioned  earlier, their sample  ranged  from 17

years old to 70. In 1fonezuela, Guzmtin ct al. (2005) measured

with  atape  measure  the lower leg iength of  90 rnales  and  90
femaics agcd  between 30 and  59 years old  obtaining  a  lower
R2 in males  than we  obtained  from our  data, and  a similar one

in females. The method  of measuring  with  a tape measure  is
less accuratc  than with  aii aiithropometer  or segmometer.  Also,
the rneasurement  was  talccn from the external  cpicondyle  ofthe

femur to the sole of  the fbot, which  was  not  the case  in our
sample,  Thc othcr  equations  based on  length of  lower leg

(tibia) by Ozaslan et  al, (2003), and  Duyar et  al, (2006) refer  to

a  population of  TUrkish origin,  while  the cquation  of  Ybusafaai

et  al. (2e03) refers  to an  lndian population, and  so neither arc

comparable.

  Sitting height (equations S2. and  S2f) is the third variable
which  isolatedly has a higher coeracicnt  of  deterrnination (R2:
O.815 and  O.738 for rnales  and  females rcspcctively)  and  a

lower estimation  error.  However, in scientific  literature there

are  no  authors  who  proposc using  sitting  hcight for estimating
stature, since  the correlation fOund in lower limb lengths arc

greater, and  also  it is unsuitable  for use  with  bedridden
subjects  Qr those  with  disorders of  the spinal column,

Furthermore, soft tissue is involved; that is to say  it js not a

measurement  of  bones alonc, which  means  that a  greater or

lesser development Qf the gluteal level will  influcncc the

measurement.  In the  case  ef  persons with serious  atrophy

at this level, their stature will be undcrestimated  whi]e,

converselM  if there is exceptional  rnuscular  development
or an  increase in the adipose  panniculus, stature may  be
overestimatcd.

  The next  variables  in descending order  of  coerncient  arc

upper  arm  length (equationsi S3. and  S3f) and  thigh ]ength
(equations: S6. and  S6r). Upper  arrn length is included in the
equation  proposed by Jarzem and  Gledhill (1993), which,  as

mentioned  earlier,  wc  do not  consider  appropriate. Other
equations  proposed refer  to non-Caucasian  populations and  are

thereforenotcomparablc.

  The  sixth variable  in desccnding order  of correlation is

forearrn lcngth (equations: S4,. arid  S4f), which  would  be
equiyalent  to the length ofthe  radius since it is measured  from
the part closest to the head of  the radius  to the lower cdge  of

thc styloid  process, It is also one  of  thc variables applicd

by Jarzem and  Gledhill (1993), not  independently but in
conjunction  with  hand length.

  The  scventh  yariable is foot length (equations: S8. and  S8,).

The broadcst referencc  is the work  of  Giles and  Nletllandigham

(1991), with  an  estimat{on  error slightly lower than our  4.856
vs.  5.02 in males,  and  4,70 vs. 4.95 in females, with  a sample
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of 6682 and  1330 males  and  females, respectively. Saxena

(1984) pcrfbrmcd his study  on  a  non-Caucasian  population,
using  a sample  ofma]es  ofNigerian  origin,

  Ranking  last of  our  simple  regrcssion  variablcs is hand
length (equations: S5. and  S5c). Ofall the yariables  considered

this is the onc  which  would  lcad to thc 1argest cstimation  error

(6cm in rnales  and  5.27cm  in females), although  cross

validation gives a Lower pure errDT  (4.ggcm and  4.52cm).
Hand length has also been applied  in association  with  hand
diameter by Saxena (1984), Bhatnagar et  al, Cl984) and  Abdel-
Maiek et  al. (1990) on  popuiationg from Nigeria, India, and

Egypt respcctively.  In the last of  these studies,  cstimation  error

was  5.] cm.

  A variable  for estirnating stature which  is widely  referenced

in the literature since  it was  first proposed by  Chumlea, Roche,
and  Steinbaugh in 1985 is hcight of  the kncc, It w'as intendcd
to Tepresent  the length of  the distal segment  of the lower
extremities  in persons who  wcre  bedridden or chair-bound.  It is
not a  measurement  of  an  osseous  segrnent, as it includes two

joints (ankle and  knee) and  the soft  tissue of  the heel and  the

thigh. In adult  Caucasians the R2 obtained  was  O.65 in males,
lower than that achieved  by the 8 variables  used  ln our  work,

and  O,66 in femalcs, also lowcr than for our sample,  exccpt  fbr
fbot length (O.59).
  In Table 6 we  compare  heights estimated  using  some  of  the

above-mentioned  predictive equations  with  those estimated  in

our  work,  matching  the results against  thc actual  hcight of  thc

sample.  If we  look at  the equations  prcsented in the prcvious
table we  can  see that, with  the exception  of  Han  and  Lean's

equation  of  1996 for females, all thc others yicld a statistically
significant  dit)Ek)rencc between estimated  stature and  stature

measured  directly and  are therefore  not applicablc  to our

population, In the  female sample,  stature  is underestimated

in all cases, as it is in the male  sample  exccpt  when  arm  span

is usea  which  gives a  mcan  value  higher than  the actual

measuredvalue.

  In thc simple  regrcssion  analysis, arm  span  is the isolated
variable  with  the best corrclation  with  stature, but we  should

bear in mjnd  that it is a  measurement  that includes the length

Table 6 Comparative study  ofsimplc  Tegression  cquations

of  the three segments  of  the upper  extremity  (upper arrn,

forearm, and  hand), Meanwhile lower leg length, measuring

the mcdial  surface  of  the tjbia, is the isolatcd bone segment
that shows  the best correlations with  both stature and  all the

other  extremity  segments.  This measurement  will  be the one  of

choice  whencver  it can  be properly detemmined. AIso, 'fbr

bedridden subjects  it presents fewer technical  diMculties than

the rneasurement  of arm  span.

Estimation using  multiple  ragression

  In males  the first threc equations  of  Table 4 best estimate
staturc;  that is, they have the highest cocencient  of

determination (R2) and  thc lowest cstimation  error (RMSE and
RE). In the first equation,  sitting height and  length of  thigh,
lewer leg, upper  arm,  and  fbrearm (M 1.) are used  as predjctive
variables; in the seconq  forearm length (M2.) is excludcd;  and

in the third upper  limb length is replaced  by arm  span  (M3.).
ln females, thc first two equations  are vcry  similar in terms of
accuracy.  The tirst includes arrn  span,  sitting height, and

]engths of  thigh  and  lower leg (Mlf), and  the second  includcg
sitting  height and  lengths of  thigh, lower leg, foot, and  upper

arm,  Therefore, when  the impossibility ofmeasuring  stature is

due to the fact that the person is unable  to take up  a standing

position, we  can  cstimate  it using  thc fo11owing equat{ons,  with

u  confidence  interval of95%,  in the fo11owing manner:

-M1  males  : R2 ==O.978

    Stature=[1.346+1.023*X,+e,957'X2+O.530"X3

           +O.493  
*X,+O.228

 
,i,

 X,]±1,96 *  1,41 cm

(X,=lower leg; X,=sitting height; X3=thigh; X4==uppcr arm;
Xs=forearm).

-Mlfernales:R2=O.959

    Stature=[1.772+O.159*X,+O.957*X2+O.424*Xi

           +O.966*X4] ± 1,96*1,57cm

(Xi=arrn spanl X,=sitting height; Xr,=thigh; X,=lowcr leg)

When  a  pathology at the lcvel of  the spinal colurnn

Nlariables
Estirnated Stature (cm)

Armspan Lowerieg Foet

References mates lemalcs males fernales malcs females

Steele and  Chenier (1990)
GilesandVallandigham(1991)
Han  and  Lcan  (t996)
Brown,  Whittemore, and  Knapp (2000)
Mohamty, Babu, andNair  (2001)
Duyar, Pelin, and  Zagyapan  C2006)
Present study

180.4±8*1812
±7.9*

179.4± g.9

164.7±7.3*

166.6±6,2
16S,7±6,7*

162,7±6.1*

166.6± 7
 177± 8.8*
179.5±8.8166,4 ± 6.g

174,2±･ 5.9,k

179.4± 8,1

162±4.7*

166.6t･.S.9

Truc stature/ male:  179,S± 9.6; female/ 166.6±7.7
*
 Signifieant differenees between  estirnated  and  true stature  (p<O.()Oel),

NII-Electronic  



Japan Society of Physiological Anthropology

NII-Electronic Library Service

JapanSociety  of  Physiological  Anthropology

Canda, AJPlpJsiolAnthropol, 28:71-82, 2009 gl

means  that a  person cannot  remain  in a scated  position
properly, or when  gluteal hypotrophy due to a  person's degree
of  irnmobility advises  against  the mcasurcment  of  sitting

height, we  can  use  equations  M12v  and  Ml4m  for males  and

femalcs rcspcctively,  which  are  based on  upper  and  lower limb

lengths:-M12
 malcs  : R2=O,928

    Stature=[29.795+O.333*Xi+0.93S*X2+O.673"X,

           +O.771*X,] ± 1,96*2,57cm

(Xi=arm span;  X,=lower leg; X3=thigh; X4=foot,)

-M14females:R2=O,875

    Stature=:[35.709+O.32g'XJ+O.803*X2

           +O,535*X3+O.973*X4] ± 1.96*2.74cm

(X, =tarrn  span;  X2=lower leg; X3=thigh; X4=foot.)

  When  the measurement  of  arm  span  or  of  any  of  the

lengths included in the equations  giving the best determination
arc  ruled  out  fOr reasons  of  mobilitM  technical diMcultM
amputation,  or segment  loss, we  witl choose  thc cquation  with

the highest R2 and  thc lowcst cstimation  error that contains  the

varjables  that we  can  measure  directly in a technically correct

marmer.

  We  can  see  that thc grcatest accuracy  and  precision in
stature estimation  is obtained  from equations  invoiving
measurements  of  both the tmnk  and  uppcr  and  lower 1imbs.
When  sitting height ctmnot  be determined or  may  bc altered
the best equations  include lengths of  upper  ]imbs or  arm  span

and  the thigh, lower leg, ttnd  foot lengths. The equations  that

yield the poorest accuracy  are  those jn which  only  upper  limb
iength mcasurcmcnts  are used.

  When  estimating  the stature ofpersons  with  a disal)ility that

may  afR)ct  the proportion of body scgmcnts,  in addition  tQ

choosing  the most  appropriatc  cquat{on,  we  must  also take into
account  that the stature obtained  is that which  weu[d

corrcspond  to that person if he or shc had a harmonic
development and  it is not ncccssarjly the same  as  their real

height, i,e,, their height ifthey could  be measured  properly in a

standing  position. This estimated  measurement  will,  however,
bc ofgreat  use for any  functional evaluations  that we  may  wish

to make,

Conclusions

  Stature can  be estimated  with  great accuracy  anid  precision
using  predictive equations  obtained  in a  contemperaneous

sample  ofthe  same  age, sex, andracial  group.

  The  multiple  regrcssion  equations  which  associate the

lengths oftrunk  and  both extrcmities  yield the lowcst error. In
malcs  the variables are: sitting height, lower leg length, thigh
length, upper  arm  length, and  forearm length. In females the

variables  are: sitting height, arm  span, and  lower lcg and  thigh

lengths. However  we  can  use  cquations  with  fewer variables,

choosing  those that in¢lude direct measurements  that arc able
to be detcrmincd correctly  and  are not  affected by any

pathology or  disability.

  Future research  will  be required  if the secular  incrcase in

height continues  sincc  thcre may  be a change  in bodily

proportlons,
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