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Abstract

We  ana l ysed  the  co -o rd ina t i on  o f  t he  e leva t i on  ang les  o f  t he  t h igh  (aJ ,  shank  (a " )  and  foo t  (ad  du r i ng  wa l k ing  i n  19
adul ts  and 21 chi ldren (aged 11-144 months) ,  inc luding the very f i rs t  unsupported steps in  four .  Cross-corre lat ion
funct ions (CCF) maturat ion of  pai rs  of  e levat ion angles was quant i f ied by a g lobal  error  parameter  (Elccn)  ref lect ing
the d i f ference between par t icu lar  CCF value of  toddlers and mean adul t  va lue lEatccn\ .  Dur ing the very f i rs t  s tep,  Ef1666
cou ldbe f i ve t imesh ighe r thanEa l5 .6pT .Wi thwa lk ingexpe r i ence ,  E t166p1 fo r  bo tha ;a "anda" -a , ' pa i r sevo l ved fo l l ow inga
biexponent ia l  prof i le ,  wi th a fast  t ime constant  below 6 months.  Adul t - l ike CCF parameters were reached ear l ier  for  a"-cr1
than a;a" ,  ind icat ing d is to-proximal  maturat ion of  the temporal  co-ord inat ion of  the lower l imb segments in  human
locomot ion.  O 2001 Elsevier  Science l re land Ltd.  Al l  r ights reserved.

Keywo rds'. Locomotion; Development; Tem pora I co-o rdi nation; Lower I i m b

Studies in motor control have increasingly concentrated
on the emergence of co-ordinative rules and integration of
sensorimotor experiences into prewired neural networks

I l]. In this context, the role of maturation in such a funda-
mental behaviour as locomotion appears crit ical but has
received sparse attention until recently. Several parameters
of postural and dynamical control have been studied with
respect to early gait development, including head, trunk and
hip stabilisation, intralimb co-ordination and centre of mass
parameters 11,2,4,5,7,8,1 61.

In adults, a series of experimental studies of locomotion
have demonstrated that the elevation angles of the lower
limb segments provide a kinematic template revealing a
motor organisation rule [3], which is related to minimisation
of mechanical energy expenditure [14]. When the elevation
angles ofthe thigh, shank and foot are plotted one versus the
others, they describe a regular loop which lies close to a
plane. Recently, we found that this planar covariation rule
emerges early in toddler locomotion [7], suggesting a rapid

dynamical integration of forward propulsion and postural
control into the motor command. Two important aspects
of the co-ordination of angular evolution of the lower
limb segments, namely excursion amplitudes and timing,
are expected to influence the planar covariation. The
temporal relationships between these angles evolution
appear particularly crucial for locomotor co-ordination.
Statistical approaches such as cross-correlation function
(CCF) have proved to be adequate fbr deciphering consis-
tent temporal relationships between kinematics signals
during fiee-form movements [,6]. In this study we intro-
duce a global parameter based on CCF of lower limb
segments elevation to quantify the gait kinematic matura-
tion of children from the very first step through adolescence.

Twenty-one healthy children (13 girls and 8 boys, aged
11 144 months) and 19 healthy adults (9 females and l0
males, aged 25 -r 4 (mean + SD) years) participated in this
study. The procedures were approved by the local Ethics
Committee of the University Children Hospital Queen
Fabiola and conformed with the Declaration of Helsinki.
Special attention was given to recording the very first
steps of some toddlers. Daily recording sesstons were
programmed around the parents' expectation of the very
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l irst day of walking unti l unsupported locomotion was
recorded. When we succeeded in recording this event, the
same child was recorded again in order to follow the early
maturation of walking. This was done fbr fbur children, whcr
star ted to walk at  l l ,  I  l ,  l3  and 14 months,  respect ive ly .
The other l7 children spanned the range of 3 weeks b l3 I
months of unsupported walking experience. The age of
independent walking onset was reported by the parents.

For the recording of the very first steps, the toddlers were
init ially supported by a parent's hand. Then, when the
parent moved fbrward, letting go of the child's hand, the
child was encouraged to walk on the laboratory floor coated
with a red band of l inoleurn (0.6 m wide anil 8 m long).
Toddlers were never supported during the actual recording
of locomotion trials. For each subject, l0 to l5 trials were
recorded in the same condition. Subjects were instructed to
look straight f irrward and to walk as naturally as possible
fiom one end of the ground band to the other end.

Kinematics of the locomotor movements was recorded
and analysed using the opto-electronic ELITE system.
This system consists of two CCD-cameras detecting retro-
reflective markers using a sampling rate of 100 Hz. The
cameras were placed on a l ine parallel to and 4-rn away
from the progression l ine of the subjects, I m above the
floor, 3 m apart. After calibration, two-dimensional data
were corrected fbr optical distortion and converted to 3D
co-ordinates I I 0]. The position in space of I 0 passive reflec-
tive markers ( l.-5 cm in diameter), defining 9 l inks, was
recorded (Fig. lA). The markers were fastened over the
nose at the horizontal extent of the lower border of the
orbit, ear meatus, acromial process, lateral condyle of the
elbow, styloid process of the wrist, tubercle of the antero-
superior i l iac crest, greater trochanter. lateral condyle of the
knee. lateral malleolus and 5th metzitarsal.
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After reconstruction of the stick diagrams representing
successful locomotion, we focused our analysis on the
orientation of the trunk and the lower l imb segments with
respect to the vertical. The following segments were
analysed: trunk (delined by the l ine connecting the acromion
and the i l iac spine markers), thigh (trochanter-knee), shank
(knee-lateral malleolus) and foot (lateral malleolous - 5th
metatarsal). The elevation angles of the thigh, shank and
foot in the sagittal plane are noted rr/, a. and a1; respectively
(Fig.  lA) .

In order to test the temporal co-ordination between a,, a,
and a1; CCF between each set of two variables were calcu-
lated. The span of t ime lags or leads was analysed for a time
window (I) corresponding to one gait cycle defined as the
time interval between two successive maxima in the time
series of a,. The CCF between two functions, e.g. a, and a,.
was defined as:

cCF",." ,(r) :

where t is the lag between the two functions. expressed as
percentage of the cycle duration. When the signals a,(r) and
a,(t) are statistically correlated, their CCF displays a peak
(a significant CCF maximum (CCF,,,,,)) or a trough (a
s igni f icant  CCF minimum) at  the abscissa r ' .  Posi t ive
values of r ' denote a time lead of a, (t) relative to a, (t),
whereas negative values denote a time lag. A significant
CCF peak means that the two elevation angles vary in the
same direction (forward or backward). Conversely, a signif-
icant CCF trough means that both angles vary in opposite
direction (see Ref. [6] for rnore details).

ln order to evaluate the maturation of the CCF oti a pair of
elevation angles we compared CCF shapes in the toddlers
with the mean mature CCF shape of the adult. This was
quantif ied by rneans of the fbllowing equation:

I
Er,cct  , :  |  1CCFtr t , , , , , , , , , . ,  -  CCF(r) , , ,1 , ,1, ,1t1r

t . ,

where Er,6'1'p-, is considered as a global error parameter of a
toddler's CCF with respect to the mean adults' CCF.

In order to define a krwer refèrence bound of E/,61y.,
value, we have calculated Ea6çç, (the global error of an
adult 's CCF with respect to the mean adults' CCF) by
meuns t r f  the lb l lowing equi l t ion:

Eag-c r) - lcc F { 1l.,,,1,,1, - çç p çr1 ^*,ld r

We have thus considered thiit a mature temporal co-ordi-
nation between two elevation angles is reached when Et,a.1'1..,
is comprised between mean Eo1ç1 1., +2 standard deviations.

Statistical analysis was perfbrmed using Statistica Sofi-
ware (StatSoft, Inc.).

The profile of CCFs calculated fbr the very first steps of
tbur toddlers (Fig. lC,D) shows great inter-individual varia-
bil i ty as compared with the well reproducible CCF profi le in
adults (Fig. lE,F). In adults, CCF',., between (I, and a,
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Fig .  1 .  Schemat ic  i l l us t ra t ion  o f  the  p lacement  o f  re f lex ive
markers  and de f in i t ion  o f  e leva t ion  ang le  o f  the  th igh  (aJ ,
shank  (a , )  and foo t  ( " )  (A) .  Tempora l  evo lu t ion  o f  a , ,  r r .  and ay
recorded dur ing  the  very  f i rs t  two s teps  o f  an  11-month-o ld
todd le r  (B) .  Super imposed CCF pro f i les  o f  the  th igh-shank  (C)
and shank- foo t  e leva t ion  ang les  (D)  ca lcu la ted  fo r  the  very  f i rs t
s teps  o f  four  todd le rs  a re  shown fo r  compar ison  w i th  the  cor re -
spond ing  CCF recorded in  four  adu l t  sub jec ts  (E ,F) .  Lag va lues
are  expressed as  percentages  o f  the  ga i t  cyc le  dura t ion .
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(F igs.  lE ancl  28)  and between a,  and a7 (F igs.  lF and 2C)

reachecl a mean value of 0.91 -1 0.02 and 0.96 + 0.0 1.

rcspectively. Whereas the thigh consistently led the shank

by 13.58 + 1.887r,  of the gai t  cyc le (F igs.  lE and 2A).  shank

and fbot elevations were perfèctly synchronised (0.007c)

(Figs.  lF ancl  2A).  F ig.2A sht lws that  the evolut i t ln  of  a, -

ûr lag converges rnuch nlore rapidly towards adult values

than a,-a, lag. For the very l irst steps. CCF,,,,, '  between a,

and a,  (F ig.  28)  and between r r ,  and a,  (F ig.  2C) reachecl  a

mean value o1 '0.69 - f  0 .  l2  and 0.7 I  - r  0 .1-5,  respect ive ly '

Both parametels rapidly converge towards adults values

(time constants of 4.9 and I .3 months' respectively) (Fig.

2B .C) .
Fig. 3 shows the superimposition of the CCFs (dark grey)

of one representativc toddler and the mean CCF profi le of

the adult subiects (l ight -erey). Although significant CCF',..

were prcsent lbl cach pair of irngles since the very first steps.

CCF profi les coulcl be diffêrent f iom the mean profi le of the

adults' CCF. However. the rnain trend of the adults' CCf

was already prcsent at an early stage in the i l lustrated

tocldler. Fttr example, f irrward rr, leads a, (Fig. 3A) and

thc CCF,,,,,. tor a,-a, rapidly reaches almost pert-ect
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F ig .  3 .  Evo lu t i on  w i t h  age  o f  t he  c ross - co r re l a t i on  f unc t i on  o f  t he

l owe r  l imb  segmen ts  e l eva t i on  ang les .  f he  CCF  o f  t he  da ta  o f

one  t odd le r  ( da rk  g rey  a rea )  o f  each  coup le  o f  l owe r  l imb

segmen ts  a re  p l o t t ed  supe r imposed  on  t he  mean  p ro f i l e  o f  t he

adu l t  co r respond ing  CCF  ( l i gh t  g rey  a rea \ '  CCF  o f  t he  e l eva t i on

ang le  o f  t he  t h i gh -shank  and  shank - f oo t  pa i r s  a re  p l o t t ed  i n  t he

le f t  and  r i gh t  co l umn ,  r espec t i ve l y .  Fou r  ma tu ra t i on  s tages  a re

p lo t t ed : t he  ve ry  f i r s t  s t eps  (A ,B ) ;  3  weeks  (C ,D ) ;  6  weeks  (E ,F ) ;  18

mon ths  a f t e r  t he  onse t  o f  wa l k i ng  (G ,H )  Lag  va lues  a re

exp ressed  as  pe rcen tages  o f  t he  ga i t  c yc l e  du ra t i on .

synchronisation (lag value closc tt l zero) by 3 weeks ol'

walk ing exper ience (Fig.  3D).
The maturation with agc was analysecl by usin-u the global

error parameter Et,ç.çl1which is defined as the area under the

curve obtained by subtracting the rnean absolute value of

CCF of the aclults f iom the absolute value ol' CFF of a

todcller at a particular stage of maturilt ion. Fig. 4 shtlws

the temporal  evolut ion o[  E11çç11fbr  a, -a,  and a ' - r r1.  The

overall t ime coursc of changes with age can be described by

a biexponential functit ln:

\ ' -  l r  t / t '  + l : t  
' ! ' '

(where , r  i s  the  t i rne  s ince  onset  o f  unsuppor ted  wa lk ing ,  11  is

the f i ist t ime constant and r1 is thc slow one). The function

f i t ted  reasonab ly  we l l  E l ( ( ( ' r )  va lues  ( r :0 .14  anc l  0 .82  fb r

rr,-cr, and rr,-41; resp€ctively). The f irst t ime constants wcre

f a s t  ( t r : 3 . 1 8  a n d  6 . 1 2  n l o n t h s  a f t c r  t h e  o n s e t  o 1 ' u n s u p -

portecl locomotion ft l r  {Y,-41 af ld rr/-cr\.  respectively) and

E/,1.6.1 , rapidly converged toward the adult values (repre-
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F ig .  2 .  Evo lu t i on  o f  l ags  (A )  and  max ima l  va l ues  o f  t he  c ross -

co r re l a t i on  f unc t i on  (CCF- . ' )  f o r  t he  t h i gh -shank  (a ra , )  (B )  and

shank - f oo t  ( r r . - r 1 )  (C ) .  Lag  va lues  f o r  r r ; r r ,  ( open  c i r c l es )  and  r r r -

a r  ( f i l l ed  squa res )  a re  p l o t t ed  t oge the r  (A )  by  supe r impos ing  t he

two  respec t i ve  adu l t  mean  va lues  (0% fo r  a , - a1  l e f t  o rd i na te  and

14 ' k  | o r  r r , - t r p  r i gh t  o rd i na te ) .  Adu l t  va l ues  a re  r ep resen ted  by

the i r  poo led  mean  and  s tanda rd  dev ia t i on .
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F ig .  4 .  Evo lu t i on  o f  t he  g l oba l  e r ro r  pa rame te r .  The  t empo ra l
evo lu t i ons  o f  t he  E t ccp  va lues  (exp ressed  i n  a rb i t r a r y  un i t )  o1
the  t h i gh -shank  (open  c i r c l es )  and  shank - f oo t  l f i l l ed  c i r c l es )
e l eva t i on  ang les  a re  r ep resen ted  by  b i exponen t i a l  f unc t i on .
The  mean  and  s tanda rd  dev ia t i on  o f  t he  adu l t  va l ues  (Ea166F t )
a re  r ep resen ted  f o r  each  pa i r  o f  ang les .

sentccl  by the res;-rect ivc nteans and stanclarc l  c lcv i l t ions ol
E t t . , , 1 , l  l i r r  h o l h  l r r r u l e  p l r i r r .

Bccause  t he  t - na tu ra l i on  o f  i n l an t s '  l l o t o l - co r t ex  i s  r . c l a -

t i ve l y  s l ow .  as  r c l l ec t cd  by  t h r csho l c l s  o1 - t r ansc ran ia l

n lu-snc t ic  s t i rnu la t ion  [  10 .  l7 l  anc l  n rye l ina t ion  o f  the  cor t i -
cospinal tr irct.  thc rapicl nurturat ion ofthc tcnrporal co-orcl i-
na t ion  o1 ' lower  l in tb  segments  suggests  tha t  thc  co l t l ro l  o f '
these k inenra t ic  var iab les  con lc l  be  n ta in lv  assumcc l  by  lo rvcr
ncural structulcs situatecl in thc brainstenr arrcl/ur s1-r inal
corcl.  such as l<tcornotion ccntral pattefn gener.utors (CpG)

I l  l l .  A  con lnon locorno lo r  CIPG l i r r  the  rnu l r i c l i rec t iona l
control Of stepping l .r ts been recently supported by the
s tudy  o f  in f i rn ts  aged 2- l  I  months  I l -5  1  anc l  coLr ld  be  i r
good candidate f i tr  pcrf i trnt in-u the carl ier co-orcl inative
t lnc t ion  o l ' the  e lcva t ion  ang les  c l r . r r ing  unsuppor tec l  loco-
nro t ion .  Howcve- r .  the  phasc  coup l ing  bc tw,een the  CpG
r-rnits clr iving cl i l ferent l intb se-untents tray changc clurin-u
devclopntcnt. as the resir l t  of ntaturat icln of supra-seerr-tcntal
cont ro l .  Mechan ica l  fac t r t rs  l i ke lv  cont r ibu tc  to  svnchron isc
rr, and rr/  rnore t l- t ln a, i lncl a, becatrsc groLrnd contact
in te r . r i t ten t ly  c loscs  a  k incmat ic  cha in  c lu r in . r :  wa lk ing  a t
thc level of thc f i tot while thc knee rctains ntore biontecha-
nical freeclorn. Howeve r. the fncts that ( I  )  effèct ive locorn<t-
t lon  can be  ach ievcd w i th  a  pos i t i vc  o r  ncgat ivc  r r , -a7  lae
anc l  (2 )  the  cvo lu t ion  towarc ls  per fèc t  synchron isa t ion  is
nrole rapicl than ntorphological chanses l7l sLrggest that
ncura l  con t ro l  n tcchan is rns  t rc  i rnp l i ca tec l .  The d i f fè rence
in  t in re  evo lu t ion  be lwccn r r , -a ,  anc l  rv , - r r , lags  is  in  u -ur .ee-
rner r t  w i th  thc  s tuc ly  o l 'Assu ian te  anc l  Antb la rc l  I  I  I  su-ugcs t -
ing tn ascencl ing oruanisation of loconrotrtr balance contr.ol
lhrnr l t lot to hcacl.  Althou-eh this moclc of organisation is not
fc la ted  to  an  uncxpec ted  pe f tu rba t ion .  i t  i s  a lso  rc rn in iscent
o l . t h e  k r . r o w n  p r e v a l c n c e  o 1 ' t h c  a n k l e  s t r a t c g v  l l 3 l .  T h i s
observation is furthcr reinlbrcecl by the sint i lar ly rapicl
evo lu t ion  o f '  d is ta l  in te rscgmet r ta l  ten tpora l  co-orc l ina t ion
and t runk  s tab i l i sa t ion  dLr r ing  locornot ion  [16 .71 .

Fur ther rnore .  thc  p lcser r t  t ' cs r r l l s  co l robora te  u  P t -c r  i t ,us
s tuc ly  [7 ]  nhcrc  u ,c -  shou 'cc l  tha t  i t  i s  l . ross ib lc  to  f i r l l ou  thc-
r ra tunr t io l l  o1 'huntar r  loconto t ion  bv  us ing  the  l t lanar  covar -
ia t ion  ana lvs is .  Th is  la t te r  s tuc lv  has  pern t i t tec l  to  shor i ,  an
ear lv  cnrergcnce o l '  an  ac lL r l t - l i ke  o l i cn t l t ion  o f  thc  cov l r ia -
t io r r  p lane u ,h ic l t  a lso  paru l le le r l  thc  rna tura t i< ln  o l ' the  tnurk
s tab i l i t y 'w ' i th  rcspcc t  to  rc r r i ca l  l7 l .  As  i r  can  bc  ar -gLrec l  thar
the  p lanar  covar ia t ion  reprcscuts  a  spec i l i c  pa t te r r l  o l 'ncura l
co-ord ina t iu r r  o f  in te lsesntcn ta l  k inenra t ics  I  l . l ] .  i t s  con tpar -
ison u"i th the present ( 'C' l :  results ntav shecl a nc',r '  l isht on
thc  tenrpora l  aspcc t  o1 ' th is  co-orc l ina l ion .  lnc lccc l .  in  adu l ts
the  ( 'C f  o f  cach pa i l  o l  e leva t ion  ln -u le  p rov ic lc  a  h i -s rh lv
lcprodLrc ib le  tcn ' r1 . ro la l  t c rn l r la tc  uh ich  can hc  uscd us  a
l l ra tu re  re l t rence lb r  the  co-ord ina t ion  o1 ' t i rn ing .  Thc  ( 'C l . '

ana lvs is  o1 '  k inenta t ic  descr ip to rs  t l rc re l i r rc  r -e in l i r rcc  the
idca  o1 'a  p r i rn inu  in f luencc  o f  thc  t i r l i ng  cont ro l  in  loconto-
t ion .  L ike  the  p lescn t  evo lu t ion  o l 'C I , , .1 .1  , .  the  or ien ta t i r t r r  o1 '
thc coval iat i i t rr  planc ancl trurrk stabi l i t l ,  l r-e u'el l  rùpresentc(l
bv  b ie rponent ia l  f -unc t ions .  Wc l i r r . rnd  s ign i l i can t  l incar
cor rc la t ions  he twccn É/ , ,  , ,  ,  and  thc  r t l i cn ta t ion  o l ' thc  covar . -
ia l ion  p lanc  ( r ' -  0 .7 -5  anc l  0 .7 : i  t i r r  r r , - r r ,  anc l  r r , - rv , .  respec-
t i vc ly ) .  We a lso  f i runc l  s ig r r i l i can t  l ine l r  cur rc la l ions
b e t w c c n  8 1 , , , , ,  a n c l  t r u n k  s t a b i l i t v .  b o t h  s t a b i l i t r  i n  t h c
sag i t tu l  p lane ( r ' :0 .6 - l  anc l  r ' -  0 .6c) )  anc l  in  thc  l i tn ta l
p l a r r e  ( r '  : 0 . 6 1  a n c l  r ' -  0 . 7 1 ) .  F l o n ' c v c r .  t h e  l l s t  t i n r c
cons t lu r ts  0 f  thcse  c0r |e la t ions  Vn c re  s l ( )u 'c r  than t l la t  o l '
the  cor  u l ia t ion  p lune or icn tu t ion  lv i th  t rL rnk  s tab i l i t r
(an l l vscc l  in  Rc l ' .  l7 l ) .  Whereas  the  p lu r ra rcor . ,a r ia t ion  ana lv -
s is  o1 '  loconto t ion  prescnts  thc  udvantage to  l i r l l t tu  thc
c lo lu t ion  o l ' co-or t l ina t ion  o l 'a t  le ls t  t l t r -cc  bor lv  scsn tcn ts
by  on ly  one par iu l te te r  in  nor r la l  l3 l  o r  pa tho log ica l  s i tu l -
t ions  19 .  l2 l .  thc  C( '1 .  ana l l ' s i s  can  c lcc iphcr  subt lc  t l i f l e r -
e n c c s  i n  c l i s t o - p r o x i n t a l  l n i l t u n r t i o n  o l ' t c r l l t o r a l  c o
or t l ina t ion .

We tha l tk  Mur ic -P ic r . r ' c  t )u l i c l ' l n r l  Puu l  Dcntare t  l i r r . te .ch-
n ica l  ass is t lncc  unc l  M ichc l le  P lasch f i r r .  secrc ta r ia l  l r ss is
tancc .  Th is  w,ork  w ls  sup l to r tec l  b1 , ,  thc  Bc- l -g ian  Nat ionu l
Fund f i t r  Sc ien t i t i c  Resea lch  (F .N.R.S. ) .  lhe  Research
Func l  o1 ' thc  L ln i le rs i ty  o f  B lusse ls  (L I . t - .8 . )  anc l  thc  Banc l r - re
Nat iona le  c le  Be lg iquc .  B .  I ) i rn  i s  sLrp l . ro r ' l cc l  b r ,  thc  Founr l l -
t ion  Van C ic lc ther l -Br ichant  anc l  thc  Four rc la t ion  l_ck in tc -
Ropsr,.
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