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Abstract 

Nonlinear dynamical analysis techniques have been applied in a number of fields of research. In 

particular, some of these techniques have been proposed for the analysis of the human EEG time series. 

Among the available methods of nonlinear dynamical analysis. the correlation integral using the Grassberger­

Procaccia algorithm is the most common method that has been applied to the EEG time series. Even thoUgh 

the correlation dimension computed using the Grassberger-Procaccia algorithm is the easiest dimension to 

compute, major drawback of the Grassberger-Procaccia algorithm Is its extensive computational time and 

complexity. Therefore, the Grassberger-Procaccia algorithm is modified to reduce its computational time and 

complexity by applying the sliding window technique. A modified computational algorithm is referred to as the 

partial correlation integral. Further, the exponent characterizing the slope of the partial correlation integral 

according to a power law is called the dimensional exponent. 

The partial correlation integral is evaluated by applying to nonlinear dynamical systems consisting of 

the Lorenz and Henon systems compared to the Grassberger-Procaccia algorithm. From the computational 

experiments, the results show that the partial correlation integral provide a good approximation of the 

correlation integral. The dimensional exponent obtained from the partial correlation integral is also a good 

approximation of the correlation dimension. The computational time of the partial correlation integral is 

significantly reduced compared to that of the Grassberger-Procaccia algorithm. Similar to the correlation 

dimension, the dimensional exponent can serve as a relative index of the complexity of a nonlinear dynamical 

system. When the partial correlation integral is applied to the neonatal EEG sleep data, the dimensional 

exponents (complexities) of the neonatal EEG sleep data are examined. The conclusions that are made from 

the computational results of the dimensional exponents of the neonatal EEG sleep data are consistent with 

those made from the correlation dimensions. 
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"".. • , do! "..lI... ... - '" ",..11\ _!!'I - ,,1\" 1 '!'I

m::lJ1'U.m'LLa::LfnEl~lIEl'Yl1~m'fI1'U.1mfl1~ c:J 'Yl L"11G'l 1'VI'lJ1Lfl"::'VIVli.H;n~fI''Yl wLlJ'U.L"11~L~'U. LfI~n1l1 "11 L'U. 
_ IS'........ .. , A l:,... ..I~ " ,..d.fIIII .. I _ -'. 


m'1Lfl"::'VI'iI El3,;l a ~qjqj1mfl a'U.~lI El~ El tl1~1I1n111 tI 'II ~'111'Yl ~'iI El3,;l a'Yl LfllIT;l1nmm'Yl ~11 El~LlJ'U.lJn fI LLa::'Ylllm111 

- _I - "" ""... ..." ..I" 1""1 ...HfllJnflm~~lIEl~ [1] L'U.El~'l1nm::lJ1'U.m'LLa::LmEl~lIElm~m'fI1'U.1mfl~mn1~lI1't1'Yl,;)::"111t1 'VIL'il1 ';)t1~ 

... ..It ".. .d" 1"..1 ... ..1_",flman l!J'm::LLa::m,111~1 'U.'iI £l~~l1 El~ El tl1~a:: LEl tlfI 'II~~~Ha 'VI ~1I1,t1'Yl,;)::LLtlmLtI:: fl man l!J'tu.::'iI El~ ~m'U.::ll1Vl'YlLlJ'U. 
~ ~ 

tJn~'VI~£Ir:lfltJn~'iI El~ ~lI£l~ inm'flEl1Lai'U.B'U.iin1a (correlation integral) [2] LiI'U.iti'Vlit~.yfittlll'll11111,n'U.n1' 

1Lfl"::~LLa::tJ'::1I1aHaityqj1mfl~'U.~lIEl~ [3] 1f1m\\Vl1::El£h~~~iqjty1mfl~'U.~lIEl~'ilm::'VIilJ [4] fl1fl£l;Lai'U.'fI 

LlI'U.i'U. (correlation dimension) LiI'U.Haffl$1I1,;)1nm'fi1'U.1m1f1t11"lf)nm'fl£l1Lai'U.B'U.iin1aLiI'U.fl1;f1f1'i1El~ 
.... ....1\\1 ...... - .... 1 I A .... ....... 


~manl!J'm::'ilEl~'::lJlJVlafll1~fI''Yl LlILlJ'U.L"11~L~'U. fltllJ~lJElnt1~'::fllJm111'I1lJ'II£l'U.'ilEl~'::lJlJ [2J 

Lh'VI1lJm'1Lfl"::~iruru1 mfl ~'U.~11 El~1'U.'iI tu.::'U.El'U.'VI ilJn1,iLfl"::~Vlafll1 ~flf.yft1iLiI'U.Li~Li'U.m$t1n'll1'tJ 
~ ~ ~ 

tJ'::tlnfl'''11''U.~1'U.1;itl~~na11LiI'U.';i1'U.1'U.1I1n m,tJ'::tlnfl'"1i'~1'U.n.f~LL'n'ilEl~m'1Lfl"::~Vlafll1~flf.yf'3JLiI'U.Li~Liu
~ , 

Lrlai11985 Babloyantz LLa::flm:: [5] ~nl!J'1m111illvr'U.n::'VIi1~fl1flEl;Lai'U.'flLlI'U.i'U.LLa::~m'U.::111Vl'ilEl~n1~ilJ 
~1~ c:J ~El1l1iim'~nl!J'1-;i1'U.1'U.1I1nff1"1i'm,1Lfl"::~Vlafll1~flfn13J LiI'U.Li"Li'U. tl1£lEhw.ri'U. [6-1 0] ,;)1nHam'~nl!J'1 
'iI El~m'flnl!J'1i"mh1~,"lJ~'U.'U.H am'~n l!J'1'i1 £I" [5] 'U.an,;)1ndiim'~nl!J'11f1 tI1''If)nm'L~ tl1r1'U.,;)1nm''U.E1'U.'VI alJ 

~ 

flaElflJ~fi'U. [11-12] 
:; .r _ '" ",,dYJ ,_", _ '" 1\" at 1\.1. I !'I <!I - ",... .d 
m'U.mnLfl"::'VIVlafll1~fI''Yl LlILlJ'U.L"11"L~'U. LfI~n ...1 LlJlJ'::~nfl L"11L'U.m'1Lfl'1::'VI~qjty1mfla'U.~1IE1"'ilEl" 

L~n1'U.·lb"El1~9i1~ c:J '111ii"L~nm'mL'mfifl 'fltJ,::~~fi''VIit''1'U.m'1Lfl''::~Vlafll1~flfffl3JLi]'U.Li''Li'U.'ilEI''ityqj1m 
.. «« _.,dA #II -1 ... .r 

fla'U.~lI£l"'ilEl"LflmLa::Lflnm'mL'mnflflElLVl£lfllnl!J'1m'L,;)'tyLfllJ flLLa::Vl~'U.1m''lIEl''~lIEl'' [13-15] 'U.Eln,;)1n'U.m, 

- '" ",,dYJ "_,,, - '" ., 1\.11 '" ""... ..I... !'I - • ...1 Lfl'1::'VIVl afll1~fI''Yl LlI LlJ'U.L"11~ L~'U.t1n141 LlJ "11LVl Elfllnl!J'1Ln EJ1nlJm111LlJ'U.£ln::'ilEl"m''Yl1~1'U.LLa::flmanl!J'tu.::'iI El~, 
.... A _ 

~ 

I I 

~lIEl~LLa::~tyty1mfla'U.~1IE1",;)1nlJ'L1m~1'U.fl1~ c:J 'lIEl"~lI El~ [16J 
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~ I ~ #II, \t .,........ a .. Ii WI .... .... .,k.,..... ... 

ft'3J El>l L3Jtfl3J1,-n'YI":: Ellil.J1EJ Lflfl"W'VI tiln m'-Util::'YIC]'at)"1JEl>l'-::UU~"ll'>lLtflhfl 911 m 'VI~'\4LLa1'V1 til nm,- 'YIC]'at) LLa:: 

.d.. • • ..l~ ... .. ..t... ... ..... ..t., , !'I .. 
Lfl'-El>l 3..1 El 'YI1>1 m'-f!1'\41mfl1 >I ') 'YI Lfl3J1"1nm'-f1In 'a1'-::UU'YI'ifU'ifEl'\4,,>I 3Jfl113J L'VI3J1::ft'3J'YI":: J.4o13J11."ll' I.'\4m'-f1In'a1LLa:: 
... It'... ... .d ... ... , .d.! 'I. !'I .....
1 Lfln::'VIfl man'am:: LLa:: ft'f111::"1J El>lft'3J El>l LLtil::ft'tlJtlJ1 mfla'\4ft'3J El>l ~a::3Jf1Intlf11nft'>ln11 L n€l J.4013J1 "ll' I.'\4m'-€IliU1 tI n>l , .., .., '\I 

m,-ri1>11'\4LLtil:: fl man'am::"1J €I >I ft'3J €I>1 
q 

thwi'um,-fin'a1L'\4tfl'->lmnibif ft'3JEl>l"::nn~"1'-m1LU'\4Lft'ijEl'\4,-::uunaf1l1ft'flf (dynamic system) ... 
"" ""tI ... , .. , It'tI "".J! ... ..t .....t'-::UU'VI'\4>1'if>l ,-:: n ElUfl1 tlna3..I Lfl'-El"1J1 tlLLa::'-::UU"1J El>l L 'if til a ,-::tfl 'YI 'if>l,,::Tl1'VI '\41 'YI LLa:: LLft'fl>l flman'atu.::'YI, . 

..t tI ~tI .d... tI..t tI ~ ... ... " ..... ....)/ ,.
LtIatl'\4LL a>lElEln L L3JEl3Jm'-L atl'\4LL a>l 1.'\4,-::UU"1JEl>l'-1>1mtl n>lLL3JLLfl LWlltu.::'\4El'\4'V1tilUft'3JEl>lntl>lfl>lJl1>11'\4EltlEltl1>1 ... 
91 m i1El>l U91Li1El>l"1n111'\4"li1>1"1Jtu.::ff'\4El'\4'V1 au,f'\4,-::uu,h>l ') 1 '\4tl>l 01 tlii'VI,~hff,zEltl tH3J1n 'VI~ElU1>1'-::UU'VI ~fl 
.)1 ~tI .R ~ ... 'I.' ... ~ ."1 • ..t ..t..l.... -- ,
Jl1>11'\4 L 111 L'VI ft'3J€I>I '\4"ll'1>1"1J tu.::'\4El'\4'V1 aU'\4'\4LlJ'\4"ll'1>1,-::tI::L1a1'Y1L'VI3J1::ft'3J'YIft'fl'YI'iil::f1In'a1n>lflmft'3JUfl"1JEl>lft'3J El>l El EJ1>1. , 
LL.,.r"1>1 '\4El mnnifft'3JEl>l"1J El>l LL91 a::Uflfl ai)>I LUr,,::ri1'V1thYiEl th>l L~ [.11 n'\4 ~91flman'am::"1J El>l ft'3JEl>l"1J El>l U91 a::Ufl fltil,f'\4, , . 
LLq'tn911>1n'\4El Elnltl El£h>lL"li'\4ft'3JEl>l"1JEl>lL~n LLtil::ft'3JEl>l"1JEl>l~''VI qj riiifl113J'I1UoUEl'\4n'\4El ElnltlLi1El>l'iil1 nYitdJ'U.1m~1>1 
ft'3JEl>lLrlEl'-El>lfu q'tElUft''\4El>l LLa::ri1'V1,z1ff911>1 ') L'\4tl >I 01 tI 'VI~mL3.lLL91ft'3JEl>l"1JEl>l'-::'VI11>1L~n'Yl1'-nLL,-mnflffflaEllilfl13J 

n1'V1 '\4fl LLa::L~n'Yl1'-n LL,-mnlilfffltil Elfl ri El'\4n1'V1 'U.1il 'I.'\401,-fin'a1ifft'3JEl>l1'\4LL~ 3..1 3J"1J El>l'VI anm'-"1J El>l'-::uu,f'\4 vitdJ'\4101'­• 
"1J El>lft'3J El>l"1J€I>lL~n'Yl1'-n LL,.n Lnfl,f'\4Ln"::~"1'-m1'iil1nfl113J'I1UoUEl'\4"1JEl>liqjqj1 mlyJ~1ff1'Iil"1nu1L1mfh'a::tfl tlLi 

Lfl~El>lijEl'Yl1>1m,-t11'\41 m911>1 ') rfli3J1'iil1 n'VI ano1'-ua::'YIC] 'aD"1J El>l,-::uuff"liu'I1El'U. L fl4Elij El'Yl1>1m,-t11 'U.1 mci>l n ~11'iil:: 
A - .... - .. A I .d - .... t ,..I", - .cI

LLft'fl>l11>lfl113J'ifU'ifEl'\4"1J El>l ft'qjqj1 mfla'U.ft'3J El>l 'if>l,,::U>lU El n 11>Ifl113J'ifU'ifEl'\4"1J El>l'-::UU ft'3J El>l fl tI'YI 111 ft'qjqj1 mfla'U. 

2.3 flEl1Ltil-i'\48'\4finfa LLa::fl El1La-i'\4lIilL3J'U.-i'U. 

flEl1La-i'\48'\4finfaLU'\41~m'-1Lfln::~1~i1>1rfli3..11"1 n'VI an m,-LLa::'YIC] 'aD"1J El>ln af1l1 ft'q'tfLLuu111 LU'\4Lif>l 

... ""... ., ~tI~ !'I ... It'... "" ..I ..Ill ... ... It' It' ~, ."1
Lf{'\4 'if>l'\4t13JJ.401 L L"ll'I.'\4m'-1Lfln::'VIft'qjqj1mfla'U.ft'3JEl>l3J1n'YI~fl [3] ~a'YI Lfl'iil1 nm'-1Lfln::'VIn af1l1 ft'fl,.LLUU L3JLlJ'\4 

L if>l L R'U.tfl tiL,n~fl El~'La-i'\48'\4fin fa,,::liflEl1La-i'\4lflL3J'\4-i'\4 tlil tifffl El1La-i'U.lflL3J'U.-i'\4Lu'U.,hvftj>luEl ni)>I fl113J 

'I1UoUEl'\4"1J El>l,-::uunaf1l1 ft'flf,nOfhff1'1il3J1"il1nft'111'U.::"1J El>l,-::uunaf1l1 ft'flf,f'\4 [17] f11fl El1L a-i'\48'\4finfaua::f11flEl1La 

-i'\4llilL3J'\4-i'\4tfl3J1,-nt11'\41 mli3J1"1n ft'111'\4::"1J El>I'-::Uun af1l1ft'flfff ft'3JU,-n! LLa::iif11 i>lL n q't O1,-n!"1J El>l ft'111m"1J El>l ... . 
,-::uunaf1l1ft'q'tfff tI11'\41'\4~Vi tI>ln El LL 91f11fl El1~til-i'\48'\4finftil LL a::,hflEl1La-i'\4llil L3J'U.-i'\4tfl3J1,-nt11'\41 m3J1'iil1nf11 

i>l Ln~O1,-n!"1J El>l ft'111m"1J El>l'-::UU n tilfl1 ft'flfL Vi tI>I ft'111'U.:: L~ tl1liL"li'\4L~ tl1n'U. tlil tiffm::1I1'U.m,-1'\401"1Lfln::~flEl1L a 

-i'U.B'\4finftiltl'-::mlUi1t1 2 ,r'\4q'tEl'\4 ci>lii 

2.3.1 O1,-ft'fl>lnaU~LEl'YIUmmflElf (attractor) 

ri1'V1'U.fl'l.~a1ciuf11 {x[O],x[1],x[2], ... ,x[N I]} d~'\4iqjqj1mfl~'\4ft'3JEl>lffiifl113JtI11tf>l'VI3J1il N ~Iil 

;A>I L u'\4f11i>l ~nflm,-n!"1J El>l ft'111'U.:: wit>l"1J €I>1,-::uutI,-:: tflYlLL til:: ft'3J El>l Li1€1>1"1n f11 i>l L n flO1,-n!"1J El>l ft'111 'U.::"1J €I>1'-::uurf'I.i. , 
'1.'\401'-1Lfln::~flEl1La-i'U.8'\4finiiuu'\4LVi tI>I Uf1'V1i1>11'\4ft'111'\4::tf>l'VI3J fl L'-1;>1IiiEl>l'th01,-ft'fl>l n aULR'\4'YI1>11>1tfl"il'-"1J El>l 

ft'111'U.::"1J El>l,.::UU 1~01'-rn>lnauLID4'YI1 >I 1>1tm,-ci>l n ,h1'thllil'Llil tI~-:'f11i>lLnflO1,-n!ffm'VI'tI El clL'\4t11f1iiffiiii~ff. ... ... 

~>I;r'\4 L1t1n11 embedding space tfltl'l.im::U1'U.01,-ffL1[.1n11 time-delay embedding scheme [18] L1mq'tElf~-:' 
fl1 (embedding vector) 'I.'\4t111Jii m ii~"1JEl>liqjqj1m x fiEl 

x[n+(m-l)z-]f (1 ) 

L~€1 n=0, 1, ... ,N. - J, Ne = N- (m l)-r ua:: m fiElf11ii~~-:'f11 (embedding dimension) LLa:: -r fiElf11 

'VI~1>1L1a1 (time delay) tfltlff .T LLft'Iil>li)>I vector transpose L1mflElf~-:'f11 :In Uft'fl>li)>lf11ft'111'\4:: m ft'111'U.::"1JEl>l 
1t'..I"" • ..l ..I ... ....f

'-::UUU'\4LLEl'YI LLYI,-mflEl~ '1'11 LL'VI 'U.>I L1 a1'Y1 n 'YI n n ft'n>ln tilU"1J'U.3J1 ... 
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fhij~~J~fi1LLa::th~'\.l.1"L1a1Li]l4~1nijLtllBf~ij,..J'YI'lJ1'Y1tlitll~~IiI1l4m'R11"ni'lJLLB'YILLmnLflBi11i1tJ1-l 
• ... - 1".,1 :;, 3 .1 1 " m::'lJ1l4m, time-delay embedding scheme Ll4B"~1nfl1~1n~Lfla''YIL~~.n::R~'ilB''m«a''fI1Wil::Tl1 ~L'1R1m't'l 

«11"ni'lJua'YI LLmnLfI E1frhn a"LfitJ"~'''~1n~Rlil 1~m'~ittJ~1-l~1n~RIiI1l4m'W~1'm1~1fi1ij~~.i~fi1,fl4fia1~m' 
~ 	 ~ 

~L~tJn11 false nearest neighbor [19] R1l41~1,rh"l:f'l4m,w~1'm1~1fi1~'\.l.1"L1a1,fl4iiElci~a1tJ1~~t'lm.hmH
'\I '\I 

911E1ci1"L"lil4 1~m'~1fi1~1n autocorrelation [20]. 1~m~L1tJn11 mutual information [21] Li]l491l4 

2.3.2 	 m''lh::~1mfi1fla1La-il4'IiIL~l4-il4 

~i"~nn~~1m'R11"ni'lJLLEI'YILLmnLflafL7£.J'lJ'~'atJLL~1 flEl~La-il4al4iini'a~::t'lmhl41m~1~1nUa'YI 
I"{ } 	 ..I " .... .r 1 ............ 

'\I 

..t .... { }
U'YI'nLflEI' Xn • n = 0, 1, ... , Ne -1 'YI;JnR11"mm~Jl4~1 IiItJflEl'La"l:fl4E1l4'Y1ma'ilEl"1ii11i1'lJfI1 xn R1m,t'l 
...t VI " ... 3Tl1l41 mLflIiI"l4 

2 N.-I N,-l 

C (r) lim 2: 2: O(r -llx; -x jll)-	 (2) 
Nl!-+oo Nc 	 ;=0 j=i+l 

LrlEl N< =Ne (Ne -I) LLa::'rJ~n-il4L!l1''lJff (Heaviside function) iiittJ1~11 e(n) =1 rh n~ 0 ua: e(n) =0 

51 n < 0 ~1n [2] LLRIiI,,1~L~l411 fla1La"lfl4Eil4iini'a C(r) ,fl4ii~t']~nn~~Li]l4'tlfl1~nLJu'IIi"m'tJnrhi" 
(power law) 1f1tJiifi1tJnrhi" v ~fi1'::tJ::'lli1" r ltEltJ ') ,rl4fiEl 

C(r)ocr V 	 (3) 

fi1tJnfhi" v i"mh1fiafi1fla1La-il4'flL~l4-il4 (02) ~"R1m't'lfi1l41m'~~1,:nn 
• log (C(r») 

v = l~p log(r) (4) 

~1nm:'lJ1l4m''t11''m,fi1l41mL~E1~1fi1flE17La-il4'IiIL~l4-iw;l"mhT;)::L~l411'Y1nfiL1nLfI afH~fi1~'VI~fI';)::t'ln
• '\I 	 '\I 

"hmb'l4m'fhl41m~1fi1'::tJ:'lli1"'::~11"nl4 i",fl4fi1fl11~ei'lJ.jal4Li"m'fi1l41mtl'VIi''lJm:'lJ1l4m,d,fl4Li]l4 
~1i'lJ'ilEI"fi1tJnri1i,,«a-3'i1E1-3fl113JtJ11~~~fI N 'ila"~1i'lJfi1 {x} ,rl4fia o(N 2

) LrlEl N iifi1~"~1n ') 
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....... A .. _ 

3.1 "lJe~~ft'qjqj1mfla'Utnle-3"lJeh'IL~m1TmLL7mn~ 

ietJ~if1If111mfl~'Uft'tJEl-3"lJe-3L~n'Y11'mLL7nLn~YtI.,n'Um7t;n1Y11itll'Utm-3m7d'L,j'UiEltJ~.fitmtl"''U-nnLritl
'II '/i1"/rl 'II ... 

l1'';l1nm7t;n'l!l'1''lJEl-3 Professor Mark S. Scher LL'Vi-3 Case Western Reserve University, Cleveland, Ohio, U.S.A. 
.., ..:-. G • , ..... I d ... -- .., .-... ..,.dI .... l.olt~E.l"lJetJliI"11~'UtJ71E.la::LEltl~"lJEl-3m7fln'l!l'1LLa::Lntltl'U'Ym~-3~El LlJ'U "lJEltJa'Yl1-3fla'Un"lJEl-3~1ElE.l1-3'Ylft'tJtl7m,;)1'U1'U 50 

" .. \I \I 

911Eltl1-3 LLll-3ElElm,j'UL~n'Yl17nLL7mn~L'I"lfl"111E.l-;)1'U1'U 22 fl'U LLa::L~n'Y117mL7mn~L'I"lfl'VItij-3-;)1'U1'U 28 fl'U ~-3 
911etl1-3ije1E.lPMA (postmenstrual age) 7::wh-3 28 ill~1'1f LLa:: 42 m.J~1'1ft~E.lijEl1m,;).§E.l 34.12 ill~1'1f LLa::fi1 

~ ~ 

.a --:'1 ~....... .d. .... A.... ..

Ltltl-3Ltl'U 5.96 ft'lJ~1'V1 "lJEl3;!IiIft'qjqj1mfla'Ua'tJEl-3LLa::a'qjqj1me'U'l "lIm::'Ue'U'VIliitl (polysomnography) \lnfln1Y1 

..... 1 .......oIllIl.c;l..r.. -~ .. 1 ..I
LLa::tl'U'Yln 'Uft'1111::LL~:: ft'111'1"lLL1~aEltJ'YltJLLft'-3 La'tl-3 fl11tJ"11'Ut1nfl1tlfltJ L~n'Yl17mL7mn~'Yl-3'V1tJ~tmfln'l!l'1 'U"lIm::'Yl 

... ~ 'II 

'UEl'U'VI atll'Ur11'UEl'Ufl'S,'VI7e'UEl'UfI:: LLfl-3~-iI L,j 'Ur1111nfi'l.'Um7'UEl'U"lI El-3911 El th-il m7t;n'l!l'1LL iii::U'U-nn El tl1-39iEl LitEl-il 
..: .,... .1..1" " 1" ... .1 ~ ..1.1 1 " ...L7tJfI'U'VIa-3,;)1nm7LlJliltl'UH1ElEltJLLa:: 'VIEl1'V117'Y1L1a1lJ7::tJ1m 21:00 'U. LLIiI::a''Ua'~'YlL1a1lJ7::tJ1m 9:00 'U. 'UL"1111'U• 

<liEltJ1 iqjqj1mfl~'Ua'tJe-3\lnu'U-nmLa::LLlla-ilL,j'Ufi1~~fleatli1E.ll"1i Hewlett Packard workstation (Palo Alto, CA, 
..I.!t .... ...... .... A .... Ad

USA) t ~E.l'Yl 3"111 tJ-ilLL7n\lntl'U'Y1ntl'Um::fl1~1mfl7El-iltl'U'Ylna'qjqj1mfla'Uft'tJe-3 (Nihon Kohden, Model 4221, 

Sunnyvale, CA, USA) iEl3;!aiqjqj1mfl~'Uft'tJEl-il"llEl-3L~n'Yl17mL7mn~"lIm::'Ue'U'VIitl\lnu'U-nnt~tll"1i 12-bit AJD 
.... t t. I ... .....,... .... ct I 

converter LLa::Elfl71m7~tJf11 (sampling rate) 64 Hz ne'U'Yl"llEl3;!aft'qjqj1mfla'Uft'tJEl-il';)::\ln,;)~Lntl,;)::~.J1'Um7mEl-il 
..I; ..I.... ..I.... ..I ..1.....1 ......"... .. 

f111tJtl.,I1'YltJf11m1tJtlfl~H1'U 35 Hz LLa::m7mEl-ilf111tJtl~-iI'YltJf11fl-ilm1a1 0.30 1'U1'Yl "lIe3;!aa'qjqj1mfla'Uft'tJEl-3 

\lnu'U-nnt~tll"1i7::lJlJtJ1f17.!1'U'U1'U1"1119i 10-20 EEG lead system d1'U-;)1'U1'U 14 "liEl-3iqjqj1mLLlJlJ bipolar~-iI 
117::nEllJ~1tl Fp1-T3, T3-01, Fp2-T4, T4-02, Fp1-C3, C3-01, Fp2-C4, C4-02, T3-C3, C3-C7, Cz-C4, C4-T4, 

Fz-Cz LLa:: Cz-Pz 

911Elr.i1-3"l1e-3L~n'Y117mL7mn~YtI."11''Um7fin1Y1d'LLll-3ElElm,j'U 2 mitJ'VIan fiEl mitJL~n'Yl17mL7mn~.fiflae~ 
rie'Urh'VI'Ufi (preterm, PT) LLIiI::mitJ'Y117mL7mn~.fiflIilEl~fl1tJri1'V1'U~ (full-term, FT) t~tl 2 natJ'VIan91-ilmh1tln 

• • '\I 

LLll-ilElElnfl1tJEl1tl gestational age "lIEl-il911e£i1-i1 ,;)1n-;)1'U1'U911El£i1-3"r-3'V1tJfI 50 fl'ULLll-ilL,jw"1El£i1-i11'UnatJL~n'Y117n 
LL7mnfl.fifl aElflrie'Uri1'V1'U~L,j'U-;)1'U1'U 28 fl'U LLa::911El£i1-31'Una 3.n~n'Y117mL7mn~.fiflaeflfl1tJri1'V1'U~L,j'U-;)1'U1'U• 
22 fl'U 'Ueml1nd'LLa1iElm~if1lf1l1mfl ~'Ua'tJe-il"llEl-il911Elr.i1-i1l'Un atJL~n'Yl17mL7mnfl.fiflae~ri El'Uri1'V1'U~U-iIfinLLll-il ~ ·ti·~ .. ~ 

ElElm,j'U 2 n~tJ£iElE.la'El~flaEl-3ntlEl1tlPMA "lIEl-il911El£i1-i11'U"lIm::'Yhm7t;n'l!l'1LLa::u'U-nniEltJa iEltJaif1lru1mfl~'U 
.... "U \I "t/., 

..... 11 • • ..=1 'cot .old ................ .
ft'tJe-il"ll e-ilfl1e tl1-3 'UnatJL~n'Yl17mL7mn~'Ylflaeflne'U111'V1'U~'Yltlnflmf1LLa::tl'U'YlmtJ El e1tlPMA tl-ilfl-il'UEltln11 37. ... ~ 

~I": ....... ... 4..# • 1 I .. .....d t. ..ral #I 


RlJ~1'V1PMA LLa::"lI etJ a Rruru1mfl a'URtJ e-il"llEl-ilfl1eE.l1-i1 'UnatJL~n'Yl17nLL7n Ln~'Ylfl ae~n e'Um'VI'U~'Yltlnfln'l!l'1LLa::
\I ., ., .. \I 

u'U-nmrle"li1-3El1tlPMA mnni1 37 ill~1'1fPMA ietJaif1If111mfl~'Uft'tJEl-il"lle-ilL~n'Y117nLL7mn~l'UnatJL~n'Y117n 
.. \I "t;"t;I! .. 


A ... t. All ...... I'" ::, 


LL7mn~'YlflaEl~ne'Um'VI'U~';)::tlnfln1Y1LLa::tl'U'YlnEltl1-i1'Uetl 2 fl7-i1 
'II 

iEltJaif1If111mfl~'Uft'tJe-ilijeti,.r,,'VItJ~L,j'U-;)1'U1'U 86 "11~ ~-3ijEl1tlPMA El£i7::'VIi1-i1 28 ill~1'1fLLa:: 43
'U 1Ot1"t: \I .... \I 

.!: I " t '" "':. I " ,..I .!: 1 "".... .. ..I.. ..... ..
nlJ~1'V1 ~tlEl1~L,;).atl 36.44 ft'lJ~1'V1 LLa::f11LlJtl-ilLtl'U 4.62 "'lJ~1'V1 "lIEl3;!aRqjqj1mfla'Uft'3Je-il'Ylfln'l!l'1LLa::lJ'U'Ylm3JEl 

El1tlPMA mnni1 37 ill~1'V11~i'lJm77::tla'1111::m7'Ue'U'VIatl,;)1nietJa'Yln C'I 'VIit-il'UTn t~tlft'1111::m7'UEl'U'VIalJ 
.. .. \I .. J 

LLU-ileam,j'U 6 ft'1111:: fie 2 a'1111::t1'V1i'tl active sleep (AS). 2 R1111::t1'V1i'tl quiet sleep (OS). R1111::l~LL,""1i~ 

(indeterminate state) LLa::R1111::~'U (waking state) 



• • 
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3.2 m.,vrfiltn LLa:tli'mh \I m.,1Lfldl:Vl1f1U 1 ifltl;La"J1tl.etl.iini'fILLa:f11f1 tl1La"J1tl.191L:lJtl."l1tl.• 
ii\l u:j-:i1mn LfI"1:~fI tl1Lt~"J1tl.etl.iini'fILLfI:f11f1 tl1LfI"J1tl.191L:lJtl."l1tl.';)::LUtl.LfI~tl\li:i tlm\lm.,f'htl.1 m Yiilu:IJ~n 

tl1ltl1-1l1tl.m.,1Lfldl::~inlru1 mfl~tl.~:IJ tl\l tl V1\1:IJ1 n LLqJ m"1Lfldl::~fI tl1L fI"l1tl.etl.iini'tnftl.nii,jtlLftU tlV L '21tl.LiiU1ntl. 
.~ v ~ 

tl;-;lUVI{1\1Yirl1l~'LUtl.tl"'qJVl1V1 i'ntl"'qJVl1V1{1\1H1VIi''IJmnLfldl::~fI tl1La"l1tl.etl.iini'a fi tlfl11:IJ'l1'U''lftltl.Li\lm.,,'htl.1 m 

H1V1i''IJm.,1Lfldl::~fI tl1La"J1tl.etl.iini'fI ~ \I ';):L~tl.li11t11 fI11:IJ'l1'IJ"Iftltl.Li\lm.,"1tl.1mH1V1i''IJm::'JJ1tl.m.,,'htl.1mfl tl 

~La"J1tl.etl.iini'fILLa::t11f1 tl1L a"l1tl.191 L:lJtl."l1tl.,ftl.LUtl.f11unr'hi'\I ~tl\l"lltl\lfl11:U tJ11.rr\lVl:IJfI"ll tl\l iqJ qJ1 mfl§tl.Gf:U tl\lYit,ntl. 
,.;.. ff ..... ~ .. ",1.'1"'" ......... _ .... , _ .... ~ ..... ,:f A


m.,1Lfldl::VI f1\1tl.tl.L~tl'YI'YI1 LVlm:U1tl.m.,mtl.1mfltl.,LfI".IItl.tltl.'YImflua:mfltl.,LfI".IItl. LflL:lJW.lltl..,1f1L.,1"lltl. L'YIfltl.fI 

"lltl\lm"L~tltl.VI'Il"1qJ1\1 (sliding window) flml1:U1tl.,:unfl1,ntl.n1:'JJ1tl.m.,f'htl.1mfltl1La"l1tl.etl.iini'a ltl. 
~ . 

m:u1tl.m.,fi1tl.1mfltl1LfI"l1tl.etl.iini'ai\lLLGffl\11tl.Gf:um., (2) ';)::L~tl.11'Y1nt1L1mf1tlf~-:'fh.rr\lVl:IJfI,;):flm111l1L".II1tl.m.,. ~ ~ 

fi1tl.1mVl1t11.,: U:v\1\1 mW1:unfil1iL'YI flitfl"n tl\lm"L~ tltl.VI'Il"1qJ1\1,ftl.';)::yh1~m.,fi1tl.1mVl1t11.,:: U:;v\1\1.,::Vl11\1• 
L1mfilElf~-:'t11 LVI amy:j U\lLLfi'YInt1L1mfiltlf~-:'fi1m [Jltl.mEl'IJ"ntl\lVl'll"1fi1\1 G'l Yiflm~tltl.1I1,ftl. ebtl.m::U1tl.m., 1 tl.m., 

q ~ J • 

Gffl \I n i'u Utll1LLmnL91 tlfLLfI:L 1n L fiI Elf~-:'fi1,ftl.tJ\I fI\lL,fm::'JJ1tl.m.,m\lm.,fi1tl.1mLiiU1ntl.i\lYiLL~f1 \lLtl.Gf:U m., (1) 

ri1V1tl.f1L~fI11:un11\1"ll EI\lVI'Il"1qJ1\1LUtl. p ';)91 rl'1Ltl.tl;,;)Utl.VI'Il"1\1qJ1\1f1m~tltl.:U1tlvitI1i1LLVlti.\I i ';)::rl1l~ 
It 1: " " ... r ' ..I" ... , .r ... .r. i ., .....,

L1mfiltl"H\lml1 EI~fl1U Ltl.n.,tl'IJVItl.1f11\1lJ';)~Utl.tl.lJ.,:nElUfl1U x" X i+1, ••• , X,+p_1 "I!\lm.,mtl.1mVl1f11.,::U:Vl1\1';): 

m:rl1Ly:j [J\I LLfi'YI nR1tl.~Gf:IJ"ll tl\lL 1m 91 tlf~-:' t11ltl.mtlUVI'Il"11ii1\1tl;';)Utl.if i\l,ftl.,;)1n m::'JJ1tl.m.,fi1tl.1mfl tl1La"J1tl. 

ewnni'flitLLGffl\lLtl.Gf:IJm., (2) ,ftl. ';)::rl11~m::'JJ1tl.m"fi1tl.1mfltl1La"l1tl.ewnni'aLLuum::"l1'IJ Cp (r) li11 

Cp(r)= P(Ne=P-l) N'~-lj~lo(r_lIx,_xjll) (5) 

flEl1La"J1tl.eWnni'aLLuum::-i'IJ Cp (r) LUtl.m.,tl":::U1mfi1"ntl\lfltl1LfI-itl.etl.iini'aitii~\ltJ\lfI\lii~t]iinn:uYiLUtl.ltl 

fil1:IJ n~LLv\\lm"[Jnri1i'\I L '21tl.LiiU1ntl.n'IJfI tl1La-itl.etl.iini'a ,x tl.fi tl 

Cp(r)ocrVp (6) 

LLa::fi1unri1 i'\I vp ~ \I LUtl.fi1tl.,:::lJ1m"ll tl\l t11f1 El1La-itl.lflL:Utl.-itl. 1tl.itif';):L1un11fi1f111:IJ"l1U"Iftltl.Li \I ii~ 

(dimensional exponent) t11f111 :u"l1'IJ'l1tltl.Li\lii~W1:U1"fI fi1tl.1mli';)1n11fm.,LiiU1ntl.nUm.,fi1tl.1 m Vl1t11f1 tl~La"l1tl. 

191 L:IJ tl.-itl. ,x tl.fi EI 

log (Cp(r)) 
(7)

log(r) 

';)1nm::'JJ1tl.m.,fi1tl.1mfl tl1Lfl"l1tl.etl.iini'fI LL'IJUm::"J1Ufil1:U Gf:um., (5) ,ftl. ';)::L~tl.11fi1f111:u'l1U'l18tl.Li\lm.,fi1tl.1 m 

';):iifi1LUtl.Li\lLitl.nUfI11:IJU11l1l:\lVI:lJfiI N "n8\1,hiufi1 {x} ,xtl.fi8 O( N) Lrl8 N iifi1\1\1:IJ1n ~ ,;)1nif,;):L~tl.li 
11f111:u'l1U'l18tl.Li\lm.,f'htl.1m"ll 8\1 m:'JJ1tl.m.,fi1tl.1mfl 81LfI-itl.etl.iini'fI flfI a\lltl8V1\1 :U1nLrlEllim::U1tl.m., 

fi1tl.1mfl tl~LfI-itl.5wnni'aLLuum::-i'IJ ~\I,;)::R\I ~a 1 ~.,:: U::L1GnYit".ll1tl.m.,fi1tl.1 mLLfi ::tl":1l1a~a,ftl.LUtl.ltlliEI V1\1 

_ tf"'-........ A ,. 
 A 

3.3 m.,1Lfldl::VI"n 82.;j a~qJqJ1mflatl.Gf:U 8\1"ll 8\1 Lfl nm.,mL.,mnfl 

iqJqJ1 mfl~tl.N:IJEI\litli,;)1n'21tl\liqJqJ1m Fp1-C3 ~ntl1:U11-1I1tl.m.,flnbt11-;l[J tliltJitri1V1tl.f11~f11ii~~-:'fi1 
LLa::fi1V1ti.1\1L1a1Yit".ll1tl.m::U1tl.m., time-delay embedding scheme fi8 m =14 LLa:: T =2 LLfI::t11f111:un11\1 

VI'Il"11ii1\1 P 800 H1V1i'um"1Lm1::~fltl1LfI-itl.etl.iini'aLL'lJum::"J1ui\litLLNlil\lLtl.Gf:IJm., (5) ~iffi1iiii~~fi1LLfI::t11 
Vlti.1\1L1a1Yit,ntl.m,,1Lm1::~fl8~LfI-itl.ewYini'auuum::"J1uifLUtl.f11~1dliiLfl8f,,-fi1Liiu1n"'tl.nuYit".ll1tl.m"flm~t11-;lU• 
LLa:dlU\l1tl.~flm"flnbt11-;lui\lna11ltl. Suparerk et al. 2008(a) LLa: Suparerk et al. 2008(b) ltl.m.,flmt11-;luif 

http:1nif,;):L~tl.li
http:fi1tl.1m
http:m.,fi1tl.1m
http:L'YIfltl.fI
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flmanl!J>m:'lIEh,;run'1mfl~'UH3JEI-3'l1E1-i1Ltiin'Yl11nu1mfiIi1';)::tlnfinl!J>11'U 3 tl;itJ'VIan fiEl 1. El1tJ,rui-3LL~1'Utl1iH'\.L~
.. w -r; "II "aw 

'lIE1-3Ltiin'Yl11n (postmenstrual age) 2. mi3J'lIEI-3t;11Elti1-3 (subject group) LLa:: 3. Htl11::m1'UEl'U'VIaU (sleep state) • 
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f11R1l11::'lJ EH9I1LLU7R1l11:: XI 'lJEl-ll7::UU~R1lJ';)::\lmhaEl-ll;fu1f1t1'l-lf11R1l11::L~lJ9IW~LL91n !Ii1-11 r1UEl Elntuani1tJ 

71lJLLi1f11fl El7Lili'UtflLlJui'uLLa::f11fl11lJW..uElUL;j-lln~1l::rmfi1U1mLuw~1U1U 50 fl'/-II'lJ El-ll m7.,haEl-ll7::UU ... 
::: :::

'Yl-ll,..,lJfI 50 fl7-11 

thw;m::uu Lorenz fl1y.j171nL91ElfJ-IIREl-llojf-llU7::nElU~1tJ fl1!i9iH":'fl1LLa::fl1,..,\.L1-11na1 ftl..!lu 

n7::tJ1um7fi1U1mflEl7Lai'u8wnni'aLLa::flEl7Lai'uawnni'aLLUUn7::i'u fiEl m =8 LLa:: T =11 UEln1l1nil'ui1fl1 

fl11lJn11-11,..,,x1!1i1-11th,..,i'um::tJ1Un17fi1U1mflEl7Lai'uBufini'ilLLuum::,rUt'n-llum7'YlflilEl-ll';)::LLU-IILUU 5 fl1 fiEl 

P =2000. p == 3000. p 4000. P = 5000. LLa:: p == 6000 ~url4.8 LU7t1ULfitlUfla7La,ruBufini'a 

C (r) LLa::flEl1La,ruBufini'aLLuum::i'u Cp (r) rI'l-lfl1fl113Jn11-11,..,,x1!1i1-11 p rlfl1!1i1-11 ') 'lJEl-llr;;-1LLU7R1l11:: Xl 

'" 'l .1'" .1'" "',...... A..... ... "'" ... '" 'lJa-ll7::UU Lorenz 'YlLLRI1I-II U~lJ'Yl 4.1 1l1nilJ'Yl 4.8 ';):: L,..,U11fl El7La"lfUaU'Yl maLLuum::"lfU'Yl L"lfmfl11lJn11-11 

,..,,x1!1i1-11 p 'lJU1I11!1i1-11 ') ,ru'ln iLfi tJ-IIr1Ufl El1La,rUBUfini'amh-llrl-ll 1111 m~y.j1::ElEi1-11fi-ll'lW'111-11r1LuULmt917-11ojf-llfl El1U'i 

,ruaufini'aLLuum::,ru..uElwnUr1Ufl El7L a,ruaufini'a 'l U'lJm::rlflEl7Lai'u8ufini'aLLuum::i'uLL91n !li1-11,;)1nfl El7La,ru 

Bufini'aLWtl-llLftn,xEltl'lUU1L1m".li1-11iu') 'lJ El-llflEl1Lai'uBufini'a LLiI::flEl1La,rU8Ufini'aLLuum::,ru 

-­ log(C(r» 
log(Cp:2OOQ(r» 

---­ --­ log(Cp:4QOO(r» 

-5 
---._.. ----. log(Cp:::6000(r» 

-10 

-15~----~--~~--~----~----~----~----~ 

-6 -5 -4 -3 -2 -1 o 1 
log(r) 

~url4.8 flEl1La,ru8ufini'a C(r) LLa::flEl7LiI,ru8ufini'ilLLuum::,ru Cp (r) 'lJEl-ll9l1LLU7R1l11:: XI 'lJa-ll7::UU 

Lorenz 

thwnn::uu Henon fl1y.j171nL91ElfJ-IIREl-llojf-llU7::nElU~1t1 fh!i~H":'f11LLa::fl1,..,\.L1-11nil1 rI'l"li'lu 

m::u1um7fi1U1mflEl7LiI,rU8ufini'aLLa::flEl1La,rUBufini'aLLuum::,ru fiEl m == 6 LLi.~:: T = 1 UEln,;)1nil'LLi1fl1 

fl113Jn11-11,..,,x19h-llth,..,i'um::tJ1Un17fi1U1mfla7Lii~,ruaufini'ilLLuum::,rurl'l"lf'um7'YlflaEl-ll1l::mj-llLuu 5 fl1 fiEl 

P== 800 I P=1400 I P=2000. P=2600. LLa:: p = 3200 iurl4.9 LU7tJULfitJUflEl7LiI,ru8ufini'a C(r) 
LLa::flEl1Lai'u8ufini'''HLuum::,ru Cp (r) rI'l-lfl1fl11lJn11-11,..,,x1!1i1-11 p rlfl1!1i1-11 ') 'lJEl-llr;;-1LLU7R1l11:: XI 'lJEI-II 

'" 'l .. I.J I............. A A ..... .... ..... 1
7::UU Henon 'YlLLRI1I-II UilJ'Yl 4.5 L"lfULiltJ1nUflEl7LiI"lfUElU'Yln7aLLuum::"lfU'lJEl-ll911LLlJ7R1l11:: Xi 'lJEl-ll7::UU Lorenz 

flEl1Li;:j,ruaufini'aLLuum::,rU'lJ El-ll9l1LLU7R1l11:: Xi 'lJ El-ll7::UU Henon 'In iLfltl-llr1UflEli'La,rU8ufini'amh-lllJ1n 1111 tI 

ijfl113J LL91n!li1-11r1ULWtI-II L~n,xa tI'lUU1L1m".Ii1-11iu ') 'lJ a-llflE11La,rU8Ufini'aLLa::fl a1La,rU8Ufini'aLLuum::,ru 
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-­ log(C(r» 

-2 .. log(Cp=800(r» 

-----­ - log(Cp=2000(f» 

-4 log(Cp=3200(r» 

-6 

-8 

-10 

-12 

-14L-----~----~----~----~~----~----~ 

-10 -8 -6 -4 
log(r) 

-2 o 2 

'tI'YJ V1 ~ Lr'l 

tG'a2Jll't1el,J ~~i.1 

~llrl4.9 fla~Lt'li''U.Ei'U.finft'l C(r) LLt'l::fla~Lt'li''U.Ei'U.finft'lLLUtJn'-::i'u Cp (r) "lJa-1i1LLll,-!.'u111:: XI "lJMl::UU 

Henon 

m::1J1'U.m,-fl1'U.1 mfl a~u~i''U.Ei'U.fi nft'l LLt'l::m::1J1'U.m,-fl1'U.1 mfl a~Lt'li''U.a'U.finft'l LLuum::i'u Wl'VIfm::uu Lorenz ri 
nn~,.uacil'U.fl1n-1r1 4.1 L ".d'U.L~tl1n'U. Ht'lm'-'Y1f1t'la-1L-i-1fl1'U.1mLLRfI-11iL~whfi1f1113J'l1U<J1a'U.L-i.:JiiiilnaLfitI.:Jnu 
" • 'U 

fi1f1a~Lt'li''U.lflL3J'U.i''U.rlli';nnm,-fl1'U. 1 ma ci1-1rl.:J Lfltliifi1f1113Ji7f1Vit'l1f1El cirlll'-::3.J1m 1.53% l'U."lJ m::rlfi1f1a~Lt'l 
" 

i''U.lflL3J'U.i''U.rlLL~,;);.:J"lJ a.:J'-::uu Lorenz fla 2.06 t1'1'U.,-::tI::L1t'l1r1t,n'U.m,-fl1'U.1mJ'U.iifl113J LLfln911.:Jn'U.Elci1-13J1n 

.J1.:J,-::tI::L1t'l1r1t'"tl'U.m::U1'U.m'-fl1'"1mfla~Lt'li''U.a'U.finft'lLLUUm::i'uiifh,ratln-,h'-::tI::L1t'l1r1t"ll1'U.m::1J1'U.m,­
fl1'U.1mflEl~Lt'li''U.Ei'U.finfa3J1n LfltI,-::tI::L1t'l1r1t"ll1'U.m::U1'U.m'-fl1'"1mflD~Lt'li''U.a'U.finft'lLLUUm::i'uJ'U.iifi1R.:JRfl" . 
rlm::1J1'U.m'-fl1'U.1mflEl~LG'li''U.awnnft'lLLUUm::i'urlti'fi1f1113Jn11.:J'VI,r1911-1 p = 4000 ,x'U.flEl fI~-1'V1i1.:J"lJa.:J 

..... 1 ..IIi ~.J! ..I ,..1,..1 ,
fI113J tl11"lJ a-1f11LLlJ'-RJ111::'Y1 L"lI ~'U.m'-1'11'U.1m fl1n-1'Y1 4.2 LLRfI.:JfI1L(A.t'ltILLt'l::fI1f1113JLUtI.:JLU'U.3J1f1,-;n'U."lJEl.:JfI1f1El.. 
~L t'li''U.lflL3J'U.i''U.LLt'l::fi1f1113J..ru<J1a'U.L-i.:Jiiii LLt'l::fi1L(A.itlLLt'l::fi1f111:IJ L,jtI-1 LU'U.3J1 fI'-,i1'U."lJ El.:J,-::tI::L1 t'l1r1t"lI1'U.m,­
.J! ..J! l: l: ~ J ......... ...

1'11'U.1m"lJa.:J'-::uu Henon ,;)1nm'-,;)1t'la-1'-::UU,,1'U.1'U.'Y1.:J'VI:lJfI 50 fI'-.:J ~'U.rl1'U.a.:JLfltl1n'U.nUHam'-'Y1f1aD.:JL"lI.:J 

fl1'U.1 m rllfl1 'U.m,-'Y1 91 a a.:J nm::uu Lorenz fi1f1113J"JfU<J1a'U.l-i-1iiiiiifl113JlnaLfitl.:Jnufi1f1 a~La,r'U.lflL3Jwi'U.D ci1-1 rl.:J 

Lfltliifi1f1113Ji7f1Via1f1L~tI.:JLLfill'-::3J1m 1.89% fi1f1a~Lt'li''U.lflL3J'U.i',"rlLL'Y1,;);.:J''lJEl-1'-::UU Henon flEl 1.25 

http:U.m'-1'11'U.1m


16 

.d 
911~>I'Yl 4.1 

m'rn91fH)>lth'wf'U~::'U'U Lorenz 

• .d + . ..I
flILQfltI_flIfl11lJL'UtI>lL'U\.I. • .d +. ..I

flILQfltI_flIfl11lJL'UtI>lL'U\.I. 
m::'U1\.1.m~'YlI>1m~ lJ191~~IW!JEl>lf11f1El~LfI"lf\.l.Lft.. lJl91~~IW7Ifl>l~::tI::L1f11itlll\.I.-., .. , "" .... ..

fll \.1.1 m LlJ\.I.".\.I.'I'''Elfllfl11lJ"lf'U"lfEl\.l. 
m::'U1\.1.m~fll\.1.1m C5\.1.1fl) 

2.05±0.03 854.76±13.56 


2000 1.97±o.07 322.24+4.31 

3000 2.00±0.06 413.19±5.10 


4000 2.04±0.03 434.52±5.79 


fIEl1LfI"lf\.l.EiwYinffl LL'U'U 5000 2.oo±0.05 405.29±4.87 

m::"lf'U 
#=I ....... A .... 


fI El~LfI"'\.I.El\.l.'Ylmflu'U'U 6000 2.oo±0.05 318.38±3.32 

m:"lf'U 

..I 
911~1>1'Yl 4.2 

m~'Yl91f1El>lLij>lfll\.1.1mtiTV\iiJ~'U'U Henon 

• ..I + . .d
flILQfltI_flIfl11lJL'UtI>lL'U\.I. 

m::'U1\.1.m~'YlI>1m~ f11f111lJn11>1 
lJl91~!I\.1.~El>l~:tI:L1f11itl".'\.I. 

...... I "" ...

fll\.1.1m 'I'I,t'19iI>1 LlJ \.1.".\.1.'1'1 ~El fI1f111lJ"lf'U"lfEl\.l. 
m:'U1\.1.m~fll\.1.1m (1\.1.1fl) 

Lij>liji; 

1.22±0.02 216.75±4.11 


800 1.21±0.04 69.58±2.03 

.... ..,,.. A .... 

mmfl".\.I.fl\.l.'YlmflLL'U'U 1400 1.21±0.03 98.71±2.37 

m::"lf'U 

2000 1.22±0.02 107.70±3.67 

... .... A A .... 

fI El~LfI"'\.I.El\.l.'YlmflLL'U'U 2600 1.24±0.03 97.83±2.59 

m:"lf'U 

3200 1.23±o.03 68.12±2.15 

http:68.12�2.15
http:1.23�o.03
http:97.83�2.59
http:1.24�0.03
http:107.70�3.67
http:1.22�0.02
http:98.71�2.37
http:1.21�0.03
http:69.58�2.03
http:1.21�0.04
http:216.75�4.11
http:1.22�0.02
http:m:'U1\.1.m~fll\.1.1m
http:fll\.1.1m
http:318.38�3.32
http:2.oo�0.05
http:405.29�4.87
http:2.oo�0.05
http:434.52�5.79
http:2.04�0.03
http:413.19�5.10
http:2.00�0.06
http:322.24+4.31
http:1.97�o.07
http:854.76�13.56
http:2.05�0.03
http:m::'U1\.1.m~fll\.1.1m
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4.2 ~Sm7~m:t1'l'UmbJL~n'Yl17mL7mn~.yfflSEl~Cil13Jr'i1'V1'U~ (FT)• 
.i ....... .,.... ....1 'l"" .. f'"'.¥ •


L3JEll'hm7fi1'U1mflEl7LS'l:I'UEl'U'YlmSLLuum:'l:IU ~EJ 'l:IfI1....1713JLCila ~~'U m =14 LLS: r =2 ua:fI1 

fI113Jn11~'VI,hih~ p =800 f11f1113J'l1U'Il'El'ULii~iifi"lJ a~i'll'll1mfl''Uft'3JEl~''lJEl~L~n'Yl17mL7mn~'l'Un~3JL~n'Yl17n 
.. ..I .lI ..I , '...... 'l .1..1 1..1 ... .... ..

LL7mn~'YlflSEl~Cil13Jr 11'V1'U~ (FT) 'Yl'l:l1~El1~PMA Cil1~ '1 L1J'U~~LLft'~~ 'U~1J'Yl 4.10 CilEJ'YlLft''U''lJ~ft'LL~~U7nmna1~ 
I I ... I ..." ... __ .Ill .,...." AAA 

naa~Uft'~~fI13JtiEJ!1'U"lJ El~fI1f1113J'J:fU"lfa'UL'l:I~3JCil LLa:LmEl~'VI3J1EJU1n (+) LLft'~~ outlier "lJ El~fI1f1113J'J:fU'J:fEl'UL'l:I~3JCil 

.¥ ... • .............. '"' .. .. A.I ''l ..1 43'UElmnn'Uua1f11f1113J'J:fU'J:fa'UL'l:I~3JCil"lJ El~ft''lI'lI1mfl a'Uft'3Ja~"lJEl~L~n'Yl17nLL7n m~'JnWlua ~ 'W11171~'Yl • 

+* 7 
..E 

I 
I 

g 
I 

I 

I 
I 

I1: 6 
Q)
c: 
8. 
~ 5 
a; 
c: 
0 
'(ij 4c: 
Q) 

E 
C 

3 

2 

. I 

: 
I 

,. 

-:j:­
+ 
t 

++ 

I 
I 

I
I 

I 


I 
I 
I 

I 
I I 
I I 
I I 
I I 
I I 
I I 

B B

I 

I I 
I I 
I I 
I 

•I,I . I 
I 

I 
I 

I 

I 


I 

T
T ~ 

38 39 40 41 42 
Postmenstrual Age (week) 

~tJ.yf 4.10 f11f1113J'l1U'Il'El'ULii~iifi"lJ El~i'll'll1mfl~'Uft'3J El~"lJEl~L~n'Yl17n LL7n Ln~'l'Un ~ 3J L~n'Yl17n LL7n Ln~.yffla El~~13J 
r'i1'V1'U~ (FT) 

..I 
Cil171~'Yl 4.3 

f11f1113J'l1uoiEl'ULii~iifi"lJEl~i'll'll1mfl~'Uft'3JEl~"lJEl~L~n'Yl1'mLL7nLn~'l'Un~3JL~n'Yl17nU7nLn~.yfflaa~Cil13Jr'i1'V1'U~ (FT) 
l.d I .... " ,J f 

fI1LUSEJ"lJEl~fl1f1113JW'J:fEl'U fI1LUEJ~LU'U3J1Cil7f1'U"lJa~fI1 

Lii~iifi fI113J'l1U'Il'El'ULii~iifi 

38 5.0122 0.8303 


39 5.3310 0.7843 


40 5.1342 0.8612 


41 5.2560 1.1193 


42 5.4804 1.3266 


f11fl El7La,r'Ul~ L3J'U,r'U"lJ El~ L~n'Yl17n LL7mn ~'l'Un ~ 3J L~n'Yl17n LL7mn~.yffla El~Cil13Jr'i1'V1 'U~ (FT) e'ln LLft'~~El ti'l'U. .. .. 
• 1..1 'l ..I ..I .1 '" ... .., '"' ... .. .. .. ..., •I

3u'Yl 4.11 'U"lJm::'YlCil171~'Yl 4.4 ft'1ufl1flEl7LS'l:I'U L~L3J'U'l:I'U"lJa~ft''lI'lI1mfla'Uft'3JEl~''lJEl~L~n'Yl17mL7mn~ L3JEl~1f11 

flEl7Lai'Ul~L3J'Ui'ULLIiI::f11f1113J'l1u'Il'El'ULii~iiq;"lJEl~L~n'Yl17mL7nLn~'l'Un~3JL~n'Yl17nLL7nLn~.yfflIilEl~Cil13Jr'i1'V1Wmf'U• 
-;'::L~Wi1 f11f1113J'l1U'l1El'ULii~iiq;"lJEl~l~n'Yl17nLL7mn~'l'Un ~3JL~n'Yl17n LL7n Ln~.yffls El~Cil13Jr'i1'V1'U~iif11,rElEJni1 ~~ • 
ft'El~fliEl~nu~a.yfli~1nm7'Yl~ft'ElULtJ7EJULiiEJutJ7::i'Yl~111""7:wi1~flEl7Llili'UBwnni'aua::flEl7Ls-i'UB'Uiini'sLLuu 
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m::w ~d£l.:r;nmh'\.l.1'\.1.n17fh'\.l.1 mfl17::[J::'YI1-117::",,';h-ll~il,h\l '1 'lJ'\.I.UEl'YI LLmnLflElfiJ El-llm::'lJ1'\.1.n17fl1'\.1.1 m 
~ 

8'\.1.Yin7aLL'lJ'lJm::-imf'\.l.ij-;j1'\.1.1'\.1.UElVn-hm::'lJ1'\.I.n17fl1'\.1.1m8'\.I.fin7a Uti~:: ~~ '\.I.ti11 fl1fl11:IJ<JS'lJ'll'El '\.I.~ii-llii~J'\.I.ii 

L~'\.1.11tf1Jtu1.'\.I.Yif'l'Yl1-11Lii [J1n'\.l.n'lJfl1fl El~u~-i'\.l.tilL:IJ '\.I.-i'\.l. 

* 
+ 

+ 
t 1 I 

I8 I 
I 

t ,, 

I 

I 
I 

, , 
I 
I 

, I 
I 

Ic: 
0 7 

8 e 
, 

8 
I 

8
I ,·us Ic: I 

~ 6 
,i:5 ,, ,c: 

I I ,I I0 
I 

I ,I ,I:,\:I ,I . ICIJ 5 

r 
+ 

, ""t 

I 
I 

T 
,,, 
I 
I 

~ ,=1=0 ,
0 4 ++ 

3 + :j: 
=1= 

I 
I

B

I ,I .I , 
I 
I 
I 

T 

*38 39 40 41 42 

Postmenstrual Age (week) 

d 
7U'YI 4.11 fl1fl £17 La-i'\.l.til L:IJ'\.I.-i'\.l.'tJ El-llitlJtU1 mfl~'\.I.":IJEl-ll'tJ El-ll ~t$in'Yl17nLL7nLnfl1.'\.I.n ~:IJ Lt$in'Yl17nLL7n Lniltffla Elil f11:IJ.. .. .. , 

rh""'\.I.il (FT) 

d 
fl171-11'Y1 4.4 

fl1flEl7La-i'\.l.tilL:IJ'\.I.-i'\.l.'tJ El-llityty1mfl~'\.I.":IJ El-ll'tJ emt$in'Yl17nLL7mnil1.'\.I.n~:lJLt$in'Yl17n ~L7nLniltffla Elilfl1:IJlh""'\.I.f1 (FT) 

fl1Ltl.iv'tJEl-llfl1flEl7n~-i'\.l.til fl1 L11V-II L'lJ'\.I.:IJ1il7,i1'\.1.'tJ El-llfh 
El1E.lPMA, 

~:IJ'\.I.,r'\.l. flEl7u~-i'\.l.tilL:IJ'\.I.-i'\.l. 

38 5.8146 0.7574 

39 6.2063 0.7529 

40 5.9109 0.9882 

41 6.0642 1.2003 

42 6.2628 1.3457 

http:Elilfl1:IJlh""'\.I.f1
http:rh""'\.I.il


19 

4.3 ~am1flm~t1hm~lIL~n'YmmL1mnlili'1f1m)IiIria'Urh~'Ulii (PT)
q 

fi1f111l1"1fU'lfa'UL<B .,'Iiifi"lfEh'l il1l11l1 W,fI ~'UH'lI a.,'l"lf €H L~nfl11n LL10L n ctll 'Un ~lIL~nfl11mL1mn IiIi'1f1 a alii ri El'U 
• .."A., ~~4 A ..., .......... ~.J .,., ..... ~.d 
m~'Ulii (PT) ~1nm1U'U'Yln"lfa~am.,'l'Yl~'U.,'I (m1f1n~1~a.,'lflaElIiI) u'U'Yln"lfEl~am.,'l'YlH'a.,'l LLa::u'U'Yln"lfa~am.,'l'YlH'1l1 

.1'" • .... '" _I' .... ~ .. aA ....

nmLH'IiI.,'I1'U1u'Yl 4.12, 4.13 LLa:: 4.14 911l1fil11i1U 91111.,'1'Yl 4.5, 4.6 Ufil:: 4.7 H'llJfI1f111l1"11U"IIa'UL'2!.,'IlI91"lfa.,'lH'nltlJ1W,
'V 'V II -t: ... 

• till .. AI t. ....A ... Jt,dd ""AII l::.J 
flfil'UH'lIa.,'l"lftl.,'lLlilnfl11mL1mnlil'YlflGH)IiIna'Um~'Ulii (PT) ~1nm1U'U'Yln"lfa~afl1.,'1'Yl~'U.,'I u'U'Yln"lfa~afl1.,'1'YlH'a.,'l LLa:: 
... .. ~'"'" U'U'Yln"lf tlllafl'.,'I'YlH'1l1,. 

7 

I: 6-
<I) 
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· I · ·,I 
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.­: : · · •I 
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I ., · :f: 
, •• 

,,, 
·· 
I I 

-+-· 
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....J.... 
 -t ! 
28 29 30 31 32 33 

Postmenstrual Age (week) 

I 
+ 

+ 
+ 

,1li'1 4.12 fi1f111l1"1fU'lfa'UL<B.,'Iiifi"lf a.,'l itlJnI1w,fI~'UH'lIa.,'l"lfa.,'lL~nfl11mL1mnfll'Un~lIL~nfl11n LL1mnctli'1f1aaflria'U
'\I .., -t: .. 

...t ..... A ... ~.Id ..... 

f11~W;1 (PT) ~1nm'U'U'Yln"lfEl~afl'.,'I'Yl~'U.,'I (~a.,'lflatl91) 
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Postmenstrual Age (week) 

luit 4.13 	 ti1f1113Joiuoialui"ij9i"lJ El"fttyty1 mfl;UH3J El""lJ El"L~n'Yl11mrmLnfl1.Un~3JL~n'Yl11nU1mnflitmWflTlElU 
o 	 "A ... ::;,.,,1

nTVIUfI (PT) ,l1nn11UU'Yln"lJ El"JGlfl1"'YlR'El" 
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Postmenstrual Age (week) 

luit 4.14 	 ti1f1113Joiu"li'ElULi"ij9i"lJ el"fttyty1mfl gUH3Ja""lJEl"L~n'Yl11mL1mnfl1.un~3JL~n'Yl11n LL1mnflitflGlelfiTlelU 

ri1~ufI (PT) ';nnm1uufin-llEl3JGlflf"itH13J
'II 
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...I 
9l1TH'Yl 4.5 

fi1fl11 ~"I!lJ"l1e'\.U'i"ijii"ll e"Rtyty1 tltfl ~'\.Ul~ e""lI €l" ~~nm7ml7nL nflL'\.4 n ~~L~m117n LL7n L n fI Y!fl~€lfln €l'\.4ih VI '\.4f1 
.... d.., l:: d A 

(PT) ';J1nm7lJW(m"ll€l~"'fl7"r1V1'\.4" 

€l1EJPMA, 
Lci"ijii fl11~"I!lJ"l1€l'\.4Lci"ijii 

28 4.4902 1.4842 

29 4.0848 1.1655 

30 4.2503 1.2673 

31 4.0413 1.1533 

32 4.4224 1.3042 

33 4.3448 0.6468 

.d 
9l171"'Yl 4.6 

fi1fl1111"I!lJ"l1€l'\.4Lci."ijii"ll e."Rty'll1 tltfl ~'\.4t;'11 e""lI €l" L~nm7mL7nLnflL'\.4n ~11 L~nm7n LL7n L n flY! fl a efln€l'\.4ri1 VI '\.4f1 
.... d.... l: d 

(PT) ';J1nm7lJ'\.4'Yln"ll€l~i'lfl7"'r1t;'e." 

€l1£1PMA 
q 

Lci"ijii fl11~"I!lJ"l1€l'\.4Lci"ijii 

31 5.0022 1.7964 

32 4.5167 1.5200 

33 4.6708 1.2986 

34 4.5929 1.0800 

35 

36 

37 

38 

5.1254 

4.8928 

4.7548 

5.2814 

1.0554 

1.2269 

0.9841 

0.9590 

.d 
fl171"r1 4.7 

fi1fl11 ~"I!lJ"l1e'\.4~ci"ijii"ll €l" Rtyty1 tltfl ~'\.4t;'~ €l""lI €l" L~nm7mL7nLnflL'\.4n ~1I L~nm7n LL7nL n flY!fl a €lfl n e'\.4ri1~ '\.4f1 
.... III.... :: ~ 

(PT) ';J1nm7lJ'\.4r1n"ll€l~am"r1t;'111 
t.al .., .... ,:Ii II 

fl1 L~i'I £I"l1 €l"fl1fl1111"llVl1€l'\.4 fl1L lJ EJ" LlJ '\.41J1f17!1'\.4"l1 €l" fl1 
€l1£1PMA 

q 
Lci"ijii fl1111"I!lJ"l1€l'\.4Lci"ijii 

35 5.1051 1.3465 

37 5.1382 1.3536 

38 5.2666 1.5354 

39 5.10003 0.5062 

40 4.8343 0.8462 

41 4.7287 0.7022 

42 4.8688 0.6677 

43 4.5452 0.5239 

http:fi1fl1111"I!lJ"l1�l'\.4L
http:fl11~"I!lJ"l1�l'\.4L
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Postmenstrual Age (week) 

1UYl 4.15 fi1f111t!"l1uoi£J\lL~-3ij91"l1£J\I iruru1m";\lL'(t!£J\I"lJ £1-3 Lfin'rn1mL1mfi~'l\lN~t!L~n'Yl11mL1n Lfi~Yi"a£J~riEl\l,. ., .., , 
ri1'lm~ (PT) 

~111\1Yi 4.8 

fi1f111t!"l1U'lfEl \lL ~-3ij91"l1 El-3 ityty1m,,;\lL'(t! El\l"lJ El\l L~m111n LL1mfi~'l\lnat! L~n'Yl11n LL1nLfi~Yi" aEl~ ri El\lri1'V\\l~, 
(PT) 

1::Ii I ,.,.. .... 

fI1Lt1.atl"lJEl-3f11f111t!"ll"U"ll"El\l 
El1tJPMA, 

L~\lij91 

28 4.4902 1.4842 

29 4.0848 1.1655 

30 4.2503 1.2673 

31 4.1908 1.3205 

32 4.4460 1.3610 

33 4.6043 1.2018 

34 4.5929 1.0800 

35 5.1152 1.2089 

36 4.8928 1.2269 

37 4.8410 1.0894 

38 5.2695 1.4424 

39 5.1003 0.5062 
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40 4.8343 0.8462 


41 4.7287 0.7022 

42 4.8688 0.6677 


43 4.5452 0.5239 
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o "'" A... ct' ..l 
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~ri 4.18 fl1fl El7La"lf'-l.'r;'ILll'-l.~ El~i'Cl:l'Cl:l1mfl~'-I.t;'llEl~~ El~L~n'Y11'mL'nLnfl t '-I.n~llL~n'Y11'n LL,mnr;'lrifla Elr;'lr1E1'-1. 
• .., d.... ~ .J 

m'VI'-l.fI (PT) ~1nm'U'-l.'Y1n~El3Jam~'Y1t;'111 
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..I 
fl1'fHfl 4.9 

fi1f1 a;Lm';~'Iil L)'!~'11 a-3 fttyty1 mfl ~~ft).! a-3'll a-3 Lt1nflTm LL,-mnlil1.~n~)'!Lt1nm,-mL,-mnlil.rffl m alil ri a~ri1~~1il (PT) 
... d.... ~ d ... 

';I1nn1'-'lJ~fln'lla~am-3fl~~-3 

O1£JPMA• L)'!~ fla;u~';~'IilL)'!~ 

28 5.1504 1.3820 

29 4.6483 1.1819 

30 4.9000 1.2445 

31 4.7371 1.1656 

32 5.0921 1.2476 

33 5.1115 0.6380 

..I 
fl1TI-3fl 4.10 


fi1f1a;L Gl';~'Iil L)'!~'ll 8-3 fttyty1 mfl~~ft)'!a-3'll a-3 Lt1nm,-nLL,-mnfl1.~n~).!Lt1nm,-nu,-mnlil.rffI m alil ri a~ri1~~Iil (PT) 

..... '" ~..I

';11 nn1'-'lJ~fln'll a).! flfl'--3flfta03 
'IJ 

fi1LQ~£J'lla03fi1f1a;Lm';~'1il fi1LU£J03L'lJ~)'!1f1'-!1~'ll8-3fi1 
a1£JPMA• L)'!~ fla;Lm';~'IilL)'!~ 

31 5.7421 1.3762 

32 5.2457 1.6373 

33 5.3963 1.5721 

34 5.2587 0.5093 

35 5.9485 0.9179 

36 5.7012 0.7572 

37 5.4841 0.7508 

38 6.0746 0.5464 

..I 
fl1TI-3fl 4.11 

, ..I , 
fI1 L'lJ £J03 L'lJ~)'!1f1'-fl~'ll a03f11 

81~PMA 
L)'!~ fla;Lfl';~'IilL)'!~ 

35 5.7926 1.3762 

37 5.8135 1.6373 

38 5.9645 1.5721 

39 5.8958 0.5093 

40 5.5590 0.9179 

41 5.5041 0.7572 

42 5.5500 0.7508 

43 5.3282 0.5464 
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1t1fi 4.19 fl1f1El;~a,jll.1<11~3Jll.,jll.'lIth1ir\lru1t1Ul~ll.1.nIEl-il'llEl-ilL~n'Yl11m~1mn<1l1ll.m"3JL~n'Yl11nU1mn<1lfifl~El<1lriElll." 9t/., , 

n1'\lIll.<1I (PT) 

.,j 
<1I111-il'Yl 4.12 

fl1f1 El;L~,jll.1<11 L3Jll.,jll.'lI El-il ityty1mfl ~ll.ft'3JEl-il'll El-il ~~n'Yl11mL1mn<1l1ll.n~3J L~n'Yl11n LL1mn<1lfiflaEl <11 ri Elll.n1'1'1ll.<1I (PT) 

fl1 Ltl.~£I'll El-ilfl1f1 El;~a,jll.1<11 fl1 ~i1£I-il L'Ull.3J1fl1f1ll.'lI El-ilfl1 
El1£.1PMA, ... 

~3Jll."Jl'll. fI El7U'l,jll.1<11 ~3Jwill. 

28 5.1504 1.3820 

29 4.6483 1.1819 

30 4.9000 1.2445 

31 4.8934 1.2982 

32 5.1306 1.3114 

33 5.3382 1.1509 

34 5.2587 1.0490 

35 5.8701 1.2396 

36 5.7012 1.3731 

37 5.5582 1.2229 

38 5.9856 1.4833 

39 5.8958 0.5093 

40 5.5590 0.9179 

41 5.5041 0.7572 

42 5.5500 0.7508 

43 5.3282 0.5464 
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"inn ~a n"1'Ylfl a a-3 L~-3f'i1'U.1 nLlil:::L~'U.'"hfi1f111lJ"l1Ufl1am~-3iiiiLLa::fi1 fl a;La,f'U.1fl LlJ'U.,f'U."lJ a-3 i'qjQ/1 nLfl ~'U. 
l'{lJ El-3"lJa-3 L~m1TmLL1mnfll'U.nfiilJL~nm1mL1mnfliffla ElflnEl'U.rh~'U.fl (PT) OLL'U.1L'Il'lJL~ tl1r1'U. Lfl EJ~ an11'Ylflaa-3 

1 

L~-3f'i1'U.1 nLdLL~fl-31'iL~'U.'"hfi1f111lJ"l1U'lfEl'U.L~-3iiiiLLa:: fi11'l a;La,f'U.1fl LlJ'U.,f'U."lJ a-3 i'ty ty1 nLl'l ~'U.~lJ a-3"lJ tJ-3 Liinm1n 

LL1mnt;!1'U.nfiilJ L~nm1mL1mnt;!ifl'latJt;!ntJ'U.ri1~'U.t;! (PT) OLL'U.1L'Il'urflil::L~lJl'{-3;f'U.Lrlaa1 EJPMA "lJa-3fl1ati1-3L~lJ 
• 'IJ 1 

.cf ""..J'.......... ~~ .... III "" do 1 . '"
C'I AlJ1n"lJ'U. ~at;!-3na11'U.fla1tlfla-3nU~a'Yl Lt;!1il1nm1flm;1l'{qjty1nLfla'U.l'{lJEl-3"lJa-3Lt;!nm1nLL1nLnt;! 'U.n~lJLt;!nm1n 

LL1mnt;!iffl a Elt;! t;!1lJlh~ 'U.t;! (FT) 'U.a nIil1ndfi1f111lJ'lfU'lfa'U.L~-3 iiiiua::fi11'l a;La,f'U.1t;! LlJ'U.,f'U."lJ a-3 i'ty ty1 nLfl ~'U.l'{lJ El-3 

"lJa-3 L~nm1nu1mnt;!1'U.n fiilJL~nm1nu1mnt;!iffl a at;! ria'U.lh~'U.t;! (PT) Ou 'U.1L'Il'lJiflil::L~lJ~-3;f'U.Lfl tlOelt;!11n11L~lJ 
• 'IJ 

lJ1nif~t;!LrlEl.l1 a ti1-30a1tl1::~i1-3 29 ti-3 35 ii]t;!1lfpMA 1 'U."lJnL::ftfi1f111lJ"l1U'lfa'U.Lii-3iiiiLLa::fi1fl a;La i'U.1t;!LlJ 'U. 
• 1 

,f'U."lJa-3i'runnnLl'l~'U.~lJa-3"lJa-3Liinm1nLL1nLnt;!1'U.nalJL~nm1nLL1nLnt;!ifflaat;!nEl'U.rh~W'l (PT) 0n11Ltldtl'U.mJa-3 
~ w 1 

LoW t1-3 Lan'll'a t1~Lf-31il1 n"111-3 a1 EJ 36 itlt;!1lfpMA ~-3fltf1 t1fl a-3 rlUn11Ltl ~EJ'U.LLtla-3"lJ El-3fi1 fI11lJ"l1U'lfa'U.Lii"iiiiLLa::fi1fl a• 
;Lai'U.1t;!LlJ'U.,f'U."lJa".11ati1-31'U.n fiilJ Liinm1nLL1n Lnt;!ftl'la at;!t;!1lJlh~'U.t;! (FT)• 

4.4 fI11lJilJw'U.n::~i1"fi1f111lJ"l1U'lfEl'U.L~-3iiiiLLa::tl;itl9i1-3 "J 
4.4.1 n11Ltl;EJULYi EJU1::~i1-3fi1f111lJ'lfU'lfa'U.L~-3iiii1::~i1-3n liilJ.l1a ti1-3 

1 

1il1n ~a n11'Yl t;! a a"L~-3f'i1'U.1 nL~-3 t1 n LL~t;!-311''U.-n1-3 ~'U. fl1f111lJ'lfUfl1El'U.Lii-3iiii"lJ El-3 iruru1 nLfl; 'U.~lJa-3"lJ El-3
'IJ w w 

Liinm1n LL1mn~,r-31 'U.mimii nm1n LL1nLnt;!ifl'la at;!t;!1lJlh~'U.~ (FT) LLa::n liilJLiinm1mL1n Lnt;!ftfla a~ria'U.ri1~'U.t;!
• 1 

(PT) 1il::t1ml1lJ1Ltl;t1ULYi t1Url'U. 1tlft 4.20 LL~t;!-3f111lJLLt;!n9h-31::~ i1-3fi1f111lJ'lfU'lfEl 'U.Lii-3iiii,r-3~lJt;!"lJ a-3 i'ruru1nL
'\J 1.1 .. .., 

fl; 'U.~lJ a-3"lJ a-3 L~nm1n U1mnt;!l'U.n Iii lJ L~nm1mL1mnt;!ifI'l a €lt;!911lJri1~'U.~ (FT) LLa::fi1f111lJ'lfu'lfEl'U.Lii-3iiii~~lJ~ 
1 

"lJa-3ity'll1 nLl'l;'U.l'{lJ €l-3"lJ €l"Liinm1mL1mn~1'U.n ~lJLiinm1mL1n Ln~ftfla €l~ ria'U.ri1~'U.~ (PT) L~ tI1lif'i1\1-3ti-3f111lJ 

LL91n 9i1"L~El-3 €l1EJ"lJ El-3.11 mh"1'U.LL9ia::n liilJ 1il1n1tlif 4.20 Iil::L~'U.1~ati1-3,r~ L1il'U.i1fi1f111lJ'lfU'lfEl'U.Lii-3ii~"lJ€l-3 
• • 'IJ 

ityty1nLfl;'U.~lJ a-3"lJa-3L~nm1mL1n Ln~1'U.n~lJLiinm1mL1mnt;!ftfla at;! ~1lJri1~'U.t;! (FT) fl €l'U.-n1-3"'::~-3ni1fl1f111lJ 
"l1u'lfa'U.~"iiqj"lJa-3i'qjty1nLl'l~'U.~lJa-3"lJa-3L~nm1mL1nLn~l'U.n~lJLiinm1nLL1nLn~ftl'la€lt;!ri€l'U.ri1~'U.t;! (PT) 

fi1L;l~tI LLa::fl1 Lfl t1" LU'U.lJ1~1~1'U."lJa -3 fl1 fI11lJ'lfU'lfa 'U.Lii-3ii~"lJa-3 iruru1 nLl'l ~'U.~lJ a,,"lJ a-3 Liinm1n LL1n Ln~l 'U.n alJLii n .J .,., q 

.. ..I ...I! ... , ,... ...t ... 1 ..1,..1 ,..I
m1mL1mnt;!'Yll'laa~t;!1lJII1~'U.t;! (FT) lJf11L'Yl1nU 5.3257 LLa:: 1.1648 ~1lJ~1t;!U 'U."lJnL::'YlmL;latJLLa::f11LUtl"LU'U. 

3J1 ~1i1'U."lJ€l-3fl1f111lJ'lfU'lfel'U.L~-3ii ii"lJ a" iqjty1nLfl;'U.~lJ a-3"lJ a" L~nm1n LL1nLn ~l 'U.n ~lJ L~nm1n LL1nLnt;!ftfla €l~ 
riEl'U.ri1~'U.~ (PT) Ofl1Lri1nu 4.6406 LLa:: 1.1897 9l1lJS1f1U 'U.am1ndLLtf1Lrlaihn111LI'l11::lfm,,~fiii'V·l1Ji1 fl1 

fI11lJ'lfufl1El'U.Lii"iiii"lJa-3i'tyty1nLfl;'U.~lJEl-3"lJa"Lvinm1mL1mn~l'U.n~lJLiinm1nLL1nLn~ifflaa~t;!1lJrh~'U.~ (FT) 

R-3ni1fl1f111lJ'lfU'lftJ 'U.Lii-3iiii"lJ a-3 iru ru1 nLfl ~'U.RlJ €l-3"lJ a-3 Liinm1n LL1nLnfll'U.n alJ Liinm1n LL1nLn ~ftfla afln a'U.11 .., ., .. 

ri1~'U.~ (PT) Elti1-30'll'mtulty Lt;!EJOfh p« 0,0001 

http:lJ1nif~t;!LrlEl.l1
http:a;La,f'U.1t
http:ElflnEl'U.rh~'U.fl
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7Uri 4.20 m7LU1l1lJLfilllJfi1f11111cilJ"ll'a\l,Li.:lii~tlEl.:lRfllru1Nfl;\I,RllEl.:ltlEl.:lL9in'Yl1''mLL7nLn'il7::\-'o11.:lmillL9inn17n
" "11 ., " 

LL7mn'ilrim~El'il'il111n1\-'o\l,'il (FT) LLa::millL9inYl17nLL7nLn'ilriflaEl'ilriEl\l,n1\-'o\l,'il (PT) , 

fi1f11111cilJ"ll'El\l,Li.:lii~tlEl.:lRruru1Nfl;\I,Rlla.:ltla.:lL9inm7nLL7nLn91l\1,mi1lL9inm7nLL7nLn91rifl aEl'il91111 
w w • 

n1\-'o \1,91 (FT) LU1l1lJ Lfi lIlJ nlJ fi1f11111'l1lJ"ll'El\l,Li.:lii~tI El.:l Rf.l:I f.l:I1 Nfl;\I,R1IEl.:ltl El.:l L9inm7nLL7mnlill\l,n ~IIL9inm7n 

LL''mLn'ilrimIEl'ilriEl\l,n1\-'o\l,lilriihb.:lEl1t.lPMA L~lI1n\l, ,r\l,flEl 7::\-'o11.:l 37 ii.:l 43 RUIil1~PMA rmLLRIil.:lEltil\1,7uri.. ~ ~" 

4.21 ·~nn~ariLLRIil.:ll\l,7uri 4.21 "ll::L~\I,11fi1f11111cilJ"ll'El\l,Li.:lii~tla.:lRfllru1Nfl;\I,R1IEl.:ltlEl.:lL9inm7n LL7nLnlill\1,
~ ·~w 

mi1lL9inm7nLL7mn91rimIEllilriEl\l,n1'1'1\1,91 (FT) riatil\1,'l11.:la1l1 37 ii.:l 43 RU911~PMA iifi1~.:l;r\l, L'illlfi1LU~mLa:: .. 'U.. '1.1 

fi1 Lflll.:l LlJ\I,1I1917.i1\1,tI El.:l fi1f11111cilJ"ll'El\l,Li.:lii~tIEl.:l Rf.l:If.l:I1 Nfl;\I,R1I a.:ltl El.:l L9inYl17nLL7n Lnlill \l,n ~II L9inm7nLL"m 

Lnlilriflaa'ilria\l,n1'1'1\1,lilrimi1\1,'l11.:lEl1l1 37 ii.:l 43 m.J'il1~PMA iifi1L'YhnlJ 4.6406 m~:: 1.1897 fl1mhilJ LLqifi1 
~ , 

fI1111'l1lJ"ll'El \l,Li.:lii~tI £).:l Rf.l:I f.l:I1 Nfl~\I,Rll £).:ltl a.:l Lt;nm7n LL7mnlil rifl aa91 ri £)\1,n1'1'1\l,1il ria ~l\I,'l11.:l a1 ~ 37 ii.:l 43 

m.J'il1~PMA a'.:lfl.:liiLL\1,1L 'Il'1Iri"ll::'Il'a lIn11fi1f11111cilJ"ll'a\l,L i.:liiiitl £).:l if.l:lf.l:l1 Nfl ~\I,R1I£).:ltla.:l L9inm7mL7mn'ill\l,n ~II 

L9inm7n LL7nLnlilrifla£) 91 fl111 n1'1'1\1,'il (FT) \l,amnntlua1"ll1 nm71LflTI::~m.:lRt1~LLR'il.:llltL~\I,11fi1fI1111cilJ"ll'a\l, 

Li.:l iiiitl £)'1 Rf.l:If.l:I1 Nfl~\I,R1I£).:ltla.:l L9inm7nLL7n Ln'ill\l,n ~ II L9inYlTm LL7nLnlil rifl a alil 91111 n1'1'1 \l,1il (FT) ~'In11fi1f11111 
cilJ"ll'El\l,Li.:l iiiitl £).:l Rf.l:Ifll1 Nfl~\I,R1I£).:ltl £).:l L9inm7nLL7nLn'ill \l,n aIIL9inYl17n LL7nLnlilrifl a a 'ilri £)\I,r'h'l'l\l,'ill \I,"li1'1 El1l1 

.~ . . 
PMA L~lI1n\l,atJ1'1ii,rmtlfif.l:l L'illliifi1 p« 0.0001 
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4.4.2 n1'ntl1rJULfirJU1::'Ai1{1fi1m1~CJ1UCJ1a'ULi{lij~riu~tl11::m1'Ua'U'A;U 

t1;i!J~Tl11::m1'Ua'U'A;u"lIa{li1ath,,;t"t11::nau~hmm11:: active sleep UliI::WTl11:: quiet sleep fin 
'II 

it1l111"l!L'Um1Yhn1m1fi1m1~CJ1u.uEl'ULi"n~"lIa"iqjqj1mflg'U~~a""lIEl" Lfln'YI11mL 1nLnIil fi1 m111'l1u.ua'UL i"n ~ 
... .. ... .. 1 • ... .. d.l1 .. ... 

"lIEl"~qjqj1mfllil'UWlIa""lIa{l LflnYl11mL1mnlil t'Un~lILflnYl11mL1mnlil't1flaElIilIil1~ 111'A'U1il (FT) UliI::LlilnYl11nLL1mnlil 
.I •• .I.. • .. ... 1 ... .1'" .. 1 .1..1 
't1flaaflna'Um'A'Ufl'YI1l"l!1{1a1~PMA LflrJ1n'Um~fl11::m1'UEl'U'AaU active sleep ~nLLWfl"LlJ1!JUL't1rJ1JL'UllJ't1 4.22 

l'U"lItl4::fifi1m111CJ1u.ua'ULi"nf1"l1a"irul1I1mflg'U~lIa""lIa"LflnYl11nU1nLnfll'Un~~LflnYl11mL1nLnfl.ytflaElIil!jn~~.~ , 
n1'A'Ufl (FT) LLa::LflnYl11nLL1mnflfiflaaflria'Un1'A'Uflfiii-lh"81!JPMA Lfitnri'Ul'U~Tl11::m1'Ua'U'A;U quiet sleep , 

.11IIIiII .. 'I. .1.-1 I d ,,J I cv II A __ -... d 
~nUWfl" LlJ1rJUL'YIrJU t'Ulu'YI 4.23 fl1 L\l.a!J ua::fl1 LU !J{lLU'UlJ1911f1'U"lI a"fl1m1~"lfU"lfa'UL"l!"1I91"lleh1~tyty1mfla'U 

~~a""lIa{lLflnYl11mL1nLnfll'Un~lILflnYl11mL1nLnflfiflaElfl911~n1'A'Ufl (FT) l'Uwtl11::m1'Ua'U'A;U active sleep , 
• .. ..l! ... 1 .I .I • ..1I 

ua:: qUiet sleep fla 5.4937 ua:: 0.9885 LLa:: 5.0451 LLliI:: 1.1853 1il111G11'ilU L'U"lItl4::'t1fl1L\l.a!JLLa::fl1LUrJ"LU'U 

lI1'il1f1'U"lIa"fi1m111'l1u.uEl'ULi"nf1"l1a"iqjty1mfl~'U~lIEl""lIa"LflnYl11mL1nLn'il1'Un~~LflnYl11nLL1nLnlilfiflaafl 
...t .I.. • ..!'::ol " 1'" ..
na'U1I1'A'U'il'YI1l"l!1"a1~ 37 LLa:: 43 IIIlJ911'APMA mWtl11::m1'UEl'U'Aau active sleep ua:: quiet sleep fla 5.0984 

LLliI:: 0.7169 LLa:: 4.6746 LLa:: 1.0811 9l111~1iu 
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~t1ri 4,22 m~LtI;lIlJL.yjlllJfi1m1~oilJ'l1a"'LcB~ii~"lJa~if1lru1nLfl;"'R~a~"lJa\lLiinm~nLL~nLnCfl~::wh~na~Liinm~n... .*1 '" .. 
.. dOl .. .. .d .O' .d: .... I #II .., 

LL~mnCfl'YIfl~aCfltll1~mVl"'Cfl (FT) LL~::n~~LCflnm~mL~mnCfl'YIfl~aCflna,..mVl"'Cfl'YI~'./J1~a1~PMA LCfl1l1n,.. 

L"'Rm1::m~,..a"'VlalJ active sleep 

.. .. • ..,.... A __..., .. .. A I ,I!I/ 

L~aLLlInVf;l1~m1fl1m1~"l1lJ"l1a,..L'./J~ ~tIl"lJ a~RtlJtlJ1mfl ~"'R~ a~"lJ a~ LCfl nm~nu~nLnCfl~::Vl11~n ~~ Lfln'YI1~n 

LL~mnflrifl~afltll1~ri1V1"'Cfl (FT) LL~::na~Liinm~mL~mnflriil~aflna"'ri1V1"'Cflriii'h~a111PMA L~1I1n"'L~ 
~ q 

Raflilaa~nlJRm1::m~"'eJ"'VlalJ ,r,..fieJ Rm1::m~a"'VlalJ active sleep LLa:: Rm1::m~,..a"'VlalJ quiet sleep 

LLa1 ';):: L~,..11rr\lil~ii LL"'11,r~L~1I1n,..nlJHarl'l.~,;)1nm,-ftm;'1Lt1;lIlJL.yjlIlJfi1m1~oilJ'l1a"'LcB\lii~"lJ a~ iqJqJ1mil~'" 
,. A I I .... I I ........ A AA"" A III 


R3Ja~"lJa~LCflnm~nLL'-nLn!il~::Vl11~Ra\ln~3JtIl1a1l1~ fl1m13J"l1lJ"l1a"'L'./J~3JtIl"lJa~RqJqJ1mil~"'R~a~"lJeJ~Lflnm'-mL~n 

LnflL,..n~3JLtlnm'-nLL,-mnCflriil ~aCfl tIl13Jri1V1,..fI (FT) iiLL"'111l'3J~~n11ti1m13JoilJ'l1a"'LcBii~"lJa~ i'lltlJ1 mil~"'R3J eJ~ 
"lJ El~ Ltlnm~nLL,-mnflL,..nl.'i3JLiinm,-mL,-nLnflrimlElfin a"'ri1V1"'flriii"li1~ a1m~ tnn,..J~L,..Rm1::m'-,..eJ,..VlalJ 

.... ~ A ft' __ ....... I I 


active sleep LLlil::Rn11::m~"'eJ"'VlalJ quiet sleep ,..aml1n"',;)1nt.lam'-1Lil'-1::VI'YI1~RtltllLLRCfl~ LVlLVI,..11fl1m13J 

oilJ'l1a,..LcB~ ii~"lJ a~i'll'll1mil~"'R~ a~"lJ a~Liinm,-nLL,-mnflL,..n~ 3J Ltlnm~nLL,-mnCflriilaaCfl tIl13J n1V1,..Cfl (FT) ~~n11 
ti1m1~oilJ'l1eJ"'LcBii91"lJ a~ i'llqJ1 mil S,..R3J eJ~"lJ eJ~Liinm,-mL,-mnCflL,..n~ 3J Liinm,-n LL,-mnCflriillil aCflna,..ri1V1,..Cflriii 

"li1~a1~L~1I1n",~L"'Rm1::m~,..a"'VlalJ active sleep LLa::Rm1::m~"'eJ"'VlalJ quiet sleep m:h~ii,rmhf1qJ 1f1l1ii 
t I I I ........ _ __.... .. « A 


fl1 p« 0,0001 LL!ilm13JLLtIln!il1~"lJa~fl1m13J"l1lJ"l1eJ"'L'./J~3JIIl'lJa~RqJtlJ1millil"'R3Ja~'lJeJ~Lflnm'-mL,-mnCfl'-:;Vl11~ 

mi3JLtlnm,-nLL~mnCflriila aCflIll13Jri1V1,..Cfl (FT) LLa:n l.'i3JLiinm~mL'-nLnCflriillil ElCflna,..n1V1wilriii"li1~ a1m~1I1n,..L,.. 

Rm1::m~eJ"'VlalJ quiet sleep 1l'alln11m13JLLCfln9i1~L"'Rm1:m~"'eJ"'VlalJ active sleep 

I 

http:Rm1::m'-,..eJ
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"t1ff 4.23 n1'ntl~EJULfiEJUfhtl1111'l1U'l1El'\.l.LoR"ij~"lJ El" iruru1 mfl~'\.I.RlIEl""lJ El" Lfinm"n LL"mnfl":':'VI11"n~lILfinm"n cu 	 ttl ... .. 

.. d..l I fill ... -' l..r .JAf , .. .... 
LL"m nfl'Ylflfl Elflfl111 f11'V1'\.1.fI (FT) LLfI:.:n~lILflnm"mL"mnfl'Ylfll.'lElfln€l'\.l.r 11'V1'\.1.fI'Yl1l".lf1"El1 ~PMA LflEJ1n'\.l. 

L'\.I.R1l11:.:m"'\.I.El'\.l.'VIiu quiet sleep 

"t1ff 4.24 LLRfI" m"Ltl~EJULfiEJUfl1tl1111'l1U'l1€1'\.1.L oR"ij~"lJ €I" iru1ll1 mfl~'\.I.RlI €I""lJ El" Lfinm"n LL"mnfiL'\.I.'II .. "1:/ 

.... • f .. A .J: • 


R1l11:.:m"'\.I.€I'\.1.'VIl.'lU active sleep LLfI:.: quiet sleep "lJtl"n~lILflnm"mL"mnfl'Ylfll.'ltlflfl111m'VI'\.l.fI (FT) ,nm-ll.'l 

iN n~11LLRfI"L~L~W'hfl1f111 lI'l1U'l1tl'\.l.LoR" ij~"lJ €I "ityty1 mfl ~'\.I.RlI tl""lJ tl" Lfinm"n LL"n Ln flL'\.I.R1l11:':m"'\.1.€1'\.I. 'VI iu 

active sleep "lJEl"n ~1ILfinm"mL"mnflfffll.'ltlfl'1l111ri1'V1'\.1.fI (FT) OLL'\.1.11ltllff":':R"n-hfl1tl1111'l1U'l1tl'\.l.LoR"ij~"lJtl"
~ 	 ... 

ityqpmfl~'\.I.RlItl""lJtl"Lfinm"mL"mnflL'\.I.R1l11::m"'\.I.tl'\.l.'VIiu quiet sleep "lJtl"n~lILfinm"mL"mnflfffll.'l€lfl'1l111 
n1'V1'\.1.fI (FT) 1f1 £Ifl1 Ltl.~ £I LLl.'l ::fl1 ujEJ" LU'\.I.1I1 '1I"S1'\.1."lJ tl"fl1tl1111'l1U'l1tl'\.l.LoR"ij~"lJEl" ity t"lP mfl ~'\.I.RlItl""lJ tl" L~nm"n 

LL"mnflL'\.I.R1l11::m"'\.I.€I'\.1.'VIiu active sleep Ofl1Lfi1nu 5.4937 LLl.'l:: 0.9885 '1I111a191U LLa::fl1Ltl.imLl.'l:,:fl1 

LO EJ" LU'\.I.1I1f1"S1'\.1."lJ €I" fl1tl1111'l1U'l1€1'\.1.L oR"ij~"lJ tl" it)} t)}1 mfl ~'\.I.RlI €I""lJ tl" L~n m"nLL"n LnfiL'\.I.R1l11:': m"'\.I.El'\.l.'VI iu 

quiet sleep Ofl1Lfi1nu 5.0451 LLa:: 1.1853 '1I111~191U '\.I.tln"1ndLur1m"1Lfl"1::~m"Rii~LLRfI,,L~L~'\.I.11fl1tl1111 
'l1U'l1€1'\.1.L oR"ij~"lJ €I" ityty1nLfI ~'\.I.RlI €I""lJ tl" L~nm"nL'\.I.R1l11:.:m"'\.I.€I'\.1.'VI iu active sleep Ofl1~"n11fl1tl11lI'l1U'l1€1'\.I. 

LoR"ij~"lJtl"ityty1mfl ~'\.I.RlI€I""lJEl" L~nm"mL,.mnfiL'\.I.R1l11:.:m1'\.l,tl'\.l.'VI iu quiet sleep "lJ tl" n~lI L~nm"mL"mnflff 
flfl€lflntl'\.l.n1'V1'\.1.fI (FT) m.i1"O,xmtlflty 1f1£10fl1 p« 0.0001 

http:flfl�lflntl'\.l.n1'V1'\.1.fI
http:n1'V1'\.1.fI
http:Lfinm"mL"mnflfffll.'ltlfl'1l111ri1'V1'\.1.fI
http:lJtl"n~lILflnm"mL"mnfl'Ylfll.'ltlflfl111m'VI'\.l.fI
http:f11'V1'\.1.fI
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Sleep State 


vJff 4.24 nTnmllULfillUfi1fl11lJi'ui'e'\.IoL~-Iliiil-ne-llityty1mfl~'\.I,~lJf)-Il-ne-llL~n't11"S"nLL"S"nLfi~"S"::'VI11-1ln~lJL~n't11"S"n 
LL"S"mfi~ffflae~t;l11Jf;1'V1'\.1,~ (FT) "S"::'VI11-1l~1l11::m"S"'\.l,f)'\.I,'VIiu active sleep LLa:: quiet sleep 

t"'VI'rUmilJL~m11"S"mL"S"mfi~ffflae~rie'\.l,ri1'V1'\.1,~Yi~1i1-1le1l1 37 fi-ll 43 itl~1~PMA ti1fl11lJi'ucie'\.l,L~-Il
1 • 

iiil-ne-llityty1mfl~'\.I,~3,Je-ll-ne"'L~n't11"S"mL"S"mfi~1'\.1,~1l11::m"S"'\.I,e'\.l,'VIiu active sleep ~mL~~"'Ltl1t11JLfitiunufi1 
fl113,Ji'ucie'\.l,L~-Iliiil-ne-llityty1mfl~'\.I,~3,Je-ll-ne-llL~n't11"S"nLL"S"mfi~1'\.1,~1l11::m"S"'\.I,e'\.l,'VIiu quiet sleep l'\.1,ltlff 4.25 

fli1t1fl~-IlnU~am"S"~n'J;-1Ltl1uULfitluti1m1lJi'uciEl'\.l,L;j-lliiil-nEl-llityty1mfl~'\.I,~3,JEl-ll-nf)-IlL~n't11"S"nLL"S"mn~"S"::'VI11-1l 
~1l11::m"S"'\.I,f)'\.I,'VIiu active sleep LLa:: quiet sleep 1'\.1,milJL~n'Yl1"S"mL"S"mnt;lYifl~Elt;lt;l1lJri1'V1Wi' (FT) ti1fl113,J• 
i'UciEl'\.l,L~-Iliiil-n El-ll inIttl1mfl ~'\.I, ~lJ El-ll-n El-ll L~n't11"S"n LL"S"n Ln~1'\.I,n filJ L~n't11"S"nu"S"n Lnt;lfffl a El ~rie'\.l,ri1'V1'\.I,t;lffii1i1-1l e1t1

"if., " q 

37 fi-ll 43 m.Jt;l1~PMA 1'\.1,~1l11::m"S"'\.I,El'\.l,'VIiu active sleep iiLL'\.I,1L,rlJ~-Iln11ti1fl11lJi'uciEl'\.l,L~-Iliiill'\.1,~1l11::m"S"... 
'\.I,El'\.l,'VIiU quiet sleep '\.I,ElmJ1ndua1ti1fl11lJi'uciEl'\.l,L;j-lliiil-nEl-llinlttl1mfl~'\.I,~3,Je-ll-nEl-llL~n't11"S"nLL"S"mfi~l'\.1,nfilJL~n

.~ w • 

't11"S"nLL"S"mfi~ffflaElt;lriEl'\.l,ri1'V1'\.1,t;lffii1i1-1lEl1t1 37 fi-ll 43 m.J~1~PMA 1'\.1,~1l11::m"S"'\.I,El'\.l,'VIiu active sleep ~."n11ti1. ... 
i'uciEl'\.l,L~-Iliiil-nEl-llityty1mfl~'\.I,WlJEl.,,-nEl-llL~n't11"S"nLL"S"mfit;l1'\.1,~1l11::m"S"'\.I,e'\.l,'VIiu quiet sleep eU1-1lii1l'mnfi'ty Lt;ltl 

~ti1 p« 0.0001 
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Sleep State 


~urt 4.25 	 m"nU;tI'lJ Lri tI'lJfl1fl1111-i'lJOJfeJ'l-U;1-:1ii9i~ eJ-:liqjqpt'll.f1~'\.!,{f1l eJ"~ eJ"L~n'Yl1''m LL 1mnIil1::wh"n~1IL~n't11'm 
LL1mnlilrtf1aeJlilrieJ'\.!,rlTI~'\.!,liIrtii"li1-:1eJ1t1 37 Ii" 43 mJIiI1;(PMA 1:'Vr:h-:l".1l11::m1'\.!,eJWI·'1S'lJ active sleep • 
LL~: quiet sleep 

.... ...... 	 I J .... .., .. AA .... 

4.4.3 fl1111{f1l'f4'\.!,1i1:'VI11-:1mfl1111"l1'lJ"l1eJ'\.!,L"l!-:l1IIiIn'lJEn~ 


fl1fl1111-i'lJOJfeJ'\.!,L;1" ii9i~ eJ-:I irunn t'II.f1 ~'\.!,{f1le),:J~ El-:l L~n'Yl11n LL1nLnIilJ-:I {feN mi11 ,.r'\.!,fieJ n a1l L~n'Yl11n LL1n 

., v 	 .. , 

A ~. • ., A d l..e .1.c11o" 
Lnlil'YIf1~ElIil1il111m'VIW;1 (FT) LL~:n~1ILliln'Yl11mL1mnlil'YIf1~EllilnEl'\.!,fl1'V1'\.!,1iI (PT) ~n a1111'f4~11t'11.1L 'f4El'VI1 

fl1111i1l..r'\.!,lM"'lJ eJ1 tI~£I"9l1£I []1" Lden;'n11U'\.!,iiniruru1 t'II.f1~'\.!,ft1l £1-:1 fl1 L~~ tI~ £I-:lfl1fl1111-i'lJOJfEl'\.!,L;1-:1ii9i~ £I". ~ ~ 

iqjqj1 t'II.f1 ~'\.!,{f1l£l-:l~eJw~n'Yl11mL1mnlilrt"li1"£11 ~PMA 9i1" ') ~:~n11.1111'liiil'\.!,9l1 LL'YI'\.!,'YI1"ftii9i~£I-:lfl1fl1111 
"''' £!. 	 -_... .d .. .. ..1..1 ,.d., A 

"l1'lJ"l1£1'\.!,L·D-:l1I1iI~ El-:lftqjqj1t'11.f1a'\.!,ft1lEl-:l~eJ-:lLliln'Yl11mL1mnlil'YI·D1-:1El1~PMA 1i11-:1 ') L'f4 Ela1111TI1'\.!,1t'11.'VI1n11 

LU~ tI'\.!,LLU ilI-:lL;1-:1 Li'\.!,~ £I-:lfl1fl1111-i'lJOJfEl'\.!,L;1-:1iiii~El-:liqjqj1 t'II.f1~'\.!,ft1l El-:l~ El -:I L~n'Yl11n LL1mnlil11i1 tlii El1 ~Lil'\.!,i1LLU1 

W1'V1i''lJ fl1 L~~tI~£I-:lfl1 fl1111.n'lJOJfEl'\.!,L;1-:1 ii9i~El-:l iruru1 t'II.f1 ~'\.!,ff1l El -:I~ El-:l L~n'Yl11n LL1nL nlil 1'\.!, na1l. L~n'Yl11n LL1nLnlilrt 
~ ~ 

f1 ill ElIil1il111rl1'V1'\.!,1iI (FT) nmLftlil-:lEl £i1'\.!,1iI1n-:lrt 4.3 ~1nn11ftfl"LL'lJUih~El-:lL;1-:1 Li'\.!,~ El-:lfl1'lf'lJOJfEl'\.!,L;1-:1ii9i~ El-:l 
" " .... Ai .. A1 ct 	 0 11 ... 1,d II A.d 

ffqjqj1t'11.f1~'\.!,ff1lEl-:l~El-:lLliln'Yl11mL1mn@'l '\.!,n~1ILliln'Yl11mL1mnlil'YIf1~ElIiI@'l111m'VI'\.!,1iI (FT) IiItI "l!mL~~tI mf11111 

-i'lJOJfEl'\.!,L;1-:1 ii9i~El-:liru ru1 t'II.f1 ~ '\.!,ff1l El"~El-:l L~n'Yl11nLL1mnlill'\.!,ml1l L~n'Yl11n LL1mnlilrtf1 ill ElIiI@'l111rl1'V1'\.!,1iI (FT)
~ ~ . 

ft11111tlLiitI'\.!,El £i1'\.!,1U~ El" 
" 'II 

Dn (g) =O.1362g + 5.2428 	 (8) 

LdEl g fiElEl1~~El"i1Ellh-:l ii'Vl't.bmil'\.!,mJIiI1;(PMA LLa: Dn fiElfl1f11111'lf'lJOJfEl'\.!,L;1-:1ii9i"llEl"iqjqj1t'11.f1~'\.!,ft3JEl""llEl" 
.. .. ~ , .. .. ..I • d ':.1" .1..1 • 

Lliln'Yl11nLL1mnlil ~'\.!,n~3JLliln'Yl11mL1mnlil'YIf1aElIil9l13Jm'VI'\.!,1iI (FT) 'YIEl1~ g fflJIiI1'V1PMA :GlJ'YI 4.26 LLfflil"mfl1111 

'If'lJOJfEl'\.!,L;1-:1 ii9i"llEl"iqjqj1 t'II.f1 ~'\.!,ft1l El-:l"ll El"L fin'Yl11mL 1nLn1iI~1mL'lJ'lJ'4h ~El"rtLLfflil"1'\.!,ff3Jn11 (8) 1'\.!,Li'\.!,mi'1L~'\.!, 
..d «~ I .... ....l': A A_.... A ct A." ct .. d1'\.!,"ll t'II.::'Y1 mL~~tI~El"mf1113J"l1'lJ'D El'\.!,L"l!-:l1I9I"ll El"ffruru1 t'II.f1 ~ '\.!,ff1l El-:l"ll El" Lliln'YI11n LL1mniii ~'\.!,n ~11Lliln'YI11n LL1nLnlil'YI 

w ~ 	 • 

f1~£l1il9l111rl1'V1'\.!,1iI (FT) LL ff91" 1Ii1mf1~El-:l'VI1l1t1 ".." -;nn LL'lJ'lJ1ii1~ ENL;1-:1Li'\.!,~El"fl1fl113J'lf'lJ.nEl'\.!,"ll El" iqjqj1t'11.f1 ~'\.!,ft1lEl-:l 

http:iqjqj1t'11.f1
mailto:ElIiI@'l111rl1'V1'\.!,1iI
mailto:n~1ILliln'Yl11mL1mnlil'YIf1~ElIiI@'l111m'VI'\.!,1iI
mailto:ffqjqj1t'11.f1~'\.!,ff1lEl-:l~El-:lLliln'Yl11mL1mn@'l
http:a1111'f4~11t'11.1L
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"lJtl" L~n'YlTmLL'm LnflrfLL"~"'l 'I4"llm,_ (8) LLR~"'llfL~'I4LL'1411'Il'1l"lJ tl"fl1fn111"ll'U'l1tl'l4"lJtl')ity'lP mfl~'I4"ll tl')"lJtl')L~n 
.. ..I ,.:. d''' '" d'

'Yl1,_mL,_n Ln ~'Yl 'lil:: LVi II """lJ'I4Lll tltl1l1"lJ tl"q}1 tlll1"1l1n"lJ'14" . 
5.8,---...,------,------r---,---...,-----, 

5.6 


c 

Q)8. 5.4 

~ 

~ 5.2 

o 
.~ 

~ 5 
C 

4.8 

38 39 40 41 42 43 
Postmenstrual Age (week) 

,_1.lrf 4.26 fl1fn111"ll'U'l1El'l4Li"iiii"lJ £I" iCUCU1 mfl~'I4RllEl""lJ £I" L~n'Yl1'_n LL,_n Ln~'l'l4mi II L~n'Yl1'_nLL,_n Lnflrffl a Elf!9l111'U .. ., , 

ri1'V1'14f! (FT) 'lil1mL'U'U~1atl"Li"LtrnLL"~"'l'l4Rllm,_ (8) 'l'l4LR'I4;J1L3'14 LLa::LfI~El"'VImli .."n LL"~"fl1LQ~lI 

fl1 LQit [J"lJ £I" fl1fn111"ll'U"Ii'El'l4L i"iiii"lJ a"iCU fll1 mfl S'I4Rll a,)"lJ a" L~n'Yl1'_n LL,_n Ln~'l'l4n all L~n'Yl1'_mL,_mnflrf
~'V • 

flaElflna'l4ri1'I~'I4q} (PT) em LLRfI') a ~'l'l4f!1n"rf 4.8 LOmt1111fl1'141 m'VI1 LL'U'U~1 aEl"Li"LR'I4"lJ a"fl1fn111"ll'U"Ii'El'l4Li" 
" " 

ii~"lJ a" ityty1mfl ~'I4Rll tl""lJ a" L~n'Yl1'_mL,_mnfl 'l 'l4n~ll L~n'Yl1'_n LL,_mnflrffl a Elf! n El'l4ri1'V1 '14~ (PT) 'lil::'9111 

Dpr (g)=O.2135g+4.6784 (9) 

LOEl g fiElEl1~"lJEl"i1a£i1" ij'lllli.1mi]'I4iiJ~1,{PMA LLa:: DPT fitlfl1fn111"ll'U'l1El'l4Li"iiii"lJEl"ityty1mfl~'I4"llEl""lJEl" 
L~n'Yl1'_n LL'_mn~'l'l4nallL~n'Yl1'_mL'_mn~rffla El~na'l4ri1'V1'14f1 (PT) rfEl1l1 g iiJ~1,{PMA fl1fn111"ll'U'l1El'l4Li"iiii 

.. .. .. ....I. ri A" ",..I 'l
"lJa"Rty"l!1mfla'l4Rlla""lJa"L~n'Yl1'_mL'_mnfl'YlflaElflnEl'14 1'V1'14f1 (PT) 'lil1mL'UUII1aa"L'1l'''LR'I4'YlLLRfI'' 'l4R:lJm,_ (9) 

~mLRfI" L1.l~lI'UL ri[J'Url'Ufl1 LQ; lI"lJ a')fl1fn111"ll'U'l1a'l4Li"iiii"lJ tl" ityty1mfl~'I4Rll El""lJ £I" L~n'Yl1'_n LL,_n Lnflrffl a Elfin a '14 

ri1'V1'14f1 (PT) 'l'l4pJrf 4.27 'lil1n31.lrf 4.27 LL'U'U~1atl"Li"Ltrn"lJEl"fl1fn111"ll'U'itl'l4L i"iiii"lJ a"i"l!"l!1mflS'I4R:lJEl""lJtl" 

L~n'Yl1,_mL,_n Ln~'l'l4n a:IJ L~n'Yl1'_n LL,_mnflrffl a Elfin a'l4ri1'111 '14~ (PT) LLR~"'llfL~'1411fl1fn111"ll'U'l1El'l4Li"iiii"lJa" 
... .. 

• 
- -'l I. _d I. ~ T"'~ ~ ,f

R"l!"l!1mfla'l4RllEl""lJEl"L~n'Yl1'_nLL'_mn~ 'l4n ~:lJL~n'Yl1'_nLL'_mnf!'Ylfla aflmmm'VI'l4~ (PT) :lJLL'141 L'I4:IJ'Yl'lil::LVill ~""lJ'14 
.. '" d'.... .. T"..I ... d''l • ., ... ..I ri

Lll El El1~"lJEl"m a lI1" ~""lJ'I4LWLq} lI1n'ULL'141 L'I4:IJ'YlLn~"lJ'I4L'l4n ~:lJLq}n'Yl1'_mL'_mnfl'Ylfla Elf!q}111 1 'VI '1491 (FT) 
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~tJfi 4.27 	 fi1f1113J 'lfU'lf£JUL:.B-3!i9i"lJ £J-3 i'll tiP cu.fl ;UH'3J £J -3"lJ £J-3 L91nt11'mLL~nLnflLun ~3JL91nm~n LL~nLnflfifltUlfiri £JU 

ri1~UfI (PT) ~1mLUU-;)1ii1E1-3L:.B-3LtrnLLH'fI-3h.4H'3Jm~ (9) LULiu;li1L~U Uiil::Lfl~£J-3~3J1l1 ...... LLH'fI-3fi1L~ill 

LrlE1U1f11f1113J'lfU'lfElUL:.B-3!i~"lJ B-3 i'lltiPcu.fl ;'U.H'3J E1-3"JJ E1-3 L91n'Y11~n LL~nLnCilJ-3L'U.n ~3JL9lnrmn LL ~nLnflif 

fHIBCilfl13Jri1~'U.fI (FT) LLiiI::mi3JL91nm~mL~mnCiliffliilflCilriEl'U.fh~'U.Cil (PT) 3J1~~1~cu.1113Jn"'U.J-3~lJfI m~• 
LtJi lI'U.LLtJ iiI-3"lJ £J -3f11f111lJ 'lfU'lfEl'U.L:.B-3 !i9i"lJ E1-3 i'll'll1cu.fl ;'U.H'3J £J-3"lJ E1-3 L91nm~mL~mnflif"1l1-3 fl1 ~PMA qJ1-3 ') L flU~-3 

'I _Id .r I d ..J I ~ ~ A. A_'" d 
LLH'Cil-3 L'U.. u'YI 4.28 'U.eJn~1 n'U.f11 L~iiI II LLiiI::f11 L U £WU'U.3J19m'nU"JJ £J-3f11fl113J'lIU'lI£J'U.L"ll-33JfI"lJ fl-3 HflH1J1 cu.fl iiI'U.H'3J E1-311 	 .. .., .., 

"lJ £J-3L91nm~mL~mnCilJ-3~3JCilnn ~tJB£lL'U.flTTHfi 4.13 ~1nfi1L~~£J"lJEI-3fi1f1113J'lIU'lfEl'U.L:.B-3!i9i"lJ fl-3 iruru1cu.fla'U.
11 .. "U 	 .., .., 

H3J £J-3"lJ £J-3 L91nm~mL~nLnflJ-3~ lJfI Lrlel'l113J1fl1'U.1 cu.~1LLUU~hiil £J-3 L:.B-3 Ltrn"lJ fl-3 fi1f1113J'l1U'lf£J 'U.L:.B-3!i~"lJ fl-3 i'll'll1 cu. 
d • - ~ 11 ."

fliil'U.HlJ £J-3"lJEI-3Lfln'YI1~mL~nLnCil'YI-3~3JfI~:: Lm1 

DN (g) =0.2867 g + 4.7344 (10) 

LrlEl g fifl£J1~"lJEI-39i1B£h-3 ii~\bmfl'U.itJfl1~PMA LLiiI:: DN fiElfi1f1113J'l1U'lfflUL:.B-3!i~"lJeJ-3i'll'l!1cu.flaUH3JfJ-3"lJfJ-3 
L91nm~mL~mnCilJ-3L'U.mi3JL91nm~mL~mnflif~13Jri1~'U.Cil (FT) LLiiI::mi3JL91nm~mL~nLnCiliffliilflCilri£J'U.ri1~'U.fI (PT) 
.01 ..!:ol r .1.01 .1.... ...t - ",.01 1 ....01. 
'YIfl1~ g ~uCil1~PMA ~u'YI 4.29 Lu~lIUL'YIliULLUU'V1aeJ-3L"ll-3Lm4'Y1LLHCil-3L'U.H3Jm~ (10) nUf11L~iiI£J"lJ£J-3f11f111lJ 

'lfU'lfEl'U.L:.B-3!i9i"lJ £J-3iruf'l I1cu.fl;UH3Jfl-3"lJ E1-3 L91nm~nLL~mnfil~~lJCil ~1mtJfi 4.29 ~:.a~W;hLLu11 'Il'3J"lJEI-3fi1f1113Jv'~ 	 ~ 

'l1U'lf£J'U.L:.B-3!i9i"lJ £J-3 i'll'l!1cu.fl a'U.H3J fl-3"lJ eJ-3 L91nm~nLL~nLnfilJ-3~3Jflfla1 £J fl ~-3nu LL'U.11'Il'lJ"lJ eJ"f11fl113J'lfU'lfEl'U.L;;-3!i9i 

"lJEl-3i'll'll1 cu.fl~'U.H3J£J-3"lJ £J-3 L91nm~mL~nLnfilL'U.n~3J L91nm~nLL~nLnCilfifl a £JflriEl'U.ri1~'U.Cil (PT) Lrt[HLLfif11f111lJ 

'lfU'lfB'U.L;;,,!i~"lJ B-3 iruru1cu.fl ~ 'U.H3J £J""lJ fl-3 L91nm~n LL~nLnflJ-3~3JCiliifi1fiH-3ni1 L i1B-3~1nmn13Jfi1f111lJ'lIu'll'BU 
v v 	 ~ 

L;;-3!i9i"lJ B-3 i'll'll1 cu.fl ;'U.H'3J fl-3"lJ B-3 L91nm~n LL~nLnCilL'U.n~ lJ L91nm~n LL~nLnfliffl iii £JfI ~13Jri1~Ufl (FT) 

http:i'll'l!1cu.fl
http:LLiiI::mi3JL91nm~mL~nLnCiliffliilflCilri�J'U.ri1~'U.fI
http:fHIBCilfl13Jri1~'U.fI
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Postmenstrual Age (week) 

~t.JYI 4.28 	 fi1m13Joi1J'li'f)'l.U~\!ij~"lJ El\!iil!q!1mflS'l.4~3J El\!"lJ El\!Lfln'Yl11mL1n Lii<ilorr\!~3J<il (orr\!'t'l.4n ~3JLfln'Yl11mL1nLii<ilYl 

fI~EI<il9113Jfh~'l.4<il (FT) LL~::YlfIi~El<ilrlEl'l.4rh~'l.4<il (PT» 

..I 
911Tl\!'Yl 4.13 

El1£lPMA• 

28 4.4902 	 1.4842 


29 4.0848 	 1.1655 


30 4.2503 	 1.2673 


31 4.1908 	 1.3205 


32 4.4460 	 1.3610 


33 4.6043 	 1.2018 


34 4.5929 	 1.0800 


35 5.1152 	 1.2089 


36 4.8928 	 1.2269 


37 4.8410 	 1.0894 


38 5.1979 	 1.3061 


39 5.1776 	 0.6225 


40 4.9847 	 0.8666 


41 5.0842 	 1.0323 


42 5.2530 	 1.1655 


43 4.5452 	 0.5239 
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iuit 4.29 fi1fl113Joi1Joi8\1,L~-i!ij~"1JEl-i!i'll'll1mfli\f\l,ff3J8-i!"1J8-i!L~nYl1·mLL,.ndl~oyf,,~3J~ -'nmL1J1J1ii1f1El-i!L~-i!Li\l,LLff~-i! 
1\l,ff3Jm.,- (10) 1\l,Li\l,i.J1L~\I, LLfI:::LfI~El-i!~3J1t.1 "." LLff~-i!fi1 L\l.~t.I"1J8-i!fi1fl113J';1JfJl'El\l,L~-i!ij~"1J8-i! i'll'll1m 

.d 
flfI\I,ff3J El-i! 
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"'.. • • ..Iot".&.....,... .. ....I\L! ....... "1II".t 1"

n1::U1'\..1.m'ma::Lfl10\llJOYl1·-1n11f11\ntu911\1 ') Yl L"1l'1II 1'VI11J1Lfl11::'VI~af'!1R911Yl WLu'\..l.L".!!\lLR'\..I. ~91;Jnlio1lJ1 L".!! 

t'\..l.mtlLfl11::~io~ai'll'll1tuflS'\..I.RlJO\lEllh\llJ1nlJ1[J t'\..l.Lfl1\1m11-;)[Jd1~m11Lfl11::~LLUUl:JLU'\..I.L<B\lLi'\..l.ri01fl[J 
'VI i nm1LLa::Ylql!tDriLfi[J1iEl\lnu~af'!1R91fLLUUl:JLU'\..I.L<B\I Li'\..l.LLa::'Yl ql!tD~\lL 'VI U\lriL~[Jnni1 m11Lfl11::~fl El~La-i'\..l. 
Bwnni'aLLa::fl El~'La-D'\..I.191 LlJ'\..I.-D'\..I. 1~;Jnl1.1lJ1H'l'\..I.m11Lfl11::~i0~ai'll'll1 tufl ~'\..I.RlJ El\l1J 0\1 L~nm1mL1mn911Jtu:: 

.., A A.... .......... A tilt .. .... d: I 


'\..I.El'\..l.'VI au L~Elf'!nl!t1'l tua n l!ttu:: LLa::'l tuRlJU911J 0\1 R'lI 'lI1 tufl a'\..l.RlJ O\l1J O\lL91 nm1mL1nLn911J tu::'\..I.0'\..l.'VI au "lh'lU\lU 0 n 

ii\lfltuinl!ttu::LLa::m1't'l1\11'\..1.1JEl\lRlJO\l ~1flEl~La-i'\..l.191LlJ'\..I.-D'\..I.LU'\..I.~1ril~lJ1lil1nm1ti1'\..1.1tu,;)1nflo~La-i'\..l.B'\..I.Yini'a• 
~1flEl1La-i'\..l.191 LlJ'\..I.-i'\..l.LUWir".!!\i.~191riti\lU El nii\l1::uufl11lJCJ1uiEl'\..l.1J El\l1::UU ,;)1nm11Lfl11::~iEl~ai'll 'lI1 tufl S'\..I. 

RlJEl\l1J 0.,jL~nm1mL1mn911J tu::'\..I.El'\..l.'VIiuL91 [Jt ,n~m11Lfl11::~flEl1La-i'\..l.B'\..I.Yini"a t:-l am11Lfl11::~UR91.,j t iL~'\..I.i1 

1) fl1fl El~La-i'\..l.191 LlJ'\..I.-i'\..l.1J El-\l i'll'll1tufl S'\..I.RlJtI.,j1JEl.,jL~n'Yl11n LL1mn911J tu::'\..I.tI'\..I.'VI iuiiLL'\..1.1 L UlJrilil::L ~lJ 
R-\lif'\..l.Lrltl 01 [JPMA 1J El.,j~1El Ei1.,j L~lJif'\..l. L11R1lJ11nR1u1~1::UURlJEl.,j1J El-\lL~n'Yl11nLL1mn91iiLL'\..1.1LUlJri 
~. . 

a ....... .:.,fA .... 1.,1" ~d 1t.1ctd .... 
lil:lJ fl11lJ"ll'U"ll'0'\..l.L~ lJ lJ1n1J'\..I.LlJ tI El1 [JPMA 1J tI-\I 911 tI [J1.,j L~lJ1J'\..I. R-\I'\..I.LLR91.,j L'VI L'VI'\..I.n.,j~fiJ'\..I.1m1Yl1.,j•.. .. 
RlJ tI-\l1JtI-\lL91n'Yl11n LL1mn91 

2) fl1fl El~La-i'\..l.191 LlJ'\..I.-i'\..l.1J El-\li'll'll1tuflS'\..I.RlJ O-\l1J El.,j L~n'Yl11nLL1mn91 t '\..I.n~lJL~nm1mL1nLn91rifla 091 

911lJ n1'V1'\..1.91 R-\ln11~1fl 01La-i'\..l.191LlJ'\..I.-i'\..l.1J 0\1 iruflI1 tufl ~'\..I.RlJ El-\l1J 0-\1 L~nm1nu1mn91t '\..I. mllJ L~n'Yl11n 
'U .,"~ 	 III 

_.I I •• ,. ............. :: • A.-=I 

LL1mn91'Ylfl aEl91 n El'\..l.m'VI'\..l.91 El [J1.,j lJ'\..I.[JR1fl'll 91.,j'\..l.'\..I.1::UURlJ 0.,j1J El.,j L91 n'Yl11n LL1nLn91'Ylfl aEl91911lJ 

n1 'VI '\..1.91 iifl11lJCJ1uiEl'\..l. ni11:UURlJ O-\l1J El-\l L~nm1n LL1nLn91 rifla El91 Ii El'\..l.n1'V1 '\..1.91 ii.,j LL3ii1lil:: El Eit'\..I,".li1-\1 
~ 

El1[JPMA L~[J1n'\..l.• 
3) 	 fl1fl 01La-i'\..l.191 LlJ'\..I.-i'\..l.1J El.,ji'll'll1tufl S'\..I.RlJ El-\l1J El-\l L~nm1mL1mn91t '\..I.R1111::m1'\..l.El'\..l.'VIiu active sleep 

~-\Ini1fl1fl El~La-i'\..l.191 LlJ'\..I.-i'\..l.1J El-\l i'll'll1 tufl ~'\..I.RlJ El\l1J eHL~nm1n LL1nLn91t '\..I.R1111:: m1'\..1.tI'\..I.'VI au quiet 

sleep £) Ei1 \I ii,x[J Wlt1'l1 iiLLR91.,j1iL~'\..I.11ii-\lLL3i11lil:: £)~1'\..I.R1111:m1'\..l.El'\..l.'VI auLL(;\ m1l11-\11'\..1.LLa:: 
lJ A C' .1.1 ..... .... .... . 	 .... 
~91'\..1.1lJnR1JEl-\l1::UURlJEl{l'YlLm.n1JEl.,jnURll11::m1'\..1.tI'\..I.'VIaU active sleep LLa::Rll11::m1'\..1.El'\..l.'VIaU 

quiet sleep iifl11lJLL91n~1-\1n'\..l. 

LrlEll11m1'Alil11tu1U"'lil-;)£J1JEl\lm~lJ~1ElEi1-\1LLa::R1111::m1'\..1.0'\..l.'VIi1J'blJn'\..l. L11R1lJ11nR1uLfi[J1nufl1flEl 
....... \1 .... .... A .. #If. .... \l ....... .t 

1La".!!'\..I. L91LlJ'\..I."1l''\..I.1J El\lR'lI'lI1tufla'\..l.RlJ O{l1J El-\lL91nYl11mL1n Ln911J tu::'\..I.£)'\..I.'VI au L9191{1'\..1. 

1) fl1fl El1La-i'\..l.191LlJ'\..I.-i'\..l.1J El.,ji'll'll1tufl ~'\..I.RlJtI.,j1J £)\lL~nm1nLL1mn91 t '\..I.n~lJ L~nm1nu1mn91rifla tl91 

911lJn1'V1'\..1.911'\..1.R1111:m1'\..1.El'\..l.'VIiu active sleep iiLL'\..I.1LUlJri';l::R{lni1fl1fl€l1La-i'\..l.191LlJ'\..I.-i'\..l.1J£)-\I 
~ 

i'll 'lI1 tufl S'\..I.RlJ El\l1J El\l L~n'Yl11n LL1nLn91t '\..I.n alJ L~nm1n LL1nL n91ri fl aEl91 rl 0'\..1.n1'V1 '\..1.91• 
2) fl1fl €l1La-i'\..l. 191 LlJ'\..I.-i'\..l.1J El.,jirufll1 tufl ~'\..I.RlJ £)\l1J €l-\l L~nm1mL1mn91 t '\..I. n a .lJ L~n'Yl11n LL1mn91rifl a €l91 ~.~ 

911 lJ n1'V1'\..1.91t'\..l.R1111::m1'\..1.El'\..l.'VIau quiet sleep iiLL'\..1.1 LUlJrilil::R\ln11fl1fl€l~Liil-i'\..l.191LlJ'\..I.-i'\..l.1J€l.,j 
~ 

.., ... fit ... 'I I tilt - .cI t..t 
R'lI'lI1tufliil'\..l.RlJ €l\l1J £){I L91nYl11nU1mn91 ~'\..I.n~lJL91nm1mL1mn91Ylfliil €l91nO'\..l.r 11'VI '\..1.91 

3) fl1fl€l~Liil-i'\..l.191 LlJ'\..I.-i'\..l.1J £){I ifllru1tuflg'\..l.RlJ€l\l1J€l\lL~nm1mL1mn911'\..I.n alJL~nm1nLL1nLn91rifla€l91 
.~ '" . 

911lJ n1'V1'\..1.91t '\..I.R1111: m1'\..1.tI'\..I.'VI iu active sleep iiLL'\..1.1L UlJrilil::R\l11fl1fl El;La-i'\..l.191LlJ'\..I.-i'\..l.1'\..I.R1111:: 
~ 

m1'\..l.El'\..l.'VIiu quiet sleep 
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4) 	 ti1f1a1La"l1t4tIilL3Jt4"l1t4~ a", ityqp mfl;t4W3Ja",~a", L~nm1nu1mfilil1.t4n~3JL~nm1n LL1nLnlilr!fla alii 

riemri1'V1t4Ii11.t4W1111::m1t4at4'VIfl'iJ active sleep ijLlt41llt'3Jr!';)::W",-.hti1f1a1U~"l1t4tlill3Jt4"l1t41.t4W1111:: ... 

m1t4at4'V1tlU quiet sleep 


~"'lL~i1m11lfl11::~fla1La"l1t48t4fini'alLa:flEl1La"l1t4tlill3Jt4"l1t4,;)::lUt4r!'"tI3J1.t4m11l1ttJ1l1::tlnlil'"lJLt4m1• 
1Lfl11::~ityty1mfl;t4t'f3Ja",qJ1", '] iaiEltl'VItln~ El",mnLfl11:~fI El1lt~"l1t48t4fini'a Lla::fI El~'La"l1t4tlill3Jt4"11t4 f1 ati1 

fI113J-iu-iElt4Li1",m1fht41m oi1",ijti1lut4a1iu~a",ti1t1nri1tl",t'fa"'~El"'fI113Jtl11,.r.,,'VI3J1iI N ,rt4f1El o(N 2
) l~El N 

ijti1t'f"'3J1n,] 1.t4tfl1",m11ibdl11tivr~t41lLa::1li'u1l1",m::1.J1t4m1fht41m1.'VI3JthwrU1i1m11lfl11::~fIEl1La"l1t4 ... 	 . 
8t4fini'aua::fIEl1La"l1t4tlil L3Jt4"l1t4 L~El"11.'im::1.J1t4m1fi1t41mfla1La..rn8t4fini'aLLa:ti1f1 a1La"l1t4tIilL3Jt4"l1t4111i1 L~1 
.I ...... .-.." .... " .1" tJ t .1 .PI"" "'., . .,j.
~t4 	 1lrm11Lfl11:'VIflEl1La"lJt4at4'YlmannlJ1U 1", iii tlm1lJ1:tln 'II ~"lJL'Ylflt4f1~a",m1LaElt4'V1mfl1'" LL'Ylt4'Yl,;)::'Yl1m1.... . 
fi1t41mlnti11::tI::vi1"'1::wh"'L1nlflElfH~ti1,;)1n'Ylnti~t'f3J~a"'L1nLfla{H~f11,.r."'VI3Jlili",1.t4m:1.J1t4m1fi1t41m~a,,,. ... 

A.r=lI A .... -..... #II .... • A....d .... tJ'" • 1 .I 1. ..r .J!1lrm11lfl11::'VIfla1La"lJt4at4'Ylma m:U1t4m1f11t41m~El"'1lrm1'YlYiflJt41LLa: 1UlJ1"'~t43J1 'VI3Jt4';)::TI1m1• 
fi1t41m'VI1ti11:m:vi1",1::'VI11",L 1 n Lfl afH~f11,;)1nLWtI",LLti'Yl nf1~t'f3J~ El", L 1n Lfl a{H~fh tl111 tl1.t4ma U~El"''VI,r19i1",r!nn. ... 	 ... 
ri1'V1t4Ii1Lri1tft4 m::1.J1t4m1fi1t41mifnnvrflJt41ua::1li'u1l1",;J't43J11.'VI 3J L1uni1 fla1la"l1t48t4fini'aLLuum::"l1U 1.t4 ... . 

"1t4a",L~U1nt4nu1i1m11Lfl11:~fI El1La"l1t48t4fini'a ~ a,;)1 nm11Lfl11:~fI a1La"l1t48t4fini'aLLUU m::"l1u,;)::LUt4f11 '] 
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Abstract-The Grassberger-Procacda algorithm for compu­
tation of the correlation dimension Is widely used nonlinear 
dynamical analysis techniques for EEG time series analysis. Even 
though the correlation dimension D2 is the easiest dimension to 
compute, major drawback of the Grassberger-Procacda algo­
rithm is its extensive computational requirements. To overcome 
this, we introduce a modified computational algorithm referred 
to as the partial correlation integral. The partial correlation 
integral algorithm provides an approximation of the correlation 
dimension referred to as the dimensional exponent. Similar to the 
correlation dimension, the dimensional exponent can serve as a 
relative Index of the complexity of a nonlinear dynamical system. 
I n this study, the partial correlation Integral algorithm Is applied 
to analyze neonatal EEG sleep data. From the computational 
results, conclusions consistent with those made in previous studies 
using the correlation dimension are obtained. 

L INTRODUCTION 

Nonlinear dynamical analysis techniques derived from the 
theory of nonlinear dynamical systems including the correla­
tion integral [U, Lyapunov exponents, approximate and sample 
entropy, etc. have been applied in a number of fields of 
research. In particular, some of these techniques have been 
proposed for the analysis of the human EEG time series [2]. 
In this context, nonlinear dynamical analysis methods have 
been widely applied to the study of both normal and abnormal 
EEG time series [3]. The spontaneous EEG time series reflects 
the functional states of neural networks in the brain [3] and 
nonlinear dynamical analysis of this signal can provide com­
plementary information to improve our understanding of the 
dynamics of the brain in different functional (or physiological) 
states such as sleep, wake, rest, or pathology as compared with 
classical linear time series analysis methods such as Fourier 
or spectral analysis. 

Among the available methods of nonlinear dynamical anal­
ysis, the correlation integral C(r) using the Grassberger­
Procaccia algorithm is the most common method that has been 
applied to the EEG time series [2J, especially during sleep [4]. 
The correlation dimension D2 computed from the Grassberger­
Procaccia algorithm is the easiest dimension to compute [2]. A 
modification to the Grassberger-Procaccia correlation integral 
algorithm (introducing a new parameter, the Theiler window) 

to correct for autocorrelation effects in the time series that 
can lead to a lower estimate of the correlation dimension 
was proposed [5],[6]. When the Theiler window parameter is 
equal to 1, the modified correlation integral algorithm [5],[6] 
is exactly the same as the Grassberger-Procaccia algorithm. 

In spite of computational difficulties and some shortcomings 
of the algorithm, the correlation integral and dimension are 
useful for making relative comparisons of the complexity of 
brain dynamics among groups of data [2]. The correlation di­
mension specifies the complexity of a deterministic nonlinear 
dynamical system in terms of the active degrees of freedom of 
the system on an attractor. Although easy to compute, major 
drawback of the Grassberger-Procaccia algorithm is compu­
tational complexity. In this study, we introduce a modified 
computational algorithm for computation of the Grassberger­
Procaccia correlation integral that is referred to as the partial 
correlation integral. The primary advantage of the partial 
correlation integral algorithm is its reduced computational 
complexity and time. The partial correlation integral provides 
a good approximation of the correlation integral, and the 
exponent characterizing the slope of the partial correlation 
integral according to a power law is an approximation of the 
correlation dimension D 2 • This exponent is referred to as the 
dimensional exponent. 

In this study, we examine the complexity of neonatal EEG 
sleep data using the partial correlation integral. The dimen­
sional exponents (complexity) of the neonatal BEG sleep data 
will be investigated into two aspects: subject groups and sleep 
states. The dimensional exponents of two different subject 
groups (preterm and full-term) will be evaluated. Further, the 
dimensional exponents of two different sleep states (active 
sleep and quiet sleep) will be examined. From the compu­
tational experiments, the results show that the dimensional 
exponent of the neonatal EEG sleep data of the full-term 
subject tends to be higher than that of the preterm subject 
even at the same postmenstrual age (PMA). Furthermore, 
the dimensional exponent associated with the active sleep 
state tends to be higher than that associated with the quiet 
sleep state. This supports the results of previous studies using 
the correlation integral and correlation dimension reported in 
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[7],[8]. 

II. METHODS 

A. Correlation Integral and Dimension 

The estimation algorithm for computation of the correlation 
dimension D2 can be divided into two basic steps. In the first 
step, the attractor of the nonlinear system is reconstructed 
from a univariate time series using time-delay embedding, 
also referred to as the Takens reconstruction [9]. In step 
2. the correlation dimension of the attractor is estimated 
from the correlation integral. The commonly used method for 
estimating the correlation dimension, such as in the nonlinear 
analysis of EEG [2], is the Grassberger-Procaccia algorithm 
(GPA) U1. 

1) AUractor Reconstruction: Given a univariate time series 
{x[Oj,x[I], ... ,x[N - I]} where each sample x[nj is a 1­
dimensional (observed) measurement of the nonlinear system 
that is being analyzed. To provide a more complete description 
of the higher dimensional nonlinear system, the time series x 
needs to be unfolded into a higher dimension space called 
the embedding space using a time-delay embedding scheme 
as, for example, given in [10]. The m-dimensional embedding 
vector x E RID of the time series x is given by [6] 

x[n] = (x[n] x[n + r) x[n + (m - l)r) ) T (1) 

where n = 0, 1, ... , Ne-1, Ne = N -(m-l)r, and m and r 
are the embedding parameters denoting the embedding dimen­
sion and the time-delay, respectively, and .T denotes vector 
transpose. This time-delay embedding technique unfolds the 
observed time series into a m-dimensional embedding space 
and provides a more comprehensive representation of the 
behavior of the higher dimensional nonlinear system on the 
uttractor. There are a number of methods for determining 
the time delay r such as the autocorrelation function [11], 
mutual information [12], higher-order correlation [13], average 
displacement [14], etc. A sufficient embedding dimension 
m can be determined by using the false nearest neighbor 
technique [15], for example. 

2) Correlation Integral and Dimension Calculation: The 
correlation integral C(r) of the nonlinear time series x[n) is 
defined by [1] 

2 N.-l Ne-l 

C(r) = N:i~ Nc E E 8 (r 'Ixi - XiII) (2) 
i=O j=i+l 

where Nc = Ne (Ne -l) and the Heaviside function 8(n) = 1 
if n ;::: 0; 0 otherwise. A revised algorithm was introduced 
by Theiler [5],[6] to correct for autocorrelation effects in the 
time series by using the Theiler window w. Theiler's modified 
algorithm is defined by [5],[6] 

2 Ne-l N.-l 

C(r)= lim "1 '" '" 8(r-lIxi-xjID (3)
Ne-+oo J.V c L-I L....J 

i=O j=i+w 

where Nc = (Ne -w)(Ne -w+ 1) and w denotes the Theiler 
window. 

According to Grassberger and Procaccia [1], the correlation 
integral C(r) behaves as a power law for small r, that is 

C(r) oc r", (4) 

The exponent II is defined as the correlation dimension D 2 

and can be calculated by 

/I = lim 10g(C(r». (5) 
r_O log(r) 

B. Partial Correlation Integral and Dimensional Exponent 

The partial correlation integral is a modified computational 
algorithm for calculation of the Grassberger-Procaccia corre­
lation integral. The correlation integral algorithm measures 
all possible pairwise distances of points on the attractor in 
the embedding space. In contrast to the correlation integral 
algorithm, the partial correlation integral algorithm measures 
only those pairwise distances of points within a specific time 
window that is defined by the integral limit parameter of the 
partial correlation integral. 

The partial correlation integral of the nonlinear time series 
x[nj is defined by 

2 Np-l i+(w+p-l} 

Cp(r) = NEE 8 (r -lixi - XiII) (6) 
P p i=O j=i+w 

where p, the integral limit of the partial correlation integral, is 
an arbitrary positive integer and N p = Ne - (w + p - 1) - 1. 
The partial correlation integral Cp (r) is a good approximation 
of the correlation integral C(r) and also exhibits a power law 
behavior for small r, i.e., 

(7) 

The exponent /Ip is defined as the dimensional exponent and 
is an approximation to the correlation dimension D2. 

Obviously, the partial correlation integral algorithm has 
less computational complexity than the Grassberger-Procaccia 
correlation integral algorithm. The computational complexity 
of the partial correlation integral algorithm is linear in the 
length of the attractor N e, i.e. O(Ne), while the computational 
complexity of the correlation integral algorithm is O(N;) if 
the length of the attractor N e is large. 

III. ANALYTIC FRAMEWORK 

A. Data and Subjects 

Electroencephalographic/polysomnographic studies were 
performed in an environmentally controlled setting. Fourteen 
channels of bipolar EEG recording consisting of Fpl-T3, T3­
01, Fp2-T4, T4-02, Fpl-C3, C3-0l, Fp2-C4, C4-02, T3-C3, 
C3-C7, Cz-C4, C4-T4, Fz-Cz and Cz-Pz were obtained using 
the standard 10-20 EEG lead system. The neonatal EEG sleep 
data were recorded with a 12-bit AID converter and a sampling 
rate of 64 Hz. 

In this study, the subjects were categorized into two sub­
ject groups according to the gestational age of the subjects: 
preterm (PT) and full-term (FT). The neonatal EEG sleep data 
examined in this study were obtained from two subjects (one 



TABLE I 
DIMENSIONAL EXPONENTS OF THE NEONATAL EEG SLEEP DATA 

Subject Group Sleep Stale Mean of lie Std. of lie 
fT AS 5.36 0.41 
fT QS 4.73 0.51 
fT AS 4.92 0.58 
PT QS 4.69 0.39 

for each subject group). The preterm subject is 29 weeks ges­
tational age while the full-term subject is 42 weeks gestational 
age. The EEG data of both subjects were however obtained 
when the subjects were both at 42 weeks postmenstrual age 
(PMA). 

Digitized neurophysiologic data for each minute of sleep 
during the recording were compared with the contemporane­
ous minute of EEG sleep. and neonates were visually assigned 
one of six sleep states according to conventional neonatal EEG 
sleep criteria [16], Le., two active sleep (AS) and two quiet 
sleep (QS) states as well as indeterminate and waking states. 

B. Computational Experiments 

Only channel Fpl-C3 of the neonatal EEG sleep data is 
analyzed in this work. The dimensional exponent of one­
minute epochs of the neonatal EEG time series is determined. 
In the computation of the partial correlation integral and the 
dimensional exponents, the parameters used are as follows: 
the embedding dimension m = 14, the time delay 1" = 2, the 
Theiler window w = 1 and the integral limit p = 800. 

In this study, the dimensional exponents of the neonatal 
EEG sleep data were investigated in two aspects. In the 
first aspect, the dimensional exponents of the neonatal EEG 
sleep data of the full-term subjects are compared to that of 
the preterm subjects associated with the same sleep state. In 
another aspect, the dimensional exponents of the neonatal EEG 
sleep data associated with the active sleep states are compared 
to that associated with the quiet sleep states for both subjects. 

IV. RESULTS 

The dimensional exponents of the neonatal EEG sleep data 
are summarized in Table 1. 

A. Comparison between the PT and FT Subjects 

First, the dimensional exponents of the neonatal EEG sleep 
data of the full-term and preterm subjects associated with the 
same sleep states are investigated. The dimensional exponents 
of the neonatal EEG sleep data associated with the active 
sleep state of both the preterm and full-term subjects are 
compared in Fig. l(a). Obviously, the dimensional exponent of 
the neonatal EEG sleep data associated with the active sleep 
state of the full-term subject tends to be higher than that of 
the preterm subject. Further, from a two-tail, paired t-test, the 
result suggests that there are statistically significant differences 
in the dimensional exponents between these two full-term and 
preterm subjects during the active sleep state (p « 0.025). 

Fig. l(b) illustrates the dimensional exponents of the neona­
tal EEG sleep data associated with the quiet sleep state of both 
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Pig. 1. Comparison of the dimensional exponenls of the neonatal BEG sleep 
data associated with: (a) the active sleep state; and (b) the quiet sleep state. 

the preterm and full-term subjects. It is shown that during the 
quiet sleep state the dimensional exponent of the neonatal EEG 
sleep data of the preterm subject is not significantly different 
from that of the full-term subject. However, the mean value 
of the dimensional exponents corresponding to the full-term 
subject is higher than that corresponding to the preterm subject 
as shown in Table 1. 

B. Comparison between Sleep States 

The dimensional exponents of the neonatal EEG sleep data 
associated with active and quiet sleep states for the preterm and 
full-term subjects are investigated. The dimensional exponents 
of neonatal EEG sleep data for the full-term subject in the 
active and quiet sleep states are compared in Fig. 2(a) while 
Fig. 2(b) compares the dimensional exponents of neonatal 
EEG sleep data for the preterm subject in the active and quiet 
sleep states. 

The dimensional exponents of neonatal EEG sleep data 
during active sleep tend to be higher than that associated with 
quiet sleep state for both the full-term and preterm subjects. 
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Pig. 2. Comparison of the dimensional exponents of the neonatal EEG sleep 
data of: (a) the full-term subject; and (b) the preterm subject. 

Furthermore, the dimensional exponent of neonatal EEG sleep 
data for the full-term subject in active sleep is significantly 
higher than that associated with quiet sleep (p « 0.025). 
The dimensional exponent of neonatal EEG sleep data for the 
preterm subject during active sleep is also significantly higher 
than during quiet sleep state (p « 0.025). 

V. DISCUSSION 

In this study, the modified computational algorithm referred 
to as the partial correlation integral algorithm is introduced. 
The partial correlation integral algorithm provides an ap­
proximation of the Grassberger-Procaccia correlation integral. 
Further, the dimensional exponent obtained from the partial 
correlation integral is an approximation of the correlation 
dimension D2. The computational complexity and time of the 
partial correlation integral algorithm is much less than that 
of the Grassberger-Procaccia algorithm. The computational 
complexity of the partial correlation integral algorithm is 
linear in the length of the attractor N e, Le. ()(Ne), while the 

computational complexity of the correlation integral algorithm 
is ()(N;) if the length of the attractor N e is large. The partial 
correlation integral algorithm was applied to machine vibration 
signal analysis in [17] . 

In this work, the partial correlation integral algorithm is 
applied to neonatal EEG sleep data analysis to investigate 
some aspects of neurodevelopment. From the computational 
results, it is observed that the neonatal EEG sleep time series 
of the full-term subject tends to be more complex than that of 
the preterm subject even at the same postmenstrual age. Also 
the computational results suggest that the neonatal EEG sleep 
time series during active sleep is more complex than during 
quiet sleep for both the full-term and preterm subjects. These 
results support the previous findings reported in [7],[8]. 
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