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THE IMPORTANCE O r- PHASE IN BIOLOGICAL SIGNALS 
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A8STR.ACT .... 111 Lhis pa per, th ~ im p Drt a nce of ph ase in the context 
of biDloqical si qn<l Js is hiqhliqh t ened . Te ch niques f or 
manipula ti ng ~he phase specl:[al values p[i ot to its use ate 
illustrated and several app roaches to exploi.t th e role D( phas e 
s tatistics in b iologi cal si ~lllal a na lys i s a ne] feature ext ra ction 
are discussed. 

1 . t NTRODUCTX 0"1 
In Fouxiet re pr e sen l:ali.on of s ignal s, spec tr a l ma g ni.lude and 

phase tend to play d iE(erent r o l e s and in 50rne ~it ua tlo)lg, many 
o f tl1e importa nt features o[ a s igna l aLe ~).[' e ser ved if only .the 
phase i.s retained. II c o rle s ponding statement can no t in ge ne[~ l 

be made for the spec ttal ma<,lnit uu e (O ppen h~irtl and Li.m, 1981). 
Tilis observation about ph ase ha s been made in a number o f 
differen t context s a nd appli. cal: ions incl udinq on e - d ime n s ional, 
two-dimensiona l and lhr ee -cliln[!l1 si ollal 5 191131 5 . In s peech, (O[ 
instance, i.t has beel' sli o"'n lhat t h e inlelllq i billly of a 
se ntence is retained i f the ph a se of the fouri e r tra ilS form of a 
long se gment is combll,c J willl unity magnitud e (R~b lner Bnd 
Sc haC e t, 1978). It has be el' l eport ~d by lIa ye s and Oppe nhielll, 
(1980) tha t many o f th e fe a ture s o f an u rigl nal imag e are clearly 
identifiable In the pha s e .... o rlly image l ec o nElructed but Ilot In the 
ma gnitude .... o nly i .. age. Th is s u gqest s v er: y s b: ollqly I:he (ac !: that 
in many contexts the pha s e contains much of the es se ntJ .ll 
"information " in a slonal. 

The p resent paper brinys emphasi. s t o the Lol e that pha s~ 
plays in the c ontex t DE biologi ca l s igrla ls: physiolog ical and 
epidemiologicai lecords. S e c tion 1 1 u c mon s trates som.e techniques 
foe man i. pulatl"9 the ra .... pha se spe ctc a l va lue s pri or to its us e. 
The importa nce of phase In pa ttern detection h~5 a nu~be r o f 
i nlport.:lnt i mpl i cat ions with cegtlcd t o ap pl ica t ions. III s e ction 
Ill, .... e r~ v ie .... eome techniques that hav ~ b e en clevelopecl and 
utilize d arId we consider 50m~ spec if i c applic.:ltions. 
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rI . PIIASE SP£CTRAL MANIPUCATI ONS 
The'complex rourier SlJecttlJIII X\f) of a rea l signal x\tl is 

defined as 
00 

x(f. ) " J x(t) exp( - j2'l(t) dt 
-~ 

where x( t) can be giv ~ n by 
00 

J 1 
xtt) =' -

2" _00 
case, In the general 

durat io n, hence 
x (t) = x (t) 

X(.f) exp(JZIIU) df 

we deal with. ';lave fo rms 

t I ~ t ~ t z 
e ls e .... here 

of 

(1) 

(21 

finite 

()) 

In thlG case the integration in Eq. (1) is limited to the closed 
inter val (t . t I . . , 

The fr equency component (har monic) Xl f ) is a c omplex 
quantity wi t h real and imagl ilar y pa rts dellol;ed by RIE) and I(E), 
respectively. X(E) has an amplit ude A{f) and pha se .p(f) deEineJ 
by 

!R'- (fH 
, 

1',( f I • I (f) (4) 

{ J ( f ) } ,p ( f ) • arctg (S) 
RUI 

In practice x( t) is sa mpl ed <It an alJ pr opriat e sampling fre qu ency 
and the di screte Fourier tr a ns (orm is ca lculated with the 11 e lp o f 
the f a st Fourier . Tr ans f orm I FFT) a lgori t hm. 

The phase spec trum cu l culat ed by Eq .( S) can be c ons idered as 
contributed by two add itive factor s : the phase effect due 
specifically to the shape of the wave for m, a nd t hose due to tile 
fact that th e s ign a l I s gene r a lly di splac ed away hom it s most 
nearly symmetrical pos iti on wi t h Lespec t t o ze to time in the 
record. In .fr equ e ncy do main te rms , the s igna l I s t[eated as If 1t 
repe a ts on a time-base ~qual to the chose n [e co rd length; tile 
phase spect[um a fter "spinn ing " on its time ba se to it s most 
symmetrical posi tion Is ' tr eated as that con t ributed to the 
waveform alone. But s ince in ge ne tal tile ma ill pattern featutes of 
a signal exhib it an arbitrar y displaceme n t fr o m t hei r temporall y 
most-symmetrical pos itI on, t his adds a pha se shIft proporti ona l 
to the relevant time d ela y a nd to har monic numbet. 'I' h!! re su lting 
phase angl e lIIay the n be s ubje c t t o complication by "..,rap-ar.:ound" 
I nto the pr inCiple angle range. 

II. 1 

have 

The Wrap-Arou~d Effecl 
Although the pha se components 
values 11"1 the r a ng e ( - 00, OJ), 

calcul a ted 
the values 

from Eq. (5) 
of ¢(f) are 

can 
all 
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mapped In the reglon 
chata~ter of the ~[ctg 
be \lr 1 t ten i1S 

¢ ( f) 

l -n,tT) . . 
function. 

, . 
Th \l; Is due to t he 
.t n tJ act, ",<E) s h ould 

E- U 

per iod ic 
therefore 

'Gl [ ~ \{ I f.} ] ~." 2k"' •• 
1\ ••• • - 2,-1,0 .1 ,2, .. 

This is kno\ln as tile .... rap-around eEfect. 
The eHect of \lrap -a round can be e l i{llinalcu by a n unfolding 

(ullwrapplng) procedure. This can be made by adding or subtrac ti.ng 
multiples of 2n to the phase values at appropriat e frequencies in 
order to mak e all the diff e rences of t .... o consecu t ive phase 
spectral values le ss than TT . The remova l of t h e fold s i n the 
phase spectrul:I reve al;:; any trend vhich may be pre ne nt. This 
repres e nt s tile di s placement of the malll s i g na l fea ture s from 
tlleic te~porally mos t -symmetrical position . TIle gradicl lt of the 
trend I s proportlollal to the r e le vant t ime d e lay a nd t o the 
har_onlc number. Jt may be posi ti ve o r ne~a tlbve de pending o n 
\lhether the s i g llal i s advanced for .... ard or: del .;l yed after the onset 
time . Therefore, the un .... rappl.ng procedure IlI \JSt be fol lowed by a 
linear regression and a tre nd r emova l. The whole p rocess I s kno..,n 
as "Regression Sp l nning" (5utton, 19 6 0 ). 

11.2 RClrIOvi " 9 The Trend 
A least-square eIror line i s f itted to t he phase s p~ ctrum 

anQ the cal culated tre nd i s remov e d - the p has e spec tr um .... ill then 
have 11 0 increments greater than In r ad ians , and no o vera ll trend. 
\;Jslng this method, specially o n comple x s ig nals , it is often 
found thZlt the u n fol ded an d ttcnd - re movetl pha :;e specl:.r um exhib it s 
phase Incre~ents greater than +11 r ad i ans , a nd the reconsttucted 
signal Is evidently not c e n t e te <l . 'r h e fol ds produced by the 
removal of best -fi t lin e oc cur at paints ... IIPre t he si<;J nal po ... er 
I s 10 ..... At these po int s, s ud d en 'jumps ' oc r.:ur i l\ t he phase 
spectrum lSayers, 19'14). R e~ ressi on s p i nning surmounts this 
pr o blem by rcrnovl!!g t hes e se co udary { o ldo by unfolding the phase 
spectrum once more, and the ~ r e movllHl a lly further trend that 
emerge s . rill! resultant phase spe clr: u l~ can no 'J be cons ide red as 
that contribute.d by the t he si gna l p a t tern Le. ntur es alone and can 
be utilIzed for diff~rent pu rpose s. Fig .l 5 11 0 .... 5 a t yp i cal eKample 
of unfolded spun p!\~se sp~c t r um of all iltbltrary sig na l. 

Ill. APPLI CATIONS 
111.1 P~lLqrn DeLeclion 

"he ex i ste nce of ally sys lemat ic pClttern, uncle r ly ing an 
e nsemble of records Is problemali c a l . Some basis f o r co mparison 
\5 needed: f o r instance, by testi ng the rCC OtaS in quest i o n 
against otherlo'l.sc silUl l ~1.I records that cer t ain l y do no t contain 
the pattern . The most objecti ve a ppeoac h i n one t hat u e Dcnds upon 
the proprertle s o f the phase spectrum of the si 'J"al. 

~n ense~ble of rando~ s ignals will eX!llbit u niformly randon 
phase s pect r a for each har.oo lil c and , s ubj e c t to s tatistica l 
sampl ing e ff ects, thi s can be us c(l foe te!\tJ ng I)urposes, because 
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the pres ence in all signals o f a commo~ pa ttern im pos es a measure 
of p hase aggregation in relevant ha(moolcs . 11oreover, if a 
visibly dl.scer nable patter-:a i s pr escnt In a record, then the 
Incremental phase spectrum (be tve e n success ive harm o nicsl I s 
~agoitude-limited, and this al~o ma y be usablelSaye rs et al., 
1974 I . 

III.1. 'J.. Us.lng Ph-l'o$o Aggni~gnt.io ... 
If tIl e same teSpOllse patterrl ~as presellt in e ac h of an 

ensemble of records, some aggregation should occur in the 
distribution of the phase-spec tral values for illdivi dua l relevant 
harmonics as depicted in Fig.2. In the absence of any consistent 
patterns, a uniform distrIbution of the cllse mble of pllases would 
be eX!;lected ~or each h<lrmoni c (Sayer'S ~t ill., 1971). This method 
has proved to be of some value ill differe nt ptlysioloyical records 
\oIher€. It is required to c'letect the response "of a s tiJlulus. F'or 
exa mple, Sayers et ed., (1979) and BeC'lgley et al. (1 979) have 
applied this t echnique to the detection o [ a ud itot y evoked 
po t e ntials in the electroencepha lography (EEG). Pa tte r n aspects 
o f indi v idual post-stimulus responses .... et e exa mined by the 
ensemble distribution of pllase va lues o[ fourier spectral 
components employed t o c hara cter ize signa l pattern . The 
i ndividual harmonic ph.,se va lues \ter e di str ibute d approxi ma tely 
unlforlll for- unstimulat e d EEG, but .... ere dellIonstratetl to be 
In c reasingly aggregated for incr e asi ng ly sopra tll rc sho ld s timu li . 
1t Is approved that a full y objective audiome t r i c technique can 
be based on tllis meth od and tllat tile presenc e a t a bs enc e of an 
.tluditory-evoked potenti al (" EP) c u n be d ec ided wJt h out the 
intervention of the tester, the re.by r emoving the test e r bi as. 

I~l. l. b Using Ensemble Sl.nnda c·d Devialion of Phase 
One of the most efficient teclllliqu es based on statistical 

pattern analysis has been deve loped f o r mea surin~ hearing 
threshold (Ross, 1\. J. 1910 ), Tho tech n i que uses the pha s e 
standard deviation' of ha~ruoni c c um po ne nt s a s a ln easur c u f 
consistent pattern content Occuc [j ng throug h ou t an ensemble ' of 
records . It in vo lves a conventi ona l non- par ame tric sta ti st ical 
test to decIde vhether t ile. d ls tr l bu tio rl of phas e val ues for 
individual harmoni c c OlI\ponc nl;s o f a nu mber o[ post-stimu lus EEG 
records is unl(orm . I f the l .. h~lSC ensemble o[ a ha rmon ic c ompo nen t 
exhiblts aqgreg"'tion, the n nscmble st.andard de viation val ue 
should be significantl y small c om pared to that of a unlEorpdy 
distributed ensemble. On th~ othe r ha nd , in the case of no 
constraint, a large ens e mb le sta ndaId d eviation va lue (about 11 /] ) 

15 expected (Se:Ctl OIi I II .J) . 

111.2. Decompo:;ll1ora ;lind Dis:~ggrega.tlon 
Lillear decomposJtlol1 of a Signal into its componen ts call 

sometimes be done by lineaI f il tering. Hore often, it is 
necessary to id e ntity empir ically any common or recuIrent 
featu~es ant) then to 1301ate them, us in g kno..,l ecl ge about the 
l~entlfled featU re and abo ut it s occurrence locati ons . 
Dlsaggregation 13 a term fro m stiltistical epid e miology; it means 
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the ope~atlQn of sp l it ti ng a Leco~d into known contri bu tury 
parts, for Installce acc ord ill g to the geographlcal regions from 
wh ich data is ob tai ned, o r by se parating the contributions by 
time (seasonally, say) for se para te s tud y. T!le approacll can be 
illu~lnatlng by examining s peci fi c signa ls in which the 
inspection of th.e spec tral phase values is ve ry us ef ul to th'is 
end. 

A number of authors ha ve us ed th e phase aggregation concept 
in order to identify the presence o f a common pattern or a 
standard forlll in an e nsembl e of r e cords; epidemiological .and 
physiological (Sayer s et a1., 1902 and Sayer:; et a1., 1983). Th is 
may help in establising a reference representatjve pattern for 
the com~on behavior of tIle records. 

Fig.) shows an'ellsemble of post neonata l dally death reco.[ds 
due to gast.[ojtltestll'~ l causes ill Dakaillia governorate over yeats 
1 98 1-1907 . The records exllibit long-term (seasonal) var iati ons. 
Moreover, Irregu lar recurrent short-duration Increases in tIle 
number of deaths which might be 'n oi se' ot might be due to 
poss ible biologlcal origin ca n be observed. Therefore, ea c h 
.[ecord can be regarded as c om posed of a I011g-l er m seasonal 
component added ' to high frequency irregular component. A 
convenient approach is to separate these components using 
Ulte(ing operations ..... cc ordingly, s ome basis for c hooslng the 
extent of fI lterIng should be sought. It ha s bee n reported by 
.... bou-Ghadl et al.,(19,)0) t hat the record ~hase spec tra have 
sho~n a clear phase aqgre ga tl on in ha[~on ic components (Il l to H

6
) 

(Flg.1). This indicated the existence of a common pattern in the 
ensemble of r e cords. This common pattern reflects the seasonal 
behaviour an d was is ol a ted f( om eacll record for further 
Investigation (Flq.5) . 

The Be rne procedure haH been also applied to 24-llou'[ adult 
heart-ratc and ambulatory intra-arte.[ial blood- p ressure records 
(Sayers et al . ,1902 and 1983) . I t has been r epor ted that records 
do exll1blt two ~ell kllown features: very large variabilIty 
superimposed on a crlld~ly circadian pattern. The circadian 
pattern r C!fl ec ts t he fact thill: the heart-rate and mean blood 
pressure seems to drop at night auc ing r es t, .[islng again in the 
morn in g ; the patterns o f ri se and fall are rather variable being 
li nk ed to the sl eeping cycle o f the s ubjec t. The e xistence of the 
co~~on cl.[cadian patterll 15 reflected 011 tile pllase values of tIle 
original records \n the form of agg.[egation in the .[elevant 
ha(,"onics. This l eads, in .tur.n, to identifying the c on tr ibuting 
components to the circadian pattern and the~eby its i s olation. 

However, in the ana lYS is of 21-hou r hea.[t-rate I.n neonates 
(nbou-Chadl, 1986), the di s tr ib ution of the phase spect~al values 
for the relevant hilJ:mo nics ha ve bee n found to be bimodal (Fig.G). 
This has been co ns ic1 eJ: ed as an indication that the common 
long-term pattern in the neonatal heart-rate S igna l lies in more 
than one standard forn and that ea c ll moc1~ is certainly r ela t ed to 
some main fe ature s. These results have l ed to classifying the 
long- ler~ behavio.[ int o three distinc t forms. This has been 
achieved by comparing the phase values of t Ile different records 
and relate them t o t he nearest moda l va lues. (Here the term 
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clIcadie. n is no t valid due to the (jiCE ere nt s l cepi ny and vakiny 
t il'les In neonates)-. 

111. ::;1 Validation o f The Occur rence of a Rec ur rent.. Pat.t.ern 
If a recurrent pattern can be obse r ved as tIle major 

cOlllponcnt i n a 6 igno31 , it may be poslOlble to eGt.3b li~!1 yhether 
it il> a pattern due to 100m i! untlQrlyinQ IIlVCh;:lIlll:lln or i\: it; only 
f luctuation that can be inter~reted as an unwanted "noise" or 
"oscillation". An example 1 ~ th e residual s l g na i t llat rewma lns 
after r e ~ovi nq the long -ter m ~a tte[n from biological variables, 
F lq . 7 s hows the residual signal for postrIRon~ \:al d &atll records 
and that of the neona t al heart-rate record s. The s ignal sho""s 
s hor t - tetlO rec utr e nces of ri se a nd fall , and therefore, it is 
Importa n t to detetm i ne t he e nt ity o( these tra ns ient ~ecurrences. 

The phase spectral a n<l lys i s has be en e fficient l y appli ed to 
examine the validation of t h e occu rrence of these transient 
recurrences ,] 3 a n explicit entity. Thi s has been ac h ieved b y 
reconst ructing the resid ual sigllal using the oriqinal amplitud e 
spectrUm of the sIgnal and lIrandoJIIIzed phase spectr ulII derived 
from uni forml y phase values (-0, to) . the reconstructed sIgnal i s 
shown In F19.6 obtai ned by the present author itl a previous vork. 
Comparing the orIg inal and resyn tllesed 81gnals, ve see clearly 
that the 8lgnal lIlain features hCl;ve been altered . ThIs has been 
~roved by c o_parIng the stati~tical parame te rs (Ot the t ra nsIe nt 
occurrences (e.9. s hape of the a .... erage trans lent pattern, 
a mplitude and inter - event Interva l s ) . 

III.4. ES lima ling the O<:l ndwidt..h o f <:I Si91)<:I l 
In establishing the s pecif~ cation for the i nsl:rullenta l 

. measurement of say, e l ectroca rd Iograph Ic: I E:CG) waveforms , it i s 
necessary to detHmine t he siCjnal band .... idth. This can not be based 
on observations of tile a mplitude or power spectrum without 
a pr lor I esti mal:e of t h e t CQlllred answer; it is not warranted to 
Infer tl\ ~ result mer e ly by ~ pec ifying I:he 111ghest frequency 
exillbltlnq s I gnificant po wer. llovever , an approa ch can be made 
tlsi ng the sl:aUstlCiill varlabIl1ty of the w Clve[ort~ p h.-t se s pecLra. 

In order to se lect individual wave f o rm s of ECG fro~ a 
conti nuo us record, the starting poi nt of eac h wa ve must be 
identifi ed . Thi s i s invariably s u b j ect to uncer tainty resulting 
in the add ition oE ~ ta ndo~ l atency to eac h wa veEor~. ThIs effect 
adds a phase s hift , ptoportionCll to harmonic number and to 
la tency value , int o the phase spectr um of the ""avefu rlll . In the 
complete ensefflble, this effect cont r i butes an ensemble sta ndard 
deviation of phas~ v l,l cll is proportional to fr eq uency , at leas t 
for apectral compo nents that are coherent l y linked to the cardiac 
be at. For spectral components that are not ti~e - linked In this 
way, and s o not par t of the ECG signal, th e efEect of fluctuating 
lateltcyalflongst the different beats i. n the enselllblp. is to 
con tribu te r<lnd o~ phas e shifts that r esult In total phase va lues 
t ha t are uniformly distributed across the available range of 
pha ses. The enselll \) le standard deviation of a ranoo'ltl variable 
""hicl, 1s u n iformly ~i strlkuted over the ranye fr o~ -180 to +180 
is calculable to be 10).9 {Be ndat and Jansen, 19111 . 
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Therefore, th e curve o f e llse mble stan()anJ ()eviation o f phase 
as a function or frequel\cy rises linearly at 10'" freq Uellcie~ . It 
fluctuates around a c onstant value (whi ch appr:oxi lnates 10-1 for 
larQe ensemble sizes) f or spe ctral compone.)ts that ~ re not 
time-locked t o tile (!:CG be03t tri g.S). It i. s easy t o se t <I suitab le 
upp~t llnit to tIle siynAJ - Jinked spec trum (or suc ll an ellsemble , 
and thus to Identify the effective bandloll clt h specl[lc~ ti on for 
tht! signa l (Rompelman ct .:11., 1982 and Ab ou-C hae]). et a 1 . , 1990). 

1 V. CONCLUS! ON 
So me applications of the use o t p ha se spectl.:l l va lues in the 

co ntext of biological signa l s ha ve been presented . The y are 
. Illustrative of ways In 'oIhich Lhe importance of ph')se can be 
e)(plolted. They setve to d e mon s tra te a nd assert t hat I n a nura"ber 
of conte)( ts the Fo urie r tr a ns f orm p hase contains mo r e "impottallt" 
In Eorraa tion than the fourier trails for m magni tude. S imilar 
conc lus ions ha ve been drawn in s peech and image signals. optical 
holography and X-r.ay crystallography (Oppenhiem and Lim, 198 1 ). 
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Fig.l An exampl e of phase spec'truro of an arbitrary slyna l 
a- Pllase valu e s calcula ted from tile arctq f u nc t ion 
b- Unfolu ed phasa val ues 
c - Phaa e values SpU ll lu t il O siqnal most - 6yrn~ettica l 

position . 
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Fiq.2 Typi ca l beha viou r of phase distributIons 
a- Uniform uistrlbutl on 
b - Phase di s ttibuti on in car,e of a qqrega tiun 
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Fi g.6 Phase distI.ibuti o ns of harmonics (H 1- H20 ) of neona tal 
heat t [ate [Qco[ds 
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Fl<;l . 7 Re sid ual 5 1g nal s (hiqh-pa ss fllten:t1) 
a- Postneonlll tal death recoc(la 
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F 19 · 6 A typi CA l ces lrJO-l l sI9 1\<l 1 o f pO'l tll e Qllatal r ec or d 
<1- Original 
b- Reconstr uc ted us inq tandOlll lzed phase s pec t rulIl 

F1g.9 Enselilble sta nd".rd deviatiOIll ,of pha ses 
for an en5emble o[ ECG bea t s 
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