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The time-frequency analysis of signals by means of continuous wavelet transform 
(CWT) was applied to blood pressure oscillations recorded from the aorta of 
anesthetized dogs. This method yielded two and three-dimensional representations 
of either the module or phase in function of time, in contrast with the fast Fourier 
transform (FFT) which gives the spectrum in the frequency domain. From the CWT 
of arterial pressure oscillations we obtained visual information on aortic valves 
closure, heart rate, respiratory rate and smooth muscle contractions in arterial and 
arteriolar walls (very low frequency component). 

The objective of this study was to analyze the frequency-time behavior in two 
and three-dimensional cardiovascular changes during 45° head-up and head-
down tilts, compared with zero degree supine position. In eight pentobarbitone 
anesthetized dogs, the postural changes were repeated for more than ten times in 
each one. Heart rate variability was derived by applying a new mathematical 
procedure. We utilized the pronounced changes of heart rate during each 
respiratory cycle (inspiratory tachycardia and expiratory bradycardia) to 
establish a correlation with the arterial pressure fluctuations during normal and 
tilting conditions. Significant differences in heart rate were observed between the 
45° head-up and head-down tilts, compared with the supine position. 

The results show that anesthetized dogs might constitute an appropriate 
model where to study orthostatic hypotension and microgravity blood shifts. 

Key words: continuous wavelet transform, fast Fourier transform, heart rate 
variability, module and phase, tilting, time-frequency analysis, three-dimen
sional representation. 

I N T R O D U C T I O N 

N o w a d a y s , it is a c o m m o n prac t ice to ana
l y z e n u m e r i c a l d a t a f rom e x p e r i m e n t a l 
s tudies th rough the fast Four ie r t ransform 
(FFT) , which p rocedure genera tes the spec
t rum of c o m p o n e n t s wi thin the frequency 
d o m a i n , w h e r e a s the c o n t i n u o u s w a v e l e t 

t ransform ( C W T ) dea l s with the wide fre
quency spec t rum genera ted as a function of 
t i m e ( see A p p e n d i x ) . C o n s e q u e n t l y , t he 
F F T is a " s t a t i c " p ic tu re , whi le the C W T is 
of " d y n a m i c " na ture . 

In a p r e v i o u s s t u d y ( G ü n t h e r et al, 
1 9 9 3 ) , t h e d i s c r e t e w a v e l e t t r a n s f o r m 
( D W T ) was appl ied to ana lyze pressure os-
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di la t ions and b lood velocities from the 
aorta in anes the t ized dogs with spontane
ous respi ra t ion , whereas the ca rd iovascu la r 
effects of s p o n t a n e o u s and pos i t i ve -p res 
sure respira t ion were compared in a subse
quen t s tudy (Gün the r & J imenez , 1996). 

The present research deals with the car
d iovascu la r effects induced by 45° ti l t ing in 
anes the t ized dogs , the head-up tilt ( H U T ) 
cons ide red as an animal model to s imula te 
the or thos ta t ic hypotens ion observed in hu
m a n s and the h e a d - d o w n tilt ( H D T ) in
t e n d e d to s i m u l a t e the b l o o d shif ts d e 
sc r ibed u n d e r mic rog rav i ty c o n d i t i o n s in 
as t ronau ts . In this s tudy, C W T was ut i l ized 
toge ther with the ins tan taneous heart rate 
var iabi l i ty , to es tabl ish the corre la t ion be
tween aort ic p ressure osci l la t ions and respi
ratory a r rhy thmia . 

The advan t age of C W T is that , by ana
lyzing the arterial p ressure osc i l la t ions , the 
fo l lowing f requencies may be clearly d i s 
t inguished: i- v ibra t ions dur ing the c losure 
of the aor t ic valves ( inc isura) ; ii- heart ra te ; 
Hi- respi ra tory ra te ; and iv- changes of ar te
rial tone and of total per iphera l res is tance 
(TPR) assoc ia ted with smooth musc le re
sponses of large ar ter ies and ar ter io les . 

In s u m m a r y , the C W T analys is is a real 
i m p r o v e m e n t of the frequency analys is in 
the t ime doma in , which seems to be a valu
able tool for the compar i son of ca rd iovas 
cu l a r and resp i ra to ry effects of dif ferent 
body pos i t ions in an imal mode l s . 

M A T E R I A L S AND M E T H O D S 

E x p e r i m e n t s were conduc ted in e ight adul t 
mongre l dogs of e i ther sex, we igh ing 15-23 
kg. S o d i u m pentobarbi ta l (30 mg/kg) was 
admin i s t e red iv for anes thes ia . T h e t rachea 
of all an ima l s was in tuba ted to a s su re a 
pe rmean t uppe r a i rway dur ing spon taneous 
b rea th ing . T h e rectal t empera tu re of dogs 
was mon i to red by m e a n s of a the rmis to r 
t h e r m o m e t e r . A ca the te r wi th a micro- t ip 
p r e s s u r e t r a n s d u c e r ( m o d e l S P G - 3 5 0 , 
Mi l la r In s t rumen t s , U S A ) was in t roduced 
through the left femoral artery unti l the mi
c ro - t i p r e a c h e d the t ho rac i c ao r t a at the 
heart level (d is tance be tween femoral liga
ture and mid- thorac ic aor ta level previous ly 

determined). A bolus of heparin (5000 IU) 
w a s a d m i n i s t e r e d iv a f t e r t h e a r t e r i a l 
ca the te r iza t ion . 

A n e i g h t - c h a n n e l G i l s o n p o l y g r a p h 
(model I C M - 8 ) was ut i l ized to record: aor
tic p r e s s u r e , e l e c t r o c a r d i o g r a m ( lead II) , 
c a rd io t achog ram ( ins tan taneous heart rate, 
ob ta ined from arter ial p re s su re record ing 
u s i n g m a t h e m a t i c a l p a t t e r n r e c o g n i t i o n 
m e a s u r i n g d i s t a n c e s b e t w e e n p r e s s u r e 
peaks ) , rectal t empera tu re and blood flow 
veloci ty (us ing a mic ro- t ip Dopp le r cath
eter, in t roduced via r ight femoral ar tery) . 
S o m e of the resul ts ob ta ined will not be 
d i scussed in this paper . 

In each d o g , e x p e r i m e n t a l c o n d i t i o n s 
were repea ted at least ten t imes with the 
fo l lowing s equence : i- hor izonta l 0° supine 
pos i t ion (cont ro l ) ; ii- H U T 4 5 ° ; Hi- supine; 
iv- H D T 4 5 ° ; v- sup ine . Since the responses 
t o t h e s e c o n d i t i o n s w e r e ve ry h o m o g e 
neous , we did not cons ide r their statistical 
var iabi l i ty . 

Data processing 

A n a l o g s igna ls of aor t ic p ressure osci l la
t ions were s ampled by means of an Op to 22 
(LC4) s ing le c h a n n e l ana log-d ig i t a l con
verter at a ra te of 42 .7 samples per second, 
w h i c h w e r e s u b s e q u e n t l y p r o c e s s e d 
th rough a pe r sona l compu te r . 

R E S U L T S 

Control experiments in horizontal 
position (H). 

Figure 1A s h o w s an arterial p ressu re re
c o r d i n g a l o n g f o u r r e s p i r a t o r y c y c l e s , 
w h e r e both sys to l ic and dias tol ic pressures 
are inf luenced by the spon taneous respira
tory m o v e m e n t s . The mean arterial p ressure 
was 138 m m H g in the p resen t case . The 
systol ic and d ias to l ic p ressu re osci l la t ions 
of resp i ra tory or igin were assoc ia ted with 
t achyca rd i a du r ing inspi ra t ion and brady
card ia du r ing exp i ra t ion . The mean heart 
ra te was a round 2 Hz , i.e., 120 cyc les per 
m inu t e . T h e t achyca rd i a of respira tory si
nus a r rhy thmia occurs because of the cen
tral ( respi ra tory cen te r ) and reflex c o m p o -



Biol Res 30: 53-64 (1997) 55 

A) ARTERIAL PRESSURE OSCILLATIONS 

140 

120 - ; 

100 ; 

:vm;a:,ii. 

10 
time (s) 

B) HEART RATE VARIABILITY 

I I 

cardiac cyc les 

C) FAST FOURIER TRANSFORM 

frequency(Hz; 

Fig 1. Arterial pressure oscil lations (A) and heart rate 
variability (B) under standardized conditions. The heart 
rate variability was utilized to define inspiration (I) and 
expiration (E), which are limited by vertical continuous 
lines at the beginning of I, and dashed vertical lines at the 
beginning of E. Heart rate was 2 Hz and respiratory rate 
was 0.125 Hz. The FFT of signal A is shown in C. Dotted 
horizontal lines, control means. 

feature is the long inspi ra tory and the short 
e x p i r a t o r y p e r i o d s , as d e d u c e d from the 
heart var iabi l i ty r eco rd ings . Fo r compara 
t ive purposes , we have inc luded the F F T 
(Fig 1C) of the or iginal ar ter ial p ressure re
co rd ings (Fig 1A), w h e r e the pr incipal har
m o n i c was loca ted at the f requency of 2 Hz 
and other h a r m o n i c s at 4 and 6 Hz . 

The t ime-frequency analysis by means of 
C W T of the arterial pressure recording illus
trated in Figure 1A is shown in Figure 2. 
The upper display (2A) cor responds to the 
" m o d u l e " coefficients of C W T in function 
of t ime (s) given in octaves , with 8 voices 
per octave. The highest energy level of the 
original signal is located around 2 ± 0.25 
Hz. M a x i m a l ene rgy appears per iodical ly 
(purple colour) , cor responding to the respi
ratory modula t ion of the arterial pressure. 

T h e C W T " p h a s e " coeff ic ients can be 
observed in F igu re 2 B , w h e r e the respira
tory cyc les appea red at the 2~3 and 2 2 oc
taves band , c o r r e s p o n d i n g to 0 .125 - 0 .250 
Hz , whi le the hear t ra te (2 Hz) is located 
a round the 2 1 oc tave . F ina l ly , in the 3-4 oc
tave in terval , the h ighes t f requency c o m p o 
nents of the arterial p ressu re appeared in 
relat ion to the inc i surae (c losure of aortic 
va lves ) . On the o the r hand , du r ing inspira
tion the co lor var ied from red to purple , 
whi le dur ing expi ra t ion the phase changed 
from blue to g reen . 

In F igure 2C , the th ree -d imens iona l rep
r e s e n t a t i o n of m o d u l e s u m m a r i z e s the 
c h a n g e s in a m p l i t u d e and f r equency d e 
scribed above . 

nents opera t ing con t emporaneous ly (Daly , 
1986) due to a complex interact ion be tween 
respi ra t ion and c i rcula t ion , which will be 
d iscussed later. It is no tewor thy that , in the 
present case , the heart rate variabil i ty (Fig 
I B ) c a n b e c h a r a c t e r i z e d by s u d d e n 
changes of s lope be tween each respira tory 
phase , a behav iou r which is different from 
t h e s m o o t h s i n u s o i d a l t r a n s i t i o n of 
i n t r a p l e u r a l and i n t r a - a l v e o l a r p r e s s u r e s 
dur ing inspira t ion and expi ra t ion (Pi iper & 
Koepchen , 1975). As shown in Figure I B , 
the t achyca rd ia dur ing inspirat ion (I) con
sisted of a l inear inc rease of the hear t ra te 
fol lowed by a p la teau . Ano the r r emarkab le 

Head-up tilt (HUT). 

Figure 3A s h o w s the c h a n g e s in arterial 
p ressure in r e sponse to a body t i l t ing con
sis t ing in chang ing body posi t ion from 0° 
supine hor izonta l (H) pos i t ion to H U T at 
45° . This m a n e u v r e p roduced a marked but 
t ransient ar terial hypo tens ion , the mean ar
terial p ressure fal l ing f rom 140 m m Hg to 
a round 100 m m Hg , concomi tan t ly with a 
heart rate increase from 2 Hz to a lmos t 3.5 
Hz (Fig 3B) . F o l l o w i n g the a b o v e men
t ioned hypo tens ive ep i sodes (at 23 s and 41 
s) associa ted with deep inspira tory move 
men t s , subsequen t inc reases of venous re
turn (not shown) and of hear t rate were re-
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C) 3D REPRESENTATION OF MODULE 

I<ij> 2. Time-frequency representations (module, phase and 3-D) of the arterial pressure oscillations recorded in horizontal 
supine position, as shown in Fig lA. Note the two phases (green-yellow) and (red-purple) during each inspiration in B. The 
coloured scale of the module indicates the magnitude of wavelet coefficients, whereas the scale for the phase varies 
between -7t and n (see Appendix). 
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Fi|» 3. Arterial pressure oscillations (A) and variability of 
heart rate (B) due to change from horizontal (H) position 
to 45° head-up tilt (HUT). Heart rate was 2 Hz during 
control period and 2.8 Hz at the end of tilt period. Mean 
respiratory rale was 0.125 Hz. The FFT of signal A is 
shown in C. Dotted horizontal lines, control means. 

In the module- image of C W T shown in 
Figure 4A, the first 5-s period corresponds to 
the horizontal position, followed by the HUT 
with the notorious arterial hypotension and a 
marked reduction of energy (shift from red to 
blue) due to the very small arterial pulse pres-
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D I S C U S S I O N 

To our k n o w l e d g e , t ime- f r equency ana ly
sis of the c a r d i o v a s c u l a r sys t em th rough 
the C W T has not been app l i ed to anes the 
t ized d o g s ne i the r u n d e r hor izon ta l supine 
p o s i t i o n no r d u r i n g t i l t i ng e x p e r i m e n t s . 
Us ing C W T ana lys i s , the p resen t s tudy in
t ends to e l u c i d a t e s o m e of the c o m p l e x 
m e c h a n i s m s i n v o l v e d , w h i c h h a v e been 
r ev i ewed in grea t de ta i l by Da ly (1986) , 
w h o m e n t i o n e d six t h e o r i e s c o n c e r n i n g the 
or ig in of the r e sp i ra to ry s inus a r rhy thmia : 
/- a reflex a r i s ing from the lungs ; ii- a cen
tral m e c h a n i s m ; ///- a reflex ar i s ing from 
recep to r s in the r ight a t r i um; iv- a local 
m e c h a n i s m invo lv ing the s inoat r ia l node : 
v- an ar ter ia l b a r o r e c e p t o r re f lex ; and vi-
osc i l l a t ions in ar ter ia l P C 0 2 and p H . 

Respiratory phases and arterial pressures 

Dur ing each respi ra tory cyc le (Fig 1A), the 
sys to l i c and d i a s t o l i c p r e s s u r e s c h a n g e s 

corded (Fig 3B) . These au toregula tory re
sponses were pe r iod i c , y ie ld ing finally a 
mean arterial p ressure c lose to the control 
va lues after a pe r iod of d a m p e d osc i l la 
t ions, assoc ia ted with a mode ra t e and sus
ta ined t achycard ia (2.7 Hz) . T h e analys is of 
H U T - i n d u c e d arterial p ressure osc i l la t ions 
by F F T is i l lustrated in Figure 3B . 

sure. For the same reason, red, yellow and 
blue colours reappeared periodically despite 
the fact that the mean arterial pressure was 
almost at the normal level. At the bottom of 
Figure 4A, a zone of very intensive purple 
colour appeared in the very low frequency 
(VLF) range, i.e., at -3 to -2 octaves, corre
sponding to 0.125 Hz to 0 .250 Hz. The respi
ratory periodicity appears clearly in Figure 
4B , while the late V L F component appears 
prominently in Figure 4C . 

Head-down tilt (HDT). 

T h e t ransi t ion from the hor izonta l supine 
posi t ion to 45° H D T is i l lustrated in Figure 
5. This caused p r o n o u n c e d osci l la t ions of 
sys to l ic and d ias to l ic p re s su res (Fig 5A) 
and also of heart rate var iabi l i ty (Fig 5B) . 
The changes m e n t i o n e d above were more 
apparent after the C W T analys is (Fig 6) , 
when c o m p a r e d with F igu re 2. It is worth 
men t ion ing that the co r r e spond ing F F T in 
both c o n d i t i o n s (F ig s 1C and 5 C ) w e r e 
qui te s imilar , from which we may conc lude 
that the C W T yie lds more informat ion than 
the F F T in the p resen t case . 
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C) 3D REPRESENTATION OF MODULE 

Maximal arterial pressure responses 

Fig 4. Module (A), phase (B) and 3-D representation (C) of arterial pressure oscillations recorded in Fig 3A, when tilting 
was induced by changing the body axis from horizontal to 45° head-up position. Note the low frequency component around 
2"•' octave in A. 
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Fig 5. Arlerial pressure oscillations (A) and variability of 
heart ra te (B) during t r ans i t ion from hor izon ta l (H) 
position to 45° head-down tilt (HDT). Heart rate varied 
from 1.5 Hz to 2.2 Hz, while mean respiratory rate was 
0.15 Hz. The FFT of signal A is shown in C. Dotted hori
zontal lines, control means. 

w e r e d u e to t h e p e r i o d f l u c t u a t i o n s of 
i n t r a p l e u r a l , i n t r a - a l v e o l a r and i n t r a - a b 
domina l p r e s su re s . T h e h e m o d y n a m i c ef
fects of quiet b rea th ing had been summa
rized by Guy ton (1961) and F o l k o w and 
Nei l (1971) , a m o n g o thers . A c c o r d i n g to 
these au thors , the respi ra tory waves in the 
a r te r ia l p r e s s u r e a re caused by h e m o d y 
n a m i c changes wi thin the thoracic cavi ty as 
well as by the ac t ivat ion of ca rd iovascu la r 
reflex m e c h a n i s m s . Dur ing inspi ra t ion, the 
nega t ive in t ra thorac ic and pos i t ive in t ra-ab
d o m i n a l p r e s s u r e s , f a c i l i t a t e t h e b l o o d 
venous return to the thorax; increas ing the 
s t roke v o l u m e of the right vent r ic le (Frank-
S t a r l i n g r e l a t i o n s h i p ) a l s o a f f ec t ed t h e 
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heart rate (Ba inb r idge ref lex) , y ie ld ing to 
an accelera t ion of the heart (Fig IB) . Fur
t h e r m o r e , d u r i n g i n s p i r a t i o n the c a p a c i 
tance and b lood flow of the pu lmonary cir
c u i t i n c r e a s e a n d so d o e s t h e left 
vent r icular s t roke v o l u m e . On the contrary , 
dur ing expi ra t ion the venous return to the 
left a t r ium dec reases phas ica l ly due to the 
r e d u c e d b l o o d c o n t e n t in t h e r e c o i l i n g 
lungs , and the s t roke v o l u m e of the left 
ventr ic le dec reases . Thus , the s t roke vol
u m e s of both vent r ic les are regular ly "in 
p h a s e " dur ing the resp i ra tory cyc le (Daly, 
1986; F o l k o w & Nei l , 1971). 

The C W T analys is (Fig 2) d is t inguished 
the m o d u l e and phase changes , as funct ions 
of t ime , of the resp i ra tory inf luence on the 
hear t , c o m p r i s i n g the w h o l e spec t rum (8 
oc taves) of the rhy thmic p h e n o m e n a , from 
the v ibra t ions of the aort ic va lves to the 
relat ively s low respi ra tory cyc les , i.e., from 
16 Hz to 0 .125 Hz. 

Effects of head-up and head-down 
tilting on arterial pressure 

The t rans i t ion from the hor izonta l supine 
pos i t ion to 45° H U T caused immedia te ly a 
marked arterial hypo tens ion (Fig 3A) , com
pensa ted by ca rd iovascu la r and respira tory 
ref lexes , unti l the no rma l b lood pressure 
level w a s r e a c h e d . T h e t r ans i en t ar ter ia l 
h y p o t e n s i o n c a u s e d a re f lex t a c h y c a r d i a 
(Fig 3B) , due to s y m p a t h e t i c ac t iva t ion , 
which was fo l lowed by d a m p e d osci l la t ions 
of ar ter ial p re s su re ( th rough ba ro recep to r 
ref lexes) wi th sus ta ined changes in heart 
rate (Fig 3B) . The m a r k e d energy loss dur
ing the H U T per iod and the appea rance of a 
marked V L F c o m p o n e n t in the r ange of 2'2 

to 2" 3 oc taves , i. <?., 0 .250 to 0 .125 Hz (Figs 
4 A and 4 C ) , assoc ia ted with the ampl i tude 
m o d u l a t i o n ( A M ) d e s c r i b e d p r e v i o u s l y 
(Giinther & J i m e n e z , 1996) , are of great 
impor tance in connec t ion with the intense 
vasocons t r i c t ion of the smooth muscu la tu re 
of the abdomina l aor ta and the ar ter iolar 
sys tem (which leads to a marked increase 
in the total per iphera l res i s tance , T P R ) . Ac
cord ing to F igu re 4 A , the V L F c o m p o n e n t s 
are located in the interval -3 to -2 octaves , 
i.e., 0 .125 to 0 .250 Hz , last ing a round 40 
s econds . D u e to t ime cha rac t e r i s t i c s , we 
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C) 3D REPRESENTATION OF MODULE 

Fig 6. Module (A), phase (B) and 3-D representation (C) of arterial pressure oscillations during tilting from horizontal to 
45° head-down position, as recorded in Fig 5A. 
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have at t r ibuted this p h e n o m e n o n to the m o 
tor r e s p o n s e of the smoo th m u s c u l a t u r e , 
both of the abdomina l aorta as well as of 
the ar ter io lar sys tem (TPR) . A s imilar ch ro 
nological r e sponse , 0.01 Hz to 0.1 Hz , was 
obta ined in the aor ta of Gu inea pigs (Basar 
& W e i s s , 1981) and w i t h the T r a u b e -
H e r i n g - M a y e r waves in rabbi ts and dogs 
( K o e p c h e n , 1962). 

Conve r se ly , when the oppos i te maneu
ver, a 45° H D T was per formed , p ronounced 
rhy thmic changes of heart and respira tory 
rates were regis tered, as shown in F igures 5 
and 6, due to the p le thora of b lood in the 
lung c i r cu la t ion , which causes a m a r k e d 
change of c o m p l i a n c e of the lungs , and the 
induct ion of an increased Her ing -Breue r re
flex (from 0.125 Hz to 0.15 Hz) . 

T h e m e c h a n i c a l r o l e of e x p i r a t o r y 
musc les dur ing brea th ing in upr ight dogs 
has been studied by Farkas et al (1988) , 
when anes the t ized dogs are t i l ted 80° head-
up. These authors found that the expi ra tory 
m u s c l e m a k e s a subs t an t i a l c o n t r i b u t i o n 
(60%) to the tidal vo lume in upr ight dogs . 
Also the inspira tory dr ive is modif ied dur
ing H U T ' i G o r i n i & Es tenne , 1991) in anes -
tl t i z e d d o g s b e t w e e n s u p i n e and 8 0 ° 
H U T , affecting the costal d i aph ragm, the 
paras te rna l in tercos ta ls , and the abdomina l 
m u s c u l a t u r e . T h e s e au thors d e m o n s t r a t e d 
that the changes of inspiratory dr ive were 
m e d i a t e d by a c h e m o r e c e p t i v e f eedback 
m e c h a n i s m . 

In the present s tudy, the d i sp lacement of 
the abdomina l viscera and the changes of 
the i n t r a - a b d o m i n a l p r e s s u r e due to the 
postural changes (45° H U T and 45° H D T ) , 
may affect the mobi l i ty of the d i aphragm 
dur ing inspira t ion and expi ra t ion , toge ther 
with the c o m p l i a n c e of the lungs due to the 
increased venous return from the abdomi 
nal cavi ty . 

Final ly , G r o z a et al (1990) repor ted , in 
six anes the t ized dogs , that the change from 
supine to vertical posi t ion was fol lowed by 
increases in p l a sma renin activity as well as 
in a ldos te rone and Cortisol p l a sma concen
t ra t ions , which seem to indica te that the 
k idneys and the suprarenal g lands also re
spond to postural changes in dogs . 

S ince the body axis of normal dogs is 
p r e f e r e n t i a l l y p r o n e and h o r i z o n t a l , the 

H U T , even by only 4 5 ° , is an abnormal 
c o n d i t i o n , w h i c h m a y l ead e v e n to an 
o r t h o s t a t i c c o l l a p s e d u e to i n s u f f i c i e n t 
venous re turn , whi le the H D T reminds us 
the d ramat ic b l o o d - v o l u m e dis t r ibut ion ob
served in the c o s m o n a u t s , with a shift of 
b lood from the abdomina l cavi ty to the tho
rax and the head , affecting main ly the lung 
c o m p l i a n c e and consequen t ly the mechan
ics of b rea th ing , toge ther with many other 
c o n s e q u e n c e s , as for ins tance the act ivat ion 
of the H e r i n g - B r e u e r reflex, and the subse
quent t achypnea . 

In summary , the present study descr ibes 
an animal model in anesthet ized dogs for the 
study of the gravity effects on circulation 
and respirat ion. The H U T intends to simu
late the effects of "or thos tas i s" in humans , 
while the H D T cor responds to the cardiovas
cular and respiratory consequences of space 
flight (migravi ty) in humans . Through the 
C W T analysis the whole spectrum of peri
odic cardiovascular p h e n o m e n a can be visu
alized in function of t ime. 
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APPENDIX: 

An outline of the Continuous Wavelet 
Transform (CWT). 

The aim of CWT is to provide a two-di
mensional visual interpretation of the origi
nal signals. The CWT is a scale-time de
composition, which is well adapted to the 
model and to study the frequency-time be
haviour, which enables us to analyse tran
sients, or else, to detect the effects of im
pulses and discontinuities of the original 
signals (Jimenez, 1991). 

The wavelet transform has already been 
applied successfully in many fields: acous

tics, sound processing, image processing, 
seismology, mechanics and the study of 
fractals (see Meyer & Roques, 1993). How
ever, only few applications to physiological 
signals have been reported (Gramatikov & 
Georgiev, 1995; Giinther et al, 1993; 
Giinther & Jimenez, 1996). 

Definitions 

The CWT of a real signal f(t) with regards 
to an analyzing wavelet \|/(t) may be de
fined as: 

CWTis,r) = 4= Í / ( f ) y / * ( — ) d t s>0, x e S R (1) 

where \y* denotes the complex conjugate of 
\\f, defined on the open "time and scale" as 
half-plane H. It is convenient to utilize a 
somewhat unusual coordinate system on H, 
with T-axis ("dimensionless time") facing to 
the right, and the s-axis ("scale") facing 
downward. The s-axis faces downward be
cause the small scales correspond, roughly 
speaking, to high frequencies above low fre
quencies (Grossmann et al, 1989). 

Equation (1) can also be written in terms 
of Fourier transforms f*(oo), \|/*(co) of f(t) 
and \)/(t) as: 

CWTis, T) = s'n j/ * {cú)>i/'{scú)e>"°d(ú (2) 

where we impose on \\i the admissibility 
condition: 

Kv = 2n\\V * (m)\dco\m\ 1 < oo (3) 

If \|/*((u) is differentiable, as it is as
sumed here, this implies that \|/*(0)=0, i.e.y 
is of mean zero. 

The main motivation for the admissibili
ty condition is that it implies the weak con
vergence of: 

Í ) < f ^ > * , ~ (4) 
-DO —GO S 
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where y S T (r) = s" 1 / 2 \|/ ((r-x)/s) and <,> is 
the inner product in L2(3&) space of the fi
nite energy signals. This latter expression 
is related with the reconstruction formula: 

/ « = * - , ' J I < / , v „ > W t f ^ (5) 

which is exactly Calderon's reproducing 
identity. 

The wavelet coefficients of signal f are 
the inner products in L 2 space defined by: 

Implementation of CWT using FFT 

Equation (1) could be expressed as a con
volution to use FFT as an optimum calcula
tion logarithm to carry out this operation. 
Convolution in time constitutes a simple 
multiplication in frequency from the in
verse Fourier transform (IFFT), from which 
we directly obtain the required wavelet co
efficients. Effectively, using expression (1) 
and the Morlet complex wavelet: 

V(t) = e-'^i'2 (8) 

< /, V,, >= J/(')V,t (t)dt , s > 0, r e 9J (6) 

If in a certain zone of the signal high 
frequencies are present, the coefficient val
ues are big; if the signal is almost constant, 
then the coefficient values are small (be
cause the wavelets are of null media). Like
wise, the magnitude of the wavelet coeffi
cients indicates the spectral content of the 
signal for a certain s-scale. When the s pa
rameter varies, the wavelets cover different 
frequency ranges : at high values of s-scale, 
low frequencies correspond (or at a greater 
scale of \\f). By changing the parameter T, 
we can move the localization center in the 
time axis being able to cover all the signal 
(each wavelet is localized around t=x). 

The relevance of a continuous wavelet 
analysis will greatly depend on the proper
ties of the analyzing wavelet \\r. Two usual 
choices are the Morlet wavelet (a modulat
ed Gaussian) or the Mexican hat (the sec
ond derivative of a Gaussian). In this paper 
the Morlet wavelet is used: 

i i i 

y/(0 = V " V 2 «o > 5 (7) 

i 

where: y*(co) = K 4 e " ( " " " ' , ' , ! 

we obtain, by applying translation and dila
tion to the wavelet: 

y/(t, z,s) = e * e 2°' (9) 

Reordering this equation in such a way 
that the resulting function as a product of 
convolution in time: 

CWT(s. r) = s ̂ Ime'^e^dt <1 °> 
that is: 

CWT(S,T) = S ,2conv(f(t),V(t,T,s)) (11) 

Then, by discreting and applying the di
rect Fourier transform to each function, and 
then applying the inverse operation, we fi
nally obtain: 

CWT(s)=IFFT{sm FFT(f(nT)). FFT{ii/(nTs, s)) (12) 

Note that X parameter is implicit in the 
convolution, therefore, the CWT depends 
only on the s-scale parameter. This parame
ter constitutes the continuous transform pa-
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rameter, which gives the name to the CWT. 
The usual select ion of s-scale is real ized in 
po tenc ies of 2, to which a range of f requen
cies d iv ided in oc taves is associa ted . In ad
di t ion each oc tave is d iv ided in voices , to 
g ive cont inui ty to the graphic representa-
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tion. A greater number of voices per octave 
impl ies a bet ter v isual iza t ion of the t rans
format ion , as well as the graduat ion in oc
taves a l lows the pass of graduat ion in fre
q u e n c y , so t h a t fo r e a c h d i v i s i o n t h e 
f requencies are doub led . 


