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vodeseription of the eye-level blood-pressure response to +G,,
stress in refaned humans wis obtalned as an empirical, ensemble-
averae, Geto-blood-pressure teansfe: function hased on three
swhicets” resnonses to a toml of 23 dmulated serin! comhat
mancovering rons on the USAFSAS! human centrifuge, Three
diff crent anslytic transfer functions svere fitted to the empirical
function for frequencies from § 10 208 mHz, and predictive per-
formance of the empirical and three analytic functions was ex-
amined. The double-zero, deuble-pole mathematical model most
casely fit the empirical trapsfer fun-tion and displuyed reason.
ahle predictive ability,

A CONCISE DESCRIPTION of the human eye-leve!
<A arterial blood-pressare response to 4+ Gy stress s
Picking. Ioie well estanlished (2) that a hydrostatic
column cffect acts 1o educe blood  pressure at cye
level below that at heart level: the amount of this re-
duction would be equal 1o deast, where d is the density
of hlood, o is the ambient acecleratary ficld, and h iy
the vertical heart-to-eye  distance (approximately 30
«m). if the cardiovasculir systern were to respond as a
passive, rigid-walled  svatem, i such a system, the
shange in eye-level blood pressure during G stress could
be deseribed simply as ~3.0 % 10¢ dynes/cm*/G, or
about =22 mm Hye/G. decause the arterial system is a
distensible hydraulic column, as sointed out by Lawton,
et al. (9, and the cardiovascul:r (baroceptor) - reflexes
serve o counter Gestress-induced  reductions in - eye-
level arterial pressure (3,6,11), ‘he description of blood
pressure as a function of G lowd and time is consider-
ably complicated, Math-matical models of the relation
between G load and bload pressure have been based on
animal experiments (5.15) anc on deconvolution of
scarce,  published  homan blood-pressure response
curves (12), but adequite data upon witich to base a

The research ceported i this papzr was corducted by per.
sonnel of the Cr v Technoiogy nnd Fiometricy sivisions, USAR
School of Aerov ace Medivine.

J.o ) Freemar is a US/ 5.ASER
Progeam Particionnt, 1976

The voluntary informed consent of the subjects used In this
research wis chtmned in accordance with AFR 80433,
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useful model of human blood-pressure response 1o G
stress have hitherto not been available. An efficient

methad for obtaining a description of human arterial - -

oxygen saturation during + Gy stress was recently re-
ported (d): ratios of Fourier transforms of output
oxygen saturation to input G stress provided frequency
response curves—i.c., transfer functions - describing the
general mathematical relationship between those vari-
ables. Despite the fact that the biological system under
test was brashly assumed to be lincar and stationary,
surprisingly consistent descriptions with reasonable pre-
dictive ability were obtained. By emploving a method
of analysis similar to that reported, we sought a work-
able trunsfer function for the human eye-level blood-
pressure response to 4Gy stress.

MATERIALS AND METHODS

Three, healthy, male, 24, 25, and 26 year-old volun-
teer members of the USAFSAM  Acceleration Stress
Panel provided the data reported herein. The left radial
irtery of cach was cannulated with a S-em Medicut®
I8-gauge catheter, and an adequate length of saline-
filled, noncompliant, 15-gauge Teflon® tubing connected
the arterial catheter to a Statham P37 pressure trans-
~ducer miunted on a Velero® headband at cye level,
A three-way stopcock, inserted between the arterial
catheter and the tubing, allowed periadic flushing of the
catheter with heparinized saline. The output voltage of
the pressure transducer, corresponding to instantaneous
cyc-level blood pressure, was recorded on magnetic tape.

Subjects were exposed in a scated (13° seatback
angle), relaxed condition—without benefit of anti-G
suit or straining maneuver—to three different calegorics
of G stress on the centrifuge: 1) gradual-onset runs
(GORs), in which the G load increased lincarly with
time at the rate of 0.067 G/s: 2) rapid-onset runs
(RORs), in which the G load rose at about 1.0 G/s
to a predetermined ievel and remained at that level for
cither 1S s or 1 min; and 3) simulated aerial combat
mitneuvers (SACMy), in which G loads were applied
in a varying manner over a 100y period, The SACM G
profiles were of eight different shapes, cach profile

having been produced by a random function generator

with bandwidth set to match the capabilities of the
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BLOOD PRESSURE

DURING G

200
19%
150
p
My P
6? i
15 .
!
H
of| 1
o U b l ll !ﬁllwll!mll
100 200
mHz
Fig. 1 Poaer spectrum of #8 SACM G profile as run on

LISAFSAM Human Centrifuge. 99 of power is helow 98 mHy,
9ucr below o mbz, Other (o profiles exhibit similar band.
widths,

USAFSAN Hunan Centrifuge (Fig, 1), some profiles
were augneented or clipped, s necessary, to challenge
the subjevt visu Tunctioning withoot rendering them
uneensciogs,

Subjects were pstructed o relax completely during
all test rans, oamd te release a hand-held  enabling
switch--thas ternenating the run—whenever they ex-
pericnced the visust endpaoint, which consisted of total
lose of puespheral vision plos significant deterioration of
central vion, Bach subjec: was exposed to the follow-
inpr one GOR to visual endpoint; three to five 15-5
RORs, the final cne elicving the visual endpoint; at
feast ape (9.« ROBE, and four to 11 SACMs, several of
which chrited the visual endpoint in two of the three
subjects, The one subjeer who sustained  only four
SACMs  rminated the esperiment carly because of
MOLON e 10ess,

Diseret | finite Fourier transforms of 200-s records
of input 1 ntressy and owput (eye-level arterial blood
pressure) were obtaimed with a Hewlett-Packard 54518
Fourier Axalyzer. To convert the ‘instantancous blood-
pressure senal to ean blood pressure, and to prevent
spectral wiasing o the transformed data, both input
and outpus signals were low-pass filtered with a 0.5-Hz,
dH-dB/octave Butterworth {ilter. The paired input and
output waveforms were sampled 256 times during the
200- anadvsis period, T te., At = 0,78 s, The spectra
obtained, therefore, had a maximum frequency of
0.64 117 {faas < (2 A"} and a frequency resolution of
5.0 mifz (Af = [ /T). A« the transient time-domain
signatls of interest began and ended well within the
200« anuivsis period, the ;ectangular time window used
was optimam for the presest application,

The transfer function, 1), hetween a G-stress input,
(1), and Elood-pressure output, o{t), wns obtained by
dividing the Fourler transform of the uutpul o(f), by
thut of the mput, ) ie,,
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STRESS—GILLINGHAM ET AL,

)(f)

H(f) = . -
”” (Pg. 1)
By ensemble averaging transfer functions obtained
from single input-output pairs, a meen transfer func-
tion, H{(fy, derived from all pertinent data in s data
set fe.g., one type of G-stress profile) was readily ob-
tained, Speetral inconsistencies (nesse) were appreciably
reduced by this process, Mean responses (o specific
input functions were obtained by averaging the transfer
functions generated by that input and the responses 1o
it, and transforming to the time domain the product
of the average transfer function and the Fourier trans.
form of the input; i.e,,

O(f) = H(f) KI) (Fq. 2)- -

where OO () is the Fourier transform of the mean out-
put, o{t).

Multiplying a transfer function by the Fourier trans.
form of a particular input of interest provided the
predicted response to that input, based on the piven
transfu, function, In other words,

O'(fy = H() 1I'(hy (I:q. 3)

where U'(f) is the Fourier transform of the input of
interest, i'(0), and Q'(f) is the Fouricr transform of
the predicted response, o'(1).

Because the power spectra of the SACMs extended
to relatively high frequencies without regular spectrum
nults, the mean transfer function obtained by ensemble
averaging the transfer functions from the 23 completed
and aborted SACMs wits examined most thoroughly and
with the greatest expectations, This averaging process
gave cach of the 23 SACM runs equal weight in the
mean  transfer function,  The aliernative  method -
averaging cach subject’s SACM-generated transfer funce-
tions and then averaging the three subjects’ mean
transfer  functions—was  also  accomplished, but  this
process theoretically gave undue weight to the noise
associated with the responses of the subject exposed to
only four SACMs, Each subject's individual transfer
functions, as well as the three subjects’ mean transfer
functions, were sufficiently similar that the two methods
of averaging the SACM-generated transfer functions
yielded nearly identical averall mean transfer functions,

Having obtained the empirical transfer function re-

' luted cye-level blood pressure to + Gy stress from the

ensemble average of the SACM-generated transfer func-
tions, we elected to find several mathematically well-
hehaved substitutes for the empirical transfer function,
The analytic transfer functions sought were of three
forms: 1) single-zero, double-pole; 2) double-zero,
double-pole; and 3) single-zero, double-pole with a
delayer. Parameter estimates were obtained for each

annlytic form by minimizing the weighted sum of the.. .

squarcd error of the fit of real and imaginary terms of
the analytic form to the firt 40 frequencies of the
empirical transfer function, The weight used at each
frequency was Inversely proportional to the variance of
thc dita comprising the empiricul function at that fre-
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BLOOD PRESSURE DURING G STRESS--GHLLINGHAM ET AL,

SMITH MONAHAN
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gquer oy, MarquardUs alvorithm, combining the Taylor
serics expansion and nepative gradient methods, was
usee  the computations

Foally, predictions of eye-level blood-pressure re-
coores to GORD RORD and SACM G stresses, based
on e empirical and various analytic transfer functions,
woer caompared with the mean actual responses to the
sa Geatress inputs. Such comparisons gave  visual
evidonee of the relative merits of cach of the transfer

funrons being studied,
LIS RE ¢ ot

Cachospbijeet’s mean Geto-blood-pressure  transfer
fun tion  obtained  from SACM  G-stress  runs s

shewn in linearacale, polar form, in Fig. 2. Note the
simttar frequeney characteristics; namely, the apparent
rescaanee peak at approximately 60 mbz; the tendency
towsrd — 1807 phase at low frequencies, a phase cross-
over 1o £ FRO™ ot about 40 mbe, and a progressive
decrease in phase angle at higher frequencies, The mean
traesfer function for all 23 SACM Gestress runs, ie,

23
X

i) = TOHUD

3
mr g

23

FaN

is presented in Fig. 3. The frequency characieristics that
were seen in the subjects’ mean transfer functions ire
apain evident, as is the improvement in the signal-to-
noise ratio resulting from the additional averaging, In
thi~ overall mean transfer function, the resonance peak
is =zen to be at 60 milz, the phase crossover occurs
at between 40 and 45 miz, and a loeal maximum in
the phase characteristic is noticeable at 2§ mHz In
addition, a 4-dB/octuve decline in magnitude can be
estimated for frequencivs beyond the resonance, Above
200 miiz no useful information appears in the frequency
response  curve, as input power associnted with the
SACM Goforee profiles was virtually nonexistent above

12y
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T LT DT

CARPENTLR

Fig, 2. Mean Gito-blood pressure
transier  functions  derwved  from
SACM  Gostiess tuns of  subjects
smith, Monatun, and  Carpenter,
Fiist 50 frequencies -8 1o 250 miis
~-displayed at S-mHz Af, Unedited
data, A

this frequency. The first 40 terms of the 23-run mean
transfer function are given in Tahle 1.

The relatively smooth contours of the above empiric-
ally determined transfer function enticed us to search
for analytic functions which could cffectively duplicate

o
| ]
13
ol

+180
490 + I
ot ' | 1

-180

MAGNITUDE

nd

A

PHASE ANGLE

¥

Iy e, A i

50 100 150 200
FREQUENCY {mHz}

Fig., 3. Mean trandfer function for 23 SACM Gestress tuns,
Fach run was given equal weight in the averaging. Four aberrant
pointy were edited prior o summing,
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BLOOD PRESSURE DURING G STRESS—~GI LINGHAM ET AL,

TABLL L EMPIRICAL
FER FUNCTION

G TO-BLOOD-PRESSURT. TRANS-
MEAN OF 23 SACM RUNS

Frequency Mapnitude Phine

(mlisn emm He/G) (degrees)
N 18.2 178.7
1 IR -109,3
15 203 -~ 16R.0
NG 5.1 —]63.0
A 20.4 —1h11
e R —§74,2
AR 114 —~ 1749
e 1K —174.4
R 25K 17R.0
S¢ K% 16819
% 1401 176.0
it 17.4 1741
£ I8 167.R
P 13 156.4
T KR 154.2
e 0.1 1841
L I7.4 150
Qi 293 149.0
e 6.7 13,2
[0 256 1451
AN 242 1520
1 1.3 [35.0
i1e IR.5 163.7
P20 21.8 1434
128 187 1IRY
K13 15.4 1331
1as 153 §70.3
HE {R.9 159.9
A 214 149.3
156 231 151.3
15¢ 276 155.3
At 7.1 143.2
16t 17.2 144.%
s 18.7 11R.6
178 0.0 156.8
1R 22.6 1349
XS 12,9 1423
19c 218 149.3
19% 16,0 13181

15.6 160.7

the cmpirical onz. First ‘o be evaluated was a single-
zern, double-pole transfer function:

e I+ 12.0s
L —
HE = =182 o v

where s is the cenventio:al complex frequency varinble,
j2of. This transier funcion, presented in linear.scale,
polar form in Fig. 4, :"ows a resonance peak at 60
mtz, a local muximum in phase angle at 15 m:lz, a
phase crossover betwees 40 and 45 mtlz, and high-
frequency magnitude m! phasc-angle < :clines s:milar
ta those of the erapirical transfer function.

"he double-ze: o, double~pole transfer ¢ nction,

1 7.18s + 4,302

1(8) m = 183 oo —
H{(s) YT T

is shown in Fig. §. Again, resonance is seen at 60
mHz, but the resomince peak is sharpar than in the
sicolgezere, double-pole transfer functinn. The local
r*ase-angle maximum is seen at 25 mH: and the chase

(Eyq. 4)

(g, 5)

EEST AVAILABLE COryY
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crossover occurs between 50 and 55 milz. A con-
tinmng high-fiequency decline in magnitude is not pro-
vided by this transfer function, although a decline com-
parable 1o that of the empirical transfer function is
evident in the 60- 10 200-mi7 range. After the phase
crossover, the phase angle falls and rises again.- Such
hehuvior is not necessarily incongruous with that of the
phase characteristic of the empirical transfer function
since, in the latter, noise may be obscuring i shght
upward trend.

Finally, we fitted to the empirical traner functim
an analytic function consisting of onc zero, two poles,
and an exponential term:

1 + 7.664
H(s) » ~ 8 oo S
I + 4,465 + 7.63¢

NI

{(Fq. 6)

The positive exponent, serving to augment the phase
angle in proportion to frequency. implies anticipatory
behavior of the function: our observation of occasional
rises in blood pressure prior 1o onset of G stress
prompted us to evaluate this type of transfer function.
The fitted function (Fig. 6) displays the resonance
peak, phase crossover, and other features of the em-
pirical transfer function derived from the 23 SACM
runs,

We noted with satisfaction that the steady-state char-

40 ¢

Y

20

(L
i

MAGNITUDE
{mm Hg/G)

T

+90 ¢

PHASE ANGLE
(degrees)
o

-90 }
KTT1Y ) . . .
50 100 150 200
* PRZQUENCY (mM2)

Fig. 4. Single-zero, double pole tramsfer function fitted to
empirical tramafer function in ¥ig. Y. Parameters in text.
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Por &0 Double sero, doubbe pode transfer function {itted to
crapewal transter tunclion,

acternstivs of the seeows) two o fitted  analytic transfer
funchions came out o be - 83 and — TR L—not oo
far from the heoreticnl L2 omm Hp/Goodiseussed
carlier,

By caking tae dnverse  oourier transform of  the
transfe: function for a systec, one obtains ity impulse
respon o B, e time-dous o response of the system

tooa forcing Tuawtion of inl e amplitude and infinis

tesimatd duration. The invers: ransform of the complete
empire al transt or function < tao corrupted by high-
frequency nowse for o meangpfol impulse response 1o
be recopnized, and fnverse transforms of  truncated
versiors o the empireal fansler function were some-
what destorted iy truncation ariifacis (Gibhs' phenome-
nomb The inverse Fourier transforms of the analytic
transfes functions, however, appeared as reasonable ime
pulse responses. Figo 7 s the imealse response corre-
spanding 10 the double-zere. doui-ie-pole transfer func-
tony e dnver e transtarnes of e other two aunlytic
transfe fupctions were simidar,  he initinl negative-
poing Clondoproasure respotise-te the theoreticn! posis
tive O foree e pulse upphied at i e Oeeis rendily ape
parent. gy is the zeroddine crossiap at 4.0 s and the sub-
seques - rehourd peak at 7.0 s The  high-frecueney
osell tien in tie dmpelse response s an nrtifact re-
sultin  from th unave dable truncation of the infinite

anaboae tnmsfs functic:

O Aviere | Npace, cond Daviesnmeatal Mediclae + November, 1977

40 ¢

il

t180 ¢

A

<180 ¢

MAGNITUDE
mm Hg G
>}

o

PHASE ANGLE
degrees’
o

.o . s 4

50 100 150 200
FREQUENCY (mHysy

Fig, 6. Siagle-zero, double-pole, exponential inanfer function
fittest to empurical transfer function.

Since the utility of a transfer function is determined
not by how mathematically-well behaved it is bot by how
well it predicts responses, we compared the predicted
responses of the 23-run mean empirical and the three
analytic transfer functions to the suhjects” mean actual

g r2r

=2

3

Wi

£ af

o

8 2

Q-

@5 O

o2

> -

YE gk

wd

> &

n

2

w 2

]

3

[x} -3 =
L I i 1 1 ! ]
4] 5 10 13 &0 3 30

TIME {seconds)
Fig, 7. laverse Fourier transformy (impube responve) of

double-rero, doublepale trander funchion, AL 128 available
frequencies< 3 10 640 milz-were uwed 1 computation,
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Pyt Predicted and mean actieal eyeslevel blood-pressure re-
spomses to GORGostress, In this and the {ollowing figures, top
Have e prediction based on single-zero, doublespole transfer
functios, second, sinple-zero, double-pole, exponentialy third,
donble-sero. double-pole; fourth, 23-run mean empirical, Fifth
tave i mean aclual sesponse of three subjects.to ¢ stress in-
deated in bottom trace,

responses oo variely of Gestress profiles, The predicted
responses to a typical GOR Gestress profile (Fig. 8),
although guite sinnlar o each other in the amount of
blood-pressure drop at peak G and amount of over-
shoot following deceleration, were disappointingly not
very well matched to the mean actual response during
the period of expected blood-pressure rebound, For-
tunately, the reason for the diserepancy lies not with
the tramder functions but with the subjects’ mean re-
sponse to the GOR G ostress: only one response to this
type of stress was obtined from each subject, and two
of the three responses were decidedly atypical when
compared with blood-pressure responses 1o GOR G stress
obtained in this laboratery on other occasions,

More scsfuctory wis the comparison of the various
prediction. with the mean actunl response to ROR G
stress, Botl the predicted und mean sctual responses 1o
an aborted ROR (¥Fig. 9), bearing  understandable
similarity to the impulb.c responses of the analytic trans-
fer functions, displaye-i an initial blood-pressure drop
proportional to G Joud and an overshoot occurring
during and after deceleration, The prerun rise and the
postrun oscillation in cressure seen in the mean actunl
respense were not predicted by either the emplrical or
the analytic transfer {unctions, A particularly rigorous
test of the predictive abilities of the various transfer
functions was the 60-s ROR G profile (Fig, 10), since

subtle differences in the responses were accentuated by- 7
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s.pm\\m m #H SACM G stress, Sequence as in Fig, 8, To aveid
contaminaling predichion with actuad response dats, data from
cach subject’s #R SACM run were subtencted from empirien!
tran<fer Tuncton paor o making prediction,

the long, strught lines of the forcing function. The
mean actual response to ROR G siress showed a numbe:
of chancteristics coinciding with expectations based oo
prior experience: 1) ap anticipatory rise in Hlood pres-
sure prior to onset of G ostress; 23 a rapid fall in pressurs
at onset of G stressy 3) a partial recovery of pressure
several seconds after the G load had stebilized; 4)
a sccondary gradual decline in pressure foilowing the
peak of the partial recovery; 5) a rapid rise in pressure
at the offset of (b stress; 6) an overshoot in pregsure
comcident with termination of the G load; and 7) a
smail undershoot immediately {ollowing the terminal
overshoot, Whereas the empirical and analytic transfer
functions all predicted the pressure drop at onset, pres-
sure rise ar offset, partial recovery at stahilization, and
overshoo! at termination of G stress, they met "with
varying dearees of sucoess in predicting other com-
ponents of the waveform, Not one recreated the antici-
patory rise in eye-level hlood pressure, Only the em-
pirical transfer function predicted the gradua! decline in
pressure during the constamt (v stress, and only the
empirical provided a noticeable undershoot following
the terminal overshoot, 1t is worthy of note that the
predic od responses to ROR G stress had the same
pener. chitracteristics o the classic figures prosented by
Wood and others (11,:6); in fact, the greatest con-
gruity vith Wood's data was obtained with the empirical

transf.r function, in that it effectively - reproduced the
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Dis)

B(s) P(s)

Fig. 12. Block diagram of eye-level blood-pressure control
system for reluxed humans exposed to +{i, stress. A(s), B(s),
Cis), and D(s) are the hydraulic, neurocirculatory effector,
baroceptor, and vestibulocerebellur components of the control
system, respectively, R(s) is the reference signal, P(s) is eye-
level blood pressure, and (3{s) is Gesiress perturbation,

gradual decline in pressure during the latter portion of
the plateau, Of the analytic transfer functions, both the
double-zero and the exponential forms yielded more ac-
curate predictions than did the single-zero form, which
provided toe smooth a transition into the partial re-
covery phase during G stress and too gradual a postrun
return to mean pressure,

By averaging the individual transfer functions ob-
tained from all SACM G-stress runs, except that SACM
run for which a prediction is 1o be made, a mean
transfer function uninfluenced by the test SACM can
be obtained. Such transfer functions were used to make
predictions of eye-level blood-pressure response o the
several different forms of SACM G stress. Fig. 11
shows the mean actual response to the #8 SACM, as
well as responses to this SACM predicted by the three
analytic transfer functions and by the empirical transfer
function with #8 SACM data excluded. Although it was
difficult to evaluate visually the relative accuracy of
predicted responses to so vomplex a waveform as the
#8 SACM profile, such characteristics as the relative
depths of the first two negative peaks, the relative
heights of the highest two positive peaks, and the shape
of the recovery from the terminal rebound enabled us
to observe that the empirical transfer function was the
most pecurate,

To determine the goodness of fit of the three analytic
transfer functions to the 23-run mean empirical transfer
function, the standard error of estimate was obtained
for each, This figure of merit was 4.02 for the single.
zero, double-pole model; 3.34 for the single-zero,
double-pole, exponential model; and 3.26 for the
double-zero, double-pole model. The double-zero,
double-pote transfer function thus emerged as the best
of the analytic functions tested in that it most closely
mnlchcd the empirical transfer function,
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DISCUSSION

We recopmize the limititions of using linear systems
analysis techniques on notoriously nonlinear, nonsta-
tionary, olopical systems, The blood-pressure control
ssstenmowas reasonably tractable 1o Fourier analysis,
however, since well-behaved frequeney response func-
tons could be recopnized and substantial predictive
abihity of derived transfer functions could be demon-
strated, Wath repard to selection of the most approprite
trimsfer function, it appears that the first 40 terms of
the empitical transfer funetion would be the logical
chome 1 one requires ereatest predictive aceuracy and
closest ties to expermental dati, If concive mathematical
cxpression is of preater importanee, the double-zero.,
double-pole transter function should be sufficient, Use
of the single zero, double-pole, exponential transfer
function would not be justitied since no advantage of
the exponential tervn over an additional zero is demon-
strable,

A simplified block diagram for the cye-level blood-
pressure control svstem in refaxed hunians exposed 1o
Giostress i shown in Fig, 120 The G-to-pressure transfer
function, Ty is thus deseribed in thic seheme as

As) + B(s)D(s)

I+ B(s)C(s)

where Als) represents the direct effects of the hydro-
static load on the Bood and body, Bis) includes the
various neural, hormonal, and mechanical effectors that
translate control sipneds into blood pressure (primarily
vit chanpes o hears rate, verous compliance, and
arterial resistance), and C(s) represents the dynamics
of the wovera! barceeptor feedback mechanisms, The
effects ol the vestibuiocerebellar inputs to the cardio-
vascular controb svste are included in ID(s), The hy-
drostatic column ceffect per se is frequency-independent,
so thetat very fow Dequencies of G ostress, the hydro-
statie column effect predominates; at higher frequencies,
the & equency-dependent properties of compliant body
strucoares, vestibiocerebellar pathways, cardiovascular
effecor mechinisms, and the baroceptor feedbact. loops
becore increasingly important, ‘The properties of pure-
ly piosive elements, Le., the elasticity of the vascular
tree nd the dinert of the enelased bload, provide a
potertial for resonance, which “is the reason A(s) is
denced as i complex varable in the Gato-blowd-pres-
sure cransfer tunction. The vestibulocerebellar eficets on
bloet pressure are likely proportional-plus-deriv:tive in
forn., since the vestibulocerebellar mechanisms appear
to prrticipate mainly in initiating, but also in sustaining,
the arthostatic reflexes (T This implies that 1(s) in
the Ti-to-blond-pressure transfer function is o term no
simpler than Ky(1 4 K. The open-loop  transfer
charucteristics of the carotid sinus baroceptor system
have been studied inanisals (8,10,13), and the evi-
dence indicates, at the very least, an integrating function
of the form K,/ (1 -+ Kis), where the time constant K, is
on tiwe order of 200 or 30 s, The Hoear portion of one
repested maodel (10) based on the input-output be-

ET AVAILADLE CUPY

AT A e i AT SIS i 7

hitvior of the canine carotid sinus reflex is of the form
K7 (1 4 Kis + Kus¥): interestingly, this double-pole
model has o natural frequency of 42 mbz, which is
not far from the resomance point of the empirical trans.
fer function obtained in the present experiment. Another
such model (13) even suggests a single-sero, double-
pole loop transfer characteristic, From such evidence
we should certainly expect that the combied transfer
function, incorporating the elastic elements, the vest
bulocerebellar pathway, and the baroceptor feedback
loop, contains at Teast one 7ero and two or more poles.
The evidence for additional zeros and poles at fre-
quencies above 1.0 Hz (8) must be taken into account
i the inevitible complete model of the blood-pressure
control system, but is not particularly relevant 10 our
discussion of blood-pressure responses to low-frequency
(i stress,

Knapp er al. (7) recently plotted the frequency re-
sponse of the canine cardiovincular system as & whole.
Using £2.0 G, sinusoidal input stress at discrete fre-
quencies from 0.001 to 1.5 Hz, they obtained the G-
to-blood-pressure transfer characteristic; maximum gain
wits observed at 30 10 60 mHz, in rough agreement
with our own data_on the human response. Fhey also
reported that the frequency response of dogs with heart
rate kept constant and  penpheral vascular response
blocked pharmacologically displayed a maximum be-
tween 40 and 60 mHy, confirming the complex form for
the purely hydraulic segment of the blood-pressure con-
trol system. Also of interest were their observations.
that the influence of peripheral mechanisms was present
up to 30 mHy, while heart-rate responses were most ap-
parent in the 20- to 100-mHz range, thus providing
additional evidence that the net Geto-blood-pressute
transfer function consists of multiple poles and zeros

Such data as are presented hierein for relaxed humans
and by Knapp et al. for dogs are the type prerequisite
for the development of models Tike that of Green and
Miller (5) and that of Witte ¢ al. (15). We hope that
those who develop models of cardiovascular function
during G stress will decompose the overall transfer
functions presented 1o obtain estimates of the transfer
characteristies of the various sepgments of the blood-
pressure control system. We also hope these data will
be useful to madelers of pilot performance during acrial
combat mancuvering, Required for such use, however,
is & proper deseription of the changes in cardiovascular
dynamics resulting from stiaining maneuvers and the
use of anti-G suits, valves, and scats. Since straining
muneuvers and the operation of most anti-G protective
cquipment are highly nonlinear, it would be necessary
to model these effects separately, then add them to the
basic bload-pressure control system, rather than 1o ry to
model as u linear system the overall mechanism of the
protected cardiovascular response to G stress,

CONCLUSION

Dala describing the eye-tevel blood-pressure response
to + Gy stress in refaxed humans have been presented as
an empirical G-to-blood-pressure transfer function. This
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transfer function covers the frequency spectriin from

N

to 2000 sz, and  exhibits  substantial predictive

abinyin the 1O G 0200 s ranges. Three simple
mathematica’ models of the G-stressed blood-pressure
control system were alvo tested for predictive ability,
and were foond moderately valid, Of these, the double-
sero, double pole transfer function most clasely fits the
empirical tronsfer function, and appears to predict most
accurately,
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