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ulm11' ttf!d ntL'lttl en- l1nt man"uvot':lns runs on tlu \JSAFSAM Human Centrifuge, 
Thn·· (!{ ffN •nt 11M )'ti.C: tr;tnafcr func:t10nl W8\'0 fltt.od to the •pirteal 
f111W lon for fr«HIUf ~.h.•A from 5 to 200 mll19 ftnd predlettve portorunco of the 
.-mp; !t~nl n ;l :1 nrln yHe r·:nctlona Wftl oxamL d. The doubltt•aoro, doubl.-polc! 

' 

I 



,!Jl\!.:lJ.\~:.il.flLl.L__. ___ ----
~· , c: '" r., ,-1 ~~~~n I( ~ ltOtl or Ht'':..!:."_l•_r._rH_1•_,._,,_,_,.,._,..,.n-."-'"-'"...,";..' --------------------...,. 

' 'im;H IH'!I111t fc,!l mndr•l !IIOHI cloH<·ly 
d[:,pl:t\'t>d r•lltWI1:Jhlt• pn·dlctlv(• 

BEST AVArLABLE COPY 

flt: thC! cmpir1c:fll 
tlhlllty.,.., 

) 
I 

trnnHf~r function and 

• T' 



I~\' i'' I Ill ,\ ( 11f1\ I 1)'111 ' "' 

\:·'"'l'.l<'l' \t,·dw.J! '"''l'l.rtiP!I, \\'.t, 11ifll!1111l, f)(' 

Transfer Functions tor Eye-Level 
Blood Pressure During •Gz Stress

1 

KrNT K. CiiLIINCiiiAM, JA:<.II's J. FREEMAN, and I{WIIARII C. 
McNtm 

lliot/_1•nami1'1' and l>t•.1·if.:n ant! A nafv.fi.v nrmrcltt•.f, USAf· School 
of Ar•rriSf!tll't' Mt•t!il'int•, /lrnok.1· Air Forc!~llalt', Tt'.ra1 7H235 

< ;llll'·'"''"· 1-. ". I I I Mil 'H:'-1, .IIIli R. C'. MeNu. Tran.l· 
fc,. !Jolt !t"n1 for t'\t /, \d 1·/,,,,cf f"'''"""~' rl11rift!-.' +fiz .\.,rr.'f.f. 

''"·'' '-1'"''' I nv11nn \led. ·~Hr Ill: i:l:!h·lll14, 1'177. 
'. rfl·,niphon or th1· r~r·l< nl hlood·rrr\\llrr rr\JlJn~t' to + Gz 

'In·" in n·hl\nl humam \\:1' ohtnlnr.: 11' ltn rrnplrlrul, fll\rmhle· 
;II l'f:ll~t·, (;.fo·hlollli•JlfC.\\IIIr fr:ln\ft•; funrflon hll\t'd nn lhrt'(' 
""dl'l 1\' rr':>nn'r' !o n Inca I of n ,fmulutrd 11rrlul rnrnhul 
rn:orlt'tJil'rinl! '""' on thr I 'iAFSA.\1 humnn rrn!rlfll!(<·, Thrre 
dill •·n·nt """"fie lrnn,r<•r fend ion' '-'err rifll•rl In !hr l'IIIJllrkul 
'""'''"" fnr fH'<JIII'IId<·' frnPI ~ In 2•'11 rnlh, 11nd prrdkllvr rer· 
lor.ll!ltl<'l' or lhr l'llll>irifal :>nd thrrt· 111111lyflr funl'flon~ WH. U:• 
amorH·tl. Tht· douhlt··lt'rn, cl~>llhl<··pnl-.- rnalh<·mntlrnl model rnrl\1 
dmf'i~ lit '"" t•mpirknl frar•,rl'r fun ·finn und rll,rl"}'rd rcu~on· 
ahl,· prrtlft-li,.,. nhilll~. 

A COi'! '!SF DFSCR 1 PTIO~' nf the human eye-level 
/-\ artrri~;l hlood-rrr~~·Jrr rl·~~·nnse to +Gz stress is 
laL~in~·· It i'< well r~ta 'li,hcd (2) that a hydrostatic. 
cnlo!rnn d~l'Cl act'< lo c·ducc hlnod prcs~urc at eye 
lc\··:1 hr:l(l\\' thai at hear: level: the amount of this re­
du<.'!ion \~"•lid he equal •n d•a•l. where d is the density 
"' ;''"'HI, ;· i'< !he amhit·nt accc!eralory field, and h is 
t!w vrrtic:l! he:1r1-to-ey·• dista::cr: (aprroxirnatcly 30 
em). If the cardinvaseuhr syste:n were to respond as a 
pa,•.ivc. ri!•id-wallcrl s: •;!em. l·t ~uch a system, the 
·~hangr: in eve-level hloo1' rressu": durin~ G stres\ could 
he de,criherl ~imply a\ -3.0 >: 104 dynes/cm~/G, or 
ah'tJI - 2:' 111111 I Jg;'Ci .• lt'cau~e the _arterial system is a 
di,lt'll'-ihle h:-.•draulic l'olurnn, a\ .,oinled out hy Lnwtnn, 
•. , o/. <'J), and the cardiovascuf:.r (haroceptor) rcflexe~ 
\rrve to c"unter G-~trc\\-indu ·ed reductions in eye­
level arterial pres~ure (3/i, II), t1e description of blood 
rre~'ure a' a function f>f (i ln:!d and time is consider· 
ably complicated. Math,'rnatical models or the relation 
between (i load and hh,d prcw!re have been ha~ed on 
animal experiments (~.! ;'i) ant: nn deconvolution or 
scarl'C, puhfi\hed ht '11:111 h!:lOd·pres•,qre res('On!ie 
l'urvc~ (12). h!lt adequ:tte data IIJ'On wi ich to hase_ __ a 

The re\e:trch rerortcd it lhi~ pap::r WON COhtiUCted hy per. 
'onn~l of the Cr "Tcchn(l'<~IIY nntl Ji;ometrlc~ l ;iviAion,, lJSAP 
Schor)( o( A~rw .• ce Mecli1·in~ 

J. J. l'reerlltP i' n lJSi ::·ASEE ~-ummer F;u:ulty Reaenrch 
f'rnwnrn l'nrlici ,,nnl, I \17(1 

The volllfl!ury lnrnrmed Wll\cnt or the Allhjt.;t, uud In thll 
re•.earch ww. ••'•tnrnrd 1n lllTottl:tni'C with AJIR K0;3J, 

useful model of human hlood-pre\\Urc re.,pon'e ln < i 
stress have !1itherto not heen available. An efficient 
method for ohlaininA a dcscriplion of human ;rrterial 
OJ(ygen saluration during +Gz o;tre~s w;ao; recently re­
porled ( 4): ra I ios of Fourier t ran,fornl'i of out put 
oxy).\en saturation to inrut (j stre'is rrovided frequency 
resrnnse curves-i.e., transfer funl'ti<HI' <k-~erihrn)! tlw 
general mathematical relationshir hetwer:n those vari­
ables. Despite lhe fact that the biological 'Y"tern urHfl·r 
test wao; hrashly assumed to he linear and stationary, 
surprisingly consistent de'icriptiono; with rt'ao;onahlc pre­
dictive ahility were ohtnined. By emrloying a method 
of analysis similar to that reported, we \ought a work­
able transfer function for the human eye-level hlood­
pressure response to + Gz stress. 

MATERIALS ANI> J\1ETIIOnS 

Three, healthy, male, 24, 25, and 26 year-old volun· 
leer members of the USAFSAM Acceleration Strt''' 
Panel provided the data reported herein. The left radial 
artery nf each was cannuf.lled with u ~-ern Medil'utJI. 
I H-gauge catheter, und an adequate length of saline­
filled, noncompliant, I ~-gaUJ!e Teflnntt tubing wnnected 
the arterial catheter to a Statham P37 pressure tran'i· 
d11cer Ill• ltntcd on n Vekro"' headhand at eye level. 
A three-way storx:ock, ln!ierted between the arterial 
catheter an,f the tuhinR, allowed perindil· flm,hinll nf the 
catheter with heparinl7.ed !!aline. The output voltage or 
the pressur~ transducer, correspnndin)! tn instantaneous 
eye-level hlood pressure, was recorded on magnetic tape. 
· Suhjccts were exrmed in n seated (13° senthnck 
angle), relaxed condition-without benerit or anti·G 
suit or straining maneuver-to three diUerent cntcgorie!i 
of a !ltre!lls on the centriruge: I) gradual-on!let run!l 
(OORs), In which the 0 load increased linearly with 
time at the rate of 0.067 G/s: 2) rapid-onset nm!l 
(ROR!I), in which the (j load rose nt about I ,0 (i/s 
to a predetermined level and remained at that level for 
either 15 s or I min: nntl 3) simulated aerial C'omhat 
mnneuvel'!l (SACM!I), in which a lnatl!l \\-ere arplled 
In u vnrylng manner over n 100·!1 periotl. The SACM n 
prorile!' were or eight different !lhnpes, each rmrilc 
hnvlnp. been produced hy ll random function generator· 
with bantlwltlth "~t to match the t•ap.'lhilllles or the 
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h~ I. l'··"rr 'f'r,·trum nf #X SACM (i profile a~ run on 
1:'\,\l·',.\\l .Inman ( enlrifU):e. IJ~% or pt)WCr i~ helow 95 m117., 
'1'1'; h·l•"' 1111 milt. Other (i j)rofile~ cxhihit similar !land· 
Width\. 

!:S·\FS·\\' llum;t•l Ct'ntdugc rFi)!. !}; some profiles 
were aU!!Il' ·ntcd or dipped, ll'\ neces~nry, to challenge 
the -,nhjc,·\·.' vi,ua· ftiiH.:tl<"Jing without rendering thern 
\lllt'Pil\l'i<l\1'. 

Sui'!Ctl' \\Cre t:•\lructed to relax completely during 
a!! tt·-,t r ;n<>. an•: !!' rc'cn~e a hand-held enabling 
~w1tcli-. th·,.., tcrrll'nating the run-whenever they ex­
per;~.. nr.·cd ·he vistt;d endpoint, which consisted of total 
\(,., .. d l'l' phL·ral 'ision ph1s si)!nifkant detcnoratinn of 
n~nlral \I' 1\IJ, f::ac~1 suhjcc. WaS exposed IO the folfoW­
inf~: nne ',()R to vio;ual endpoint; three tn five 15-s 
ROR\, th. final 1'!1C: ctit:i·ing the vi<.ual endpoint; at 
lr;l~! lliHc I ').o; RO!:; and f<•Ur lO II S!\CMs, several or 
which c1· ted the vic;ual <."ldpoint in two of the three 
<.uhjecl\. 'he ora ~nhjt·c~ who .,ustaincd only four 
Sr\C~1s ' rn1inatc'' the c·,ocriment early because of 
mot inn <.,j, < fll'\S. 

Di<.net , finite Fourier transform~ of 200-s records 
nf input ! i ·.:rc-,o;) and nu·rut (eye-levi'! arterial blood 
prc<.\tm:) ·.-ere ohtrH!lcd wi!h a lfewlett·Packard 545113 
Fnuner 1\ 1alvtL'r. :o ron' l'rl the 'instanlnncous blood­
prc.,.,urc ., t•n;;! to 1::ean bhod pressure, and to prevent 
~pc~:tral ;1 ;;t-,ing n' the tran.,formed data, hnth Input 
and nutpw signal<; >?ere low-pa~s filtered with a 0.5·1·11:, 
.~1(-dl\/ol'!iw Butt ·rworth Iiiier. The paired input and 
output ww<cform., •Nere ~ampled 256 time~ during the 
200-<. ana:\ . .,i., p~:ri.,d, T; i c .• 6t • 0.7R s, The spi:ctru 
ohtaincd, therefor,:, hnd a maximum Frequency or 
O.M lit p ...... ""': (;' £\I) I I and 11 frequency resolution or 
~.0 ml 11 rM • lIT). A• the transient time-domain 
~i11nal~ of interest hcj.!an and ended well within the 
200-' anaivsis perind, the ;t'ctll!lf.~Uinr time window used 
wus optimom for the prest•,;t uprlicntion. 

The tran,fer function, i · ({), he tween a O·stre!l!l Input, 
HI). ,,nd ~c:oml-pn·ssure outpu\, o{t), wn~ obtained by 
dividin~ tlc Fourier trnn"rorm or the output, O(t), by 
th:•t of the mput, Hf); i.e., 

r!:ST AVAILABLE COPY 

O(f) 
ff(f) - ~ ....... ' 

I(() 

By cn\emhle ;svcrn~ing lran~fcr functions obtained 
from single input-output pair\, a nw;•n rran,kr rune­
lion, ii(f), derived from all pertinent dalu in a daua 
set fc.v,,. one type! nf (i-stre"" profile) wat; readily uh· 
taincd. Spectrnl incono;istencico; (rWI'ie) were apprectahly 
reduced hy this proces\, Meun re.,pml\C\ to .,pcctflc 
input runctinns were obtained by averaging the tran.,fer 
functions generated hy thnt input ;md the re'>IJOII\C' to 
it, and transforflling In the tirne dnmain the product 
of the avcra).'.e transfer function and the Fourier tram· 
forrn of the input; i.e., 

(> (f I ... II ( f) I ( f) (l:q. ::)-

where f> {f) is the Fourier tran.,forrn of the rncan out­
put, ii(t). 

Multiplying a transfer fum:tinn hy the Fouril.'r tr:uh· 
form of a pr~rticular input oi intere'>t provided the 
predicted response to that input. hased on the J!ivcn 
transf~,, function. In other words, 

O'{f) = IHf) l'(f; (Eq. 3) 

where l'(f) is the Fourier transform of the input of 
interest, i'(t), and O'(f) is the Fourier tran-;form of 
the predicted response, o'(t). 

Because the power spectra of the SACMs extended 
to rcbtivdy high fteljUcncics without re!!ular 'pr:ctrum 
nulls, the mean transfer function ohtained hy t:nsemhle 
avcrnging the transfer hmctions from the 23 !.:ompletctl 
and ahnrtcd SACMs was examined mn~t thoroughly and 
with the ~realest expectation<;, This avcra!!illj! pmce.,s 
gave ench of the 23 SACM nms equal weight in the 
rnean transfer function. The ahernative method -
a·;craging each subject's SACM·generateJ tnm.,fcr func· 
t !Oil'\ and then avera~in~ the three suhjc~·t•.' mean 
t runsfer functions-wns nls!) nccomplt..hed, hut this 
process theoretically gave undue wctp.ht to the noise 
aso;odated with the response" of the suhject cxpu'letl to 
only four SACMs. Ench suhject's individual tmn .. rcr 
functions, us well ns the three subjecto;' mean transfer 
functions, were sufficiently similar that the twn methmlt; 
of avcrn!!ing the SACM-gencrnted trnnsfcr function~ 
yielded ncurly itlcnticul· nvernll mcnn trnnsfcr runction ... 

llnvin~ ohtnined the empiricnl trnnsrer function re­
lutcd eye-level blood pres\ure to +Or. strC'I"i from the 
ensemhlc nveragc of the SACM·generatcd transfer func­
tion.,, we elected lo find sc\'erul mnthenmtic<tlly well· 
hehnved substitutes ror tliC empirical transfer function. 
The analytic trunsfcr functions sou~-tht were or three 
forms: I) !1lnglc-7c:ro, douhle·polc; 2) douhle-zc:m. 
douhlc·pnle: and 3) single-'lcrn, dnuhle-pole with n 
dclny1,r. Pornmctc:r estimates were obtained for each 
nnnlyt :c rorm by minimizing the wei)thtc:d sum or the .. 
squared error of the fit or real and imaginary terms of 
the lllllllytic form to ~he fiN 40 fre<tUC:ncies or the 
empirical transfer function. '1 he wtlRht used nt each 
frequency Wt\!1 Inversely proportional to the varil\1\ee or 
the d::ta eomrrlslng the cmplrlcul function It that fro. 
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que: } :--.1arquardt\ ab1ritl11n, combining the Taylor 
~t'rll, t•xpan\ion and negative: gradient methods, was 
ll'>t'< :11 t!l,· rompt:tatiotl' 

I· 'l:illy, prcdit·tion~ "f l'ye-level blond-pressure re­
'~'"' ,_., tn (iOR. ROR. and S:\CM (i strL·~ses, based 
on • .,. l'mpiriral and various :lr);\lytit: trnnskr functions, 
"''' c"nmpared ·.•. i1l1 tiH· mean aL·tual rc-,ponscs to the 
~an (i . .,trt'S\ i:lpUt\. Such comparisons gave visual 
e'-'' m'l' pf the r•:l:itiv,_, merit' t'f each of :he trnnsfcr 
ft:rH :tlfl'• h('in1: <,~udicd. 

H ,. 1 11 :rs 
:o<:h '>l!hject', mc·a:1 ( i-to-hlood-rrcssure transfer 

!1tn :ion oh:ained from SACM G-strcss runs is 
'ht'" 11 in !inear.,cale. polar f<'rrn, in Fig. 2. Note the 
"im•lar frequency t:hara,·tcristics; namely, the apparent 
rc:<:";lfln: peak at appn•:-:imatL·iy (J() mllz; the tendency 
tow:ord - ll-iO'' phase at low frequencies, a phase cross· 
O\'t·: to ·! I XO' at ahn111 40 mill, and n progrcs<;ive 
det·,·a,l! in pha'c angle at higher frequencies, The meun 
tral\,fcr fum·tion for all 23 SA('M (i-strcss runs, i.e. 

~ 
2] i ... i 

i' presented in Fig. 3. The frequency charnl teristics thnt 
wen: M:cn in the \tlhjett\' nH::111 transfer Llnctinn~ urc 
a1·a:n evident, as is the improvement in the signal-to· 
noi'>c ratio resulting from the additional nvcrugin~. In 
thi' ovcrnll meun transfer fum.:tion, the resonnnce peak 
i" :.•,:en to be at 60 mllz, the phase cro~~;ovcr occurs 
at 'wtwecn 40 and 45 ml fz, and n locnl maximum in 
tl1r: phasr t:haractcri<;tic is noticeable at 25 mHz. In 
addition, a 4-dB;octavc decline in magnitude cnn be 
e\limnled for rrequcndl.''i hcyoml the resonance. Ahove 
200 rnlll no userul infor nntin•l uppenrs in the frequency 
rl''l'Onsc curve, "' input pnwcr associated with the 
S <\CM {:.force nrofiks was virtunlly nonexistent above 

CAHP[NTU 

this frequency. The first 40 term-; of the 23-run mean 
transfer function arc given in Table I. 

The rdatively smooth contour' of the ahovc empiric· 
ally determined transfer function enticed us to search 
for analytic functions which could effectively duplicate 
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! ill. ~- Mrun trnn,fcr functltln f\lf 2~ SACM fi·t.ll'f'' run1. 
Hn1. h run wn1 ath·en rquRI well! hi In the a~rll~tin~t. Ftlur a~rrant 
roinh were rdilrd l"rlor to -ummhlJ. 
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thr: empirical one. First '.o be evaluated was-- a single­
zern, douhle-pole transfer runction: 

l + l2.09 
H(s) • - !11.2 -- "-------

. ! +6.74s+7.lls2 
(Eq. 4) 

where s i~; the conventio:al complex rrequency varinble, 
j2rrf. Thi-; tran~fer func ;on, pre~ented in linear-scale, 
polar form in f-ig. 4, : · ows a re!lonance peak at 60 
mHz, a local m;odmum :n phase angle nt 1 S mHz, a 
pha~e cros~ovcr bctwcr· 40 and 4S mHz, and hi~-th· 
fr:~quency ma~n tude 111 ' phase-angle ( ~clines s:milar 
to those of the cr:1pirica! tran~fer function. 

·'he doublc-ze. o, dm:ble-pole trtnsrer r nctlon, 
I ·, 7.1R!! + 4.31: 2 

H{s) • -18.3---- ·;- (Eq.S) 
I + 3.998 + 7.9:' s 

i~ ~hown in Fir. 5, Agnin, rermnancc is seen nt 60 
m Hz, hut the resC>n!UJce !'t&lc hi sharp,~r than !n the 
~i" ·J.Ie-;r.ero, doiJhle-p<,le tran~fer runct;.,n. The local 
r' \,e-nngle mnximum ~~ seen at ?..!! mlb and the ;:l1118e 

cm~sover occurs f)ctwcen ~() and .~~ rnl lz. A ''"fl· 
tinutng high·fu;oquency decline in magnitude i'i not pm· 
vidcd hy this trum,fer funrtion, 11flhouvh a llci:linc com· 
pamhle to thai of the empirical transfer function i4 
cvidt•nt in the (,(). to 200-ml rz r;HIJ!C. After the pha'C 
cros~ovcr, the phase angle falls and ri\es a~ain,. Such 
behuvior is not necessarily inconJ!rUml\ with that nf the 
phase characteristic of the empirical lmnsfcr functinn 
since, in the Ia tier. noise nmy he nh.,l.'urinJ! •• "It !!Iii 
upward trend. 

Finally, we filled lo the empirical tran .. fcr fmu:tu111 
nn analytic function consistinl-! of nne 1cm. lwo poles, 
and an exponential term: 

llfiiU 
H(s) • -IR.I -~-·~·"~···---·· ··--·-··-~ >• c: 

I + 4.46s + 7 .6:;.,~ 
l Eq. {I) 

The positive exponent, ~ervin!! to ••ugmcnl lhe pha~c 
anJ!Ie in proportion to frcqucrH·:-. implie., anticipatory 
behavior of the function: our oh,l.'rValinn of OCCa'\iOnaJ 
rises in hlood pressure prior 111 onset Hf (i '>Ire'' 
prompted US to evaluate this I) JX' of transfer function. 
The fitted function (Fi~. fl) ''''Jllily.; the re.,nn;mcc 
peak, phase crossover, and other features of the em­
pirical transft~r function derived from the .:!3 SAC~f 
runs. 

We noted with satisfaction that the .. tcady- .. tatc char. 
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;!l'lt'Ti,tiL'\ pf I'll' \t'l'O!:d 
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far fro111 the !!coreti,:al 
earlier. 

two filled analytic transfer 
's. :1 and - l H.J.-noL too 
.. 2 mm Jlf!i(j di~~.·usscd 

fly ',tkin!' l'lc inv•:f",e •mier tran-.fmm of the 
!ran'k funrtio · for a 'Yslt" . one obtains its impulse 
!C~f'<H1' !JI!J. '!IC liflH'·dllll' !l re!.JlOilSC of the system 
In a f<reirw lu 1L'tinn ,,f in! :tc amplitude nnd infini· 
t~·,imal durat1111 The inver· ... ramft•rm of the C(lmplctc 
empin• .ll tram' ·r function .. ' tno corrupted hy high­
frl'qiJl'l!·.:) no1~1 for a mcaP;ngful impul~e rcspon~c to 
h<.: rn. l)'nizcd. and inver·,. !ran,rorms of ll'l!'1Catcd 
Vt:f\101'· of the cmpirl\·;!1 lr:tnsll'l illllCtion were some· 
what chrortcd i'Y truncation artif;tct~ (Clihhs' phenomc­
nnnl. !he inv•:· ~t· Fourier lraml•lf rns of the unnlytic 
tran,.f<: fum:tin::,, howcvt'r, ;Jppt•an·d as rcusonnhlc im· 
puht· 11'\pon~e' Fil'. ·; i•; ' 11L' 1111· nlse response cnrrc­
~pnnd IO the douhk-1crn. dnui :c-polc transfer func-
lton; ! ,. t1wer •: ttan,lornv. 11f t. other two n:mlylic 
tr:1mk fune!i(·ns were ~il':i!ar. he initlnl ncgntive-
P.Oin!' . !nqd·l'' ·.~urt• n·<,pnil'l'· . !t the tlll'nrcticai posi· 
tivc c fnrt·c if: puhe ttppkd at .. 0·-i!l rcntli:y nr· 
pan:nr ;.,, i' !lk zcro .. Jine \'1'>\\iiiJ', at 4.0 s nnd the sub­
~cqw:· rchnur :! peak nt · .0 !1. The hi~-th-frccuency 
O\C!llllron in 1 rc irnp1' 1\e re.,p•msc is 1111 nrlifn\'1 re­
~u!tJP · from lh · UflUVO !ah!c lrUIIC!liJOII of the infinite 
an;JI:. I( tran,f• Jti!IGtw, 
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rt~spon'c' nf 1 he 23·run mean empirical and the thrcl! 
analytic transfer functinns to the suhjt•cts' mean actual 
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I .,r l'rcdr-:ted and nw.tn :H:Inat eyc·lcc·cl btoml·prcs~urc rc· 
'·i''"''t'' lo CiOR Cl '"e'~· In lhi~ .tml the !nllowing fi~ure~. lop 
:1.n~ ,. pred,~:ti<Hl b<~wd '"' ,jo~lc·zcro, douhlc·rolc tran,fcr 
lone l!u· .. w,·ond. 'inrlc·tl''"· tluuhle·rolc, exroncntial: third, 
<f, •ublc-ter o. duublc-polc; I "nr th, 2J-run !'•can emp,ric;~l. f.'ifth 
,,,,,. ;, •m·.nt .11.:111ai '~'1'"!1'~ of 1hrcc sul·Jccts .. ln (i strc~~ in· 
d.,-.rtt·d in holl!lm Irill'l'. 

rc\ponw" td :1 variety of (i-slress profiles. The predicted 
n.:'fHHIScs '" a typical fiOR G-strcss profile {Fig. !i), 
:dtlwu):h l1uilt: ~nnt!ar 1n ca.:h other in the amount of 

hlc,od-pn.:<.-;ure drop at peak G and amount of ovcr­
;,hnot following dt•cclctation. were disappointingly not 
very well matchl'd to the mean actual rcspon<;c durin~ 
lhL· pcrrod of cxpcctcd blood-pressure rcbo\lnd, For­
ll!natdy. tl:..: rea<.on for the discrepancy lies not with 
the tran\lel fundion-.. hut with the subjects' mi:un rc­
\pon\l' to thL' ( iOH <i ~tr_co;s: only one response to this 
type of \Ire•., wa~ nht;uned from each subject, und two 
of the three rc,pono;e<, were dccidct!!y atypical when 
compared with hlood-pr;.•,~urc responses to GOR 0 stress 
obtained in thi\ lalmratnry on other ocr;asions. 

~hrc •,;: J•,f:ll.'tnry wa' the compari,,lll of the vnriou'i 
prediction. wJth the rn,~an actunl rc~;10mc IC1 ROR 0 
'-Ire\<.. lint! the prcdictt:d und mcun ;,~·tunl re~ponscs to 
an aborted ROR (i·ig. 9), beurit:)~ understanduble 
>illlilarity tu thl' impul e respon~cs of the analytic trans· 
kr functton~. displaye ; an initial blood-prcs:.urc drop 
proportion:ll to C i In .d and nn overshoot occurring 
durin~ ami after dl·cci-:mtion, The prerun rise and the 
postnm mcillu!ion in ; rc~~lltc !lcen In the tnt'tlll nctuul 
response were not pre iictcd hy either the empirical or 
the :wnlyth.: transfer f,tnctions, A pnrliculnrly rigorous 
test of the predictive ahilllics or the various trnnsrer 
f11m·nons W:J'i the ()().~ HOR G profile (Fig. I 0), since 
subtle dirrerctH:e~ In tlw responses were accentuated by 
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h::. 11. l'rnll;;tcd and mc"n actunl cyc-icvel blood·rres~ure •e· 
'P'"'''c' to :: i< '>'\C\l (i \ll•'"· Sequ:nce a~ in Fig, !1. To avoid 
Cllr>L:mina!ll'~ prcd~.:t>on I<Hh actual rc~ronse dat.:, data from 
e;,~:h \uhjcct'• .it H SACM run were \llhtracted from empiric:d 
!t;H>•fcr ftlth W>n pr lOr to making f!r~dit:tion. 

tlH.: lon!!. -,trat!!ht line~. of the forcing function. The 
mcall :tctual respr•nse 1o ROR G ~tress showed a numbe;· 
of citaractc:t~lics coin<.:iding with expectations based o•: 
pnnr expcnencc: I J an antictpatory rise in blood pres­
>urc pnor ld on\<.:! of Ci 'tress; 2J a rapid fall in pressur;: 
at onset of (i stress: :\) a partial recovery nf pressure 
~cveral seconds after tl1e G load had st~:bilized; 4) 
a secondarY !!raduai dcdinc in rrrssurc foilowing the 
pc<tk of tltc panial rceo· .. cry; 5} a n:pid rise in pressure 
at the offs!'l of (j ~trc•.s; 6) an overshoot in pre~sure 

coitll·idcnt with termination of the G loud; and 7) n 
sm:1!l umk1shoot irnmnlia1ely following the terminnl 
ovcr-.IJOot. Whcrl:as the l~mpiricat and analytic transfer 
functions a:l predicted the pressure drop at onset, pres· 
sure rise a: offset, parttal recovery nt stabilization, and 
ovl'r~hoo! at tcrrninatio·• of G stress, they met 'with 
varying de:!rcc~ of sucu:ss in predicting other com­
porH:nts of the waveforn·. Not one recreated the nntici· 
pato, y ris~ in eye-level hlood pressure. Only the em· 
pirical tram.fcr function predicted the gradual decline in 
prcs,ure during the constant G stress, nnu only the 
crnpiricnl prov'dcd a noticeahlc undershoot following 
tl1c t('rrninal overshoot. It is worthy of noh~ thai the 
prcdk '!d rcsponsco; to ROR G stress had the same 
g1:ncr chttructeristks a the clnssic fiAurcs fH<:sented by 
Wood and others (ll.: 6); in fact, the greatest con· 
).',ruity ,vith Wood's dal!1 was obtained with the cmpll'lcal 
transf, r function, In thnt it effectively reproduced the 

G{s) 

D(s) 

A(s) 

R(s) + B(s) - P(t) 

C(s) 

Fig, J 2. Block diagram of eye-level blood·rre.,ure control 
sy~lcm for relaxed human' exro~ed to + Oz \lrns. All), IUa), 
('( s), nnd D( ~) are the hydraulic, neurocirculatory effector, 
haroccp!or, nnd vestihulocerehcllar component, of the control 
system. rcsrectively. R(!) il the reference signal, t•(l) i1 eye· 
level blood prcs~urc, and Gh) j, G·~lre" perturbation. 

gradual decline in pressure during the latter portion of 
the plateau. or the analytic transfer functions, both the 
double-zero and tb_<Lcxponcntial forms yielded more ac­
curate pn!dictions than did the single-zero form, which 
provided too smooth a transition intn the partial re­
covery phase during G stress and too gnadual a postrun 
return to mean pressure. 

By averaging the individual transfer functions ob­
tained from all SACM G-strcss runs, Cltt:ept that SACM 
run for which a prediction is to 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 respQnse to the 
several different forms of SA< 'M G stress. Fig. I J 
shows the mean actual response to the #8 SACM, as 
well as responses to this SACM predicted b)' the three 
analytic transfer functions and by the empirical transfer 
function with # H SACM dnta excluded. Although it was 
difficult to evnlunte visually the relative accuracy of 
predicted responses to so comp!clt a waveform as the 
# B SACM profile, such characteristics as the relative 
depths or the first two negnltvc peaks, the relative 
heights or the highest two posithe peaks, and the shape 
of the recovery from the terminal rebound enabled us 
to observe that the empirical transfer function was the 
ftl()S t llCCU rn te, 

To determine the goodness of fit of the three analytic 
transfer functions to the 23-run menn empirical transfer 
function, the standard error of estimate was obtained 
for each. This rigure of merit was 4.02 for the single· 
zero, double-pole model~ 3.34 for the sinale-~ro. 
double-pole, exponential model: and 3.26 for the 
double-zero, double·pole model. The doubte-rero, 
douhlc·pote transfer function thus emerged as the best 
of the analytic functions tested in that It most dosely 
mntched the empirical transfer function. 
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\\ t' n·,·ognrtt' tla• lrrnrtatrons of li'iiiJ' linear ~yslcm~ 
analy'i' tet·hniqut'\ n11 rl!ll!lriou,ly norilinear, nonsta· 
tlt111ilr~·. hrol!lj~ic:rl ~yqem\. The hlnod-prcssurc control 
\I 'tl'rll wa' rl':f\(111:1111\' tr:rctahk to h11rrier analy'i'. 
h.t'l't'Vt'r, 'inn· wcll-h~haved frequency response func­
l:t11l' L"t1rlld ht· rt'l'(l)'nllt'd and ·;uh,tantial predictive 
al'rl't~· !I{ dcri\'ed tr:rn\fl'r ftrnctinns cPtt!d he dcmon­
''::til't!. \\till rer•.:trtl 111 '•t'icl·tron ol :llc rnost approprrate 
tr;tn,ln f::nctit1;1, it appear' that the fir'>! 40 terms of 
till' L'lllf'ir it· a! tr:Hhfer functitll1 would he the logic:d 
c!I•"'L' rl t111t' r,•qurre' l'rcatc't predktiv,• accuracy :rnd 
c!11'l''l tiL'' to c.\l'crrmt·nt:rl d.ll:r. If conci•.e mathematical 
l'\f'lt:\'i"n j, ol t•rc:rtn irnportanl'e, t!~e dnuhle-lertl, 
tltlllh!r-ptl\c tr '"''·In :unL'tltlll 'hould lw sufficit."nl. l !·"· 
o! the ''"f'k /t't•'. douhlc-pole, exponential transfer 
lttll•."l\1111 11"11\lld IJ(Ii '''· ju\ltl!cd 'incc n•1 advantage llf 
tile L'\ponential tn:·r ••vn :111 addttional zero i' demon­
\trahil'. 

A ,implified block diagram for the eye-level hlond­
pre,,ure l'tlltlrnl \\Stern in rt•laxcd hurn:rns expo,ed ltl 
( i 'trt'" i•. 'h11Wil in Fi)'. 12. '!'he (i-to-pressure transfer 
fur!cti11rt. llhl. j, till" dc,L·rihed in tJti, 'il'hcme a~ 

,\(,) + JI(~)J)(s) 

I + ll(s)C(s) 
(Eq. 7 l 

wltl'rl' /\(,) r•.:pre'L'nh the direct effects of the hydro­
~t:ltiL' l11ad rlt: t!tc l,l, ·od and body, l!(s) include~ the 
v:~riiH" nl'ural, !torn1fl!!al, and lltel"l!anic:al cffcctt•rs that 
tr:llt,JatL' L'tliPrnl "'':!:ri•, i111,, hl'"'d pre·.,urc (primarily 
vra L'itan,~t'\ 111 lu·:1r: rate, vcr:uus L'<llllplianc,•, und 
a1tcrial •..:si:-r:t!ll'L'). :t'l<l < '(s) r..:presenh the dynamiL·s 
of the ~· VL'r.d hart<rptor feedback nwchanisnh. The 
cfft·ch <•[ the VL''tthi::,,cerehellar inpuh to the ,_·ardio­
V:ISL'llbr control "'''c:n are included in J)(s). The hy­
dr<>o,t:Jtic L'lllurnn ~11,·.:: fJt'r .lc' is frcqucn•:y-indqwndent, 
~" th : at very low : r:qucrll'ies of G stress, the !tydro­
~1:111•: :nl~trnn dft'L't prL"dorninates; at higher freqt<elll'lL'S, 
tit~: : ::qucncy-dependent properties nf cornpliarri body 
\lr11c 11es, VL''.tt!HrltlL'l'f"l'hl'llar pathways. cardim :tscular 
dkc 'r rncch:~ni'm'. and the baroceptor fccdbac:. loops 
hecc•· l' illl'rl':''ill)'.ly important. The properties <'(pure­
ly ;•: 'ive ekrnentr:, i.e .. !he ela,ticity of the \':tscular 
tree ·nd the ine1t•a of thL· ..:rwt,·,scd blood, JH,,vidc 11 

pole: ·ial for rcso•rancc, which ·is the reason :\(s) is 
den• ed :rs a ,·onr:•kx va: ·.:hie in the ( i·to-hlon,J-pt'l'S­
stm· ramfer 'unction. The vcstibuloccrchellur cfie~ts on 
IJio(! t pres~trre arc l1kcly proportiorwl-plus-dcriv:·tive in 
fmrr, since 'he VC~tihttlrll'CrChCJiar fl!CCh:tlliSI11S ai'JlC!lr 
to p:,rtil'ipatf.' rnainly in irt!!iating, but nlsu in sustaining, 
tltc 'rtlto,t:t• il' rdle.\t'S (I'· This implies thut D(s) in 
tltc i-to·blond-pre•,,urc tr;nlsfcr function is u term no 
simpler than K,r I + K: l. The open-loop transf~r 
dtar tctcristit:s of the car ·lid sinu!l baroceptor system 
hav( bct.:n 'ludicd in anhals (H, I 0,13), nnd the evi· 
dcm ·~ indit:atL·s. at the vrn least, an integrating function 
of !l .. ! forrn ;<,/(I + K1'i) where the time constnnt K, is 
on IH: order of 20 or 30 ~. The lincnr portion or one 
rcpc~tcd nllldcl (I 0) basc·d on the input-output he· 

havior of lite canine carotid !>iiiU'i rcfk" ;., uf the form 
K:,l (I + K ,'i + Kr,.,~): illll'rc.,lin~ly, thi., dnuhlc:-rmle 
model Ill" 11 natural frequency of 42 1111 fz, which i!i 
not far from the rc,or~:tnce point of the empirical trail'•· 
fer function obtained in the Jlfe\Cill c"pewncnl. Another 
such model (I :1) even \ll)!~!e''" a 'irt)de-tcro, douhle· 
pole loop transfer cltanu:reri)olic. From .,uch cvidcm·c 
Wt' ~hotrld certainly expect that the: cor11htncd tra"'f"er 
function, irwnrporating th•: t:fa,tic elcfltcnt•., the \'c•.ts 
huloccrehcllar pathway, and thl· ha11rn•pror feedhad. 
loop, contains 111 lea'>l one 7cro and '"" or more pole,. 
The evidence for additional /CI"II'i arllf polcs :1( ru:­
qul'nl'ie~ above 1.0 liz (X) 11111'1 he tilkcn inro iiCcounr 
in the inevitable complete model of the hloml-pre"Ufl' 
control ~y,tem, hut is not particularly rc:lcvant to our 
di~cus~ion of hlood-prc"ure re'lllll"cs to low-frequency 
< i '' ress. 

Knapp t'l ul. (7) recently plotted the: frequency rc­
spon'L' of the canine cardiova'L'Uiar 'Y'Il'lll a~ a whnle. 
Using ± 2.0 c;, 'inusoidal inpur srrc" at discrcre fre­
quencies from 0.001 to 1.5 liz. they ohtained the (j. 

to·hlood-prl'ssurc transfer characteri~til·; ma'lirnum g;tin 
wa~ observed at 30 to 60 111117, in rough agreement 
wi!h our own data on the human rc,pon,e. They aJ,o 
reporrcd rhat the -frequency re,pon'e of dogo; with heart 
rate kept con,rant and pcrrphcral va,l·ul.lr res(Wil\C 
blocked pharmacologically displayed a m:uimum he­
twl·cn 40 and 60 milt, confirmi:1g the l'omplc't form ror 
the purely hydraulic segment of th:: hlood-pre,sure con­
trol system. Also of intl'IL''t were thl·ir oh,en·atioll\ 
that the inflttence of pcriphcr;tl meLhani'rn~ was pn!,cnt 
up ro :10 milt, while hL·arr-r:rtc rC,JHlll'c' Wl'rc mml ap­
parent in the 20- to I 00-mllt range, thuo; providing 
add it ion a! evidence that till' Ill' I < i ·to-hhlod-prc"ure 
transfer function comists of nntltiplt• poles athl 1eros 

Sud1 data as arc llfl'Wnll'd herein for rl'l;l\cd hum;111s 
and by Knapp 1't al. for dog' nrc the type pH•requi,itl' 
for thl' development of nliHkls like that of (irl'l'll and 
~Iiller (5) and th:ll of Witte t'l 111. ( 15). \\'c hope that 
those who develop nwtkh of l'anliovasnllar huKti1111 
during G stress will decompose the overall tr:tmfl·r 
functions presented to obtain e'timates nf the tr:tn,fL·r 
characteristics of the various segments of the hlood­
pre~surc control system. \\'e abo hopl' thc'L' data \\Ill 

he usl'ful to nwdelcrs of pilot perform:tlll'c during aerial 
L'onthat ntancuvering. lh·quifl•d for '11d1 ll'l', howl'H'r. 
is a proper des1:ription of till' dwnges in l'otrdiuvuscular 
dynamics resulting from sttainin~-t •naneu\·cr" and tlw 
usr of anti·G suits, valves, nml s~ato;. Sin~·c strainin•~ 
m.ulcllvcrs ami the Olll'tation of mo't >~nti-<i pwt~·~·ti\\' 
equipment nrc highly llt'nlincar, it would he lll'CCs,ar~ 
"' 11Hnlcl th~'c effccl'i scparatl'ly, th1.•n .ulll them ll\ the 
hasic blood-pressure Cl\tltrol sy,tcm, rather tlmn In try In 

model no; n linear sy,tcm tht• ''"Crall lllt'\'h:mi'm nf the 
protel'tcd cnrdiovus~·ulnr t~spon'c to ('j 'tre'"· 

CONCLUSION 

Oatu tiC!Icribing the C)'C·(C\'CI hlt'll.le.l·prt•s,lii'C tC'f"-li'!IC 
In + o, st rl.'s'l In rchtXI.'d hurnuno; hnw l\\•en pn:'c"11.'tl tt!l 
nn cmplricnl Ci·to-bltltltl·prcssurc transfer functil•n. This 
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llltHJ!} I'I<!·SSIIRI: ll!JIUN(i Ci STRPSS--(iJLLJNOII/\M FJ' 1\L. 

tr:ln,fn fun trnn rove!\ tilt• frequency spet:lrtllll from 
5 to ~00 'llllt, and al!ihirs substantial predictive 
ahtllt> in 1111 l.tl 4 .. '> < i. 0-~0(J s range~. Three simple 
m:lti!L·nwtrc:J· models of the (;.slrt•sscd blood-pressure 
u•ntrt>l .,,.,tr•11 were al''' tc~tcd fnr predictive ability, 
:111d W\'fl' (,, •nd mndnat<'fy V'liid. ()f these, the double­
/l'rO. d"uhk f'"lc tr amfer function most t:losely fits the 
cmpirll';il tr; :1sfcr functil'£1. and appears to pri!dict most 
:ll'l'lll ate!>. 
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