
~f7’AD_AO 37 978 OHIO STATE UNIV COLUMBUS DEPT OF AERONAUTICAL AND AS——ETC FIG 6/19 ‘s
CARDIOVASCULAR, RENAL AND RESPIRATORY EFFECTS OF HIGH INTENSITY——ETC (U)
.J*JL 76 R H NEREM, P L HAMLIN, S H PANTALOS AF—AFOSR—2526—73

UNCLAS5IFIED AFOSR—TR—77—0319 NL

I H ______
A040 37978

I END
DATEnun ii FILMED

4-7-7

r



AFOSR - T R .. 7 7 —  03j 9
-. . EF Project 3656 A].

Report No. 3

~ohio©state
~ur~versity

research foundation
~~14 U.~~~ road

~~~~~~~~~~~~~~, o~ o

CP.BDIOVASCUL~R, RI~IAL ~~iD RFSPIRMORY ~FF~X~TS OF HIGH
INTF~SITY, INTERMEDIATE DURATION , LOW

FREQU~~CY VI~~ ATION

Robert N. Neren
- 

Deparhnent of Aeronautical. and
Astronautical Engineering

Robert L. Hamlin
• Department of Veterinary Pbysiology
- .  .. and Pharmacology

George M. Pantalos
Department of Aeronautical and

4’ f Astronautical Engineering

— -- - . 

~ 

•
~ I

-- 1 July 1975 - 30 June 1976

DEPARTh~~IT OF THE AIR FORCE
Air Force Office of Scientific Research

I - Arlington, Virginia 22209
(N) Grant No. AIOSR-73-2526

I w
I

Li... 313u1y 1976

I ~~~ ~~‘



— 

~;

-

• -

AIR ~~~ 07pi~~ SCIF2 J2~p10 RES j~~ (AFs~j 
-

~~~~~~~~~~~~~~ 07 TRAN$MxTT~~ TO DDCTh1~ t~0j~~~8~ report has been rev.t~~.d and ~~ 
• :•

i3
approved for pnblj 0 roleae0 lAW AIR 19O~12 (7b).
?eøb~j~~~ Iatorustj~~ Off ieør

— S

~~0



___ -

• ‘a--

UNCLASSIFI ED
SECURItY CLASSIF ICATION OF THIS PA(~E ($7Ien D.i* ’~vI.p.d) 

~

___
~

___
~

~~ ~\REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
[ R EPORT ~~~~~~~~~~~~~~~~~~~~~~ J.Z.-GOVT ACCESSION NO. 3. RECIPIEN rS CATAL OG NUMBER

ActTsR ~ I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

• 4 TITLE (afld S~~ñi~~~ .~~~~~~~~~~ 
• --- 5...i .yPE OF REPORT 

~• ( ~) çARDIovAscuLAR , ~ ENAL A D ~~FSPIRA’IORY 7 ~
, Interim - 

F . ~~
• ~1 ~ FFEC~~ OF ,HIGH INTENSITY , INTERMEDIATE __ • 1 Jul ~~75 ‘— 3~ .1un~~~~~76 )

DURATION, lOW FREQUENCY VIBRATION 5
_________________________________________________ RF Project 3656-Al ; Kep. #3

/~ ~~
.. AuThoa -—-,-—~~~~

— -~ • 
B. CONIRALI ON GRANT NUMBER (S) 

—

Robert M. /Nerem \ •~~~~~~~~
-
~~~‘ 

‘~~~~ 

Robert L. Hain1i~ \, ( 13 -
~~~ 

/- 
~‘ A1O~SR~~~-2526 - 2~~/George M., Pantalos “-~~~~-<~~~~~ _________

S. PER~~ORMINQ OR G A N I Z A T I O N  NAME AN D ADDRESS 10. PROGRAM ELEMENT . PROJECT , T A S K
The Ohio State University Research Foundation AR EA & W ORK UNIT

Department of Aero and Astro Engineering 6l102F/q777/-O2/-~~ ~~~
l3l1~ Kinnear Road , Columbus , Ohio 1432].2 

~~~ -
.

II. CONTROLLING OFFICE NAME AND ADDR ESS 12 R~~~ORT~~~~~~E~~~~~—

Air Force Off ice of Scienti~ic Research (NL) ‘I I’~ 31 Jul~~~~76 I -

l1~0O Wilson Boulevard NUMBER OF PAGES

Arlington , Virginia 22209 21
I& M ON I T O R I N G  A G E N CY N A M E  & A OOR~~SS(it diffet.nf from Contre1Iin~ Office) IS. SECURITY CLASS. (of thi. report)

f / ,~ ~~~~~~ / Unclassified

ISa. DECLASS IFICAT ION/ DOWWGRAD ING
SCHEDULE

16. DISTRIDUTION STATEMENT (of this R.port)

• 
•
~ Approved for public release; distribution unlimited. 

-

7. DISTRIBUTION STATEMENT (of Ut. abetted .nt.r.d In Stock 20, if different from Report)

lb. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on ,.v.ta. aide If n.c.s.aIy and identify by bl ock number)

Wholebody vibration; cardiovascular; albumin and cholesterol transport ;
arterial and regional blood flow measurements

• 

,~~~~~~~~~
‘
, 

I

• • ~O. ABSTRACT (Continu. on ,.ve ra. side If neceaeary and idøntl fy by block number)

A research program on the influence of high intensity, intermediate duration ,
low-frequency wholebody vibration on the cardiovascular , renal and respiratory
sys tems is described . During the period 1 July 1975 to 30 June 1976 , emphasis
was placed on the in vitro study of the transport of ~

4C_ I l~_cholesterol between
blood and the arterial wall in the presence of oscillatory flow conditions. In

• addition, a previous in vivo investigation of ‘1311-albumin transport in the aerta
was extended to include measurements during vibration at 6 and 114 Hz. These in
vivo studies indicate an enhancement of albumin uptake during vibration in the —

DD jA N 13 1473 EDITION OF NOV 65 IS OBSOLETE 
1~~~~ T ,A C~~~T W T T ~ 

‘/ 
~~

• /

—a-- - - _ _ _



~~~~1~~

• -- •—.———---.~ 
. -• • • -~• -. - • “ - ~.- 

_.,a.. — — —

UNCLASSIFIED 
—

,

SECUPI l v  CLA S~.IFI CA T I ON OF THIS PAGE(W b.n Data ‘ nt.r.d)

Block 20 (Con ’t.)
— ~dog aorta. The in vivo data are consistent with in vitro data and the concept

of a shear-dependent transport process. Continuing in vivo studies are being
carried out to measure aortic pressure and velocity waveforms.KConsiderable

• progress has been made in the use of radioactive microspheres ~‘ regional blood• flow studies and in developing a pulsed ultrasonic doppler velbkimeter for non-
• invasive flow measurements. \

\

• UNCLASSIFIED



• TABLE OF CONTEN TS

Page

S ection

I. Introduction i

II. In Vivo Measurement of Blood-Arterial Wall
~~

1I-A1bumin Transport 2

III. In Vitro Measurement of Blood-Arterial Wall
~~C-~ -Choiesterol Tr~insport 6

IV. Aortic i ressure and Vt~locity Measurements 8

V. Regional Blood Flow Measurements 10

VI. I~ lsed Ultrasonic Doppler Velociineter Development l~4

VII . Concluding Discussion 15

APPENDIX - Publications and Presentations 17

iii



I. I t~TRODUCTION

The research effort described herein is being conducted with the sup-
port of AF’OSR Grant No. 7$-2~ 2n ~ntit1ed “Cardiovascular , Renal and Res-
uiratory Effects of Ui~h £nten si ty ,  Intermediate Duration , Low Frequency
Vibration .” The emjl~asis to dat~ has been on the influence of wholebody
vibration on blood-art~’ri d wall transport . It is felt that the results
obtained are significant in that they demonstrate an important influence
of vibration on the transport of materials between blood and the arterial
wall. These are the first measurements to demonstrate an effecL of vi-
bration on such a basic aspect of wall physiology. In the next few sec-
t ion s , a brief review will be Tresented ~‘f progress made Since the incep-
tion of this Grant on ~‘ utie 1, 1973, and in part icular , during the last
t~ e1ve months .
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II. IN VIVO MEASUPEMEN TS OF BlOOD-ARTERIAL WALL
u~~ I_ ALBUM IN TR ANS PORT

The primary emphasis of the experiments carried out to date has been
to study the influence of wholebody vibration on the transport of albumin
between blood and the arterial wall. In vivo measurements of 1~’I-albu-
m m  uptake in the canine aorta have been carried out for control condi-
tions and during wholebody vibration at frequencies of 6, 10, and 114 Hz
with a peak-to-peak amplitude of 1.27 cm. The results obtained in the
posterior ascending aorta are summarized in Figure 1. Shown on the or-
dinate of Figure 1 is the uptake or wall permeability parameter , th/c0,
where th is the measured uptake of albumin per unit area per unit time
(i.e., g/cm -s) and C~, is the concentration of labelled albumin in the
blood ; i.e., g/cm 3. Thus th/C3 is the characteristic velocity of the
blood-arterial wall uptake process in cm/s. In Figure 1 the abscissa is
the parameter C.O.~ ’/fl L

, where C.O . is cardiac output and D is the as-
cending aorta diameter . This parameter is directly related to the mean
shear rate, S, at the wall of the ascending aorta , and it has been shown
that the use of this parameter leads to a better correlation of the re-
sults from control experiments. It should also be noted that the mean
aortic wall shear stress, ç, is equal to uS where ~i is the viscosity
coefficient. For the conditions of this study, the mean wall shear stress
ranges from 2 to 10 dyn/cmd.

From Figure 1, it appears that the uptake of albumin by the aortic
wall shows a mild to moderate dependence on the wall shear parameter.
There is a definite enhancement of uptake at lower mean shear parameter
values for all vibration frequencies. These curve fits to the data also
suggest that, regardless of the magnitude of the uptake, the dependence
on the wall shear parameter decreases with an increase in frequency. At
present, no explanation can be offered for the inverse dependence of up-
take on shear at 6 Hz. Although the data do show definite shear-depend-
ent trends, the statistical significance must be questioned because of
the large standard mean deviation which ranges from 16.8 to 30.7 percent.

The spatial distribution of albumin uptake along the aorta has also
been examined. The averaged values from the nine sampling sites on the
aorta (see Figure 2) are listed for each set of e cperixnents in Table I.
It appears that for the control experiments, the level of uptake at the
sites along the aorta is similar to, if not greater than , the uptake at
the posterior ascending aorta position . However, in the vibration exper-
iments , the level of uptake was found to decrease as one progressed down
the aorta from the posterior ascending aorta position . One consistent
pattern found in both control md vibration experiments was that for the
non-branched regions of the aort.ic arch , posterior samples had greater
averaged levels of uptake than the anterior samples. In  terms of a shear-
depe ndent uptake process , this i~ consistent wi th a higher level of shear
on the inside wall of a curved pipe in  the presence of entry flow .
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Figure 2. Aortic sampling sitcs for ‘~~‘I-albumin uptake studies.
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Table I. Distribution of Averaged Uptakes
Along the Aorta (Normalized to Posterior Ascending Aorta)

Frequency A B D E F G H I(Hz)

0 1.00 0.76 1.05 0.97 1.32 i.~6 1.11 1.146 0.93

6 1.00 1.11 0.92 o.88 1.12 0.76 0.79 0.72 0.65

10 1.00 0.70 0.88 0.62 0.83 0.76 0.61 0.68 0.68

114 1.00 0.82 0.82 0.90 0.96 0.83 0.70 0.73 

0.685
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III . IN VITH~ MEASUREMENTS OF BLOOD-ARTERIAL WALL
— L 

~C-14-CHOLESTEROL TRANS fORT

During t h e  t h  i r i  •~ ear ot effort on this grui t , considerable emphasis
has 1 Ce t l  lt ~’ei on th e  in v it r o  study of blood—arterial wall ~~C’~ 14-clio—
lesterol transport for oscillatory flow conditions . The results of these
experiments are 4uite similar to those obtained for ~ ~ I-albumin and in-
dicate , in general , enhanced uptake with increasing wall shear stress.
In fact , it may be of importance when considering the mechanism of trans-

~ort that two grossly different molecules (i.e., albumin and cholesterol)
have virtually the same level of uptake for similar flow conditions and
have the same ie pendence on wall shear  stress (see Figure 3).

The oscillatory flow exrcrirnents, which ha ve been limited in f r e -
quency to up to 14 Ur , lend further support to any conclusion about the
ra te-l imit ing mechanism since , in the limit of d i f fus ion  boundary layer
cont rol , no shear depende nce would be expected . However , the data ob-
tained do demonstrate a shear-dependence. These results thus suggest ,
net only that the transendothelial  trans~ ort of albumin and cholesterol
is controlled by a fluid-wall in te r face  process , but that it is one which
has a frequency response that is relatively flat up to 14 Hz. Furthermore ,
the wholebody vibration results are consistent with our earl ier  hypothesis
which includes the idea of vibration-induced flow changes and a shear-
depende nt tran sport process. To this  extent , the n , the in viva and in
vi tro results support one another.

Finally, a compariso n of the magni tude  of upt ake in the in vivo and
in vitro cases indicates that these ar ~ compatible if the pulsatile na-
ture of the in vivo flow is considered. As an example , for the ascending
aorta where the mean shear stress is approximately 10 dyn/cm~ for the pre-
sent anesthetized animal experiments , rh/C0 is on the order of 2 to 14 x
lO~~ cm/s. In the steady-state in vitro perfusion experiments and for a
wall shear stress of 10 dyn/cm , rh/~~ is no more than 14 x 1O~ cm/ s.
Even accounting for the fact that in viva there will be albumin transport
from the outside of the vessel and in through the vasa vasorum , the in
vivo uptake is still higher by a factor of three thaji the corresponding
in vitro uptake for the same mean wall shear stress. However , the peak
shear stress in vivo may be on the order of 100 dyn/cm ’ and for such a
stress level, even under oscillatory conditions, xh C~., values in excess of
1O~~ cm/s are not unrealistic.

Whether this is purely a I’low effect or whether pressure pulsations
also play a role cannot he decided at this time . However , the transport
of albumin or cholesterol between blood and the arterial wall does appear
to be controlled by a shear-dependent transendothelial process. This
process is sensitive to low-frequency pulsations of the order of 1-14 Hz
and in vivo the pulsatile components of the flow may actually dominate
over the mean flow in controlling the uptake phenomena .

I’
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IV . AORTIC ~kF~ StIRE AND VELOC IT Y MEASUREMENTS

In addition to the albumin and cholesterol uptake studies , explora-
tory in vivo hot-film anemometer velocity and pressure waveform measure-
ments have been continued using a catheter tip probe in the aorta of
anesthetized dogs undergoing longitudinal vibration . The purpose of these
measurements is to determine the character of blood flow in presence of
wholebody vibration and to  monitor t r e~ sient changes in aortic flow .
~.orta velocity measurements have been carried out for both nonvibration
and vibration conditions in the ascending and descending aorta at 6 and
10 Hz. These measurements were performed using a catheter hot-film probe
mounted in a Pieper umbrella gag e which has expan dable sides such that
the probe is positioned in the center of the aorta.

In these studies , large changes in the shape of the velocity wave-
form have been observed with an induced velocity component due to vibra-
tion being present which affects different portions of the velocity wave-
form differently, depending upon the time during the cardiac cycle . The
large change in the peak centerline velocity caused bj vitration cannot
be explained. H owever . veloci ty measurements made several  minutes  af ter
the cessation of vibration have indica ted  peak velocities of the same mag-
nitude as during vibration , hut which differed slightly in the shape of
the basic waveform .

Using these results , the shear stress at the aorta wall, caused by
the vibration-induced sinusoidal velocity component , has been calculated.
In the ascending aorta at both 6 ana 10 iii , an r;erago half- urn ditude ye-
loci ty component of 3 co’a wa.~ mras ~red , re nu d ~ine i a an estimated i i i —

crease in peak wall sbe~ i stress of abnut 14 d~n/cir ’ . However , in the de-
scen ding aort a , an average half-amplitude velocity component of 6 cm/s
was measured at both frequencies . This results in an estimated increase
in peak wall shear stress of approximately 8 dyn/cm~ . These values are
somewhat less than previously reported .

These results can also he used t.o estimate a transmission factor .
This is done by ratioing the induced blood flow velocity to the vibration
velocity of’ the table or carriage to which the animal is attached . For
a frequency of 10 Hz and a half-amplitude of 0.535 cm, the vibration ye-
locity is approximately 140 cm/s . Compared to the induced blood flow ve-
locity of 3 to 6 cm/s, this suggests a transmission factor of approxi-
mately 13 to 26 percent .

It should be mentioned that the diff icult ies  in obtaining reliable
centerline velocity data primarily were due to dep loyment failure of the
Pieper umbrella . Often the umbrella became fouled by contact with the
vessel wall and would not open fully. Hence , the probe was not held
firmly in the center of the aorta , but was free to move during vibrat ion .
This made it difficult to determine which portion of the change in veloc-
:Lty waveform was due to changes in velocity a result of vibration and
which portion was due to vibration of the probe.

8



To remedy this problem, in recent experiments probes hav e been in-
serted in the femoral artery of animals and as close to the iliac bifur-
cation as possible. In addition , the exp osed femoral arteries h ive been
dowsed with xylocaine several minutes prior to ~‘ro~ e insertion . Y;jlo-
caine is a vasodilator , hence , the etilitge I rt cry a ke.; laser 1 ion c i  the
probe easier and this has greatly reduced the incidence of ~robt fouling.

With these difficulties hopefully overcome, the studies now are being
continued to investigate the possible presence of flow turbulence during
wholebody vibration . Whether or not turbulent ascending nortic flow oc-
curs depends on cardiac output and heart rate . Since both of these are
influenced by vibration , it will be of interest to determine whether the
influence of wholebody vibration is to drive the flow toward a more un-
stable or turbulent condition or in the opposite direction .

Pressure waveform measurements have also been made in the ascending
and descending aorta of dogs exposed to 14, 6, 8, and 10 Hz vibration .
The modification of the pressure waveform during vibration appears to be
primarily the superposition of an oscillating pressure pattern on the nor-
mal waveform . These pressure oscillations have a peak amplitude of 3 to
5 mm Hg. However, it has not been possible to establish marked differ-
ences in pressure fluctuations between ascending and descending aortic
positions.
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V . K E  tT ~Ai BLO Th I LOW Mi~AS [R EMEN

Measurements of regional blood flow have been carried out in animals
for control and 10 Hz vibration conditions . The motivation for these ~;x-erimen ts was the need to understand whether njbumin uptake by the aortic
wall i:~ primarily trrin sendothelial  in nature or due to blood p er fus ion
via the vasa vasoruxn . ~ince , as noted previously, albumin upt ake by the
nortie wall is influenced by wholebody vibration , the answer to the ques-
t ion above has significance in t erms of’ whether the vibration effect is
largely one associated with nort ic  flow changes or one associated with
microcirculation changes.

The regional flow measurements were tirade by injection of a measured
act iv i ty of radiolabeled microspheres , 15 nm in diameter , into the lef t
ventricle during control and vibration conditions. The percent of micro-
spheres retrieved from each tissue sample (determined by counting emis-
sions in a deep-well scintillation counter ) was used to determine the
percent of cardiac output which traversed the tissue sample. Samples
from the aorta , like those taken in the albumin uptake experiments , were
analyzed as well as tissue samples from the heart , kidney, liver, spleen ,
testes , epidydimus, pampiniform plexus , skin, and skeletal muscle .

The data from the regional blood flow experiments suggest that , with
vibration , there is l:ittie change in the rate  of perfusion in the arch
region of the aorta. However, there is a marked increase in blood perfu-
sion rate to the descending aorta and to several of the organs sampled .
The ratios of perfusion rate for vibration to control conditions are pre-
sented in Figure 14. Although the data do suggest certain trends , it is
still necessary to establish a statistically valid basis for these trends.
If the current data , when subjected to more rigorous statistical analysis ,
do not show any statistical significance , further experiments will be re-
quired .

If the suggested trends in perfusion rate modification do prove to
have some level of significance , it is interesting to speculate on the
relationship between change in regional blood flow rate and albumin uptake
with vibration . As previously noted , it appears that  regional blood flow
rates increase in the descending aorta with vibration , while showing lit-
tie change in the aortic arch region . Comparison of data fran the control
and 10 Hz albumin uptake experiments indicates vibration-enhanced uptake
in the arch region of the aorta and decreased uptake in the descending
aorta .

The ratio of uptake to blood perfusion ra te  during v ibra t ion  divided
by the uptake to perfusion rate during control conditions is noted in
Figure 5. These data again suggest that vibration enhances uptake in the
arch region of the aorta while enhancing regional blood flow in the de-
scending aorta . These results also seem to support the concept t ha t  the
effect of vibration on uptake is mostly associated with aortic flow modi-
ficrition rather than microclrcifLation flow changes. From a svs em func-
t ion ing  poi nt of view , it  5 U gI ’~ cIs th at  enhanc o l p t  k occurs in t h e

10
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Sample Ratio B

A 1.17 A c
B 1.24
C 0.98
D 1.1 5
E 1 .00
F 149 G F

G 1 .69
H 1 .61
I 1 .56

Heart 1 .28
Kidney 1 .38
Liver 0.82
Spleen I .30 

I HMusc. 1 .42
Skin 0.88

Testes I .33 —

EPI 158
PP 2.44

Figure 14. Ratio of regional blood flow rate for vibration and control
conditions .
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0.75 I H 0.52

Figure 5. Ratio of regional albumin uptake and blood flow rate for
vibration and control conditions .
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• region of the aorta that is relatively normal to the vibration , while

increased regional blood flow occurs in the region of the aorta that is
parallel to the vibration . This , however , is subject to further experi-

• mental verification .

a
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VI.  RJLS EII) ULTRASONIC DO PPLER V EIOCIME TER DEVELOPMEN T

Although we have been successful in obtaining flow data from hot-
film anemometry apparatus, the desire for a non-invasive flow measurement
capability has led to the initiation of the development of a pulsed ultra-
sonic doppler velocimeter. It is intended that the velocimeter will be
used in various cardiovascular flow studies including those involving ac-
celeration environments.

To date, the pulsed ultrasonic doppler system has been designed and
is currently being constructed . Initial performance tests are expected
to begin within the next month , It should be emphasized that the doppler
system under development is a pulsed, rather than a continuous wave (cw),
doppler system. The use of a pulsed system will give much greater spa-
tial resolution in the flow to be measured than a CW system . Initially
the system will operate at 12 MHz , but will eventually be upgraded to
function at 20 MHz. It is anticipated that the high frequency of opera-
tion will enable accurate profiles of the flow to be obtained and will
offer the possibility of detecting flow turbulence.

114
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V I I .  CONCL UD1 N d DISCUSSION

The in vivo and in v i t ro  results presente t here are consistent w i t h
an interpretation based on shear—dependent sa s s  t r a nsp o r t  and wi th  our
earli er hypotheses (Arch.  Environ. Health 26:105 , 1973). The 1

~~I-a lb imlri
and L

~
iC14cholestero1 results suggest that macromolecule transport between

blood and the arterial wall is controlled by a shear-dependent interfacial
process with a frequency response Which is flat up to at least 14 Hz. Es-
timates of the enhancement of Wall shear stress during wholebody vibration
have been carried out using measurements of the aortic pressure and ye-
locity waveforms obtained during wholebody vibration and these calcula-
tions also support the interpretat ion of uptake enchan cement as being due
to vibration-induced shear stresses coupling with a shear-dependent mass
transport process. Combined results from in vivo albumin uptake studies
and regional blood flow studies suggest that vibration enhances the mass
transport process in the arch region of the aorta while increasing blood
flow to the microcirculation in the descending aorta. These observations
also indicate that the effect of vibration on uptake is primarily due to
aortic flow modification rather than microcirculation flow changes.

In order to extend the basis of these tentative conclusions and to
further test their validity, the following specific areas are now under
investigation :

Additional in vivo studies with cholesterol, will be completed during
the present grant period. In addition , an in vitro study of the influence
of pressure and flow pulsations on cholesterol transendothelial transport
will be conducted.

Secondly, simultaneous with the completion of these studies , our ef-
fort is undergoing a shift of emphasis to the problem of blood flow meas-
urement , particularly as it relates to cardiovascular behavior in an ac-
celeration environment . Obviously, wholebody vibration represents such an
acceleration environment and exploratory studies of this type in dogs us-
ing a hot-film, constant-temperature anemometer were described in the
preceding section . These studies are now being continued in an attempt to
better map out the extent of vibration-induced blood flow changes ; e.g.,
its nature--is it laminar or is it disturbed or even turbulent , the shape
of the velocity waveform , and peak velocities , accelerations , and flow
Reynolds numbers.

An a I l i t i o n u l  asp ect to th i s  proposed sin ft in emphasis  to the I lrob _
1cm of blood flow measurement is that of the development of the instru-
ment a t ion itself. The research group here has an extensive background in
the application of constant temperature hot-film anemometry to blood ye-
locity measurements. Even sc , there are questions which l ogi ca l ly  p r esen t
themselves and whi ch muni be answered in terms of t h e  fur ther  appli ca t ion
of hot-film devices. An example of thi s is the use ci’ a hot-film catheter
probe to make measurements in man and the extension of our present studies
to pilots under various stress situations. To supplement current hot-film

15



- i n . e a u r u t t t ,r studies and to provide for the development of a non-invasive
~~~~ measurement c a p a b il i t y ,  a pulsed dopp ler ultrasonic velocimeter is
being constructed and is  expected to be fully operational in the next
yea r . This pulsed doppler system should enable the measurement of blood
~1cw in many s i t ua t ions  tha t  do not lend themselves to measurement by
hot-t’ilm anemometers ant will ho pefully improve the accuracy of the flow

lb
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