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Introduction

A variety of methods have been used for measuring blood flow
in large vessels. However, almost all of these methods are

unsuitable for measuring perfusion flow in tissue.

Basically all attempts at perfusion flow measurement have used
either a tracer method (radio-active dyes, microspheres)l’2 or &
thermal method where the rate of heat clearance from a heated probe
is used as a measure of local flow. Tracer methods suffer from
the fact that they give essentially a single measurement of flow
and this only after tissue has been removed and analysed. Thermal
methods on the other hand can give a continuous measurement. What
is actually being measured iﬁ the thermal method is the apparent
thermal conductivity of the tissue in the immediate vicinity of
the probe. The apparent thermal conductivity increases with flow
as heat from the probe is not only conducted away by the surrounding
fissue but is also carried away by the perfusing fluid. The way
in which local perfusion is related to thermal conductivity and
the methods used to measure thermal conductivity have led to
criticisms of thermal methodsg’4.

This work deals with instrumentation to eliminate some sources
of error in thermal methods and automate the whole measurement
procedure. It also includes a critical review of thermal methods

in general and previous work in’ the field in particular.



SECTION 1

1. Velocity Flow Measurement using Thermal Methods.

Local perfusion flow measurement using thermal methods has much
in common with velocity measurement using thermal methods and thus

velocity measurement is discussed first.

Hot "Wire" Anemometry.

1.1 King's Law.

Hot wire anemometry is a very well established measurement
technique used exténsifely by:aeronauticai and mechanical engineers,
The basic ideas and the theory behind the operation of the hot wire
anemometer were developed by King in an elegant paper in 19145.

King showed that the power ‘P necessary to'maintain a wire at a
temperature AT higher than that of the fluid flowing past the

wire at velocity V was related to the velocity by the equations :

1
P =(A4BVIH)AT ... (high velocities) 1.11
_ . CAT : L
) D em———————y cee : . ese .
P =5 Tog T ~(low velocities) 1.12

A, B, C, D constants dependent on
wire and fluid-

AT = (T wire = T f£luid)

‘Equation 1.11 is commonly called King's Law and is widely
accepted6’7 (sometimes with slight modifications)lo'both for hot

wire and hot thermistor anemometers.

Equation 1.12, on the other'hand, is usually conveniently
ignored as it-is rather more difficult to "curve fit" and
applies to extremely slow flows. In practice over a limited

range of very slow flows P seems approximately proportional

to V.
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Kramers8 has derived empirically more accurate equations
describing heat transfer in terms ofAthé dimensionless Reynoldt,
Prandtl and Nusselt numbers. However, King's law in simple form
gives quite a good approximation and is used in the following

discussion,

The term AAT represents power lost by conduction
1 .
and BV?*AT the power lost by "forced" convection,

Rewriting 1.11 in terms of the resistance R of the wire

and the current I which flows through it :

1
P=1%%= (A+BV2)AT  ..... 1.13

Notice that R is a weak function of T for a metal (wire)
(Pt =~ + 0,37 /°C)

and that R is a stronger function of T for a thermistor
(typ. = -3 to -4% /°C).

1.2 Constant Current Operation.

In this mode of operation I is maintained constant in equation
1.13. Let ZSTO be the temperature difference at zero flow and,

assuming T fluid remains constant, then for a wire anemometer operated

with small L;To this approximates to constant power (Pl) since R

changes only slightly for a change of é3T0

1 P

Ry
Hence P, = (A +BV?) AT and V2 = L 1

—-—A—-T"—A) eeees 1,21

oe] 2]

Thus AT varies inversely with velocity.

To measure flow Velocity AT is measured either by looking at the
voltage across R or with a separate temperature sensor. Notice
that equation 1.21 indicates that sensitivity decreases rapidly as

velocity increases. Also, since the power injected is apProximately
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constant, if the velocity suddenly decreases, the time taken for the
hot wire to reach the new equilibrium temperature is considerably
longer than the equilibrium time for a similar increase in velocity.
In electrical engineering terms the "slew rate" and settling time
are not the same for an increase in flow as for a decrease in flow.
This is a result of the fact that heat is injected at a constant
rate to establish a particular temperature gradient in the fluid
under a decrease in flow, while heat can be transported away

rapidly under an increase in flow establishing the new temperature

gradient almost immediately.

For a hot thermistor anemometer with a much larger (negative)
temperature coefficient the situation is more complicated since the
pover injected changes substantially with AT . This improves the
sensitivity at higher velocities as the power injected increases
somewvhat with flow. In practice, since a large AT cannot be used

for physiological probes, the increase in power is not appreciable.

For example, assume AT max = 5° ¢ .
Typically temperature coefficient of thermistor 4% /0 c .

Then AR max =2 20 % . Hernce maximum power increase =~ 20 %.

A practical problem of constant current operation is possible
probe burnout on removal from a high thermal conductivity fluid
(the injected power must be quite high for reasonable sensitivity

in the fluid).

1.3 Operation at Constan{-Temperature Difference,

By using suitable circuitry which adjusts the power injected (P)

the temperature difference ( AT) (equation 1.11) can be maintained

constant.
2
. - (P~ A A
Under this condition v -( B AT | " fae e 1.31
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This equation is readily solveable by a simple hard wired analogue
computer (fig.1l) and is the principle behind most 1ineariser56’7 .
Since AT is maintained constant by adjusting the power injected,
the settling time for a decrease in flow is considerably faster
than it is for constant current operation. Under this condition
the probe's frequency response.is also improved. For measuring
pulsatile flow a wide frequency response is essential. If the
frequency response is inadequate, then the probe effectively
averages the pulsatile non-linear velocity signal prior to
linearization. This makes meaningful linearization impossible,

In particular for measuring pulsatile blood flow in some of the

. . . . . .9
major arteries a wide frequency response is essential .

AANT
(t:onst ant |V B
emp H— (P~ AAQT) > (P=AAT)Z |-
diff. i Vel
circuitry '
fluid multiplier minus square
vel.
r e
prob Fig.l. Principle of Constant-Temperature-
Difference Linearizer..
Section 1 . ‘
Summary Constant current systems suffer from long settling times,

poor frequency response, possible probe burnout and large temperature
differences at slow flows. The output is non-linear and difficult

to curve fit. Constant-temperature-difference operation yields

faster response, faster settling, probe burnout not possible and curve
fitting is generally easier. However circuitry is more complicated
than with constant current systems. Both systems require
compensation for changes in fluid temperature. This is usually

accomplished using a separate temperature sensor.



SECTION 2

2. Thermal Methods for Blood Flow Measurement in Large Vessels.

2.1 The thermostromuhr method for measuring blood flow, first

described by Rein in 192811’12
13,14

, was used extensively for some years,

, until it was totally discredited by a
15,16,17

with some modifications
number of critical papers which showed'that gross errors

were routinely possible and results could be ambiguous. In this
method a high frequency current is passed through electrodes placed

on opposite sides of a vessel to'héat the blood flowing past. The
increase in temperature of the fluid on the dowﬁstream side of the
electrodes is measured, being some inverse function of flow. Although
this method is only of historical‘interest now, one of the sources of
error wﬁs due to heat transport by local perfusion. That is local
perfusion in tissues surrounding the vessel as well as blood flow

in the vessel was being measured! 15

3,14 is similar to a

The modified thermostromuhr me"bhod1
constant current hot wire anemometer with the hot wire placed
externally round the vessel instead of being placed in the blood
stream, This introdﬁces a large number of additional sources of

15
error .

2,2 Most flow-measuring systems measure velocity and volume

flow rate is then obtained by multiplying by the cross-sectional

S 8 0
area of the vessel. Thermal dilution technigues 18,19, 2 measure

volume flow rate directly. A thermal indicator (usually saline)
is introduced into the bloodstream at high velocity to promote complete
mixing. The temperature of the blood Tb , the indicator Ti and

the mixture Tm must be measured. The volume flow rate of the



blood @y can then be calculated using the equation :

- where éi = volume flow rate of indicator.
b m )

The constant K depends on specific heat and
density of both blood and indicator and hence

this varies slightly with haematocrit.

The calculation is usually performed using a hard wired analogue
computer giving a direct readoutzo. The disadvantage of thermal
dilution techniques is that they are single point and cannot be

used for continuous measurements.

Z.3 A number of papers describing what effectively are constant
current hot "wire" anemometers for blood velocity measurement have.
appeared over the year§21’22’23’24’25’26. In 1933 Gibbszs'described
the first anemometer-type probe which he used for measuring both

flow velocity in large vessels and local perfusion in tissue.(See
Section 3.) This probe consisted of a constantan wire heater and

thermocouple temperature sensor. (See fig. 2.31.)

) Wiring diagram of ncedle blood flow recorder.

Solid line, copper wire; dotted line, iron wire; broken line, comstantan wire.
J; and Jo, thermojunctions; K, constant temperature box; P, potentiometer
with b, source of known E. M. F.; G, galvanometer; Q, length of constantan used
as heating element; A, milliammeter; B, battery; R, variable resistance. Insert
shows large scale drawing of needle tip.

Fig.No.2.31.
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Gibbs alternately measured flow and blood temperature by
switching the constentan heater on and off. He could thus test
whether flow artifacts were being introduced by slow variations in
blood temperature.,. He also suggested that by placing the
reference (cold) thermocouple jﬁnction in the same vessel more

rapid temperature changes could be automatically compensated for.

In 1944 Bennet and co-—workers21 at Harvard University
published an excellent paper on a cannulated constant current hot
wire flowmeter. (Fig. No.2.32.) The cannula they used reduces errors
due to changes in the caliber of the vessel which Gibbs25 had
mentioned as a possible source of error when probes are calibrated in
terms of volume flow instead of velocity. More important, however,
it maintained the probes at a fixed position near the centre of the
vessel so that the slower blood velocity at the vessel wall was
not measured. The major contribution of this paper was not the
carefully developed hardware but rather the discussion of most
sources of error inherent in thermal methods of determining blood
flow, a number of which had not been appreciated by previous workers

and some of which do not seem to have been appreciated by subsequent

workers. The most important criticisms were

(a) "Thermal methods cannot be relied upon to record
rapid phasic changes in fluids involving phases
of very slow flow or of complete stoppage. The
thermal lag of fluid surrounding the heated
element is esuch that several seconds may be
required for equilibrium to be attained after
flow stops."

(b), "Uneven temperature in various portions of a
given blood stream in a vessel may be present"
(especially near the junction of two vessels)
"to a degree sufficient to cause temperature
changes in the heated element, falsely
representing flow changes of considerable

magnitude. "



(4)

"The temperature of the heated element does not
bear a linear relationship to flow. Hence, when
pulsatile flow changeé are present, an integration
of voltage or resistance changes by a recording
system will not represent a true mean flow."
(Although not directly stated here by the authors,
this also applies to integration inherent in a
slow probe responée time i.e. poor frequency
response.) |

"Fluid moving in either direction cools a heated
element equally well, and, hence, phasic back
flow will record as forward flow." (This is

true but errors tend to cancel at very slow

flows as warmed fluid is carried back to

probe reducing cooling effect of back

flow.)
o I
\ }-A . 4 !;
N
N [ Uil Y/
\ l ‘ l/
{ L : -C
N {HCT
A ’\\ Y * :ﬁ
/ WV Siml
' 3 |¢5ﬁ
Al |1
| 123 / e\,
F
At d":.a:m:n‘..!n o ri. m-‘:.;::gna-znzkh

ODIRECTION OF
BLOOD FLOW

s oo TN JosonooSoSsSTnsEa
o= 22 .(\:..,,__: _____ A ]

LEGEND
A- COPPER LEAD WIRES é- HOT JUNCTION t- HOT CHROMEL OR COPPER
B- STAY WIRE F-CCLD JUHCTION J- COLD CHROMEL OR COPPER
€- PLASTIG TUBIKG €- NICKROME HEATER K- METAL OR PLASTIC CANNULA
D-PLASTIC SEAL H- CONSTANTAN WIRE L-BEADS

DIAGRAMMATIC CROSS SECTION AND LONGITUDINAL SECTION OF FLOWMETER CANNULA
witH TaerMocoupLE Tirs MoUNTED IN Position

Fig. No.2.32.
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The authors concluded that, even though their équipment was
more accurate (accuracy + 10% in model experiments) than that of
prievious workers :

"these limifationsl when combined with the great
difficulty éncountered in attempting to free completely
the heated element from varying environmental
factors, appear to be sufficient to render
unIikely the development of a very satisfactory
blood flow. recording system utilizing the-thermal
prlnc:.pl e "
The above criticisms, although walid, have been overcome or
reduced by more modern instrumentation and constant-temperature-

difference operation as discussed in section 2.4.

Delauno:i'_szz’23 has described a number of constant-current
probes using two thermistors connected in a bridge circuit for
temperature compensation and sensing. His most recent paper
(1973) describes a catheterised probe with modern instrumentation
to simplify operation. The heater is constantan wire attached
to a small silver tube which is partially exposed to the blood.
(Fig. No.2.33.)

Stycast

. - Thy |cons.tuntcm wire 0-05mm dia. Th,i

'\\ iz W LT o L ALY/

/ 130’)06’)00500"}00000000000 T
1 . L ‘
‘—‘( - ! ! 1¢ e output

/i -

v 25606000000 3000000 0006000

<71

catheter

. Construction of flowmeter, showing catheter
Fig.No. 2. 33, - and thermistors. The arrows show heat loss by

convection from the silver tube

Sources of error, however, are the same as listed by Bennet et al
above. In fact, the probe probably has a longerjsettling time
due to the additional thermal capacity of the silver. The injected

power at almost 1 watt also seems excessive (cf. Bennet 20 m¥.)
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and could cause high probe temperatures at slow flows. Considering
these factors this probe seems suitable only for determination of
non-pulsatile high velocities. |
. .
J.uhasz'z-4 designed a hypodermic probe containing two

thermistors. In this design the fﬁermistors are connected in

a bridge configuration so that self heating of both thermistors
occurs. (This is also similar to early work of Delaunois.) One
thermistor exposed to ‘flow is cooled by forced convection, while
the second thermistor inside the probe is designed to compensate
the bridge for slow temperature variations of the blood. The.
design requirements of not sénsiﬁg flow by having a large thermal
resistance from the second thermistor to the blood and yet sensing
temperature changes rapidly seem incompatible. Juhasz claimed
only qualitative results for his probe, partly because of the long
time constant of his flow sensor. Simple circuitry could operate
the two thermistors at different power levels making the design
compromise for the temperature sensor unnecessary. However, the
problems associated with constant-current operation would still

remain,

2.4 Constant-Temperature-Difference Blood Velocity Meters.

Thermal blood flowmeters operating at a constant temperature
difference (sometimes.called isothermal flowmeters) date from
the late ninéteen fifties at a time when discrete operational
amplifiers were starting to be widely used. Mellander and
Rushmer27 in 1959 described such a flowmeter using a catherterised
probe containing a compensated thermistor temperature sensor and
constantan wiré heater. The voltage supplied to the heater was
controlled by feedback from the temperature sensor and power
delivered to the heater was measured by squaring the voltage.
Accuracy in model experiments was 5% for a decade range of.
flow rates. Over this range the output was linearly proportional

to flow. This is a surprising result since one would expect



11,

King's law to be at least approximately obeyed. One possible
explanation is probe construction. With a separate temperature
sensor and heater it might be possible that with increased flow:

a temperature gradient would be established from heater to sensor.
Under these conditions the temperature difference from heater to
blood established by the feedback would increase with flow tending to
linearize the response. This linearization would be critically

dependent on mechanical construction of the probe,

.Bellhouse and Bellhouseza'in 1968 described the construction

of thin film platinum probes for blood velocity measurement.(Fig.2.41)

Flatinum film g 40req copper wire

- }-075mm R

(o)

L-- .....

(8)

(a) Construction of flush-mounted probe;
(b) construction of element for ncedle probe

Platinum
films

p
Copper leads

Thin film velocity probe in hypodermic needle
of 075 mm outside diameter

Fig.. 2.41.

Since this is a thin film probe it offers a wide frequency response
although sensitivity is an order of magnitude lower than that of
a thermistor probe. The authors used general purpose Disa(R)™

anemometry equipment for constant temperature operation and

x Disa Elektronika A/S, DK2740 Skovlunde, Denmark.
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linearization (King's Law).

12,

No temperature compensation was

employed to maintain constant temperature difference so large

errors could be expected from blood temperature variations.

This probe should be capable of high performance with suitable

instrumentation,

temperature-difference flowmeter using thermistors.

Grahn et al in 196829'described a catheter tip constant-
This

design used a self-balancing bridge in which the thermistor acts

as both temperature sensor and heater.

a bandwidth of greater than 100 Hz was achieved.

With this mode of operation
(This is better

than most electromagnetic flowmeters which usually have a limited

tandwidth to reduce spurious e.m.g., e.c.g. and noise signals!)

The empirically obtained non-linear law was found to be of the form:

o8-

P=(E4 F log V) AT

E
v

, F constants

blood velocity

2.41

P power supplied to heater

AT temperature difference

LOG VELOCITY cm sec™!

(the thermistor)

blood to heater (maintained constant)

370 C
299 C

225C

225 ¢C

THa

THk

io 50

) 200 300

Fig.No.2.42.

Dissipation

Factor :

- P

S—AT
plotted
against log
velocity for
two different
thermistors
at three
different
fluid
temperatures.
Notice
dissipation
factor is a
weak function
of temperature.
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Power was measured using a multiplier with the output using anti-log

circuitry. (Fig. No.2.43.)

=V REF.

E
-RTHI VELOCITY - MULTI-
BRIDGE i
RTH2 PLIER
RTH3 DIRECTION
BRIDGE
PEAK- |y max
HOLD |
06y | ANTI- v ./ N
LOG ‘\ DVM
\

Instrumentation block
diagram. Rtm = velocity sensor;
Rtye = tempcrature sensor;
Ry = direction sensor; £ and
I = velocity sensor voltage and v (INSTANT.)
current; 4, +1/B, ~1/8 = cali- B RECORDER
bration- factors; DVM = digital . g
voltmeter. dv/di.

Fig. No.2.43.

The problem of forward and reverse flow both yielding a positive
output was overcome by sensing flow direction with an additional
thermistor to sense heat transported from the heated thermistor
(fig.2.44) The direction signal was used to switch the gain
of an amplifier (connected to the linearized velocity signal),
between plus or minus one, thus'restoring.the directional
information. (Fig.2.43.)

Velocity probe -used in direction sensing.

Rp ~Rey ,
A\ Heat flow from velocity sensor RF

'
r—————_j:gb) detected by direction sensor RD. 1

\Rn— -

Temperature compensating thermistor RT

1
Fig.No. 2.44.
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The same authors in 196930 refined their flow measuring
system by using two flow sensing bridge circuits with the probe
physically arranged (Fig. No:2.45) so that only one sensor
measured forward flow while the second sensor measured only
reverse flow. The two signals were then linearised as before
and the results subtracted to give an output including directional

information.

Mounting of velocity sensors

RE and RF provides shielding
from flow in one direction for
each velocity sensor. With
upstream insertion of catheter

RF is shielded from forward flow.

Te%perature compensating

thermistor RT is mounted at tip.
1

Fig.2.45.

Section &
Summary. Blood flow measurements using thermal methods have

been refined over the years until results now compare quite
favourably with electromagnetic flowmeters, particularly as far
as frequency response is concerned. This may be useful for "beat
by beat" analysis of pulsatile flow, especially as the catheter is
pushéd closer to the heart. Almost all the problems encountered by
early workers have been eliminated in recent designs. This is the
result of : \

(a) constant-témperature—difference operation which offers

the same improvements as in conventional anemometry;

(b) careful probe design; A

(c) instrumentation to permit linearization;

(d) using a single self-heated thermistor as flow sensor.

29, 30

The equipment designed by Grahn et al probably offers the

highest performance of any equipment to date.



SECTION 3. 15.

3. Perfusion Flow Measurement using Thermal Methods.

In this section previous work on perfusion flow measurement
using transient and steady state thermal methods is discussed.
General problems of thermal methods of perfusion flow measurement

are also discussed.

3.1 The Difference between Normal Velocity Measurement and

Perfusion Measurement.

In section 2 blood velocity measurement was discussed in the
light of conventional hot "wire" anemometry. Blood volume flow rate
can be calculated from the velocity if the cross-sectional area of the
vessel can be measured (e.g. ultrasonically, X-rays). Velocity is
actually measured at a single point and for the volume flow calcula~
tion to be correct the velocity profiie across the vessel is assumed
to be blunt31. The thermal ("hot Qire") probe strictly measures
"apparent" thermal conductivity,»nof velocity. However, under forced
convection (flow) the rate of 160&1 heat clearance changes with

velocity increasing the apparent thermal conductivity. In a similar

manner local perfusion measurement using heated probes measures the

apparent local thermal conductivity of the tissue~bed through which

fluid is perfusing. The perfusion probe heats a small volume of

tissue containing a matrix of vessels. Fluid perfusing through the

vessels increases the rate of heat clearance from the matrix and hence

from the probe. The temperature gradient in the immediate vicinity

of the probe will thus also change with flow. Notice that the measure-
ment takes place within a volume of tissue and the radiation resistance
from the heat source to the fluid depends on the physical properties
and construction of the matrix within this volume. Notice also that
the thermal capacity of the tissue in the sphere of influence of the
probe increases the time taken to establish a new temperature

gradient when a change in flow occurs. This aggravates the problem

of slow settling time mentioned previously. (Section 2.)

The units of local perfusion flow are conventionally quoted in
the literature as millilitres per 100 grams of tissue per minute
(m1/100g/min) or cubic centimetres per hundred cubic centimetres

of tissue per minute (cc/100cc/min). These quantities are somewhat
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ill-defined when one considers that under flow conditions the

volume of the tissue-bed will change depending on blood pressure,
degree of locél vasodilation or whether blood is being stored in,

or discharged from, the organ.x If the tissue volume is measured
when the tissue has been well drained of fluid, then the volume will
depend on the rigidity of the tissue matrix. The measurement of

"well-drained" mass would appear the most repeatable measurement.

3.2 Problems of Perfusion Flow Measurement.

Bill3 in 1962 performed a number of model experiments to show-
under what conditions thermal methods of perfusion flow measurement
could be expected to give reliable results. In these experiments
Bill investigated the flow through polyeth¥Ylene tubes embedded in
blocks of gelatine. His perfusion probe was a constant-current
thermocouple system similar to that of Gibbszs.

From Bill's first experiment summarised in fig.3.21 it can be

seen that probe sensitivity is reduced with increasing vessel wall

thickness and that at faster flow rates the change in apparent
thermal conductivity (AK) approaches a constant value. Bill
defined the flow rate Fgg as that flow rate (for a particular
diameter tube) at which the thermal conductivity increment ( ZXK)
was 50% of its maximum value. This enabled him to define an
"arbitrary acceptable flow range" for a particular diameter tube -
that is the flow range from O to twice Fg, over which changes of
flow give reasonable changes in A K compared to the maximum

change in A K. It should also be pointed out that over this

arbitrary acceptable flow range /A K varies approximately linearly

with flow. PROBE The relationshi K and
7T ¢ relationship between 4K and flow
Arb. units 5/26 ////‘/; TUBE A of water. The modecl used is shown insct in

the figure. The probe was placed close to and
in parallel with the polyethylene tube, which
had an inner diamecter of 0.36 mm, wall
B thickness 0.20 mm. Curve A was obtained
when there was no extra layer of polvethylene

added to the tube, curve B when one extra
wH

¢ layer, thickness 0.20 mm, had been added to
Y/ the tube wall, and C when two extra layers
. L . . \ had been added. Arrows at value Fy,..

0 01 062 03 04 05 mipmn

[ 1
« GRCATINE ]

30

Fig. 3.21 wl

AK

[

FLOW OF WATER

x(For example it has been suggested by Herrick et a134that periodic
filling and "emptying" of the liver occurs. Unfortunately their

paper is based on measurements made using the not very reliable

“thermostromuhr!)
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For convenience Bill then defined the fluid velocity V

50
corresponding to F50 for a particular diameter tube.
- F50 - .
V50 =. 5 (r = radius of tube)
L)
Curve M on fig., 3.22 shows V50 varies inversely with tube
diameter.
. . The r;:lalionship between Vy, and
the inncr diamcter of the tube in the
modcl cxperiments. Solid circles repre-
mm/’;a- " _';v;”"' scnt values obtaincd with flow ol water
{ z through polycthylene tubes embedded in
ol 1so .8 20 % gelatin. Curve M connects these
. & valucs. Solid squares represent values
so} 150 = obtained with flow of water through
N z tubes in 10 or 30 95 gelatin, open circles
40 140 2 values obtained with flow of blood in pol-
2. « yethylene tubes embedded in 209 gelatin,
> 30 1\ , 10 2 open squarcs values obtained with flow
\ =z of water through channels in 20 97 gcla-
20t . 420 S . .= !
\ > tin. Approximate valucs for the mean
10 a v ] o linear flow velocities in tissue vessels are
. — wml = plotted against the corresponding diam-
0 PR - z eters. Curve A gives the valucs for the
0 05 10 15 mm arterial sidc, curve V those for the venous
TUBE DIAMZTER side.
Fig.No.3.22

On the same graph are approximate values of anterial and venous

mean blood velocities for the corresponding tube diameterssz.

From the graph it can be seen that a much wider range of flow-
velocities falls within the arbitrary acceptable range of flows
for very fine tubes. Also, -if the blood velocity exceeds mean

values by at most 100 %, the maximum-sized arterial side vessel

diameter for which the probe is suitable is #2 0,18 mm ¢ max.

and for the venous side 0,5 mm ¢ max. If the average flow

velocities are rarely exceeded the limits should then be 0,23 mm
max. for arteries and 0,65 mm max. for veins. The thermal
conductivity of polyethylene is in the same range as that of human

tissues(see fig.3.28) anéd from fig.3.21 V 0 is essentially constant

5
independent of the tube wall thickness. Hence these experiments
should represent fairly accurately conditions in human tissue.
One possible difference in tissue would be chénges in vessel

diameter as flow or other conditions vary.
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Substance

Temp. °C Thermal ‘ Source

conductivity

x 1074-cal-cm™!- !

.sec~1.°C-! 'r
109 gelatin ............. s 37 12.2 Gaavson (1952)
209% gelatin ......c0ialn. 37 11.5 Gravyson (1932)
30% gelatin .............. 37 11.0 - Gravsox (1932)
Polyethylene ...vvevnnnnn. - 8.0-11.0 ' Frrrz (1957)
Water «ooviiiiiiiaiiiann 20 14.2 Hoovceman (1938)
Liver, rat .......L......... 37 11.8 | Graysox (1952)
Liver, dog .vvvieiiinnnann. 37 11.9-12.0 Grar et al. (1937)
Kidney, rabbit ............ 37 " 120 Gravson (1932)
Muscle, human .......c.... about 32 11.7 - Fexser et al. (1934)
Blood, human ............ 36.8—39.4 12.1 . Srevis (1960)
Steel tiiiiiiiiiiiiiee 18 115.0 " Hopcemax (1953)
Ethyl alcohol.............. 20 4.0 Hobcenmax (1958)

Fig. 3.23.

Bill's other experiments (figs.3.24 and 3.25) show that

fluid flowing through'vessels in the immediate vicinity of the

probe almost totally screens the effects of fluid flowing in other

vessels.

On the other hand the effect of vessels not screened is

approximately the sum of the effects of the vessels acting separately.

(Pig.No.3.26.)

As would be expected when screening does not exist

vessels more distant from the probe have less effect. (Fig.3.24.)

Arb. units
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Flow in | 3 2 1
LN T A L ) .
0 5 10 minutes

12 10243 120304

_ . The influence of flow through distant tubes on the probe, when there is not, respectively
is, flow through tubes placed in between the distant tubes and the probe. The model used is
shown insct in the figure. The probe was sited close to one of 4 parallel tubes placed deep in
gelatin. Inner diameter of the tubes 0.36 mm, wall thickness 0.20 mm. The flow rate in each
tube was zcro or 0.4 ml per minute., ’

Fig.No. 3. 24.

~
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Fig. No.3.25.
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two polyethylene tubes, inner diameter 0.36 mm,
wall thickness 0.20 mm, the other being sited
2t some distance from the probe, but not screen-
ed by the closest wbe, Curve A was obtained
with flow only through tube 1, curve B with flow ol B
only through tebe 2 and curve C with flow
through the two tubes at the same time. The
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abscissa gives the flow through cach tube. When 0 o1 02 03 04 05 mimin
there was flow only through one tube the other
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Fig. No.3.26.

Bill's experiments show that the ideal conditions for placing

a heated perfusion probe exist in homogenous tissue containing

a large number of very fine vessels. The worst conditions exist

where the probe is placed near a single large diameter vessel.

Under this condition even qualitative results will be poor since
V50 will probably be exceeded and large changes in flow will give
only a small change in output. Under this condition sources of
error may give larger changes in output than the measured quantity.
For this reason curve fitting is not practical and the only useful

output occurs if flow in the tube almost completely ceases!

Bill also showed that the screening effect of the tubes

nearest the probe was such that the effective sphere of influence

with flow through these tubes was of the order 1.5 mm. While
Grayson33 showed that under zero flow conditions the sphere of

influence was about 4 to 5 mm. It was pointed out earlier that
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tissue beds may vary in fluid content at different times. This

may result in variations in thermal conductivity which bear no
relation to flow. This becomes a serious problem if the fluid

has a very different thermal conductivity from that of the tissue.
Fortunately blood has a thermal conductivity very much the same as
that of a number of different types of tissue. Tissue containing

a high fat content, however, has an appreciably lower conductivity.

Humen blood 11.4 X 10~ 4 cal/em / sec/°C (Graf et al)4
Human fat 4.77 X 104 -do- (Spells)

See also fig. 3.23.

Notice that a probe placed in tissue containing an appreciable amount
of fat may give erratic results due to variable amounts of fat from

site to ‘site.

MAnother source of thermal conductivity variation which is not

related to flow is the variation of thermal conductivity of blood and

and tissue with temperature. This variation for blood only can be

seen from the changes of dissipation factor at different temperatures
shown in the graphs of fig. 2.42, Notice that this complicates

complete temperature compensation unless the working temperature

range is restricted, a factor which does not seem to have been

generally appreciated.

Errors induced by temperature variations are probably amongst
the worst kind in thermal flow-measuring systems because they are
likely to introduce the errors when changes in flow occur
making these errors more difficult to detect or guard against.
Apart from the thermal conductivity variation already mentioned
(which is a second-order effect for a small temperature range)

errors arise from steady-state temperature gradients and transient

temperature gradients. Transient temperature gradients are likely

. 38
to occur under changes in flow since the blood's cooling effect

on local metabolic heat sounces changes with flow. This applies

particularly to major sources of heat in the body such as the liver
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and the brain. Birnie and Grayson37, in experiments on rats,
showed that not only do changes of flow occur in these organs

following the administration of pharmacological preparations

but also rapid temperature changes which are probably the result

of changes of local metabolic heat production. (Fig.No.3.27.)
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The eftect of ether on temperature distribution in the rat.
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Fig.No.3.27.

Temperature gradient problems are particularly serious in the
brain according to Newell and Powers who reportga'spatial gradients
in cat brains in excess of O,loC/mm over a 5 mm range and transient
temperature changes of up to 0,2°C/min after the injection of
epinephrine.x Errors due to temperature gradient effects result
from the fact that in both constant—current and cohstant—temperature—~
difference probes the difference between heated probe temperature
and "ambient" tissue temperature must be sensed normalli»requiring
two spatially separated sensors which are then prone to temperature
gradient errors. (Ways of overcoming this problem and detecting

artifacts are discussed in later sections of this thesis.)

x This disagrees with the work of Schmidt and Pierson89 who claimed
that only flow changes occurred in the medulla of cats after
administration of chemical agents or after changes in chemical
composition of the blood. However they performed only very

limited temperature tests.
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One source of possible error using heated probes that has not
been thoroughly investigated is the possibility that the elevated

temperature in the immediate vicinity of the probe may itself change

the flow rate. Stow and Schmve4o in measurements of blood flow in

human skin measured the mean tempprature coefficient of flow as

+ 39 %/° C. However, the range was - 57% to + 81%/° C .

Lipkin and Hardy41 using an infra red source and a radiometer
measured the inertia for surface heating (K/’C),of.a number of
human tissues including in vivo tests on human skin. (K - thermal

conductivity. f’— density. C - thermal capacity.)

Prom fig. 3.28 it can be seen the thermal conductivity
increases slowly with temperature as the skin heats up until
eventually skin femperature actually drops slightly. These authors
suggested that the large increase in K/DC with temperature was a
result of the local passive dilation of the peripheral vessels in

"the skin area being heated.®™ Whether the same phenomenon occurs
for other types of tissue for the very much smaller quantities

of heat. injected by heated perfusion probes does not seem to have
been thoroughly investigated, although some data which show: the

effect is neglible in dog livers and human muscle are presented

later.
| 0-+
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© = MORMAL 2N 0 ¢ s b : 4 un
4 o frimmaad e 1 O NOAC G5
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2 Rg. 4 . . P
Change in kpe of normal living skin after 3
. TIME - SECONDS exposures (crosshatehed) ta thermal radiation of o.045

% 4 6 e 1o 120 cal/sec/ent,
Increase in surface temperature of excised human skin, living human skin with blood flow occluded and
normal human skin irradiated with o.055 cal sec/cm®

Fig.3.28.

x (although this could also-be due to perspiration.)
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One possible source of error which is difficult to assess

is that arisihg from local trauma after probe insertion which could

change the flow pattern near the probe, This applies particularly

to chronic implantation. Some of Grayson's experiments on rats
gave results which seemed consistent over o period of some days.

(Fig.3.29.)
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Fig.3.29.

3.3 Previous Work on Perfusion FlowxMeasurementz can be

conveniently divided up into three sections: constant current,
constant-temperature difference (these are "sfeady state" methods)
-and transient methods. It is interesting to point out at this
stage that an exact current flow - heat flow analogy can be used
to predict temperature distribution in the vicinity of a heated
probe. This is useful to the electrical engineer as the problems
become more familiar and,more important, by using an approximate
lumped—~parameter equivalent circuit problems can be solved using
simple network analysis. Bill's results quoted above, for example,
could have been obtained qualitatively very simply using this
analogy. Electrical engineers commonly use this heat flow -
current flow lumped-parameter analysis for designing heat

sinking42.

Steady state methods measure either the final temperature

of a heated probe under conditions of constant-power injection
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or the power required to maintain a constant-temperature

difference (probe to tissue) once a stationary temperature

distribution around the probe has been established. Transient

methods, on the other hand, either measure the initial rate of

heating of a probe under conditions of constant power injection

or the rate of heating under flow conditions and with flow to the
region stopped. The latter method involves a complicated
calculation to compensate for local metabolic heat production -

this is conveniently performed with a minicomputer.

The first perfusion probe was that described by Gibbsz5

in 1933.(See section 2.3.) This was a constant-current system
which he used for measuring both blood velocity and perfusion
flow,. Gibbs commented that "Standardisation"J(iue. calibration)
even if carried out for each experiment was not very reliable
and suggested that the probe should be used only for qualitative

assessment of flow.

Since Gibbs's work a number of workers have built constant—
current systems. In 1959,Mowbray50 described a hypodermic-mounted
system virtually identical with that of Gibbs for which he claimed
high linearity, results repeatable to better than 10 per cent and
calibration in glass wool placed in water such that the thermal
conductivity was the same as that of tissue at zero flow.
Considering Gibbs's work and Bill's model experiments these claims
seem very Gubious and no other workers have been able to obtain

similar results. See also Bill's commentsaon Mowbray's work.

Juhasz24 , Hancock43 have described what are effectively
constant-current bridge circuits using self-heated thermistors.
(See previous comments on Juhasz's probe. Section 3.2 ) Hancock
used two hypodermic probes, one flow sensor and one temperature-
compensating sensor, However in vivo his equipment was

awkward to use requiring frequent balancing. Hancock also

x (As pointed out earlier this approximates to constant-power

injection.)
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showed theoretically that for the flow conditions in vessels

King's Law is correct. Other workers (Linzell35 , Graf et a1’ )
have shown experimentally that this law is only approximately
correct, while Grahn et al30 as mentioned earlier have shown
experimentally that a logarithmic relationship fits the curve

more accurately. A number of workers have used probes similar

to that of Gibbs for measuring blood flow in bones. Shaw46 ,

for example, used a Gibbs probe with a chopper-stabilised

amplifier to measure the thermocouple voltage to obtain qualitative

measurements.

M interesting variation of Gibbs's probe was described
by Schmidt and Piersonag. They used a silver rod placed in
a vacuum flask containing ice.. The other end of the rod with
a thermocouple attached was used to measure local perfusion
flow in the brain. Perfusing blood warmed the probe instead
of cooling it. The equilibrium temperature measured by the
thermocouple depended on flowrate. Using a cooled probe enabled
a larger temperature difference to be used (L}T::lOOC) .
Unfortunately the probe was rather unwieldy and the results
obtained are suspect since no temperature correction was
employed. (A careful comparison with the work of Grayson37
seems to indicate that some of the results are definitely artifacts

introduced by uncorrected temperature changes.)

The first constant-temperature-difference perfusion

measurement system was that used by Grayson (1951) who called
his method of measurement internal calorimetry33 . Grayson
used a heated thermocouple flow sensor with the temperature-
compensating {cold) couple placed nearby in the same tissue.

(Fig. No. 3.31.)
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Internal calorimotry. General cirenit. Yutorrupted lines, constantan wiro; continuous lines,
coppur wiro, T 4

Fig . 3. 31 illustrates the essentials of the apparatus. The recording instrument consists of a constantan
wire (c.w.), with two fine gauge copper wires, the heater leads (H.1.), soldered to it,one at the tip and
the other 2 mm below. A further copper wire, the thermocouple lead (1.w.), is soldered to it 0-5 mm

arther back. The constantan wire and the thermocouple lead together form the recording junction
(B.3.). With the instrument embedded in animal tissue the galvanometer (K) calibrated by means
of the resistance (R) records the tissue temperature in relation to the cold junction (c.s.), which
may be inserted in a Dewar flask or alternatively embeddcd in a ditferent part of the animal.
Heating current may be supplied either from a source of d.c. such as a storage battery, or from the
a.c. mains. In the present work the a.c. mains have been preferred. The mains voltage is stepped
down first by means of a Variac autotransformer (V) which enables the output to be delicatoly
and accurately varied from 0 to 240 V. The Variac output is fed through a fixed transformer (F),
input 220V, output 6 V. The adjustable head of the Variac thus enables a very fine control of output
voltages over the range 0 to 6 V. An ammeter (4) records the current in the heating circuit. -
The square of the current is also recorded direotly, using a Cambridge Vacuo junction (T'). This
instrument consists of a thermojunction attached to a vacuum-mounted filament heated by the
current to be measured. The current generated in the secondary thermoelectrio circuit is thus
linearly related to the square of the primary eurrent.

By manually adjusting the current to the heater Grayson maintained
a constant-temperature difference probe to tissue of loC . Under
these conditions the power injected is directly related to the
thermal conductivity of the tissue in which it is placed.

(See fig. No.23.32. Power o< 12 )
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Grayson showed that over the range of flows measured in isolated
perfused organs the apparent change in thermal conductivity with
flow was linearly related to flow rate and did not wvary appreciably
from site to site in the same organ. From his experiments he
suggested tentatively that by multiplying this thermal conductivity
increment (in cals/cm/sec/°C) by 12.5 the flow rate in ml/ml tissue/sec

could be obtained.

Unfortunately since Grayson's initial work subsequent
investigators have shown that this linear relationship between
flowrate and AK is true only under certain conditions and for
a limited range of flowrates depending on the tissue and probe .

placement.
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Linzell35 investigated Grayson's work and in model experiments
in glass tubes showed that the conduétivity increment was
approximately proportional to flow only at law flow rates, King's
Law being approximately true at moderate flow rates while at high
flow rates no further change in conductivity occurred. The
electrical insulation on the heater probably also acted as a
thermal insulator at high flow rates causing this final reduction
in sensitivity. Linzell was critical of Grayson's work and
claimed that his own results showed a very much larger spread. In
experiments on goat udder perfusions his results could not be used
even qualitatively although he tried connecting a number of thermo-
couples in parallel to obtain an average for a number of sites.
(This seems a very dubious method of summing thermocouple signals.
It is also prone to gross errors from temperature gradients.)
Linzell also claimed that d.c. heating introduced errors due to
the Peltier effect at the heater's copper-constantan junctions

1 i fung - .
and suggested that only a.c. heating should be used. _f(éﬂ@m@

Hensel and co-workers4’44 used Grayson's
method of internal calorimetry but constructed
their constant-temperature-difference probe in -
_Lofstelle 2
the form of a needle containing the heated
i ] va2u-Sant
thermocouple at the tip and the reference (cold) 573 Kuper
. . . . . Eisen
junction a short-dlstance-from the tip.(Fig.3.33) %%x;man
Hensel produced far more repeatable results (L;;:'“""
than those of Linzell but showed that a linear
relationship between conductivity increment and
flow occurred only under certain conditions of
probe placement and suggested the probe was
generally best suited for qualitative assess- ?“,ﬁm%
ments of flow. “Heizarat!
lotstelle 1

Schematisierter Liings-
und Querschnitt durch
die Sondenspitze.

Fig.3.33.
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Recently Kopaniky and Gann (197.1)45 described initial work on
a constant-temperature-difference probe using a heated thermistor.
These authors used a probe consisting of two thermistors in close
thermal contact mounted at the tip of a glass rod. One thermistor
acted as temperature sensor while the other acted as heater.
Feedback from the temperature sensor to the heater maintained the
probe at constant temperature. A second unheated probe compensated
for changes in local temperature, thus maintaining the probe at a
constant 2.5°C above tissue temperature. It should be pointed out
that glass is a poor probe material because of its large thermal
capacity. This criticism applies to Hensel's probe as well.
Initial tests using this probe showed a linear relation between
flow rate and conductivity increment (power injected) in isolated

thyroid glands.

Even more recently Newell and Powers (1974)38 have reported
testing a similar probe for measuring flow in cat brains with very
variable results which they claimed were a result of large local
temperature gradients. Using a separate heater and sensor in the
flow probe has the disadvantage, compared to a single self-heated
sensor, of an additional lag in the feedback loop as well as a

doubling in thermal capacity of the sensor.

A detailed discussion of transient methods of perfusion flow

measurement is beyond the scope of this review but results and
methods are discussed heuristically here. In reading some of the
literature on transient methods it should be borne in mind that a
number of criticisms levelled at steady state methods apply only to
constant-current probes similar to that of Gibbs. On the other
hand transient methods overcome some problems of steady state

methods but introduce new problems,

Linzell tried a semi-transient flow measuring method in his
investigations of Grayson's work. He measured the temperature

reached 30 seconds after switching on the heating current.
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This approximates to measuring the rate of heating of the probe

under conditions of constant-power injection,

Dolan and Lee49 %nstfumentated essentially the same technique
using a thermistor heated by a constant 180 X 10-6'jou1es in an
18 m.sec pulse every 144 m.sec. Feedback during the off period
was used to measure probe resistance and hence maintain power
injection constant during the on period. Voltage across the
thermistor during the on period was differentiated to measure the
rate of heating. Under an increase in flow the rate of heating
decreases due to heat tfansport (i.e. apparent increase in thermal
conductivity). It can be shown that because the slope of the
resistance-~temperature characteristic changes with temperature,
this compensation is not perfect but is probably adequate for
a limited temperature range. The big difference between this
measurement and a steady-state one is that the sphere of influence
of the probe is reduced to the tissue in immediate contact with
the probe. This reduces the chance of errors due to large vessels
in the vicinity of the probe. Temperature gradient errors are
eliminated due to constant power injection. On the other hand local
variations in tissue could give large errors due to the small
volume sampled and the lower sensitivity. This applies particularly

at faster flow rates,

Perl and Cucine1147 proposed introducing a blood-flow change
and measuring the transient change in rate of heating of the probe.
In theory this also reduces the sphere of influence of the probe
since after the blood supply has been occluded temperature, and
thus temperature gradient, cannot change instantaneously in the
vicinity of the probe. From this the relative rate of change of
temperature prior to occlusion and post occlusion gives a measure
of local perfusion very close to the probe. Perl suggested the
probe could give an absolute measurement of perfusion flow. (F)

according to the equation -



F = K(Uy - Up) /U

Stow and Schieve40

31.

K = (density x specific heat of tissue)/

[}
it

(density x specific heat of blood)

- temperature increment

Uj=" time derivitive of U prior to

occlusion

Uo= time derivitive of U post occlusion

suggested a similar method involving two

occlusions, one with and one without the heater of the probe

connected,

(Fig.3.34.)

%!

%é%,

1
‘

;

et

o

AMPHENOL SUBMINAX
. CONNEGTGR 27-9
{252 HEATER SOCKET
Y (NOT SHOWN)
25 GAUGE HYPODERMIG
/ NEEDLE

| WIRE CONMECTION
TO HEATER S0CKET

NN

/7

“HEATER LEAD
i {1 OF 2 SHOWN)

il 36 GAuGE cu WIRE

it _HEATER

WARNISH

zg_‘.':
............... HERMISTOR
............... GOLD PLUG
Fig.3.34.

These authors proposed an alternative version of the equation of

Perl et al above which would give en absolute measurement of flow.

Unfortunately, the time taken to perform a single complete measure-

ment is two to three minutes and, since two occlusions are

performed, the flowrate itself may change due to local

vasodilation after occlusion49

Stow and Schieve also discuss

the various assumptizons on which this technique is based, some

of which may not be valid and are virtually impossible to

assess.

In vivo results were repeatable but no test calibrations
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were performed. It would seem that both of these occlusion methods
have a limited range of application due to the fact that a rapid
occlusion of the total blood supply to the region must be performed.
In addition the measurement is very slow (two to three minutes)

and computational requirements higher.

Summary of Section 3.

Sources of error of thermal-perfusion-flow measuring systems
may be broadly listed as :

(a) Variations of thermal conductivity of tissue frsm
place to place and with temperature.

(b) Temperature gradients, steady state and transient.

(c) Inhomogeneity of tissue causing wide variations of radiation
resistance. - In particular, the presence of single large
vessels (> 0,18 to 0,5 mm) within 5 mm of probe.

(d) Changes of blood vessel diameter affecting radiation resistance.

(e) Temperature coefficient of flow (Injected heat may
cﬁange flowrate in vicinity of probe.)

(f) Velocity flowrates in excess of twice Vso giving
poor qualitative results.

(g) Long settling time giving incorrect results under

rapid changes of flow.

Different techniques of perfusion-flow measurement can

briefly be summarised as measurements of :

(1) +the final temperature of the probe under conditions of
constant-power injection ("constant—current systems");

(2) +the power injected to maintain probe at constant—
temperature-difference probe to tissue;

(3) +the initial rate of change of temperature under conditions
of constant-power-injection when power is first épplied
to the probe; (A variation of this measures the rate of
change of temperature when the heater is switched off.)3

(4) +the chsnge in the rate of change of temperature with constant-
power injection when flow abruptly ceases. (Requires
simultancous occlusion of all sources of blood supply to

the region.)
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SECTION 4

4, Minimizing Sources of Error

In this section some of the sources of error discussed
in Section 3 are assessed and methods of overcoming them
are suggested. This leads to the ideas behind the design of
the equipment in this thesis, The effect of the different
sources of error discussed in Section 3 will depend largely
on the physical properties and homogeneity of the tissue

into which the probe is introduced.

Variation of thermal conductivity of the tissue beds into
which the probe is introduced will change the power conducted
awvay at zero flow and thus the zero setting will wvary. The
obvioué wvay of overcoming this problem is to occlude the
blood flow to the region to establish the zero condition,

In many situations this is not possible since the blood supply
to the region may not be simply occluded or stopping the flow
may cause damage. e.g. in the brain. Notice that, if an
occlusion is performed, the change in conductivity measured
is then due only to the blood flow, not to other fluids which
are perfusing independently in the vicinity of the probe (e.g.

bile, lymph).

If no occlusion is performed how much variation in
thermal conductivity can be expected? ' It was pointed out
earlier that fatty tissue was likely to cause a large variation

and this is borne out by Hensel's results. (Fig.4.ll.)
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s :f; These results also show that where
:?i pathological changes have occurred in the
1.1 liver the variation in thermal conductivity is
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o =%04 = 35% small except in the case where fatty tissue
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is present.  Another source of conductivity

variation depends on the quantity of blood present in the tissue and

the relative thermal conductivity of blood and tissue. Fortunately
in many cases the tissue has virtually the same conductivity as

that of blood (see fig.3.23). Conductivity variation for Changes
of blood content of the liver are shown in fig.4.12. (Graf et al )
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Die Tab. enthiilt dic Frgebnisse aus Messungen an 4 ITundelebern.
Jeder 2-W cet ist der Mittelwert aus 4—8 Finzelmessungen an verschiedenen Orten
des untersuchten Lohml.\ppons

Blutreiche Leber Eatblutete f.eber . Xnderung

Llutgehalts- der Wirine-

‘ 2 2 ahnahme | leitzahl bei
Blutgehale 10-*cal-em™* - !.llx(,elll‘lt 10 teal-em™t - gy ’szunt i BEatblutung
mt-g™ amte°gt wi-g ‘ gt oG \ in Prozent
0,160 | 11,5 oS | n3 20 —L8
0,183 l 12,0 . 0.005 12,0, ; 18 0,0
0,196 12,5 0,009 126 | 50 40,8
0258 | 12,1 0.132 s 49 | =25
Mittelhwerte: 0,199 | 12,0 o0z | e s | —o

Fig.4.12
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Apart from temperature variations,which are generally random
errors, the largest source of systematic error in thermal-
perfusion measuring systems arises from the non-homogeneity of
the tissue beds. This changes the radiation resistance from the
heated probe to the blood and means that absolute measurements
can be made only if the tissue beds are uniform from site to site.
As pointed out earlier from Bill's work, if the probe is placed
near a single large vessel, errors are particularly large. Thé
probe will correctlyx indicate a large flow in the region but
will not indicate qualitative‘éhanges in flow. The homogeneity
of the tissue beds in which the probe is placed will determine
whether an absolute measurement is possible or not. If the
person using the probe could always place the probe so that it
is not influenced by "large" vessels, then quantitative results
should be possible for tissue containing many small vessels.
Where the probe is introduced into tissue containing some larger
vessels qualitative results should be good provided the blood
velocities do not exceed about twice VSO.(See Section 3.)

This means that experiments on small animals will tend to give
much better results than on larger animals, as vessel size will
generally be smaller in the small animals,. This helps explain
why so many conflicting reports of the relationship between

apparent thermal conductivity and flowrate exist.

In sites where relatively few blood vessels exist the change
in local thermal conductivity may be so small that errors due to
temperature changes, fluid content of tissue etc effectively
set a noise level which obscures the desired signal. In this

situation the average of a number of measurements should give

x It appears to this author that many criticisms of perfusion-
measuring systems stem from the fact that peofle would like an
average measurement for a whole organ or region from a measuring
system which inherently makes a measurement in a very small pre-
scribed fegion.vThe fact that a perfusion probe indicates a larger
flow when placed near a large vessel is in a sense a correct

indication.
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more reproduceable results.

Tab.1 bringt eine gréBere Zahl von Messungen der Warmeleitzahl des M.
Tastrocnemius bei verschicdenen Versuchspersonen. Die Werte stimmen mit den
mittels anderer Methodik gewonncenen Ergebnissen von HENRIQUES u. MoRiTz12
(toter Schweinemuskel, % = 0,0011) und unseren cigenen Messungen am Rinder-
Pluskel (A = 0,00113) sehr gut iiberein. Die mittlere Streuung der emzelnen Warme-
thzahlcn bei Ruhedurchblutung betragt nur 4 3,9%. Bei Unterbrechung des

Tabelle 1. Wéarmelcitzahlen im M. gastrocnemius des Menschen in sily bes verackzc-
denen Versuchspersonen.

Ruhedurchblutung Blutstrom Renkgive D'g::z’;:;lz\:ﬁgr:”:;:m

catem .;1_ ' Grad-t untcrb;ochcn Hyperiinie hyperimis zh;‘m Muskel
0,00124 0,00110 0,00129 0,00019
0,00123 0,00121 0,00127 0,00006 -
0,00118 0,00117 0,00122 0,000186
0,00119 0,00118 0,00122 0,00004
0,00107 0,00108 0,00123 0,00017
0,00121 0,00118 0,00129 0,00011
0,00124 . 0,00122 0,00141 0,00019
0,00119 0,00114 0,00162 0,00048
0,001 23 . 0,00121 0,00127 0,00005
0,00125 0,00122 0,00136 0,00014
0,00128 0,00119 0,00132 0,00013 Flg 4,18
0,00117 0,00113 0,00124 0,00011 »
0,00119 0,00117 0,00130 0,00013

" 0,00119 0,00112 0,00137 0,00025

0,00127 0,00125 0,00130 . 0,00005
0,00123 0,00119 0,00129 0,00010

M =0,00121 l M = 0,00117 M = 0,00132 M = 0,00015

o=+ 3;90;/0 ’

w =+ 1%

-~

Blutstromes findet man eine durchschnittliche Abnahme von A um 0,00004, wihrend
die Zunahme der Wirmeleitzahl auf dem Hohepunkt der reaktiven Hyperimie
durchschnittlicl: 0,00015 erreicht. Da man in diesem Bereich eine annahernd lineare
Bezichung zwischen Stromzeitvolumen und A voraussetzen kann,.wiirde also die
Muskeldurchblutung bei reaktiver Hyperamie durchschnittlich 4009, der Ruhe-
durchblutung crreichen. Dics stimmt mit Vérsuchen von Mureuy und Mitarb.™
gut iiberein, die mittels vendser VerschluSplethysmographie am menschlichen
Unterschenkel bei reaktiver Hyperimie Zunahmen von 400—5009, fanden.

Fig.4.13 (Hensel44) indicatles such a situation (human,
gastrocenemius muscle) where the thermal conductivity increment

is small as can be seen by comparing the first two columns.

The effect of 2 X v50 being exceeded in different tissue

sites is illustrated by the results of fig.4.14. (Hensel et al
Graf et a14).

44
’
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It can be seen that in the case of the isolated sheep's
spleen (fig.4.14A) over the range of expected physiological
flowrates the relationship between conductivity increment and
flowrate is linear indicating qualitatively results should be
very good. It is interesting to note from this figure that
measurements tend to fall into two groups, one with a much
s teeper slope. There are two possible explanations: the first
being that the curves accurately represent flow and that some
areas normally have much higher flowrates than others; the
second explanation using Bill's results indicate that the steeper
set of curves are for probe placements near large vessels. This
tends to be supported by the curves I have marked a and b
which seem to have the same values of VSO i.e. the probe is

influenced in each case by the same diameter vessels but in
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the case of curve b the vessel is further from the probe
reducing the sensitivity. A numbér of the other curves

are quite close together and may actually indicate slight
differences in local perfusion rate rather than variatioms in
vessel size. From Fig.4.14B it can be seen that qualitative
results from the dog liver will not Qe as good as those from
Fig.4.14A since over the physiological range 2 V50 can sometimes
be exceeded. The likelihood of poor probe placement (i.e. near a
vessel where 2 V is exceeded) can be assessed from the results

50
of Pig.4.15b.

% l":]la)?

Fig.4.16.
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Abb, 3. HiiuAgkeitsverteilungy der Wirmeleitzahl 2 in
der Hundeleber in Prozent. @ 37 Messungen bei un-
durchbluteter Leber; & 32 Messungen bei unbeeinfiulter
Leberdurchblutung. Mgabez-ichreat die mittlere Wirme-
leitzahlzrhohiunz  bei Rubedurehbiviung der Leber
gegentiber dem UndurcbluleTes Zustand,

This result could be interpreted by saying that probe placements
fall into three categories : the first in an area where flow is

4 and below;

small, representing most measurements of 11 x 10~
those measurements around 14 x 10—4 where the probe was influenced
by a large number of small vessels; and those measurements above
this where the probe was influenced by both small and large vessels,
In the case of the results at 35 x 10-4 the probe might actually

be placed in a large vessel. Hensel's results on rgt livers

appear similar to those on the dog liver despite. the smaller animal.

(Fig.4.16).
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Tahelle 4. Warmeleitzahlen in der Ruttenleber 4 Tt is intere sting to ¢ ompare
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AT, - t
; Nr. i Ruhedurchblutung ! Durchblutuny 0 Gr ays on37 whose exper iments on
| O 1 Egt . . rats showed normal in vivo
i ' =2
P2 i 13,5 conductivity of about 16 x 10
3 12,2 ’ :
o s 146 11.0 Grayson's probe was much more
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3 i 1 313 . - - of Hensel et al so that a
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o 3 ! 18.0 | 123 placement in a large vessel
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N 24,2 / 12,0 Hich o, )
— iR - e which mi explain th
)Ilttcl\\crt 20,4 ) 11,6 . pre ¢
” difference in their results.
Fig.4.16,

Bill suggested that local dilation of vessels with changes
of flow might actually help linearise the flowrate-conductivity
relationship. (See fig.4.17.)

4K

. The effect of distension of the vessel on the rela-
2ip between /K and flow. Unbroken lines, hypo-
-“cal curves showing the relationship between JJA° 7
23 8w in a vessel at Three different states of disten-
¢izn. Broken ling, the same refationship when the vessel
is permitted to dilate in a continuous fashion. o

0 FLow

Fig.4.17.

I have marked one unusual curve C (fig.4.14B) which might tend

to support this idea..

A possible method of discrimination between a "poor" probe
placement and a "good" one is to reject readings from a probe
if they exceed the average value by more than a small margin.
Although not guaranteeing good placement, this should generally
give very much better qualitative results. It should be noted
that qualitatively for an increase in flow the probe never

overestimaties.

The problem of determining whether local heating caused by

-4
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the probe changes the flowrate can be investigated by seeing

whether the conductivity increases - with temperature increment.

Such an experiment is shown in fig.4.18

2
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Heizlesstung I 4 '
Abb. 7. i

Versuch am M. gastrocnemius des Menschen. Temperatur-
differenz @ der Lotstellen als Funktion der Heizleistung I*,

Fig.4,18.
This indicates the thermal conductivity does not change and hence

the injected heat has no effect.

Settling time is another problem of steady-state flow-measuring
systems. The difference in settling time between constant—current

and constant-temperature-difference systems for jdentical conditions

is illustrated in fig.4.19.. (Grayson). It can be seen that
settling time is improved by a factor of five for constant-

temperature-difference operation.
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The 2ttling time depends somewhat on probe material, size and
construction. The difference in slew rate and settling time for
an increase compared to a decrease in flow is illustrated in

£ig.4.110. (Hancock®d) *

—

4 chrease
Nerease & ‘c v
of Llow.
Llow

-
""l}f
O CQ"\S’"‘L +
w

HWWW‘MMMAM-WWMA»—«_~
em. Ll wmetev

Fig.4.110.

Errors due to temperature changes have already been discussed

in detail in section 3 and will not be repeated here,

x Hancock's results seem peculiar at first until one realises
that he must have recorded the results with the galvanometers
of the U.V. recorder connected the wrong way round, since
otherwise his results would indicate that the thermistor
probe starts indicating changes of flow sometime before
they actually occur. The results shown in the diagram

above have been inverted so that they are correct.
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SECTION 5

It was felt that considering all the different requirements
a constant-temperature-difference probe offered the best sensitivity
with a reduction of many of the problems of constant-current
systems, (See Section 2 for comparison.) Transient electrical
systems might offer certain advantages, although of lower

sensitivity, but were not investigated further.

In the equipment developed a hypodermic-mounted thermistor

acts as both temperature sensor and heating element in a self-
balancing bridge circuit, Feedback around the bridge adjusts

the power fed to the thermistor to maintain its temperature constant.
This eliminates the problems associated with having a separate heater
and temperature sensor and simplifies probe construction. Instead
of using a second probe to compensate for tissue temperature changes
so that AT can be kept constant, the same thermistor probe is
used to sense temperaturé and flow alternately. A sample-and-hold
circuit holds the last measured temperature and feeds this into

the bridge circuit so that AT is kept constant during flow
measurement. This minimises trauma (one probe) and, more important,
means that matched thermistors are unnecessary and thermistor

ageing has no effect on the circuit. Errors due to temperature
gradients (See section 3.) which affect a two-sensor system are

also eliminated. The final design is not a true steady-state
system. The probe takes about 40 secs to finally settle to
equilibrium (at zero flow) after a temperature measurement.

To eliminate +this long period the digital display holds the value
measured after settling for 16 secs. This value is displayed for
the duration of the next temperature measurement. Since the
measurement always occurs after the seme period of time, it is

repeatable despite the fact that final equilibrium has not been

achieved.

Block diagram of the system is shown in fig.5.01.
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Circuitry and Design Features.

5.1 Precision Multiplier

Various techniques can be used for multiplication -
transconductance multipliers (using transistors), quarter squaie
multipliers (using F.E.T.'s diode networks or thermistors),
triangle averaging multipliers, time-division multipliers, Hall-
effect multipliers, magneto resistive multipliers, photo conductive
multipliers, stochastic multipliers and digital multipliers (requiring

A/D convertors).

At present commercial analogue multipliers are most commonly
transconductance. devices with an accuracy of from 4+ to 2 % of F,.S.D.
depending- on price. Temperature drift of these devices may intro-
duce still 1arger'errors. Time-division multipliers are used in
higher pretision applications but cost considerably more than the

R60 to R100 + price of the transconductance devices.

A iow—cost time~division multiplier was designed with an
accuracy of about 4 0,07 % of F.S.D. However the current consumptibn
was excessive for battery operation. A careful redesign increased
complexity slightly but reduced current consumption by a factor of
four and reduced errors to about 5 mV maximum in any quadrant (0,05%

of F.S.D.)

It is necessary to achieve a fairly high performance in the
multiplier since a constant is subtracted from the multiplier's
output by the curve fitting circuitry and multiplier erroTrs are

then a much larger percentage of the difference.

Errors of time-division multipliers (See simplified diagram)

depend on the linearity of the pulse width modulator, the switching

Pulse Width speed of the change-over switch and

N e I
moA\A\G\'\D"

Vg » . l‘
R N ‘\—-—wvv.-——
[—— ~Vg = EIZ—:IV»VB

invert V cMos c.o. L.
¢ s witch Filter.
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switching noise introduced by switch feed through. A number of
circuit configurations for switchingthe gain of an amplifier between
plus or minus one are possible but the passive change-over switch
configuration used here introduces less switching noise and does not
suffer from amplifier slew-rate errors. The simple low-pass filter
is also better than many active systems which tend to pass switching
noise to the output and usually require wide~bandwidth operational
amplifiers which have large bias currents making long filter time-

constants difficult to achieve.

Pulse~width modulators can be divided into two types :

feedback systems and open-loop systems.

Open-loop: systems .
r4 - Simplified
require very high speed compar- precision friangle Diagram of
wave %Ene!’-fb\" Open—-Loo
ators and a precision A F?Wﬁi?"gg
triangular wave generator. j:::]______a
. (=
The linearity of this type 1\”“ ‘ I I '}

of pulse-width modulator depends

on the linearity of the triangle wave generator. Finite comparator

response time introduces errors.

Feedback systems correct for finite switching-time errors and

thus tend to have higher accuracy than open-loop systems.

- Simplified
Diagram of
l Feedback
VR }J_4 P.W.M.
(=
//\/\/r
-lnTec\\'a’\'or- Compavraler

with wysteresis

One disadvantage of feedback pulse~width modulators is that

- the carrier frequency decreases with increasing input signal,

This means that the maximum input signal should be limited so that

the carrier frequency is not too low.
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The practical pulse-width modulator (fig. 5,11 ) uses parallel
CMOS gates to buffer the comparator output and provide a precise
switched reference source. The reference source of a 723 regulator
provides the positive reference to the gates while its internal
amplifier with a level shifted discrete transistor (2N29074A) provides
the negative reference source, The 311 comparator has a constant-
current F,E.T. load which is buffered from the positive reference
by a BC1l09 transistor. This eliminates the loading on the positive

reference,

The 5 pF feedback capacitance around the 311 provides a
positive switching action eliminating parasitic oscillation when
switching occurs, A feedforward compensated 301 operational
amplifier is used as a fast integrator for the pulse-width modulator.
CD4016 CMOS +transmission gates are used for the change over switch
in the multiplier. Stray capacitance at the junction of the two

switches and on the control lines to the switches should be minimised.

The maximum output signals from the 308 amplifiers feeding the
CMOS switches are clamped to the CMOS reference voltages so
that possible latch conditions in the CMOS switches can not occur.
For high accuracy the outputs from these amplifiers should not exceed
about 6 volts. Similarly the maximum input current signal to the
integrator of the pulse-width modulator should not exceed about
200 # A as otherwise the carrier frequency will drop to less than

half of its value at zero input.

The 308 amplifier used for the inverter feeding the CMOS
switches as well as the output buffer amplifier should have low
input offset voltage ( <= 0,5 mV) or should be nulled (using external

null components) to achieve errors of less than 10 m.V.

The symmetry control is adjusted so that the output under
conditions of zero input to the P.W.M. and plus or minus maximum

signal to the other input is zero.
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5.2 48.

Curve-Fitting Circuitry

e

Various circuits usiné’aiodes, zenner diodes or traﬁsistors
are commonly used for curve fitting, Careful design is normally
required to eliminate break-point drift due to temperature changes.
Temperature compensation generally requires matched components
mounted in close proximity. - Some systems also have interactive
slope and breakpoint controls which make setting up a difficult
procedure requiring a number of iterations. Some advantages of
these simple systems are fast response and a very smooth change
from one slope to the next provided by the logarithmic diode
characteristics. The curve-fitting circuit designed here is based
on the fact that low-cost low-power consumption quad operational
amplifiers are now available, which means that a single op—amp per
breakpoint is no longer an extravagance and does not increase
layout complexity. The principle of the curve-fitting circuitry

is shown in the following simplified diagram :

> VAN AV AVAV Vo
[ & ] =
Vl'h Vﬂd T
[ Vin
active clamyp cireuitey _..'.IV.
rc‘)\qeeg diocdec P VVV"”Qj v

waling bath Tempecalure ]

,_.pr,ﬁKF_. ku-. Vi
[ e‘&ns;i ewn awd _ "vouf -

low i1mpedance ref, . .
Sovrces unece;sa.ry. "“'"'\/W""U<}'—T‘:" e e P%‘ln?lple.of (?urve—
. Fitting Circuitry.

The feedback factor decreases when the voltage at the junction of
the two feedback resistors (R) exceeds the reference voltage.
The diodes shown are actually "perfect" diodes created by connecting
a diode in the feedback path of an operational amplifier. (See
fig.5;21) This configuration eliminates temperature drift and,
provided éétting up is carried out starting from the lowest voltage
breakpoint, no interaction occurs. In the final circuit a pre—set
zero control is also provided to subtract a quantity representing

the power conducted away from the probe under zero flow conditions,
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5.3 \
‘A/D Convertor.

The precision expected from thermal flow measuring techniques
is unlikely to be better than 5 per cent. Hence a two-digit
display (1 per cent) would seem to offer adecuate accuracy while
at the same time minimizing power consumption.An extra digit would
also encourage operators to read the display to a meaningless

accuracy.

The display/convert oscillator supplies 1,3 m.sec. conversion
pulses to the A/D convertor every 600 m.sec. A single conversion
is completed in under 1,3 m.sec. No sample and hold is used ahead
of the A/D convertor since conversion is fast enough for the output
signal from the multiplier to be considered stationary (multiplier
l.p. filter cut off frequency = 0,7 Hz). The display is blanked
during the conversion time to eliminate segment flicker but since

the conversion time is short the display appears continuous.

99
display )
Pl .
_ blawk ‘/P
decoder / [Plak { i
‘ p\r;ver _ cuh\lers;oh
[ ] .I l §e1’° . : hd Go\\ar\t\'ﬂ_ ?/P_
Bed _ 3 ] 1 Tty o
counter count | qate mowg - B _Jdagplay ! °
. uyp. oscilater stable | - (;oﬁ\;'f\'::‘ or disp \ay
PIA \adder : —_ o
f '-\neh:. : t l/p
R% : STart [stop
= - counie v
Vin Tin : C

(_ompara‘tor

The A/D convertor itself is a digital-ramp system using
low cost CMOS counters which perform as counters, "display latches"
and D/A ladder network drivers. A convert pulse starts a conversion
cycle by triggering the monostable and presetting O in the counter.

(Using the preset input rather than the reset input reduces gate
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count by eliminating an inverter) The convert signal also enables
the gated clock which is counted by the cascaded binary coded
decimal and binary counters. ¥hen the output current from the
D.A. convertor (Iref).equals the irput current signal (Iin = Vin/R)

the comparator gates the oscillator off stopping the counter.

A binary rather than a b.c.d. counter is used for the most
significant digit to allow the convertor to over-range without
giving an erroneous output. The gated oscillator operates at a
frequency of about 100 K Hz,. Hence the 1,3 m.sec. wide conversion
pulse gates the oscillator off én an over-range signal limiting the
maximum count to about 130, which is below 159 where the counter

would start from zero once more.

The 74C48 décoder.uniquely decodes outputs above 99 although
these outputs look unusual on the display. Unlike the equivalent
74 TTL decoder this decoder has on chip transistor drivers for
l.e.d. displays. The displays used are recently introduced
low—-current orange l.e.d. displays which give adequate brightness

at 3 mA/segment.

The counters have "standard" 74C output characteristics
vhich, from measurements done on a number of different gates and
counters, means initial slope resistances of about 200 for
p channel transistors and 1200 for n channel transistors
(measured at Vcc =15V and T;Q520°C). These resistances
introduce errors into the ladder network making 40 K loads
about the minimum for an 8-bit accuracy. (load = 40 K, R = 15K
2R = 30 K) The ladder network has two additional resistances

(150 4L and 68 £ ) to rduce errors from this source. (See fig.5.31)

The ratio matching required in the resistors of the two most
significant bits of the ladder network is about 0,1% with ratio
accuracy required decreasing by a factor of two for each

successive bit.
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The A/D convertor should strictly have its comparator's zero
input offset by 4 L.S.B. This would be easy to do with one
additional resistor but this was not actually incorporated since
the curve-fit circuitry has a variable offset control (set zero

flow).

Measured 1ineafity of the convertor was better than 1/3 L.S.B.
over full range of inputs, A 301 op-amp without compensation was
used as comparator since this has low power consumption and permits
easy output clamping to the CMOS logic levels. Separate earth rails
for logic and analogue sigﬁals are used with a shorting-link
onnecting the earths at only one point. This is useful if the
A/D convertor is to be connected for positive inputs or. for plus
or minus inputs (offset coding)'which can be eaéily implemented by
changing the analogue signal earth and the regulated CMOS power
supplies. (See fig. 5.31)
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5.4

Timing Circuitry

The timing circuitry used for controlling the measurement
sequence could have used purpose-designed timers (555, 3905 etc)
or CMOS gates but a low—cost quad comparator package was used
instead. This has the advantages of lower power consumption and
a single package. Spare domparators can be used for other functions
such as indicating low:battery voltage. Time intervals are
generated using an astable multivibrator with unequal mark-space
ratio. A monostable and gating logic then ensure the correct
sequence of operations for the rest of the circuitry. This
logic circuitry ensures that an A/D conversion is complete before
switching to the hold-display/measure-temperature mode. The
circuitry latches the A/D convertor's oscillator in the hold~-
display condition via a diode gate to the oscillator's input.

(See fig. 5.4)). NAND gates are used instead of AND gates to
reduce the variety of integrated circuits used. (Package count
is the same for either case.) Resistor diode networks are used
to clamp the logic signals at the 15 volt level to the 8.5 volt
level of the A/D convertor. The timing circuit‘disables the
internal oscillator of the bridge circuit. The internal
oscillator is meant for test purposes when no external timing con-

nection is made to the board.
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5.5

Tracking Voltage Regﬁlatéfé

Conventional monolithic voltage regulators require an input-
output voltage difference of several volts to operate satisfactorily.
This is a result of the emitter follower output configuration
universally used and the poor saturation characteristics of the
monolithic output transistors. In contrast the 15-volt regulators
designed here use common emitter output stages which will operate
down to an input-output voltage of < 300 mV at 60 mA. A 7238
monolithic regulator provides the reference voltage for the 4 15

volt and 4+ 8.5 volt outputs. The - 15 volt output tracks the
+ 15 volt rail.

49V e
++\5 YV

+18Ve-
!
A +8.5V
7 ov
: ] z Z ,JA‘IZB
-2|VL—§ o -\5V

Simplified Regulator Diagram

=y

unreau\a*ed input
Pe%u\nfed out put

The operational amplifiers and the 723 reference source operate from
the regulated outputs improving supply rejection and regulation.
This cdnfiguration has the disadvantage of having two stable states,
one providing a regulated output and the other with zero output!
Fortunately the level shifting zenner diodes ensure that under zero
output conditions the output transistor is biased so that the
regulator always switches on and goes into the regulating state.

The zenner diode level-shifting circuitry limits the maximum input

voltage at which the output is still regulated to about 24 volts.

The amplifier of the 723 is used to regulate the 8.5 volt
output via a discrete transistor connected as an emitter follower.

This transistor can operate down to an input-output differential
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of about 200 mV at 60 mA compared to about 1 volt minimum if the

regulator's own transistor had been used in this position.

The decoupling capacitors at various points in the circuit

and at the outputs are necessary for stability.
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5.6

Transformerless Inverter

A rechargebale batter& supply is used to eliminate any possibility
of micro shock due to earth leakage or earth loops. A 555 timer
connected as a multivibrator drives a high current buffer feeding
two voltage doublers. Feedback from the output of one of the
voltage doublers adjusts the mark—-space ratio of the multivibrator
to preregulate both positive outputs. This extends the battery life.
The negative output is not preregulated as this would complicate the
design unnecessarily as the power drawn from the negative supply
is less than that drawn from the positive supply; To improve
efficiency high current gold bonded germanium junction diodes are
used in the voltage doubler as they offer a much lower forward
voltage drép than silicon diodes. Low resistance wiring in the
voltage doublers and low E.S.R. capacitors are necessary to charge
the capacitors rapidly and reduce losses due to large peak currents.
The output saturation characteristics of the 555 timer are poor near
the positive supply rail. To improve the situation the "bootstrapped"
1K2 resistor is added enabling the emitters of the 2N2219A transistors~

to be driven much closer to the positive supply rail.

NE _feedback outeuts
L w:sv 1 \8V
N V.\\’qse qy
m/l . [——I—* doubler ‘ Simplified
of € Ju Tu Functional
5 __I-—— e OV Di f
L ¢ iagram o
wto vy = ‘s 55 Voltuge Invertor.
T 1 L doubler
~2lv

[qkS’oomAH nfcacl._J ) [ 1!\;\3‘-\

The lower voltage positive tap is used for driving the light-

emitting diode display and analogue-to-digital converter.

This reduces the power consumed by the display by a half but
mans a small amount of clamping circuitry is necessary to

level shift logic signals at 15 V to 8.5 V. Inverter efficiency
(depending on load) is between 60 and 80 % .
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5.7 61.

Bridge Circuitry

Different configurations for self-balancing constant-temperature

bridge circuits are possible :-

R, Ia Tn,

[N 7

iii% .;vz% o

In these circuits with zero output from the operational amplifiers,

o¢ Lok,

the positive feedback exceeds the negative feedback. Under these
conditions the output from the amplifier rises until the
thermistor's resistance drops™ sufficiently for the negative
feedback to equal the positive feedback i.e.

R_R

23

th R1

R

The thermistor is maintained at constant resistance and hence

at constant temperature.

Circuit A has the advantage that one side of the thermistor
is grounded making probe construction simpler and reducing noise
problems. However, circuits C and D and E offer ground referred
signals for the multiplier. Circuits D and E also make lower
demands on the C.M.R.R. of the amplifiers. One problem with the

dual-amplifier bridge circuits D and E is that the saturation

x due to self dissipation
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characteristics of the amplifiers do not match on negative and
positive outputs and, depending on the choice of resistance values,
latch conditions at switch-on are likely to occur unless clamping
circuitry is added. After constructing both dual and single
amplifier designs, circuit A was finally used because of the

advantages of having one side of the thermistor grounded.

Temperature-compensating the bridge so that a constant-

temperature-difference is maintained requires an additional

thermistor probe. The simplest way of achieving this is to use

a thermistor for R2 with a very much larger resistance than the
flow sensor so that self dissipation is small and the second sensor
does not sense flow. This requires a thermistor with exactly the
same incremental.temperature coefficient as the flow sensor but

with at léast 100 times the resistance. Obtaining such thermistors
is a problem. A better method is to use two similar thermistors

with the voltage to the temperature sensor reduced by a resistive

divider, It can be shown that the temperature compensation

offered by these methods is not complete
because of the thermistor's
resistance~temperature characteristics.
The compensation is adequate for a

restricted temperature range,

The final circuit (fig. No.5.7i) designed does not use two
sensors but a single sensor which is alternately used to measure
temperature and flow. A field effect transistor is used as
voltage-controlled resistance replacing the temperature-sensing

thermistor. A grossly simplified diagram is shown here :-

M

e
Ab s
T *.F | ?_ - ...

! { thevmistor

Llow V-fL

D Sewnser

M\l
., boacd., t>

I o(-remp (F.G?T.) §
’;77 ‘ differeniial X o ;

Sample ¢ Hold. Br\'d%&. s\'uas\e ewded conv,
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In the temperature measure mode the voltage across the
thermistor is small minimizing self heating.(Current to the bridge
under this condition comes from the positive rail.) The output
from the bridge amplifier is connected via the sample/hold to the
F.E.T.'s gate adjusting the F.E.T.'s resistance until- the bfidge
balances. In the flow measure mode the voltage at the gate of the
F.E.T. is maintained constant by the sample/hold and the bridge is
unbalanced by switching in a resistance in parallel with one of
the bridge resistors. Feedback round the op-amp then maintains
the temperature of the thermistor constant. The‘diode shown in
the diagram is necessary to ensure the amplifier output is always
positive after switch-on since the circuit has two possible stable
states with either a positive or a negative output depending on
transient conditions at switch-on. The original design used a
cadmium sulphide photo-cell and L.E.D. for the temperature-
‘compensating voltage controlled resistance. Thié was found
totally unsatisfactory due to the self dissipation of the photo-
cell changing its resistance. The F.E.T. voltage-controlled
resistance finally used was "linearised" by reducing maximum
voltage across the F.E;T. with a resistive divider and applying
feedback from the drain to gate. This introduced problems because
the volfage across the bridge is very small in the temperature mode
and the voltage to the op-—amp input is then attenuated by a factor
of fifteen. Thus a very low drift low offset op-amp is required.
A carefully nulled 725 op—amp was used in this position but a better
choice would be the laser-—trimmed monolithic precision mcno.QP-07.
The 308 used in the bridge as a buffer should also be selected
with an offset of less than 0,5 mV (or a mono OP-07 could be used
here V_ L2Tp V). The attenuation could probably be reduced
since the final linearity of the F.E.T.-resistance was found to
be extremely good. ( AR<1% for Vas from 0 to 1,6 Volt.)

The F.E.T. used in this position should have as large a value
of Vp as possible combined with as high an Rds(on) as possible
(i.e. a low Idss)' Unfortunately the joint distribution of

Idss and Vp forn FETS usually results in high Vp devices
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having low R (high 1. ). The F.E.T. specified has a

ds(on) dss
fairly accurate square law characteristic making linearisation
reasonably accurate despite the low value of Vb. Feedback from
the drain to gate was applied between a point at the same potential
as the drain to avoid upsetting bridge balance at very low voltages.

(See fig.5,71.)

The éample-and—hold circuitry (fig.5.71) achieves a low drift
rate of 3 mV/minute at room temperature. To achieve this figure
low leakage capacitors, teflon standoff insulators and F.E.T.
buffered op-amp were used, The drain-gate leakage of the F.E.T,
buffer is substantially reduced by oberating with a low drain to
gate voltage (See Siliconix data book, 1974.) Low resistance quad
CMOS switches are used for switching. The 100 K resistive "clamp"
to ground between two of the switches reduces the voltage across
the'CMOS switch minimising leakage to the héld capacitor. A
number of clamp diodes around the CMOS switches ere necessary to"

avoid latch conditions which occur at switch on.
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SECTION 6

6., Temperature Compensation Calculations

Consider the simplified bridge circuit shown :-

Ry V*

Ry {
30&
R
¢ R,
R R
e s l A
$ 1 .
At balance the inputs to the 725 are equal.
Hence - R R R
v 2 - v th )
By + By By + Bep ) | Byt Bg
and rearranging - :
o BRo(R, + R.) cee 611

th 115(111 + R2) - 112(124 + Rs)-

Now; if the bridge is first balanced with R2 (i.e. in temperature

mode) and a resistance is switched in parallel with R3 (i.e. in flow
mode) so that R3 becomes Ré , then Rth changes to Rth due to
self heating and rebalances the bridge.

Rewriting the balanced condition equation (6.11) for the second case

and then combining the equations :

’ ra
B Ry L. 6,12
Eih By

This equation shows the temperature compensation is perfect
if the incremental resistance/temperature characteristic of

the thermistor is a linear function of temperature.

The thermistor resistance/temperature characteristic can be

approximated by the equation :



R = AeB/T

th A, B constants - cee oae 6.13

T temperature in °k

Measurements on the S.T.C. thermistor (U 28US) from 22°C to 42°C

showed that this law was obeyed within the accuracy of the measuring
equipment ( =~ 0,2%). The constant A depends on the particular
thermistor used (tolerance is of the order of 10% for unselected

thermistors) while B 1is quoted as 2900 for this thermistor.

Since the thermistor law is not linear temperature compensation
will not be perfect. We can calculate the errors introduéed into
measuring the power injected if we calculate the change in temperature
difference probe to tissue set up by this temperature compensation
system for a range of temperatures. Power injected will vary
directly with AT,

Assume the tissue temperature is T2 and probe temperature T

(Tl )>T2X and at another tissue temperature T4 probe temperature

1
is T3 (T3>T4)-

R, B, , R
T, T T

Corresponding thermistor resistances are RT ’
2

respectively.

From 6.12 and 6.13
R R

S . Ts
) E )
th T, T,
and A/l 4 B/T5 which simplifies to
aB/ T AR/,
1.1 . 1.1 . 614
T, 7T, T, 7T,
or LT _Is%s
T— T Tg~ Ty

(Notice that the temperature compensation is independent of the

actual resistance value of the thermistor and is hence unaffected
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by thermistor ageing which can be a serious problem with

microbead thermistors.)

Using equation 6,14 the percentage change in AT was calculated

for a range of temperatures around 37°C.

(Table 6.11)

T, AT % change in AT

from value at 37°C
42 2.582 3.2
41 Z. 566 2,60
40 2. 549 1.95
39.  2.532 1.30
38. 2.516 0.64

— 37 2.5 R

36. 2.48 - 0.65
35  2.47 - 1.29
34 2.452 - 1.98
33 2.436 - 2.57
32 2.420 —3.21

It appears that the error introduced by the temperature

compensation system is small for a limited range of temperatures.

However, it should be noted that the error is larger than this

since it is the change in thermal conductivity which is measured.

If the probe is placed in a position where the percentage change

in injected power (i.e. thermal conductivity increment) is small,

the error will be very much larger.

In the liver for an "average".plaCement the actual error might be

two to three times that indicated in the table. * Slightly

better temperature compensation can be obtained by switching yet

another resistance into the bridge circuit (in series with the

F.E.T.'s drain - fig.5.71).

A better way would probably be to

record the sample and hold output simultaneously with the

multiplier output and apply a small correction factor later if

Precise results are required.

(based on Hensel's results)
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' Summary  The temperature compensation used in the equipment designed
provides temperature compensation independent of the thermistor's
actual resistance, eliminating errors due to thermistor ageing

and making different probes electrically interchangeable.
Thermistor ageing appéans to be a fairly serious problem with
other systems since one of the leading suppliers of precision
thermistors (Yellow‘Springs Instruments) will not at present
supply hypodermic-mounted thermistors because of the difficulty

of manufacturing microbead thermistors with a good long-term.drift
performance. Temperature compensation is adequete provided the
thermal conductivity increment to be measured is not too small.
Other temperature-compensation schemes for thermistor bridge

circuits will have inherent errors of the same order of magnitude.
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SECTION 7

7. Experimental Work

Experimental work reported here is fairly limited and is largely of a
qualitative nature. This was due both to lack of time and to my lack
of knowledge of physiology which meant I was not able to set up in vitrio

experiments for calibration tests on isolated organs.

Tests were carried out at the University of Cape Town's Medical
" School with facilities kindly organised by Dr Rosemary Hickman.

The first tests performed were to assess practical problems in using
the equipment. The probe was used on a number of rats under deep
ether anaesthesia. The probe was introduced either into the kidney
or the liver, The probe was found to be unsatisfactory for use

on the kidneys due to the small size of the kidneys used (A number
of the rats were not fully grown) and a smaller probe needle would
be an improvement. In the liver the probe produced much more
reproduceable results although again a smaller probe would have been

much easier to use.

Where the probe was used a number of times in the same liver
readings were similar from site to site although bleeding due to
probe damage scon caused this to drop off. Temperature changes
did sometimes cause artifacts especially at death when the temperature
dropped rapidly to room temperature. The equipment at this stage
lnd a time from one temperature check to the next of about 40 Secs
and this was subsequently shortened to 16 secs to reduce artifacts

due to rapid temperature changes.

Results of these tests (Graph 7.11) show how the thermal
conductivity increment changes at death for a number of different
rats. According to Grayson's findings ether anaesthesia causes a

large reduction in flowrate through the liver.3

A single experiment subsequently produced results with more

spread which showed a large fluctuation in flowrate over a period
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of about six minutes with a similar final reduction of flowrate

at death.

Another experiment was performed on a pig where the probe was
placed in the kidney. Blood flow was stopped by occluding the
renal artery. Results were poor with only small changes of thermal
conductivity indicated by the flowmeter. Artifacts could be
introduced when a blower heater was used to warm the operating
table. (The experiment was carried out using the 40 sec. period
between temperature corrections, so this should be less of a
problem with the 16 sec period subsequently used.) Grayson also

reported worse results using his probe in the kidney. A rough
measurement of the blood flow through the renal artery at the end
of the experiment. was obtained by briefly bleeding the animal. The
indicated flowrate was found to be rather slow at about 75 ml/min.
This corresponds to a perfusion rate of about 1.1 ml/gm tissue
per minute. A practical problem encountered was that R.F. from
the cauterizing equipment caused small changes in the displayed

output.






73.
ACKNOWLEDGMENTS

The author would like to acknowledge :

Professor L. Besseling,
Department of Electrical Engineering,
University of Cape Town,

and

Dr. Rosemary Hickman,
Liver Research Unit,
' Department of Medicine,
Groote Schuur Hospital,
Cape Town,

for help and advice and

the Research Committee,
University of Cape Town,

for financial assistance.

Also my mother for typing
this manuscript.



2..

T4.

BIBLIOGR APHY

LYON, L.D. et al. Relationship of Myocardial Blood Flow and
Rb86 Clearance in the Left Atrium of Dogs.
Am. J. Physiol, 212 : 1512, 1967.

ROSS, P.S. et al.. The Measurement of Myocardial Blood Flow
in Animals and Man by Selective Injections of Radioactive
Inert Gas into the Coronary Arteries.

Circulation Research 15 : 28, 1964.

ANDERS BILL Studies of the Heated Thermocouple Principle
for Determinations of Blood Flow in Tissues.

Acta Physiol. Scand., 1962. 55.. 111-126,.

GRAF, K., GOLENHOFEN, K., and HENSEL, H. Fortlaufende
Registrierung der Leberdurchblutung mit der Warmeleitsonde.

Pflugers Arch. ges. Physiol. 1957. Bd 264. s 44-60.

KING, L.V. On the Convection of Heat from Small Cylinders in
a Stream of Fluid : Determination of the Convection Constants
of Small Platinum Wires with application to Hot! Wire Anemometry.

Phil. Trans. Roy. Soc. 563-570, 1914,

CHAMPAGNE and LUNDBERG Linearizer for Constant Temperature

Hot Wire Anemometer.

Rev. Sci. Instro. 37,7. 838-843. 1966..

ROSE, W.G.  Some Corrections to the Linearised Response of a
Constant Temperature Hot Wire Anemometer operated in a Low

Speed Flow.
ASME Symposium on Measurement in Unsteady Flow. Worc.Mass.1962.

KRAMERS, H. Heat Transfer from Spheres to Flowing Media.
Physica 12 No,2,3. 61-80. June, 1946.

GRAHN et al. Design and Evaluation of a New Linear Thermistor
Velocity Probe. .
J. App. Physiol. 24(2). 236-246. 1968,



10.

11.

12,

13.

14.

15.

16,

17..

18.

19.

75.

COLLIS, D.C. and WILLIAMS, M.J. Two-Dimensional Convection
from Heated Wires at Low Reynolds Numbers.
J. Fluid Mechanics 6. 357. 1959,

REIN, VON HERMANN Die Thermo-Stromuhr.
Zeit. fur Biol. Bd 87. 394-418. 1928,

REIN, VON HERMANN Die Thermo-~Stromuhr.
Zeit. fur Biol. B4 89. 195-201. 1929,

SCHMIDT and WALKER A Thermostromuhr operating on Storage
Battery Current.
Proc. Soc. for Exp. Biol. and Med. 33. 346-349. 1935..

BALDES, E.J. and HERRICK, J.F. A Thermostromuhr with
Direct Current Heater. .

Proc. Soc. for Exper. Biol. and Med. 37. 432. 1937.

GREGG,D. et al. Observations on the Accuracy of the
Thermostromuhr.

Am. J. Physiol. 136-250. 1942,

HERRICK, J.F. and BALDES, E.J. Experimental analysis of
Rein's Thermostromuhr for Small Flows with appendix
by Burton.

J. of App. Physics. 9. 1938.

BARCROFT, H, and LOUGHRIDGE, W.M. On the Accuracy of. the
Thermostromuhr Method for measuring Blood Flow.

J. Physiol. 93. 382-400. 1938,

FRONEK, A. and GANZ, V. Measurement of Flow in Single
Blood Vessels including Cardiac Output by Local Thermal
Dilution.
Circulation Res. 8. 175-182, 1960.

COTTON, L.T., and RICHARDS, J. The Measurement of Venous
Blood Flow by the Method of Local Thermal Dilution.
'Blood Flow through Organs and Tissues.' Editors :
Bain and Harper. Pub. Livingstone. 11-17. 1968.



76.

20. ROBERTS, V.C. An Analogue Computer for Thermal Dilution

Flow Measurement.

Med. and Biol. Engng. 7. 373-382., 1969,

21. BENNET, H.S. et al A Heated Thermocouple Flowmeter.
J. Clin Investigation 23. 200-208. 1944,

22, DELAUNOIS, A.L, Thermal Method for Continuous Blood-
Velocity Measurements in Large Blood Vessels and Cardiac
Output Determination.

‘Med. and Biol., Engng. 201-204. March, 1973.

23. DELAUNOIS, A.L. Continuous Measurement of Blood Flow
and Cardiac Qutput by means of a Cournand Catheter
equipped with Thermistors.

Arch. Int. Pharmacodyn. 134. 245. 1961.

24, JUHASZ, L. Hypodermic Flow Velocity Transducer.
Bio. Med. Eng. 2. 10. 442-445. October, 1967.

25. GIBBS, F.A. A Thermoelectric Blood Flow Recorder in the

form of a Needle.
Proc. Soc. Exp. Biol. (N.Y.) 31. 141-146. 1933.

26. MACHELLA, T.E. The Velocity of Blood Flow in Arteries in
Animals.
Am., J. Physiol. 115. 632. 1936.

27, MELLANDER, ST. and RUSHMER, R.F.  Venous Blood Flow
Recorded with an Isothermal Flowmeter.

Acta Physiol. Scand. 48. 13-19. 1960.

28. BELLHOUSE, B.J. and BELLHOUSE, F.H. Thin Film Gauges for
the Measurement of Velocity or Skin Friction in Air,
Water or Blood.
J. Sci. Instr. Series 2. 1. 1211-1213. 1968.



29.

30.

31..

32.

33.

34.

35.

36.

37.

7T,

GRAHN, A.R., PAUL, M.H., WESSEL, H.U. Design and Evaluation
of a New Linear Themmistor Velocity Probe.
J. App. Physiol. 24, 2. 236-246. 1968,

GRAHN, A.R., PAUL, M.H., WESSEL, H.U. A New Direction-
Sensitive Probe for Catheter-Tip Thermal Velocity
Measurements.

J. App. Physiol. 27. 3. 407-412. 1969.

HALE,J.F., MC DONALD, D.A,, and WORMERSLEY, J.R. Velocity

Profiles of Oscillating Arterial Flow with Some Calculations

of Viscous Drag and the Reynolds Number.
J. Physiol. 28. 629-640. 1955.

GREEN, H.D. Circulatory System : Physical Principles.
Glaser, 0. Medical Physics. The Year Book Publ. Ince.
Chicago. 1950. 2, 228-257.

GRAYSON, J. Internal Calorimetry in the Determination of
Thermal Conductivity and Blood Flow.
J. Physiol. 118. 54-72, 1952.

GRINDLAY, J.H. HERRICK, J.F., MANN, F.C. Measurement of the
Blood Flow c¢f the Liver.
Am. J. Physiol. 132, 489-496. 1941,

LINZELL, J.L. Internal Calorimetry in the Measurement of
Blood Flow with Heated Thermccouples.
J. Physiol. 121. 390-402. 1953.

SPELLS, K.E. The Thermal Conductivities of Some Biological

Fluids.
' Phys. Med..Biol. 5. 139. 1960.

BIRNIE, J.H. and GRAYSON, J. Observation on Temperature
Distribution and Liver Blood Flow in the Rat.
J. Physiol. 116. 189-201. 1952..



38.

39.

40..

41,

42.

43.

440

45.

46.

78.

NEWELL, J.C. and POWERS, S.R. Jr (Department of Surgery,
Albany Medical College, Albany, New York.)
Proc. 27th Annual Conference on Engineering in Medicine

and Biology Oct.,1974.

'SCHMIDT, C.F. PIERSON, J.C. The Intrinsic Regulation of +the

Blood Vessels of the Medulla Oblongata.
Am. J. Physiol, 108. 241-263, 1934.

STOW, R.W., and SCHIEVE, J.F¥. Measurement of Blood Flow in
Minute Volumes of Specific Tissues in Man,

J. App. Physiol. 14(2). 215-224. 1959,

LIPKINS, M.. and HARDY, J.D. Measurement of Some Thermal
Properties of Human Tissues.

J. App. Physiol. 7. 212-217. 1954.

FELDMANIS, C.J. Network Analogy Maps Heat Flow.
Electronics. McGraw Hill. 47. 10. 116-121. 1974.

HANCOCK, F.M., A Thermoelectric Probe for Tissue Blood-Flow
Measurement.
M.Sc. Thesis, University of Cape Town, 1973..
621, 3 Hanc.

HENSEL, H., RUEF, J., GOLENHOFEN, K. TFortlaufende
Registrierung der Muskeldurchblutung am Menschen mit
" einer Calorimetersonde.

Pflugers. Archiv. Bd 259. 5. 267-280. 1954.

KOPANIKY, D.R., GANN, D.S. A Miniature Thermoelectric Probe
for Tissue Blood Flow Measurement.
Proc. 24tﬂ Annual Conference of the Alliance for
Engineering in Medicine and Biology. 224. October, 1971,

SHAW, N.E. Observations on the Intramedullary Blood Flow
and Marrow-Pressure in Bone.

Clin. Sci., 24. 311-318. 1963.



47,

48,

49,

50.

79.

PERL, W., CUCINELL, S.A. Local blood flow in Human Leg
Muscle measured by a Transient Response Thermoelectric

Method.
Biophys. J. 5. 211-230., 1965.

POWERS, S.R. Jnr, ROE, G.M., CREEK, W. The relationship
between Regional Cerebral Blood Flow and Cerebral Function.

Surgery 61, 1. 74-82, 1967.

DOLAN, A.M.,LEE, S.J.X. A Pulsed Heated Thermistor
Perfusion Probe.
Proc. 24th Annual Conference of the Alliance for
Engineering in Medicine and Biology. P.224, 1971.

MOWBRAY, J.F. Measurement of Tissue Blood Flow using
Small Heated Thermocouple Needles.
J. App. Physiol. 14. 647-648. 1959.



REFERENCES ON THE USE OF THE DOPPLER FLOWMETER 80.

The following list lncludes all references of which we are aware thru June, 1973, If you have published
doppler flowmeter articles not included or know of ones which should be included, please notify us.

Vascular Disease
Clinical applications of a transcutaneous ultrasonic flow detector. JAMA Jan. 30, 1967 Vol. 199 No. 5 Strandness, et al.
Application of a transcutaneous doppler flowmeter in evaluation of occlusive arterial disease. Surgery, Gynecology & Obstetrics
May, 1966 pp. 1035-1045 Strandness, et al,

Ultrasonic flow detection, a useful techmc in the evaluation of peripheral vascular disease. Am. Jour, Surg. Vol. 113 pp.311-320
March 1967 Strandness, et al.

The ultrasonic velocity detector in a clinical study of venous disease. Archives of Surgery Vol, 97 July 1968 pp.75-80
Strandness, et al,

Ultrasonic Velocity Detector in the Diagnosis of Thrombobhlebifis. Strandness Jr. and Sumner. Archives of

Surgery, Vol. 104, pp. 180-183 Feb. 1972 i

Obtain reprints on the above from Dr. D.E. Strandness, Jr., U. of Wash. Med. School, Seattle, Wash. 98105

Two books by Dr. Strandness may be of interest to vascular surgeons. Both books contain diagnostic procedures utilizing the
mercury strain gage plethysmograph and the doppler. ''Collateral Circulation in Clinical Surgery" published by Saunders, and
"Peripheral Arterial Disease: a Physiological Approach" published by Little, Brown & Co. The latter includes a considerable
amount of material on diagnosis with the doppler ultrasound instrument. '

Diagnosis of venous disease by ultrasonic flow detection. Sigel, B. et al. Surg, Forum, 18:185-187, 1967

Comparison of clinical and doppler ultrasound evaluation of confirmed lower extremity venous disease. Surgery, July 1968
pp.332-338 Sigel, et al.

A doppler ultrasound method for diagnosing lower extremity venous disease. Surgery, Gynecology & Obstetrics Aug. 1968 p.339
Sigel, et al.

Evaluation of doppler ultrasound examination in diagnosis of lower extremity venous disease. Sigel, et al. A.M. A, Archives of
Surgery, May 1970, Vol. 100 pp.535-540.

Venous pulse wave propagation velocity in hemorrhage.- Felix, Sigel et al. Arch. Surg. 102:53-56, 1971

Diagnosis of lower limb venous thrombosis by Doppler ultrasound technique. Sigel, B, etal, Arch, Surg. (in prees) 1972

A method for assessing the circulatlon distal to a femoral artery. Surgery, Gynecology & Obstetrics Sept. 1969 Vol. 129, 538-544
Brockenbrough, et al. Reprint available from us or from our representatives in Europe.

Directional flow detection for localizing venous valvular incompetency. Surgery Jan. 1970 Vol. 67, No. 1, pp. 114-121
Drs. Folse & Alexander. Reprint available from us or from our representatives in Europe.

The influence of femoral vein dynamics on the development of varicose velns. Surgery, Dec. 1970 Vol.688, No.6, pp.974-979;
1004-1008 Folse. Reprint avajlable from us or from our representatives in Europe.

Lower limb venous dynamics in normal persons and children of patients with varicose veins. Surgery, Gymecology & Obstetrics
san., 1971 Vol. 132, 15-18. Drs. Reagan & Folse. Reprint available from us.

Pulse wave velocity in human veins. Nippa, Alexander, and Folse. J. of Applied Physiology, vol. 30, #4, April, 1971,

Use of the ultrasonic flowmeter (doppler) during vascular reconstruction. Missouri Med., June, 1970 pp.366~369 Drs. Keitzer,
Lichti, & DeWeese, Dept. of Surgery, U. of Missouri, Columbia, Mo. 65201

Atraumatic evaluation of peripheral vascular disease in older patients, Lichti et al, Univ, of Missouri, Columbia.

Geriatrics, Vol. 26, No. 11:80-85, Nov. 1971

Use of the Doppler Ultrasonic Flowmeter During Arterial Vascular Surgery. Keitzer, Lichti et al, University of

Missouri, Columbia, Missouri. Archives of Surgery, Vol. 105, pp. 307-312 Aug. 1972

The Doppler Ultrasonic Flowmeter. Report of Its Use for Diagnosis of Peripheral Vascular Disease in the Smaller

Community Hospital. Berry, M. D, and Lichti, Ph. D. The Ohio State Medical Journal, Vol. 69, No.1:23-26 Jan. 1973

The Doppler Ultrasonic Flowmeter. Lichti et al, University of Missouri, Columbia. Dialysias and Transplantation,

Vol. 2 # 3, pp. 33, 4647 April/May 1973

Sonic blood flow detector: its use In the diagnosis of peripheral vascular disorders, Parker, J,E. et al.

J. S. Carolina Med. Assn. 65:308-310, Sept, 1969

Veloclty in the femoral vein. The effcct of respiration exercise and tilt on blood velocity in the femoral vein as
detected by an ultrasonic technique. Makin, G.S. Angiologie 21:319-328, Sept, -Oct, 1969

Noninvasive measurcment of peripheral flow. Impedance cardiograph and ultrasonic Doppler flowmeter, Couch, N,.P. etal,
Arch, Surg, 102:435-439, May 1971



Value of the ultrasonic flow detector in the management of peripheral vascular diseasse. ‘Lavenson, Rich & Baugh.
The Amer, Journal of Surgery, 120:522-526, Oct. 1970

Clinical Recanalization of an Autogenous Vein Graft in the Popliteal Vein. Rich and Sullivan. The Journal of Trauma.
Vol. 12, No. 10, pp. 919-920 October 1972

Address for reprints: Norman M. Rich, M, D., LTC, MC, USA, Peripheral Vascular Surgery, Walter Reed General
Hogpital, Walter Reed Army Medical Center, Washington, D.C. 20012

The quantitative analysis of occlusive peripheral arterial disease by a non-intrusive ultrasonic technique. Gosling, Dunbar, et al.
Anglology, vol. 22, #1, Jan., 1971.

Clinical measurement of systolic pressures in limbs with arterial occlusive disease, JAMA, March 10, 1969 Vol, 207, No. 10
8, A. Carter, M.D. Reprint requests to 770 Bannatyne Ave., Winnipeg 3, Canada (Dr. Carter).

Diagnosis of deep vein thrombosis with an ultrasonic doppler technique. British Med. Journal Vol. 2, pp.802-804 June 28, 1969
Evans, D.S. & Cockett, F.B.

Ankle systolic pressure measurements in arterial disease affecting the lower extremities. British Jour. of Surgery, Vol. 56, No.9,
pp. 676-679, Sept. 1969 Yeo, et al.

Pulse examination by an ultrasonic method., British Medical Journal Nov. 30, 1968, 4, 555-557 Yao, et al.

Evaluation of occlusive arterial disease of the lower extremities by an ultrasonic flow detection technique. Scand J Thor Cardiovasc
surg 4: 60-64, 1970 Yao, et al.

Transcutaneous measurement of blood flow by ultrasound. Bio-Med. Engineering, Vol. 5 #5, (British) May, 1970 pp.230~233
S.T. Yao, et al.

Haemodynamic studies in peripheral arterial disease. British J. Surg. Vol, 57, No. 10 Oct. 1970 pp. 762~766 Yao

Frequency analysis of doppler-shift blood flow signals by a band-pass filter: preliminary report. (British) Bio-Med. Engineering
Sept. 1970 pp.438-442 Yao, et al.

Experience with the doppler ultrasound flow velocitj meter in peripheral vascular disease. Chapter 15 from Modern Trends in
Vascular Surgery 1 Published by Butterworths 'pp.281-309 Yao (British)

Detection of proximal-vein thrombosis by Doppler ultrasound flow detection method, Yao, Gourmos & Hobbs,
The Lancet, Jan 1, 1972, pp. 1-4

New Techniques in Objective Arterial Evaluation. James S, T. Yao, M. D., Ph.D. Archives of Surgery, Vol. 108,
pp. 600-604. April 1973

The evaluation of an ultrasonic flow detector for the assessment of peripheral vascular disease. Cardiovascular Research (British)
Vol. 3, No. 4, pp.503-509 Oct. 1969 J.S. Allan and H.J. Terry Dept. of Med. Electronics, St. Bartholomew's Hospital,
London E. C.1, England

The value of the ultrasonic flowmeter in the dlagnosis of arterial diseases. Balas, Segditlas & Koutsopoulos,
Anglology, 21:451-461, July 1970

Peripheral hemodynamics in patients with coarctation, normotensive and hypertensive ar.eriosclerosis obliterans of
the lower limbs. Bollinger, Mahler & Gruentzig. Anglology, Vol, 22, No, 6:354-363, June 1971

The Reliability of True Half-Relaxation Time (TRT) and Maximal Contraction Force (Tmax) of the Calf Muscles in
Intermittent Claudication. Gruentzig, Schlumpf and Bollinger. Angiology, Vol. 23, No. 7, pp.~377-391 July/Aug. 1972

Cardiology

Telemetry of arterial flow in man with a doppler ultrasonic flowmeter. Am. Jour. of Cardiology Vol.22, July 1968 pp.75-84
A. Benchimol, M.D. et al

Continuous measurements of arterial flow in man during atrial and ventricular arrhythmias. Am. Jour. of Med. Vol. 46, no.1
Jan. 1969 pp. 52-63 A, Benchimol, M.D. et al

Aortic flow velocity in man during cardiac arrhythmias measured with the Doppler catheter-flowmeter system,
Benchimol, A, etal. Am, Heart J, 78:619-659, Nov. 1969

Transcutaneous measurement of arterial flow velocity with a doppler flowmeter in normal subjects and in paticnts with cardiac
dysfunction. Chest, Vol. 57, Jan. 1970 pp.69-78 A, Benchimol, M.D. et al °

Right atrium and superior vena cava flow velocity in man measured with the doppler-catheter flowmeter~telemetry system.
American Journal of Med., March 1970 pp.303-309 “A. Benchimol, M.D. et al

Right atrial flow velocity in patients with atrial septal defect. Am. Jour. of Cardiology, Vol. 25 April 1970 pp. 381-386
A. Benchimol, M.D. et al

Radiotelemetry of phasic right ventricular blood velocity in man. Am. Jour.of Cardiology.Vol. 25, June 1970 pp. 649-654
A. Benchimol, M.D. et al

New method to measure phasic coronary blood vclocity in man. Benchhﬁol. A, etal, Am. HeartJ, 81:93-101, Jan. 1971

Superior Mesenteric Artery Blood Velocity in Man During Cardiac Arrhythmias. Benchimol, Desser and Gartlan Jr.
Gastroenterology, Vol. 62, No. 5, pp. 950-957 , 1972 )

Effects of Amyl Nitrite on Coronary Arterial Bloodflow Velocity in Man. Benchimol. Journal of Cardiology,
Vol. 30, page 327 Scpt. 1972

Address for reprints: A. Benchimol, M.D., Good Samaritan Hospital, 1033 E. McDowell Rd. Phoenix, Ariz. 85002
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Ultrasonic doppler auscultation of the heart with observations on atrial flutter and fibrillation. Jour. Am. Med. Vol.204, pp.438-443
May 6, 1968 Denis Abelson, M.D.

Transcutaneous directional flow detection: a preliminary report. American Heart Journal Vol. 78, No. 1 pp.65-74 July, 1969
Strandness, et al.

The use of the Doppler ultrasonic flowmeter during myocardial revascularization, Lichti, Elkadi & Almond,
The Journal of the Oklahoma State Med. Assoc, Jan, 1971, pp. 7-9.

Cardiac massage efficacy monitored by doppler ultrasonic flowmeter. A preliminary report. Lichti, Willets, et al. Missouri
Medicine, pp. 317-320, May, 1971. ’

Evaluation of aorto-coronary bypass grafts with the Doppler ultrasonic flowmeter. Elkadi, Lichti et al. .
Missouri Med. (in press) 1971

Diagnosis of hypertrophic subaortic stenosis with a Doppler velocity flow detector. Joyner, C.R. et al.
Ann, Intern, Med. 74:692-696, May 1971

Directional Transcutaneous Assessment of venous inflow. Alexander, Nippa & Folse. Amer. Heart Journal, July 1971, pg. 86

Surgery

Doppler shifted ultrasound history and applications in clinical medicine. Minnesota Med., March 1969 Vol. 52, pp.503-506
Lt. Col. W.T. Kemmerer, et al. For reprint write to Lt. Col. W.T. Kemmerer, Wilford Hall USAF Hospital, Lackland AFB, Tex.

The ultrasonic velocity detector for determining vascular patency in renal homografts. Transplantation, Vol, 8, No. 3 pp.296-298
Sept. 1969 Strandness, et al.

Ultrasonic flow detector value in combat vascular injuries. Lavenson, Rich & Strandness. Arch. Surg., Vol, 103,
pp. 644-647, November 1971

A doppler ultrasound method for distinguishing laminar from turbulent flow. Sigel, et al. Jour. Surg. Res. Jan. 1970

Use of ultrasound transducer (doppler) to localize peripheral arteriovenous fistulae. Plastic & Reconstructive Surgery, Aug. 1970
pp.151-154 Drs. Bingham & Lichti

Use of an ultrasonic flowmeter (Doppler) in diagnosis and treatment of a brachial artery occlusion. Lichti, Terry, and Ragland.
Migsouri Medicine, pp. 738~739, Oct., 1970,

Preoperative and postoperative evaluation of the cannulation site in patients undergoing open-heart surgery. The use of
the Doppler ultrasonic flowmeter, Elkadi, Lichtig et al. J. of Thoracic & Cardiovascular Surg, Vol, 61, No,5:739-745, May 1971

The Doppler as an aid in predicting the behavior of congenital cutaneous Hemangioma., Bingham and Lichti,
Plastic & Reconstructive Surgery, Vol. 47, No, 6:580-583, June 1971

Diagnosis and localization of acute vascular injury by ultrasonic doppler, Henzel, Lichti, De Weese. The Southern Medical
Journal, Vol.64, No, 7:882-888, July 1971

Application of the doppler ultrasonic flowmeter in the surgical treatment of arteriovenous fistula. Stephenson and Lichti.
The American Surgeon, Vol. 37, No,9:537-538, Sept, 1971

Doppler: A diagnostic and operative adjunct for arteriovenous malformation. Keitzer and Lichtf. Missouri Medicine
pp. 851-853, Nov. 1971

“>mporal artery arteriovenous malformation: Diagnostic workup and surgical monitoring with a Doppler ultrasonic
flowmeter, Keitzer and Lichti. Missouri Med., Vol. 68, No, 11:851-853, Nov, 1971

The doppler ultrasonic flowmeter in the management of the dialysis arteriovenous fistula. Stephenson
Arch. Surg., Vol. 103, page 774, December 1971

Arteriovenous malformations of the anterior mandibular gingiva. Danielson, Lichti et al. Oral Surgery, Oral Medicine,
and Oral Pathology (in press) 1971

Use of ultrasonic blood flowmeter at surgery to determine the effectiveness of vascular grafts. Michie and Schultz. Clin. Res.,
17: 254, 1969,

Effects of hematocrit upon the shift in doppler freauency. Michie and Cain, Proc. Soc. Exp. Biol. and Med.
Vol, 138, No, 3:768-772, December 1971

Application of Doppler's effect in evaluating arterial patency; Frederick, W.C, et al. New York J. Med. 69:1999-2002, July 1969
Non-injurious ultrasonic technique for observing flow in the human aorta, Light, L.H, Nature (London) 224:1119-1121, Dec. 1969

Experimental and clinical experience with transcutaneous doppler ultrasonic flowmeters. Berstein, E.F. et al.
Arch, Surg, (Chicago) 101:21-25, July 1970

Ultrasonic doppler methods in blood flow studies. Trotman, R.E. Biomed. Eng. 5:453-454, Sept. 1970
Use of doppler ultrasonic flowmeter for angiography. Kobayashi, S. et al, Mayo Clin. Proc. 45:720-723, Oct, 1970

Simultancous comparison and calibration of the Doppler and electromagnetic flowmeters, Vatner, S.F. et al.
J. of Applicd Physiology 29:907-910, Dec. 1970



A comparative study of electromagnetic and ultrasonic flow measurements. Lewis, J.D. etal. Br. J. Surg. 58:306-307, April 1971
Ultrasonic bloed flow measurement in haemodialysis. British Med. Journal, pp. 340-341 Feb. 7, 1970 D. Sampson, B.S.C. et al.
Ultrasonic method for detecting rejection of human renal allotrénsplants. The Lancet, Nov. 8, 1969 pp. 976-978, D. Sampson

Transcutaneous measurement of arterial blood-velocity by ultrasound. Gosling, et al., Ultrasonics for industry 1969 conference
papers pp.16-23 Dept. of Physics, Guy's Hospital Med. School London, S.E.1, England

The ultrasonic blood velocity detector as an aid to arteriography. James & Galloway. British Journal of Radiology,
Vol. 44, pp. 743-746, October 1971

Neurosurgery

Screening for the prevention of stroke: use of a doppler flowmeter. E.C. Brockenbrough, M.D, Booklet available from us or from
our representatives in Europe at no charge.

Detection of carotid artery bifurcation stenosis by doppler ultrasound. J. Neurosurg., Vol. 29, Aug. 1968 pp. 143-148
R.A. Brinker,M.D., et al. St. Vincent's Hospital, 153 W. 11th St., N.Y. N.Y. 10011

Ophthalmosonometry. An ultrasonic method for assessing carotid biood flow. Journal of Neurosurgery, Vol. XXX, Part I, No.3,
pp. 238-246 March, 1969 J.C. Maroon, M.D., Div. of Neurological Surgery, Indiana U. Med. Ctr., Indianapolis, Ind.

Internal carotid artery occlusion diagnosed by doppler ultrasound. Stroke, Vol. 1, March~April 1970, pp. 122-127. J.C.Maroon, M.D.

Accuracy of transcutaneous Doppler ultrasonics in evaluating extracranial vascular disease. Brisman, R. et al.
Journal of Neurosurgery, Vol.32:529-533, May 1970

The detection of carotid artery obstruction: A correlation with arteriography. Gary Wise, M, D. et al. Stroke, Vol.2
pp. 105-113, March-April 1971

Stroke on the Wrong Side. Use of the Doppler Ophthalmic Test in Cerebral Vascular Screening. Machleder, M. D,
and Barker, M. D, Archives of Surgery, Vol. 105, pp. 943-947 Dec. 1972

Microbubble Detection

Detection of minute venous air emboli with ultrasound. Surgery, Gymecology & Obstetrics pp.1236-1238, Dec. 1968 Maroon, et al.
J.C. Maroon, M.D. Dept. of Surgery, Div. of Neurological Surgery, Indiana U, Med. Ctr. Indianapolis, Ind.

" Alr embolism diagnosed with ultrasound. British Jour. of Anaesthesia, Vol.24, No.3, pp. 438-440, July 1969 J. Edmonds-Seal, MB,
Nuffield Dept. of Anaesthetics, United Oxford Hospitals, England and J.C. Maroon, M,D.

In vivo detection of circulating gas emboll associated with decompression sickness using the doppler flowmeter. Nature (British)

Vol. 219, No. 5132, pp. 965-967 March 9, 1968 Gillis, et al.

Detection of gas emboli associated with decompression using the doppler flowmeter. Journal of Occupational Medicine Vol, I No.5
May 1969 Gillis, et al.

Reprints on the above two from M.F. Gillis, D.V.M. Battelle Northwest, Battelle Memorial Institute, P.O. Box 999, Richland, Wn.
The use of ultrasonics in the determination of arterial aeroembolism during open-heart surgery. Thoracic Surgery Vol. 8, No. 6
Dec. 1969 pp. 489497 Spencer, et al.

Development of bubbles in venous and érterial blood during hyperbaric decompression. Bulletin of the Mason Clinie, Vol. 22, No.{l
March, 1968 M.P. Spencer, M.D.

Experiments on decompression bubbles in the circulation using ultrasonic and electromagnetic flowmeters. Jour. Occupational Med.,
11:238-244, May 1969 Spencer, et al. Virginia Mason Research Ctr., 1000 Seneca St. Seattle, Wash. 98101

A doppler flowmeter for detecting air and other emboli, incorporating a simple method of screening against interference.
Carden, E. et al. Anesthesiology 33:551-552, November 1970

Microparticle detection during cardiopulmonary bypass, Simmons, Lichti, Elkadi, Sauer and Almond.
Circulation XLII (4) Supplement III, October 1970

Detection of microparticles during cardiopulmonary bypass by use of electronic devices. Simmons, E. et al.
Mechanical Devices for Cardiopulmonary Assistance, Advances in Cardiology, Vol.6, April 1971

Detection of microemboli during cardiopulmonary bypass. Lichti, E.L. etal. Surgery, Gynecology, and Obstetrics
(in press) 1972 :

Comparison of microparticles produced when different oxygenators are compared. Simmons, E. et al. Journal of
Thoracic and Cardiovascular Surgery (in press) 1972

Effective mensures in the prevention of intraoperative aeroembolus. G, Hugh Lawrence et al, Journal of Thoracic
and Cardlovascular Surgery, St. Louis Vol.62, No,5:731-735, November 1971

Detection of circulating bubbles in the intact mammal. (British) Ultrasonics Oct. 1970 Evans & Walder
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