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One of us has previously described the method of recording flow resitance (vascular tone) by stabilizing the
flow rate with a special perfusion pump, and the necessary conditions which this apparatus is required 1o fulfilhave
been reviewed {1}

In transferring blood from the proximal to the distal end of the cut artery supplying the region being invest-
gated, the pump is required to maintain a constant minute volume which is independent both of the arterial pres-
sure at the input of the pump and of the tone of the perfused vessels. The perfusion pressure recorded at the out-
put of the pump is then a function of flow resistance, and may be taken as an index of vascular tone,

It is important that the pump should be made to reproduce the physical characteristics of normal blood flow
without causing any change in physiological composition which might react on the blood vessels. This means that
trauma to the blood must be reduced to a minimum, that the flow must be pulsating, and that the initial values
of the average and pulse perfusion pressures should approximate the normal values for these quantities in the pard-
cular animal investigated.

“The PN-2 perfusion pump described below {Figs. 1a and 1b)* has been specially designed to record vascular
tone, and consists of three main portions: the drive to the pump A, the working head of the pump B, and the re-
cording mercury manometer C; these are connected hydraulically and electrically,

We will now consider one ¢omplete working cycle of the pump,

Blood from the central end of the artery passes along pipe 1 through the input chamber 2 {“auricle®) to enter
the thin-walled palyethylene pipe 3 (“ventricle ") which is placed inside the working head. The chamber 4 of the
working head is made of transparent plastic filled with water, and is connected by pipe 5 with piston pump 6 of
the input. Valves Ta and 7b are eleétromagnetic relays operated from pulses generated by a cam through con-
tacts 82 and 8b which in turn are closed by the eccentric wheel 10 turned by pinion 9. The armatures of the e~
lays can close the shoit rubber tubes completely.

Suppose valve Ta (Fig. 1a) s open, so that blood Is free to flow into tube 3, due to the sucking action of the
piston in cylinder 11. Valve Tb is closed and prevenss blood flowing from tube 3 to the peripheral end of the ar-
tery and so to the perfused organ. As soon as piston 6 (operated by cam 12 and lever system 13) reaches the end
of its travel, contact 8a closes and valve 7a closes sharply, thus cutting off the perfused artery from the rest of the
apparatus.. Almost immediately afterwards, contact 8b breaks, valve 7b opens, and as piston 6 moves downwards
{r pushes water into the chamber of the working head, causing blood to move along tube 14 into the vessels (see

* Engineers N. M. Bardier and L. 1. Berger helped in the construction and design of the apparams.
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Fig. 1b). When the plston reaches the lower end of fts travel, valve 7b closes sharply, then valve Ta opens, and the
plston begins to more upwards, causing a further supply of fresh blood to be sucked in, etc. The cycle now repeats.

Fig. 1a. Diagram of apparatus PN~2 in the positfon of ‘diastole'.
A) Drlve unit; B) working head;. C) recording mercury manometer.

Fig. 1b. Diagram of apparatus PN-2 in the positon of "systole®,

Correct phasing of the piston and valve action is ensured by a control of the contact mechanism (not shown
in Figs. 1a and 1b), which allows the time of opening and shutting of each valve and their operating periods to
be adjusted both relative to each other and to the phase of the piston,

Thus during each cycle, a certain volume of blood, corresponding fdeally to the difference In vclume of
tube 3 in the initfal and in the compressed conditlon, passes from the imput to the cutput of the pump, f.e. from
the central to the peripheral end of the artery. The resulting perfusion pressure is recorded by the mercury maa=
ometer 135, and Is determined by the ratio of the conductivity (or resistance) of the vessels to the minute volume.
If the vessels contract, some of the blood enters the manometer causing an lncrease of perfusioa pressure so that

" fr 1s possible to maintaln the original minute volume through the contracted vessels. On the other hand, if the
. vessels dilate blood passes from the manometer so that the same minute volume {s malntained under a smaller
pressure. Changes {n the perfusion pressure are proportional to the change In reslstance (tone) of the vessels.
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Chamber 18, which cortesponds to the aorta, {s fncluded to reduce the pulse pressure varfatfons; fthas s
capacity of about 15-20 ml and s partly filled with afr; fts volume determines the extent to which the pressure
variations are damped out,

The cylinder and piston are those of an ordinary Injection syringe. Preliminary coarse adjustments are made
for syringes of 1, 2 or 5 ml according to the organ to be perfused. Fine regulation within a range of 1 3 10 {s effected
by moving the pivot 17 by the screwed rod 18. This gives continuous varlation of piston travel with comesponding
control aver the degree of compression of tube 3 In the working head, and thus gives control of stroke volume which
iy {nd{cated on scale 19,

‘The output per minute s equal to the product of the stroke volume and the pulsadon frequency. The re~
duction gear to the crank allows the frequency of the pulsation pressure to be set at 90, 120, 150, 180, 240 or 300
per minute. Efther the stroke volume or the pulsation frequency may be changed while the pump is working, with=
out stopping ft.

Fig. 2. Electrical clrcuit of apparatus PN-2.

A particular feature of this {nstrument is that the ocutput is Independent both of cﬁanges in the anterlal pres-
sure at the input to the pump, and of changes in resistance in the outflow. This is due partly to the use of external
valves, and partly to the rigldity of the hydraullc system. The positively operated extemal valves are free from
the defect of the intemal self operated type, of allowing leakage of blood through them. The use of electromagne-
tic relays is particularly effective; the small mass of the armature results in a complete and rapid action at high
pulsation frequencies, and independent adjustment eliminates any leakage. The hydraulic system consists of
a completely rigld cylinder with its piston and the compartment 4, The wall of the {luid duct is made of semi-
transparent chlorvinyl tbing, made rigid by treatment with ether, which dissolves out the plasticizing substances.
The alr contained by the water In the system Is removed by boiling, and a layer of vaseline Is poured over the
piston to prevent its entrance through the cylinder. The wansparency of the cylindet, connecting tube and work=~
ing head affords a complete check on the absence of air bubbles.

The only parts which are not rigld are the rubber connections under the relay armatures. However these are
short and for most of their length are covered extemally by metal sleeves. It must be noted that the walls of these
connections show no wear after several dozen experiments lasting many hours.

To avoid the effect of fluctuation of the line voltage, a DVA-U4 electric motor with a large excvess} of power
fs used, and this maintains a constant rate of revolution when the line voltage falls. The latter Is monftored by 2
voltmeter mounted on the drive assembly.

Tests showed that the pump produced very nearly the required constant output. A sharp jump In the input
pressure of 150-180 mm of mercury caused only a 2-3% change in the output, which was therefore almost Inde-
pendent of variations {n the arterial pressure of the animal. If the resistance to the output changed by an amount
equivalent to a jump in input pressure from 10 to 250 mm of mercury, the output over the whale of the regulated
range dld not change by more than 2-3 %,
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To avold the ejectionof ineccury from the manometer through excessive increase in perfusion pressure, the
motor was. connected to the reduction gear through an electromagnetic clutch connected via contacts 20 of the
recording manometer (see Fig. 1a and 1b). When the perfusfon pressure exceeds 300 mm, the mercury column
moves, and so opens the contact, thus causing the pump to stop and both valves to open,

The electrical circuit {s shown {n Fig. 2 and operates as follows. When contacts Sg ("start™) are closed,
the malns voltage Is supplied to the primary winding of the transformer Tr and to the motor M. The voltage of
the secondary winding s applied through the normally closed contacts of the switch $2 and the mercury manometez
MM to the selenium rectifier SR, the output from which s applied to the electromagnetic clutch EC, The laner,
when ft operates, holds itself by closing contacts KB on switch S1,

The clutch EC and motor M continue to operate until contacts KB are again opened. This occurs when the
stop switch S2 is opened manually or when the manometer contacts are broken. The pump stops almost instani-
aneously since the clutch EC makes a mechanical break in the cam drive to the piston from the motor M, which
has considerable {nertla, At the same time the primary of the transformer is open-circuited, so that curent no
longer flows from the rectifier through contacts K1 and K2 on the drum to the electrically operated valves R1 and
R2, which therefore open.

c - A

Fig. 3. General view of apparatus PN-2 (semi-diagrammatic).
A, B, and C as in Fig. la.

All the mechanical and electzical compenents of the drive assembly (Fig. 3A) ate mounted in a vertical
housing. To ensure maximum accessibility, the cam and contact mechanism are built onto a removable unit at~
tached to the front wall of the housing, and enclesed by a covering of transparent plastic.

Building the apparatus in separate units allows the working head to be brought right up to the blood vessel,
and thus reduces the volume of blood outside the body 1o as little as 6-8 ml. Therefore the blood spends a com=
paratively short time in the artificial circult, and thete is no need to make provision for maintaining the tempe=~
rature. It was shows that with a flow rate of 20~25 ml/ minute the temperature does not fall by more than 0.5-1°C.

Before the experiment, the wbes which will contain blood are filled with warm physiological saline. After
fnfecting heparin and inserting the canulae into the appropriate vessels the valves of the pump are opened. The
saline is replaced by blcod. The manometer 15 (see Fig. 3, C and Fig. 1a) records the collateral arterial pressure
(with the pump disconnected from the drive). An appropriate pulsation frequency is chosen by engaging a suftable
gear ratio, and the indicator on scale 19 is set to the required stroke volume.

After the pump has been switched on by pressing the ®start® button, the output is gradually increased by um-=
fng the wheel on the control thread 18 until the average perfusion pressure is as nearly as possible equal to the pre-
viously recorded arterial pressure. The output per minute for the given perfusion pressure is then given by the pro-
duct of the pulsation frequency and the readings shown on scale 19, If necessary, the amplitude of pulsation of
the perfusion pressuse can be regulated by changing the amount of air in the damping chamber 16,

After the experiment all the parts comtaining blood are washed out, flrst with water, then with sodium hy«
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droxide, and finally with water again, Before the next experiment, phystologlcal sallne Is passed through the
apparatus for 10-15 minutes. If necessary the apparatus may be sterilized chemically by passing alcohol etc. through
ft. It Is not necessary to filter the blood before it entersthe vessels of the perfused organ. 1In an experiment last-
ing 4-7 hours, a single injection of 7.5-10 mg/ kg of heparin (activity approx. 100 unts per mg) is suffictent,

Many tests and experiments have shown that the apparatus described here satisfies the requirements for measuz-
ing Now resistance (vascular tone) outlined at the beginning of this article.

I the pump s used for other purposes, fts action may be smoothed by Introducing the required amount of afr
Anto the working head, ’

SUMMARY

A pump was designed for measurement of the resistance (tone) of vessels by the method of perfuston, by way
of the stable minute blood volume, taken from the animal undergoing the measurement (autoperfusion), or from

a donor. The pump maintains a stable output,

The pump provides the pulsation of perfusion pressure with the frequency of 90, 120, 150, 180, 240 and 300
per minute. When perfusion pressure is more than 300 Hg the pump automatically stops,

The apparatus consists of three separate unirs; the drive, the removable working head and the resistering
mercury manometer.

This is attained by: a) ensuting rigidity of the hydraulic drive, and b) using distantly controlled external
electromagnetic valves with a range of output regulation of from 3 to 120 ml per minute. The volume of blood
contained in the pump is 6 to 8 ml.
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