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Summary    A practical system for measurement and radiotelemetry of blood pressure,
blood flow and ventricular diameter in conscious, normal animals has been developed
and is in routine usage in studies of normal and pathological cardiovascular responses to
such perturbations as exercise. The general features of the system, the system
specifications and the system limitations and applications are summarized.

Introduction    A major fraction of our knowledge of human cardiovascular physiology
is derived from animal models with the assumption that knowledge so derived is
applicable to humans. For example, a basic cardiovascular control mechanism identified
by experiments in dogs is assumed to have its counterpart in the human cardiovascular
system. Indeed, it is rare when results from animal experiments are totally inapplicable to
humans. However, most commonly such experiments are conducted using anesthetized
animals or excised tissue. While such experiments reveal mechanisms by which the
cardiovascular system is controlled, they do not confirm the extent to which so identified
mechanisms are drawn into play in the intact, unanesthetized mammal. For example, a
potent neural mechanism capable of reducing kidney blood flow to zero, has been
repeatedly identified in anesthetized animal preparations. This mechanism traditionally
has been believed to reduce blood flow to the kidney during conditions of stress such as
extreme exercise in the normal animal, i.e., blood flow was. thought to be shunted from
the kidney to pro vide a part of the additional flow required by the exercising muscle.
Recent work using direct measurements of renal blood flow during extreme exercise in
animals has demonstrated that flow to the kidney does not de crease during exercise
except under the most unusual (and probably pathological) circumstances. It is clear that
hypotheses regarding cardiovascular function and control must be ultimately tested in
normal, conscious animals with all control mechanisms intact and under as nearly normal



conditions as possible. To this end we have developed an instrumentation system
suitable for measurement and radiotelemetry of fundamental cardiovascular mechanical
variables in normal animals undergoing spontaneous activities.

The system consists of instruments for measurements of ventricular or aortic pressure, an
instrument for measurement of regional blood flows and an instrument for measurement
of ventricular or aortic dimensions.

The transducers for each of the instruments are implanted using sterile surgical
techniques and complete surgical anesthesia. Two to six weeks after the implantation of
the transducers the animal is well recovered and the experiments are conducted. The
instruments are mounted in a canvas saddlebag carried on the back of the animal. The
signals from each of the instruments are transmitted from the animal using a low power
FM/FM system.

Pressure    Pressure is measured using a miniature (6 mm disc, 2 mm thick) pressure
gauge implanted within the ventricle or the aorta. The gauge is a diaphragm type gauge
referenced against a vacuum. A full silicon bridge is fixed to the back of the titanium
diaphragm. The gauge is powered with a battery coupled through a temperature
compensation resistive network, and a voltage regulator. The output of the gauge is
nominally 30 mv/300 mm Hg. , and is amplified to drive a voltage controlled oscillator.

Flow    Blood flow is measured using the ultrasonic Doppler shift blood flowmeter. This
instrument measures the frequency shift of 10 MHz sound back scattered from the red
cells of the moving blood. The frequency shift of the sound is related to blood velocity in
accordance with the Doppler equation. A cylindrical plastic cuff holding two
piezoelectric crystals in contact with the blood vessel wall is clamped around the blood
vessel at surgery. The 10 MHz sound is coupled from one crystal through the blood
vessel wall into the blood stream where it is scattered by the red cells. A fraction of the
back scattered sound is sensed by the second crystal. The resultant signal is heterodymed
with the projected signal and the difference frequency signal is extracted. This
audiofrequency signal varies from zero to nominally 15 kHz as the blood velocity varies
from 0-15-cm/sec.

Ventricular Dimensions    The time required for sound to traverse the minor axis of the
left ventricle is taken as a measure of external ventricular diameter. At surgery, two small
piezoelectric crystals are sutured opposing each other on the outside of the left ventricle.
One crystal is shock excited with a 0.2 Fsec pulse at a 1 kHz repetition rate. The
resultant sound pulse traverses the ventricle at a rate approximately 1.5 mm/Fsec
typically requiring 50 Fsec to travel across the left ventricle. The sonic pulse is sensed by 



the second crystal and a voltage proportional to the transit time is developed. This
voltage is amplified to drive a voltage control oscillator.

Subcarriers    A standard FM multiplex system is employed. Since the output of the
flowmeter is already a wide band frequency modulated signal (0-15 kHz), a separate
subcarrier for blood flow transmission is not required. The pressure and diameter analog
signals are amplified to drive two low power, mv subcarrier oscillators on IRIG
frequencies. The lowest subcarrier oscillator frequency is selected to be well above the
highest frequency contained in the flow signal.

FM Telemetry Transmitter    The low power FM transmitter operates at nominally 108
MHz for short range (100 meters) transmission and at nominally 432 MHz for line of
sight transmission. Transmission range is primarily a function of radiation efficiency
with an antenna of a size suitable for carrying on the back of the animal, i.e., a 6-8 in
vertical. The transmitter consists of a Varicap modulated 54 MHz oscillator, the output
of which is multiplied to the desired frequency, and amplified. The output of the
telemetry transmitter is coupled to a shortened, base-loaded vertical stub for 108 MHz
operation and to a quarter wave length vertical for 432 MHz operation.

Receiving Stations    A large part of our work involved a study of the cardiovascular
response to extreme exercise in dogs. We have found that an effective way to motivate a
dog to run maximally is to take him into an isolated area in the country, drop him off,
and drive away; the dog most usually attempts to catch the bus. Radio receiving and
recording equipment is mounted within the vehicle. The equipment in the van consists of
an appropriate receiving antenna, a Heathkit AJ-15 FM receiver with the deemphasis
circuit bypassed and Airpax FDS-30 discriminators for demodulation of the pressure and
dimension signals. When 440 MHz is used a Parks Electronic Lab. , model 432-1 432
MHz to 105 MHz converter and receiving antenna are used. The wide band FM flow
signal is tape recorded on a direct record channel and the demodulated pressure and
diameter signals are recorded on FM channels. At a later time, the primary data are
played back on a direct writing recorder along with derived variables, i. e. , rate of
change of pressure, myocardial “velocity”, average flow, myocardial power and work,
and heart rate. Such records are analyzed to determine the cardiovascular response to
exercise in the normal animal and this is contrasted with the cardiovascular response to
exercise in the same animal in which a selected pathological process has been induced,
e.g., congestive heart failure.

Specifications    The design goals for the system involved measurement and
radiotelemetry of pressure, flow and dimensions from large animals (dogs, baboons,
giraffes) with an accuracy and stability adequate for the experiments being conducted,
i.e., studies of the gross mechanical responses of the cardiovascular system to such



perturbations as exercise. The transducing sensors had to withstand implantation within
the animal for periods of time sufficiently long to allow complete recovery of the animal
from the surgical procedure. The size and weight of the electronics pack had to be such
that the system could be carried in a harness on the back of the animal.

A design goal of at least 10 hours of continuous operation with a reasonable battery pack
dictated the power consumption limitations. Temperature sensitivity was an important
factor since the experiments involved studies of animals sleeping in their outside
enclosures at night as well as exercise studies during the daytime, i.e., these studies were
not conducted in a constant temperature environment. The measured specifications on
the systems which currently are in use are as follows:

Left Ventricular Diameter - Pressure Telemetry System

Size: Two boxes plus antenna-shield. Total volume 41 in3. 
Weight - with batteries and animal pack 5 lbs.
Power consumption: 700 mw (operating time 10 hours).
Temperature Range: +10 to +40 EC.
Pressure Range: 0 to 300 mm Hg (Drift, +0.3 mm Hg per EC.)
Diameter Range: ±7. 5 mm about any average ventricular diameter from 20 to 80 mm.
Diameter Error: (0. 03 mm/EC) (with use of built-in calibrator derived from crystal clock
this error is reduced to negligible proportions.
Diamter resolution: less than ±25 ns or ±0.04 mm.

In use, the instruments carried in a harness on the animal’s back are packed in foam
rubber and allowed to temperature stabilize prior to the start of experiments in order to
further minimize temperature-induced drifts.

Aortic Pressure, Regional Flow Telemetry System. 

Size:  One box plus antenna-shield. Total volume 21 in3.
Weight: with batteries and animal pack 1.5 lbs.
Power consumption: 500 mw (operating time 50 hours).
Temperature Range: +10 to +40EC.
Pressure Range: 0 to 300 mm Hg (Drift, +0. 3 mm Hg per EC.
Flow range nominally 0 to 150 cm/sec. blood velocity. (See discussion under
Limitations)
Flow Drift: The Doppler system for measuring blood velocity is inherently free of drift,
i.e., zero frequency difference is an accurate indication of zero velocity.
Carrier stability: better than ± 1 MHz over the indicated temperature range.



The frequency response of the instruments are purposely limited to pass 0-100 Hz by
filtering.

Limitations    This system has proven adequate for short term experiments following a
long term of recovery from the implantation of the transducers. Still, this system has a
number of limitations. While the short term stability of the pressure transducers is
excellent, the long term stability of currently available transducers has been found to be
unpredictable at the time of purchase. Zero drift in a small number of the gauges has
been found to be negligible, i.e., less than 5 mm Hg/month. A similar small fraction of
the transducers have been found to drift as much as 60% of full scale per month.
Typically, the transducers have been found to drift at the rate of 15-25 mm Hg/month in
vivo. The in vivo drift rate is different from the shelf drift rate. From this it is clear that a
calibration against a direct measurement of arterial pressure using a catheter is essential
for accurate pressure measurement. We typically calibrate the pressure measuring and
telemetry system at the end of each crucial experiment. Since most of the gauges drift in
a constant manner, extrapolation between two direct calibration points appears to be a
reasonable approach where the experiment requires a considerable time between
calibration, e.g., two weeks in a freely roaming baboon. In brief, these gauges represent
what is probably the best compromise available among the criteria of stability, size
suitable for implantation and durability in the harsh implantation environment. Where
small variations in pressure are to be measured over an extended period of time, repeated
in vivo calibrations are crucial to accurate measurement.

The method selected for blood flow measurement also represents a compromise among a
number of criteria. There are a number of features of the approach which make it
extremely attractive for measurement and radiotelemetry of blood flow in long term
animal experiments. The approach is inherently stable since zero frequency output
mimics zero flow condition; the zero flow level can be established electronically without
the necessity of actual occlusion of the blood vessel. The transducers are extremely
lightweight, durable and have a low electrical impedance (50-200 ohm) at resonance
where the crystals are operated. This allows the use of simple twisted pair, unshielded
wire and reduces the electrical shunting effects of body fluids. The output of the
flowmeter is in the form of a high deviation, frequency modulated signal so that a
separate subcarrier oscillator need not be included, i.e., the raw data are transmitted with
minimal signal conditioning circuitry on the animal. Still, the Doppler signal as it is
currently analyzed indicates average velocity of the particles and has a constant
relationship to volume flow only so long as the cross sectional area of the blood vessel
remains constant. Extreme variations in either blood pressure or the velocity profile of
the moving blood can introduce significant errors in volume flow measurement. This has
not been a problem when the experiment is conducted two weeks or more after the
implantation of the transducer. By this time the vessel wall has become adherent to the
transducer and direct calibration against a graduate and a stopwatch indicates that the



measure of flow as provided by the Doppler flowmeter is an accurate reflection of the
variations of volume flow that occur. Where extreme variations in pressure, particularly
a decrease in pressure, or extreme variations in profile are expected, a direct calibration
should be included as a part of the experiment.

The ventricular diameter measurement is relatively free of error so long as the received
signal is sufficiently high that ambiguous triggering of the timing circuitry does not
occur. The transit time is calibrated directly against a crystal controlled clock using an
oscilloscope. However, interpretation of the diameter measurement in terms of strain of
the myocardial fibers is difficult due to the complex anatomical architecture of the left
ventricle, i.e., the left ventricle is not a simple thin walled ellipsoid of revolution.

In spite of the many apparent limitations of this system, it is providing new information
regarding such seemingly simple questions as “what is a normal response to exercise”
and “what modifications of the normal-responses occur under pathological conditions?”
A selection of papers is included in the bibliography to illustrate experiments in which
this system has been successfully utilized.

Circuitry details are available from the authors. The pressure gauge in current usage is a
Konigsberg #P-22, Konigsberg Instruments, Pasadena, Calif.
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