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USE OF IMPLANTED TELEMETRY IN VASCULAR RESEARCH

R. D. RADER, C. M. STEVENS, J. P. HENRY, and J. P. MEEHAN
Department of Physiology

University of Southern California, Los Angeles

Summary   This paper outlines a program to study the development and progression of
essential hypertension in dogs through the use of totally implanted telemetry. In light of
the role that social interaction may play in the development of hypertension in man,
emphasis is placed on inducing and monitoring the effects of social strain in the dog: and
because of the role the kidney may play in the development of hypertension, a model for
renal flow has been developed. The effect that pharmacological concentrations of
vasodilator and vasoconstrictor agents have on renal hemodynamics are evaluated.
Preliminary data from investigations on the renal hemodynamics of unrestrained dogs in
various stages of psychophysiological stress are presented.

Introduction   There is currently a controversy concerning the concept that chronic
stimulation of the sympathetic nervous system is an important factor in the development
of vascular diseases. This response is integrated at the hypothalamic level, but is
probably triggered by stimuli processed in the amygdala and from higher levels.(1) The
response increases sympathetic activity in fibers leading to all parts of the vascular bed
and to the heart and also stimulates the release of catecholamines from the adrenal
medulla.

D. v.Holst(2) has shown that in the tree shrew sympathetic activation is manifested by
piloerection of the tail. When the sum of these piloerection states reached 40% to 60%,
growth and body weight were affected. Continuous arousal resulted in death. Preliminary
observations have identified renal failure and uremia as the probable causes of death.
Experiments by Ratcliffe have shown that the long sustained social interaction of both
chickens and swine will lead to progressive arteriosclerotic changes in jhe intramural
coronary vessels with resultant myocardial fibrosis.(3,4)

In our laboratories measurement of systolic blood pressure by tail plethysmography,
measurement of catecholamine-forming enzymes, and measurement of sclerotic changes
have been used to follow the effects of indirect stimulation resulting from the interaction
between social groupings of CBA mice. (5,6,7,8) Folkow has reported that hypertensive rats
exhibit vascular resistances higher than normotensive rats even at maximum
vasodilatation. (9) Chronic stimulation leads to a thickened vascular wall and a reduction



in lumen diameter and potentiates the smooth muscle response to sympathetic
stimulation. Also tissue nutrition is impaired by high systemic blood pressure because of
sclerotic development in small arteries. In this case, sclerotic development may be
exacerbated by local regulatory mechanisms which call for an increased pressure to
overcome the nutritional impairment. (10) The kidney can be implicated as a factor in
many cases of hypertension. However it is difficult to say if it is a primary factor in
inducing hypertension through the renin-angiotensin-aldosterone loop or a secondary
factor evolving from i4ipairment induced by sclerosis and smooth muscle response
potentiation.(9) These studies of the development of arteriosclerosis during social strain
point to the need for work with animals in which organ blood pressure and blood flow
can be monitored while they were interacting with significant figures in their
environment.

Although comparatively long term measurements of arterial pressure in man are feasible,
it is not practical to monitor the progression of vascular diseases but only to observe
their effects clinically when symptoms have appeared. We feel that to properly study the
etiology of hypertension a very controlled series of experiments must be conducted using
a larger animal such as the dog. By the application of implanted telemetry it is feasible to
chronically monitor systemic blood pressure and organ flow and to determine
hemodynamic components of specific vascular beds throughout the development of the
disease. In addition, therapeutic measures can also be introduced and evaluated more
conveniently on research animals than on human subjects. Information gleaned from this
mode of experimentation can then be used in the development of a therapeutic program
suitable for application to man. In addition, knowledge of what specific types of social
situations produce the most marked vascular changes can, with cautions, be extrapolated
to similar situations encountered by man.

Experimental Design   Social strain requires long periods of imposition before
significant histopathological effects develop. In the dog, over a year is needed for
maturation and it is thought from our experience with mice that a further year is
necessary for the development of lesions in association with social strain. (5) Hence
several years are required to develop techniques and to complete the experimental work.
The work should continue for a minimum of five years. It could be conveniently divided
into two stages. The first two years would be assigned to the solution of the problems
connected with applying the principles worked out with rodents to dogs.

A second phase lasting for approximately three years or more would be used to conduct a
series of long term telemetry observations in contrasting colonies of socially adjusted
and socially deficient animals. The implants would transmit pressure and flow data from
the aorta, renal, and, if feasible, coronary vessels. At the conclusion of the studies
histopathological observations would be made. In addition, renal biopsy and blood and
urine samples would be taken at intervals.



During this first period, animals will be implanted with pressure and flow telemetry
packages. Daily observations will be made during obedience training, when the animals
are interacting, and also when they are relaxed and asleep: the objective being to
determine the extent to which the changes are sustained after the period of acute
confrontation is over, as well as the levels attained during confrontation. The effect
produced by caging rivals at varying degrees of proximity to each other will be followed
in dogs by using adjacent runways and locating food, water, and shelter in various
appropriate positions. This will be combined with selective tethering of the animals to
prevent escape from confrontation by the subordinate and to enhance the intensity of
menace by the dominant. Physical contact and injury will be avoided at all times.

Various methods of exaggerating territoriality will be examined, e.g. (1) the transfer of a
female previously associated with one member of the confronting dyad to the adjacent
cage area of the rival (2) the transfer of the attention and displays of affection of a
handler to whom one member has developed attachment to the other, with accompanying
rejection of the first.

Periodic treadmill studies using blood pressure, pulse rate, and EKG responses will be
used to look for changes in maximal working capacity as exposure to situational stress
progresses. During these tests, renal blood flow will also be observed together with
impedance changes and the results contrasted with those of previous tests in the same
animals. Renal biopsy, renal function tests, and appropriate blood and urine studies for
levels of adrenocortical and medullary hormones will be undertaken where feasible. In
some cases, aortic flow probes will be used to consider the question of changes in
cardiac output in response to situational strain.

Preliminary work on several of the tasks outlined in phase one has been accomplished.
These efforts are described in succeeding sections of this paper.

Instrumentation   To conduct the investigations outlined a totally implantable telemetry
system has been employed. It provides pressure and flow information on demand, and its
battery power will permit over 700 ten-minute interrogations in the course of a year.
(11,12,13) It has also been used in a preliminary study of behavioral and cardiovascular
correlates of individuality in dogs. (14,15) The current state of energy sources limit the total
operating life to a short duration if continuous operation is attempted. However, in many
types of experiments, sufficient information can be obtained by data sampling. A radio
frequency actuated switch which enables transmission to be controlled by the
investigator is one means of sampling data. This approach prolongs the useful lifetime of
the device and trims the data to a manageable quantity. To conduct long term
experiments using implanted telemetry it is required that the stability of the slope
(sensitivity) and the intercept (baseline) be held to acceptable limits for many months. 



Adequate stability is not yet available in typical sensors, thus calibration-of the implant
must be conducted periodically.

A typical channel of information consists of a sensor, a signal conditioner, and a
subcarrier oscillator. Common to each channel is a carrier oscillator, a power supply, a
regulator, and a power controller. Figure 1 illustrates the package with the pressure
sensor and flaw probe attached. Each amplifier, voltage regulator, power controller, and
oscillator is assembled and potted and then interconnected within the package. The
package is fabricated from cast acrylic and the cover is attached by screws and sealed
with an O-ring. The pressure sensor and flow probe are attached to the package by
removable miniature connectors. Used with a 160 ma hour battery the unit pictured will
operate continually for approximately 100 hours. The controller is typically set at 8
minutes, giving a potential of over 750 actuations. At an average of two recording events
a day, an operating life of slightly aver one year is available.

Blood pressure is sensed by commercially available,surgically implanted miniature
pressure sensors. To conserve power the transducer is pulsed at a 6-volt level for 5 to 10
microseconds each 250 microseconds. the sensor output is amplified, filtered, and used
to frequency modulate a subcarrier oscillator. The entire circuit draws 500 microamperes
at 6 volts. Because of several advantages, flow is sensed by an ultrasonic technique. As
contrasted with the electromagnetic techniques the ultrasonic flaw-sensing probes are
lighter, power requirements are less, and the signal level is higher. A phase shift
technique is employed as it results in improved sensitivity in comparison to the popular
Doppler or the alternative time delay technique. In this technique crystals are placed
diagonally across a flow stream. To conserve power and to achieve stability the crystals
are excited in phase opposition of 1 µsec each 400 µsec with a 5 MHz sinusoidal
voltage. Due to the blood flow, energy from the synchronized excitation reaches the
downstream crystal in advance of energy reaching the upstream crystal. In ideal form the
sum of the voltages produced by each crystal as a result of the out-of-phase incident
acoustical energy is:

(1)

where V̄ is one-half the peak-to-peak limited voltage, v is flow velocity,  D is flow
section internal diameter,  " is the angle between the flow axis and ultrasonic energy
axis, f is frequency, and C is ultrasonic energy velocity in tissue and body fluids.

Presently transmissions consist of epochs of dynamic blood pressure and blood flow
data. For redundancy each epoch is recorded simultaneously on magnetic tape and on a
strip chart recorder. The data on the strip chart is used to identify segments for playback
from the tape for more extensive analysis. The transmission sequence will at some future 



time be automated for chronic experiments, but equipped with a manual override to
allow acute experiments to be conducted without compromising the chronic experiments.

Data playback will yield mean flow, mean pressure, first and second differentials of flaw
and pressure, beat-to-beat heart rate, mean resistance to flow (mean pressure divided by
mean flow). In addition, integrals of mean flow, mean pressure, and mean resistance will
be taken in order to obtain the average of each of these parameters over the duration of
the recording epoch. Data will be further analyzed by charting average mean flow,
pressure, and resistance against time; also, since the dynamic impedance (resistance and
compliance) is a determinant of flow, these components will be calculated from the
differentials of flow and pressure at appropriate points during each epoch. Finally the
data from various epochs will be recorded against behavioral episodes on a master chart.

Renal Hemodynamic Model   In preliminary work with simultaneous pressure and flow
measurements certain characteristics in the pulse wave size and flaw characteristics have
led to observations suggesting that vascular impedance changes occurring in the kidney
can be analyzed quite directly. It is felt that these changes will provide an indicator of
changes in renal function which is more sensitive than the overall flow responses. To
effectively evaluate these changes a renal model has been utilized.

Renal blood flow is through approximately one million individual channels branching
from the interlobular artery. These channels are similar in anatomical arrangement but
vary in diameter, in length, and in wall thickness. The first primary resistance site is
encountered at the afferent arteriole which opens into the glomerular capillary. This
capillary has a large surface area and behaves hydraulically as a large diameter storage
volume. On the exit side of the glomerular capillaries, but prior to the perivascular
capillaries, the efferent arteriole in parallel with the tubular resistance forms the second
major resistive site. Downstream from the perivascular capillary, a third resistive area is
encountered. From this third resistive site the flow channels join the interldbular vein.
Both the interlobular artery and vein add a resistance and a compliance which is in series
with all the elements created by the multiple parallel flow channels.

By application of Kirchhoff’s current law it can be shown that the parallel flowpaths
through all the nephrons can be combined into one flowpath through a single model
nephron where each discrete resistance is divided and each compliance is multiplied by
the number of parallel paths. Figure 2 illustrates a proposed model for one kidney. (13)

Flow divides at the glomerular capillary, a portion enters the tubule network, but the vast
majority reenters the blood vessels at points within the kidney. The resistance offered by
the interlobular artery and vein is assumed to be small and is neglected. In this model it
is also assumed that the pressure in the renal vein is zero and that the mass of blood in
the preglomerular supply arteries is negligible. Total flow into the model kidney is the 



sum of the flow into the storage element together with that through the afferent
arterioles. This is mathematically stated as:

(2)

The first time differential of Eq. 2 yields:

(3)

During rapidly changing small segments of input pressure P0g can be assumed to be
negligible and Eq. 3 reduces to:

(4)

The value of the afferent arteriolar resistance Ra can be estimated by considering the
pressure and flow during early systole. There are typically small segments on the input
pressure which are both steep and nearly linear with time. Thus during linear segments
where the first differential is not zero, but the second differential is zero, the value for Ra
resulting from Eq. 4 is:

(5)
By application of Eq. 5 to instantaneous pressure and flow measurements the effective
resistance preceding the glomeruli can be estimated. The total resistance can be found by
considering mean pressure and mean flow. The mean resistance is defined by mean
pressure divided by mean flow. This division yields:

(6)

The combination of Eq. 6 with the equation defining Ra in terms of differentials yields:

(7)

where Rb is the equivalent postglomerular resistance. The mean value of glomerular
capillary pressure P̄g is a ratio of these resistances as follows:

(8)

The glomerular filtration rate (GFR) can be estimated from



where Rg is the filtration resistance, B the differential oncotic pressure  and Pt the
tubular pressure. By use of Eq. 8 and chemical techniques for measuring the GFR the
value of Rg can be calculated. With Rg known and B and Pt assumed, the value of the
GFR becomes thereafter a direct function of P̄g. Inspection of Eq. 4 also suggests

techniques for estimating the value of Ci. At points where P0i is zero, Ci is defined by:

(10)
Thus from measured values of pressure and flow, Ra, Ci, Rt + Rc, and P̄g can be derived.
P̄g furnishes an estimate of glomerular filtration rate. The compliance Ci yields
information about the rigidity of the vascular walls and information on the level of
sympathetic drive. Since Ra is inversely proportional and compliance directly
proportional to a power function of the conduit diameter, as resistance increases,
compliance decreasqs.. This yields a valuable check on the directional changes in Ra.
Fisher (16) has reported that the afferent arteriolar resistance is mediated by neurogenic
factors, whereas, the efferent resistance is mediated by hormonal factors. These
observations suggest that segmental resistance values might be used to differentiate
neurogenic and hormonal factors.

Pitfalls and Problems   The best currently available implantable pressure transducers
have drift characteristics which prevent long term use without periodic calibration.
Calibration is conducted monthly by comparing transmitted pressures with pressures
obtained by direct cannulation. The practice is also to employ only selected transducers
certified by the manufacturer to have a baseline drift of less than 6 mm Hg per month
and a sensitivity drift of less than ± 3% of the output at 200 mm Hg. In our experience, in
vivo sensor drift Characteristics have been somewhat greater than specified by the
manufacturer. Calibration is conducted by femoral artery catheterization via a cutdown.
A small polyethylene catheter connected to a pressure gauge is inserted via the femoral
artery up to the level of the implanted transducer. Data is then recorded simultaneously
from the implanted transmitter and the external pressure gauge. Systolic and diastolic
points of each record are assumed to be equal, hence the pressure voltage relationship for
the transmitted data can be established. After the catheter removal, the femoral vessel is
repaired with fine sutures. This repair technique permits the calibration procedure to be
conducted on one vessel as often as six times without occlusion of the artery. In addition,
catheterization of small branches can be done with the vessel being tied off after
calibration.

Flow is calibrated before implant by forcing fluid through the flow probe lumen at
several constant rates to develop a voltage output as a function of quantity of flow. An in



vivo calibration is calculated by scaling the in vitro calibration by the ratio of lumen
diameter to estimated vessel diameter. The flow level is thus a calculated value and can
be confirmed for the system with the probe on the intact vessel only at the end of the
experiment. Flow baseline has generally been estimated by injection of large quantities
of hypertensin. This causes profound renal constriction and the minimum point on the
flow during the lowest pressure is taken as the zero flow. We are currently evaluating the
possibility of calibrating sensitivity by comparing mean flow obtained via the telemetry
with mean flow obtained via clearance techniques.

Once the pressure sensitivity has been established by calibration, n the error in Ra due to

an error in P0i is small as the sensitivity is less variable than the intercept. The major error
in calculating both Ra and R̄ appears to be the flow sensitivity factor. Although no
statistical evaluation has as yet been conducted, it is estimated that resistance values
reported in this work are in error by ± 25%. The errors are mainly a product of applied
techniques, not of limitations in the proposed approach. By proper attention to
calibration, pressure measurement can be realized to within ± 5% of the absolute value.
Due to the unknown internal vessel diameter, flow sensitivity is probably in error by
20% of the absolute value. Zero flow can however be established with little error by
either brief heart stoppage or angiotensin injection. These criteria yield an error in Ra
and R̄ of ± 25%. The errors are in the same direction, thus the subtraction of Ra from R̄
to yield Rb is in error in the same direction by ± 25%. The conclusion can be that even
though large errors may exist in the flow measurement, which creates a constant error in
the calculated values for R, Ra, and Rt + Rc, these errors do not transfer to P̄g and the
GRF because resistance ratios are used in these calculations.

Experimental Evaluation   Three dogs each under different experimental circumstances
were used to develop and evaluate the basic experimental concepts. Evaluation of the
renal model was conducted using a dog anesthetized with 30 mg sodium pentobarbital
per kilogram body weight. This dog had been implanted with a 6 mm lumen diameter
flow probe several weeks prior to the experiment. Flaw data was obtained by
exteriorizing the connector and mating it to external electronics. Zero flow was
established during injection of high concentrations of angiotensin amide. Pressure was
obtained near the junction of the renal artery and the abdominal aorta via a P.E. 190
catheter connected to a P23 Db pressure transducer. Wave shapes and parameter values
obtained during injection of angiotensin amide and acetylcholine are shown in Fig. 3.
The pressure and flow wave forms are shown above each sequence. Under anesthesia a
mean arterial pressure of 132 was recorded. Injection of acetycholine resulted in an
afferent’ resistance decrease to about 35% and a postglomerular value increase to nearly
200% of the control value. The total resistance (R̄) remained essentially unchanged.
Angiotensin amide produced an increase in all resistance values. The calculated mean
glomerular capillary pressure varied throughout the experiment from 58 mm Hg to 110



mm Hg. Glomerular filtration rate was calculated from Eq. 9 with an assumed value for
Rg of 70 mm Hg/ml/sec (1.17 mm Hg/mi/min).

A second evaluation of the technique was conducted using a dog which was
instrumented with a completely implanted flow and pressure telemetry system. Renal
blood flow was measured by an ultrasonic probe 5 mm in diameter and pressure was
measured at a site approximately 20 cm below the renal artery by an indwelling
miniature pressure sensor. Figure 4 is typical of the exercise response observed in this
animal. At specific points throughout the event parameter values are tabulated. At the
start of the exercise where blood pressure fell sharply, R̄ decreased but the ratio of Rb to
R̄ did not change sufficiently to prevent a fall in P̄g. Compensation for the decline in P̄g 
did however occur after several minutes of exercise.

Figure 5 illustrates values obtained from a third dog which was fully instrumented with
an implantable pressure and flow telemetry system. This experimental sequence was
designed to induce progressive increasing autonomic stimulation from control through
avoidance behavior. As the stimulation increased, the values calculated for all resistances
increased. However the ratio of Rb to R̄ did not change sufficiently to prevent an
increase in P̄g. With the assumption that Rg, Pt, and B are constants, this stimulation
caused an increase in the glomerular filtration rate. As com pared to control value, the
value calculated for Ci decreased for the obedience training episode but appeared to
increase for the avoidance episode. The increase in Ci in the face of a high degree of
stimulation is probably associated with the increased pressure and thus an expansion of
the vessel diameter preceding the afferent resistance site.

Conclusions   There is increasing interest in ethologically-oriented studies of social
strain; for there is evidence that social interaction is an important background factor
determining the rate of development of chronic cardiovascular disease. Experimental
control of genetics, diet, and environmental factors is possible when animals are used for
such work. Observations of pathological changes in rodents, pigs, chickens, and primates
indicate that they will develop arteriosclerotic lesions in situations of chronic social
strain. There is need for well controlled studies carried out through a significant part of a
large and relatively more intelligent animal’s lifespan during which the daily and hourly
fluctuations of pressure and organ blood flow could be directly related to the social
events bringing them about. This is made practical by the application of telemetry
techniques and is made even more feasible by the use of implanted telemetry. However,
except for studies such as those of v.Holst with the tree shrew, this work has not been
accomplished by ongoing pathophysiological observations which would throw light on
the mechanisms involved.

This paper has outlined a method of combining situational strain with prolonged
observation of important cardiovascular parameters during the course of the stimulating



episodes. Our development of long term implants to follow flow and pressure changes
represents a novel contribution which promises to throw light on the physiological
mechanisms underlying the development of sustained neuroendocrine disturbances. The
evidence so far suggests no difference in principle between the neuroendocrine
responses of man and the other mammals. This work offers a new methodology for the
study of experimental social ethology by measuring cardiac output or renal or coronary
blood flow and/or renal vascular impedance changes during the various episodes of
social interaction in large mammals. The results would be important; for if positive, they
would greatly strengthen the currently tenuous evidence that social strain is important in
the development of chronic cardiovascular disease.
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Fig. 1 - Implantable Flow and Pressure Telemetry System



Fig. 3 - Pharmacological Test of Renal Model
Rb is sum of Rt + Rc

Fig. 4 - Recording Obtained From Exercise Event



Fig. 5 - Data Obtained From Autonomic Stimulation Test




