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There is general agreement that the final com-
mon path in the etiology of arterial hypertension
is the arterial wall. A net decrease in the radius
of the arterial tree is primarily responsible for the
increased peripheral resistance characteristic of
hypertension. The radius that an artery assumes
is, of course, due to the combined effects of the
distending pressure and the mechanical stiffness
(“tone”) of the wall.

Since vascular smooth muscle is responsible for
physiological or normal changes in vascular stiff-
ness or tone, increased contraction of vascular
muscle has been assumed to initiate the increased
tone in hypertension. Recently, it has been shown
that arterial hypertension is associated with an in-
crease in the concentration of certain ions and of
the water content of the arterial wall (1).

Techniques have now been developed whereby
the mechanical properties of arteries can be quan-
titatively evaluated in the intact living animal.
Thus, it is posible to evaluate the changes in ar-
terial tone in such animals with hypertension.
This report describes a study designed to com-
pare the mechanical properties i vivo of femoral
arteries and the water and electrolyte content of
these arteries before and after the development of
experimental hypertension in dogs.

METHODS

Experimental design. Stock mongrel dogs were se-
lected for the study on the basis of adequate size (over
12 kg), apparent good health, and middle age. Early in
the study, pressures and vessel-wall properties were ob-
tained during general anesthesia.! Later, dogs were
trained so that pressures were obtainable on unanesthe-

* Supported in part by U. S. Public Health Service
grant H-3481 (C-4) and Office of Naval Research con-
tract N ONR 551 (18).

+ Investigation performed during tenure of Postdoc-
toral Fellowship HF 10627, National Heart Institute.

1 Dial, or 5,5-diallylbarbituric acid; mixture of pento-
barbital sodium with morphine before anesthesia.

tized, tranquil animals, and vessel-wall properties were
determined with only local anesthesia 2 of the skin and
subcutaneous tissues. No anesthetic was introduced into
or around the vessel wall. Control measurements of
pressure, vessel-wall strain, and chemical composition
were made on one femoral artery. The femoral segment
remained interrupted after the study, but adequate cir-
culation in the limb persisted through collateral channels.

After the establishment of normal control values of
blood pressure and vessel mechanical and chemical prop-
erties, both kidneys were wrapped with cellophane, and
arterial hypertension resulted (2). After an elevation of
mean blood pressure of at least 30 mm Hg for at least
4 weeks, the measurements of vessel-wall mechanical
properties and of water and electrolyte content were re-
peated on the contralateral vessel. Thus, each dog served
as its own control, with measurements made on the fe-
moral artery before and during hypertension.

Analysis of arterial-wall mechanical properties and
intra-arterial pressure. Intra-arterial pressure was de-
termined directly by coupling the arterial lumen to a
Technitrol capacitance manometer through a 27-gauge
needle attached to the manometer with a short length of
flexible plastic tubing. When only intra-arterial pressure
was desired, the needle was introduced into the femoral
artery percutaneously. Mean pressures were obtained
by playing the output from the tape-recorded pressure
curves into an averaging circuit of an analog computer.
The time constant of the network was 2 seconds.

When both vessel-wall properties and pressure were
required, a length of femoral artery was exposed to permit
the attachment of transducers for simultaneous measure-
ment of intra-arterial pressure and vessel diameter. The
outputs of these transducers of arterial stress and strain
were recorded on magnetic tape and were later replayed
and recorded on an oscillograph for analysis and compu-
tation of the vessel elastic modulus. The over-all char-
acteristics of the pressure measurements were: 1) linear,
from 0 to 300 mm Hg, 2) precision, =1 mm Hg, and 3)
frequency response flat, from 0 to 30 cycles per second.
Details of computing vessel-wall strain and vessel moduli
have been described previously. Computation of vessel-
wall moduli is estimated to be reliable at better than
*2% (3).

The modulus E, represents the ‘“distensibility” of the
arterial segment, or the relationship between the intra-
arterial pressure and the diameter of the artery. This

2 Procaine hydrochloride.
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TABLE I
Femoral artery determinations in normotensive dogs*
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Mean
Anes- Blood blood
Dog thesia pressure pressure Ep r/s H0 Na K Cl1
mm Hg mm Hg &/cm? &/kg wet wt mEq/kg wet wt
1 L 207/98 135 1,945 7.6 706 110 26 75
2 G 161/107 130 1,570 6.3 680 119 22 80
3 L 223/80 123 1,878 727 98 26 75
4 L 136/57 89 1,999 718 100 36 75
S L 150/82 92 1,578 4.6 714 107 24 85
6 L 89/36 54 1,123 7.1 702 96 32 72
7 G 168/112 124 1,220 8.3 644 106 27 82
8 G 6.5 713 105 27 87
9 G 185/118 138 2,938 6.7 701 107 20 82
10 L 142/68 96 1,045 694 101 24 57
11 L 140/85 101 2,965 5.9 771 92 27 67
12 G 149/104 126 3,051 8.1 677 117 28 88
13 L 135/60 87 1,171 711 103 27 66
14, G 158/105 120 1,930 7.0 709 122 23 93
14, L 195/115 130 1,415 4.6 720 103 31 75
15 G 186/116 137 1,827 5.1 705 109 25 81
16 G 160/112 128 1,439 7.2 705 97 24 76
17 L 177/79 111 1,764 3.6
18 G 160/117 132 2,148 6.7 682 120 36 76
19 G 131/94 107 1,100 6.5 679 95 23 77
20 G 166/116 136 1,876 71 721 114 23 86
n 20 20 17 20 20 20 20
Average 114.8 1,813 6.4 701.0 106.0 26.6 77.8
SE 139 31 5.45 1.97 0.966 1.88

* L = local anesthesia (procaine), G = general anesthesia (Dial), E, = relationship between pressure and vessel
strain; and r/8 = vessel radius/wall thickness; n=number in series.

TABLE II
Femoral artery determinations in hypertensive dogs*

Mean
Anes- Blood blood
Dog thesia pressure pressure Ep r/é H:0 Na K Cl
mm Hg mm Hg g/cm? £/kg wet wt mEq/kg wet wt
1
2
3
4
S L 257/150 189 3,117 7.7 697 112 27 64
6
7
8 G 5.6 737 105 30 85
9
10 L 208/125 153 2,876 9.9 Y 96 27 75
11
12
13 L 175/117 140 5,118 6.4 722 98 31 72
14,
14,
15 L 273/1175 217 3,057 7.1 708 105 28 70
16 G 205/134 157 3,040 6.5 738 114 26 77
17 L 250/114 158 3,644 79 730 116 23 71
18
19 G 225/173 190 4,700 6.1 737 100 24 73
20
n 7 7 8 8 8 8 8
Average 172.0 3,650 7.1 723.3 105.8 27.0 73.4
SE 340 A7 5.4 2.7 1.0 2.2

* Symbols as in Table I.
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modulus is different from the modulus of stiffness of the
vessel-wall material itself, since pressure diameter re-
lations are due not only to wall stiffness, but also to the
geometry of the vessel. Briefly, the relationship between
diameter or radius and strain is: e= (r — ) /7o, Where
e is strain, r is the instantaneous radius, and 7, is the
radius at zero stress. The relationship between pressure
and strain may be expressed by P =E,e+ R, (de/dt),
where E, represents the relationship between pressure and
vessel strain, and R, represents the relationship between
pressure and the strain velocity.

If the stiffness of the wall material is to be evaluated,

then it is necessary to determine the relationship between
the wall tangential stress and wall strain. For a thin-
walled vessel, the relationship between pressure, P, and
wall tension, T, is T=P r/3, where § is vessel-wall
thickness. Therefore, the elastic and viscous moduli, E
and R, respectively, are given by, P(7/3) = Ee+ R(de/
dt).

In Table I, the E, values of the control dogs are
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given. The modulus E, has the same units as pres-
sure and is expressed in grams per square centimeter.
In this study, E, was estimated in the form E,=
AP/Ae, where AP is the pulse pressure (between the
end of diastole and the height of systole) and Ae is
the change in strain (per unit change in diameter) dur-
ing the same period. The change in strain was taken as
the change in diameter divided by the mean diameter.
These computations have been discussed in detail previ-
ously (3).

It is desirable to evaluate the radius: wall-thickness
ratio (r/5), since changes in the stiffness of the vessel
as a whole (E,) may result from either changes in the
geometry of the vessel (r/5) or changes in the wall it-
self, or both. Therefore, segments of the vessels were
removed and reconstituted to their original length and
cross-section by stretching with sutures and inflation
with a balloon and then fixation in formalin-saline.
The radius and wall thickness were measured from cut
sections with a calibrated microscope. This method is
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Fic. 1. A PLOT OF MEAN BLOOD PRESSURE AGAINST ELASTIC STIFFNESS (Ep)
BEFORE AND DURING HYPERTENSION. Each set of two points connected by a line

represents an individual dog’s control and hypertensive determinations.

The

figure shows the consistent elevation in E, observed with hypertension in this

study.
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F16. 2. PRESSURE-DIAMETER RELATIONSHIP OF REPRESENTATIVE PULSES FROMME]}‘.‘E
NORMOTENSIVE AND HYPERTENSIVE FEMORAL ARTERIES OF poG 17. The hyperten-
sive pulse was significantly nonlinear (# <0.05). The normotensive pulse did not
deviate significantly from linearity. The figure is presented as part of the dis-
cussion to show that increase in E, was not due to elastic nonlinearity (see text).

not very precise because fixing agents tend to dehydrate
the tissue, but large changes in the »/8 ratio should have
been detectable.

Analysis of chemical properties. A small segment of
artery was excised immediately after the stress-strain
measurement had been completed. The excised sample
of vessel was immediately opened, the blood removed, and
the vessel trimmed of attached fibrous tissue. The speci-
men was placed in a stoppered, tarred tube, promptly
weighed, then dried at 96° C for 24 hours, and reweighed
to yield the water content. The fat was extracted with
ether ; the sample was dried and reweighed for measure-
ment of the ether-extractable fat. The specimen was
then crushed to a coarse powder and reweighed. This
sample was extracted with a portion of 0.75 N nitric acid
for 72 hours. Samples of the supernatant fluid were used
for Na, K, and Cl determinations. Na and K were
measured by a flame photometer with an internal stand-
ard in the usual manner. Chloride determinations were
done with a Cotlove chloride titrator by a standard
technique.

RESULTS

Results in hypertensive dogs are summarized
in Table IT (controls are presented in Table I).
Of the 20 original dogs, 8 hypertensive ones sur-
vived to a terminal study. One dog, Mu, listed
twice in Table I, survived 4 months after kidney-
wrapping without developing hypertension and
was sacrificed for a second control determination.
The type of anesthesia (general or local) used is
listed. The systolic, diastolic, and mean blood
pressures noted were those obtained when the
wall properties were measured.

The average of 20 determinations of E, in 19
normal dogs was 1,813 g per cm?. The average of
7 determinations of E, in 7 hypertensive dogs was
3,650 g per cm?. If E, measurements for each of
the 7 hypertensive dogs are compared with their
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own control values by a paired ¢ test, the increase
is statistically significant (p < 0.005). If the 20
control observations are compared with the 7
hypertensive measurements, and these are con-
sidered as independent, an unpaired ¢ test gives
$ <0.001. The differences seen in E, in the 7
dogs with measurements before and during hyper-
tension are plotted in Figure 1, which shows the
consistent increase in elastic stiffness with hyper-
tension.  The radius:wall-thickness ratio 7/8
in 17 normotensive dogs was 6.4. In the 8 hyper-
tensive dogs, it was 7.1. This is not a significant
difference.

A test on data obtained from 6 dogs before and
after they developed hypertension evaluated the
stress-strain characteristics over normotensive and
hypertensive ranges of strain. Magnetic tape
records of blood pressure and vessel diameter
were replayed and rerecorded on paper at large
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amplification to increase the sensitivity of meas-
urement. Also, the paper speed was such that
time could be measured accurately to 0.01 second.
Fifteen synchronous pressure and diameter meas-
urements were then made during the falling part
of the pulses. In this period the effects of vis-
cosity and hysteresis in the wall were small, and
the linearity of a pressure-diameter elastic plot
could be evaluated. This evaluation was made
with a statistical test of linearity described by
Bartlett (4). This test of linearity does not
establish the principle of superposition for the
vessel, or validate the linear elastic equation used,
nor is it intended to. Rather, it was used to
evaluate the likelihood that the changes observed
before and during hypertension were due to non-
linear behavior of the vessel. In 11 of the 12
cases, the deviations from linearity were not sig-
nificant. In one case, the hypertensive determina-
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F16. 3. PRESSURE-DIAMETER RELATIONSHIP OF REPRESENTATIVE PULSES

FROM

NORMOTENSIVE AND HYPERTENSIVE FEMORAL ARTERIES OF DoG 10.

Neither line deviated significantly from linearity. The figure is presented
as part of the discussion to show that increase in E, was not due to elastic

nonlinearity (see text).
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tion of dog 17, the deviations from linearity were
significant (p < 0.05). This least favorable case
is plotted in Figure 2. A representative case
from dog 10 is plotted in Figure 3. These figures
show the pressure-diameter relationship for two
typical heart beats, one normotensive and the
other hypertensive.

The average of 20 determinations of the water
content of normal femoral arteries was 701.0 g per
kg fresh wet wt. The average of 8 determina-
tions of the water content of hypertensive femoral
arteries was 723.3 g per kg wet wt, indicating a
significant increase in the water content of femoral
arteries in the hypertensive vessels (p < 0.01).
The average sodium concentration for the normo-
tensive group was 106.0 mEq per kg wet wt, and
for the hypertensive group, 105.8 mEq (p = NS).
The average normotensive potassium was 26.6
mEq, and for the hypertensives, 27.0 mEq per kg
wet wt. (p = NS). The average of 20 deter-
minations on normotensive femoral arteries for
chloride concentration was 77.8 mEq per kg wet
wt. The average of 8 determinations on hyper-
tensive femoral arteries was 73.4 mEq per kg wet
wt (p = XNS). ’

DISCUSSION

These findings relate to the changes observed in
the femoral artery with the development of hyper-
tension caused by wrapping the kidneys in cel-
lophane, and apparently constitute the first quan-
titative measurements of both artery-wall stiff-
ness and distensibility in hypertension i wivo.
Mechanical properties were measured in only one
segment of the vascular tree, the femoral artery.
This site was chosen because it is bilaterally rep-
resented, and previous studies have shown that
the two femoral arteries in the same dog normally
do not differ. This site is also accessible for
measurement of both mechanical and chemical
properties without general anesthesia.

In all cases in this study, E, of the femoral
artery increased with the development of hyper-
tension. This increase in vessel stiffness will, of
course, result in a smaller vessel radius for a
given distending pressure. Although the largest
proportion of “peripheral resistance” is distributed
distal to the femoral artery, the changes observed
can be assumed to be characteristic and repre-
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sentative of changes occurring in arteries gen-
erally.

Under normal physiological circumstances, reg-
ulation of the circulation, i.e., changes in resist-
ance and distribution of blood flow, is achieved
by variations in vascular radii. These variations
are, in turn, controlled through alterations in the
mechanical properties of the vessel wall that are
referred to as vessel stiffness, or tone. Wall stiff-
ness is normally altered by changes in the prop-
erties of vascular smooth muscle. These same
mechanisms may become abnormally altered in
disease states such as hypertension, but there are
other factors that can also influence vessel-wall
stiffness.

One of these other mechanisms that will alter
vascular stiffness but that is not a normal physio-
logical variable is vascular geometry. The radius:
wall-thickness ratio changes as a result of vaso-
constriction but is not an initial cause of vaso-
constriction. If, however, primarily the radius:
wall-thickness ratio decreases, then the vessel will
become stiffer even though the smooth muscle or
other wall structures are unchanged (5).

Several investigators have shown that the water
content of rat, human, and dog arteries is elevated
in hypertension and have suggested that this in-
creased water content may be associated with an
increased wall thickness (1, 5). In this study, at-
tempts were made to estimate the wall thickness
in order to compute the »/8 and also to correlate
the vessel’s water content. As shown in Table I,
the water content per kilogram wet weight in-
creased 3%. If the water content is computed
as the percentage of change per dry solids, this
represents a 12% increase with the development
of hypertension. Estimates of 7/8 obtained in
this study and shown in Table I do not indicate
that significant changes occurred. As noted above,
the method is too imprecise to correlate with the
water changes observed. ,

In evaluating the cause of the increased stiff-
ness, two possibilities may be considered, singly,
or together: 1) that changes occur within the
vessel wall causing a new elastic modulus to de-
velop, i.e., structural changes resulting in different
moduli over the same range of strain; or 2) that
the modulus changes because the strain changes,
that is, the original wall properties were such
that the elastic modulus is a function of strain;
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thus, as the pressure increases, the vessels become
stretched and, as a result of the added stretch, be-
come stiffer ; in this case, the same moduli would
be observed at comparable strains.

These two possibilities can be differentiated.
If the normotensive moduli, over the range of
pressures including the hypertensive level, are
different from the hypertensive moduli over the
ranges including the normotensive levels, then the
differences in moduli are due to changes in the
wall properties in the two states. Furthermore, if
the moduli remain constant over the comparable
ranges, then the pressure-diameter relationships
remain linear. Conversely, if the pressure-diam-
eter relationships remain linear over the ranges
of pressure noted above, then the elastic moduli
are essentially constant. Linear pressure-diam-
eter relationships were found in 11 of 12 cases
examined in this study. It should be noted in
Figures 2 and 3 that the lines overlap, since the
control systolic pressure was higher than the
hypertensive diastolic pressure. Thus, in the re-
gion of overlap, there are two different pressure-
diameter plots, with different slopes for the same
pressure range. Even in the one case (Figure 2)
where the sensitive linearity test showed a prob-
able nonlinearity over the entire pulse (p < 0.05),
it would be very difficult to fit a curve to the hy-
pertensive points that would have the same slope
as the control for the overlapping pressure range.
From these data, therefore, it is unlikely that the
increased elastic modulus measured during hyper-
tension is due to the vessels being stretched out
to stiffer ranges by the increased pressure, espe-
cially not in the zone where control and hyper-
tensive pressures overlap.

This is strong evidence,- then, against the pos-
sibility that the changes observed before and dur-
ing hypertension were due to nonlinearity. These
tests of linearity confirm previous studies (3, 6)
indicating that the elastic moduli of arteries re-
main essentially constant over physiological pres-
sure ranges unless the wall properties change be-
cause of, for example, vasodilation or vasecon-
striction. In other words, pressure changes of
30% occurring during each cardiac cycle are
associated with small strain, i.e., a 30% change
in pressure results in a strain of approximately
2% in the femoral artery. When changes in
vessel-wall properties due to reflex, humoral, or
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drug effects cause changes in vessel-wall prop-
erties, the changes are relatively long compared
with the duration of the cardiac cycle. In this
study, the relative constancy of the elastic moduli
has also been observed in experimental renal
hypertension.

The chemical environment of the vessel wall
may also affect its mechanical properties in sev-
eral ways. Changes in electrolyte concentrations
may, for example, alter smooth muscle contracti-
bility or the water content, as well as properties
of connective tissue. Many investigators have ob-
served variable changes in the electrolyte content
of arteries in hypertension; particularly, the Na,
K, and Cl ions have been measured. Most work-
ers have observed an increased sodium concentra-
tion in hypertension. As shown in Tables I and
II, the sodium content per unit of wet weight of
the femoral artery in this study did not change
significantly with the onset of hypertension.

It has been found, in the sham procedures simi-
lar to that required to measure the vessel-wall
strain, that the scatter of values of the normal
sodium content of the vessel wall was considerably
increased when mechanical properties were meas-
ured (7). In a separate study, the chemical
composition at several sites along the aorta of
these same hypertensive animals was compared
to a comparable normal group. Mechanical prop-
erties were not measured on the aorta, so the
chemical evaluation was free from this obscuring
influence. The water and sodium contents of the
aortas of these hypertensive dogs were signifi-
cantly elevated over normal (8).

SUMMARY

Attention has been focused on the end organ of
almost all forms of hypertension, the artery. An
attempt has been made to quantitate some of the
changes that the artery undergoes with hyperten-
sion. The chemical and mechanical properties of
femoral arteries in hypertensive dogs were studied
twice: once before hypertension, and again dur-
ing experimental hypertension produced by wrap-
ping the kidneys with cellophane.

The elastic stiffness of the femoral artery was
measured i vivo, and this pressure-radius rela-
tionship showed a significant increase with the
development of hypertension. Evidence is pre-
sented to show that the increase in elastic stiffness
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was not due to the arterial wall’s being stretched
to a stiffer range because of elastic nonlinearity.
The change in stiffness is probably a measure-
ment of the change in the arterial-wall material
during hypertension.

The chloride, potassium, sodium, and water
contents of the same vessels were determined be-
fore and during hypertension. The water content
was found to increase with increasing elastic
stiffness in hypertension. The interrelationships
between the elastic modulus and the chemical
composition of the arterial wall are briefly con-
sidered, but no simple relation seems apparent.
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