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Figure 4: (A) Raw tracing of pressure in small artery cylinder; Scatter plot of (B) Peak pressure (C)
Trough pressure (D) Mean pressure (E) Pulse before and after addition of 10 umol/L adrenaline in 6
samples of small artery

Results of simulations: Simulations were performed with an electrical circuit analogous to the
biological experiment set up, to understand the pressure response of aorta and small artery to
adrenaline. Initial values for the resistances R1-3, and C1 were calculated from measurements
made in one sample each of aorta and small artery. The values of the calculated resistances
and capacitances are shown in Table 1.

Table 1: Values used to calculate the resistances R1 — 3 and Capacitance C1 (refer Figures 1 and 2)

for the electrical simulation

length (1) radius (r) Resistance or Electrical
of the tube | of the tube | Capacitance for equivalents
or vessel or vessel fluid flow used for the
simulation
R1 (the non-compliant tube from the 1820 mm 5mm 119 x 10° 119 x 10°
pump to aorta) Pa-m3s ohms
R2 of aorta- (for one sample) 70 mm 5mm 285.2 x 103 285.2 x 103
Pa-m3s ohms
C1 of aorta 70mm 5mm 1.1x10° Pa 1.1x 10°°
(thickness (h) of the vessel =1mm) Lm3 farads
R2 of small artery t (for one sample) 31 mm 0.25 mm 20209 x 10° 20209 x 10°
Pa-m3:s ohms
C1 of small artery 31 mm 0.25 mm 4.75 x 1029 4,75 x 10629
(thickness (h) of the vessel =0.25 mm) Palm? farads
R3 of the non-compliant tube at the 347mm 1 mm 884 x 10° 884 x 108
outlet end Pa-m3s ohms

The electrical circuit equivalent (Figure 2) of the experimental set-up (Figure 1) was used to

generate a sine voltage/current signal (equivalent of a pressure pulse or flow generated by
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heart). Voltage at the R1-R2 node (equivalent to recorded pressure in the vessel in biological
experiments stated above) was studied with simulations where either R2 or C1 or both were
altered. Values for R1 and R3 were constant for all simulations. For aorta simulations, R2 and
C1 were set initially to the equivalents for aortic resistance and compliance (as in Table 1).
The values of R2 and C1 were then independently varied to understand how they affect peak

and trough pressure, pulse pressure and mean pressure.
Similarly, for small artery simulations, R2 and C1 were set at equivalents for arterial
resistance and compliance. The voltage signal was set to correspond to the measured pressure

in the tissue experiments.

Aorta simulations:

Simulation 1 (Figure 5, top panels): At the arrow shown, R2 was changed to a higher value
(equivalent to 50% reduction in radius from 5 mm to 2.5 mm) while C1 remained unchanged.
R1 and R3 (of the non-compliant tubes) were chosen as in table 1. It was observed that peak,
trough, mean and pulse pressures of the pressure pulse remained unchanged for such a gross
reduction in radius.
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Figure 5: Simulations for aorta, where R2 was increased by 50% reduction in radius (top panels); C1
was decreased by 90%, (middle row of panels); R2 was increased and C1 decreased simultaneously
(bottom panels). V1 was set as 34 Pa, 1 Hz sine, as observed in the biological experiments

Simulation 2 (Figure 5, middle row of panels): When C1 was reduced (90% reduction in
compliance from 1.1x 10° to 0.11x 10° Pa™*-m®) and R2 left unchanged, there was an increase

in peak pressure, decrease in trough pressure and there was no change in mean pressure.
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Simulation 3 (Figure 5, bottom panels): When R2 was increased (50% reduction as in
simulation 1) and C1 reduced simultaneously, (90% reduction in compliance as in simulation

2), it was seen that peak pressure increased and trough pressure dropped, while the mean
pressure remained the same.

The results from the biological experiments with addition of adrenaline on aorta resemble
simulations 2 and 3 in Figure 5. Responses in simulations 2 and 3 were identical. Since
simulation 1 involving a change in resistance alone did not have any effect, it can be inferred
that all of the observed change in simulation 3 was just due to changing compliance. This
observation allows us to infer that adrenaline decreases compliance of aorta, while not

changing its resistance sufficiently enough to see an increase in mean pressure.

The calculations as above were extended to predict pressure changes for:
(a) all possible increases in resistance starting from (285.2 x 102 Pa-m?®s), which translates to
reductions in radius starting from 5 mm (see, Figure 6, top panels); (b) all possible reductions

in compliance, starting from 1.1x 10° Pa*-m? (see, Figure 6, bottom panels) if there was aortic

vasoconstriction.
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Figure 6: Analytical results of the effect of all possible reductions of radius on pulse pressure and mean
pressure (top row of panels) in aorta simulations; analytical results of the effect of all possible reductions
in compliance on pulse pressure and mean pressure (bottom panels) in aorta simulations.
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Changes in mean pressure and pulse pressure were then plotted against actual radius (top
panels) or percent reduction in capacitance (bottom panels). The axes of the figures are such

that vasoconstriction is shown as a leftward change of X axis parameters.

It is seen that there is no significant change in mean pressure or pulse pressure till the radius
reduces from 5 mm to about 2 mm. This evidence must be seen in the context of the fact that
aorta has both longitudinal and circular smooth muscle and adrenergic stimulation causes
constriction of both types of muscle!*°. On the other hand, for the entire range of reduction in
compliance, there was no change in mean aortic pressure, but the pulse pressure increased with

reducing compliance almost linearly.

Simulation of small artery experiments (Figure 7):

R2 and C1 were initially set to values corresponding to calculations made from length and
radius of one small artery sample as seen in Table 1.

Simulation 4: Increase in R2 alone by as little as 12% reduction in radius caused all 4 pressure
parameters, namely, peak, trough, mean and pulse pressure to increase (top panels of Figure
7).

Simulation 5: Decrease in C1 by as much as 90% did not lead to any change in the 4 parameters
(middle panels of Figure 7). This is probably because the value of C1 in small arteries is so low
that any further decrease does not induce a change.

Simulation 6: Effect of combined changes in R2 (increase by 12% reduction in radius)) and C1
(decrease by 90% reduction in compliance) was the same as the effect of just increasing R2

(bottom panels of Figure 7).
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Figure 7: Simulations of small artery; increasing R2 (top panels); decreasing C1 (middle row of panels);
increasing R2 and decreasing C1 simultaneously (bottom panels). V1 was set to 45Pa, 1Hz.
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Extending the calculations to cover all possible reductions in compliance, it was seen that any

change in compliance does not lead to a change in mean pressure or pulse pressure (see, Figure

8, bottom panels).
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Figure 8: Effect of all possible reductions of radius on pulse pressure and mean pressure (top row of
panels) in small artery simulations; Effect of all possible reductions in compliance on pulse pressure

and mean pressure (bottom panels), in small artery simulations.

Imaging experiments

Images of circular rings of aorta before and after addition of adrenaline were taken using an

externally mounted camera and the images were analyzed using a calibrated custom software

(n=3, Figure 9). Less than 20% reduction in radius from the initial value was observed in all

three cases during vasoconstriction. Hence as discussed in Figure 6 simulation (top panel), a

gross reduction in radius by more than 50%, that is essential to cause a significant rise in mean

pressure, does not occur in aorta during vasoconstriction.
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Figure 9: Imaging of circular rings of aorta pre and post-intervention
Discussion

Generally, compliance in the vessels of systemic circulation is attributed to the aorta and large
arteries. Compliance or its inverse elastance, of the aorta and large arteries is attributed largely
to the presence of elastin fibres in the tunica media and the arrangement of collagen?*22, Due
to wear and tear, the elastin fibres get damaged, the collagen mal-aligned, and such changes
can lead to loss of elastance/compliance. This is suggested as the cause for isolated systolic
hypertension (ISH) in older individuals®?+?, If all the loss of compliance in age-related
hypertension is due to loss of elastin, it must be irreversible with vasodilators which act by
relaxing vascular smooth muscle. Missed out in a routine discussion of compliance in the
context of hypertension is the contribution to it by the smooth muscle in the walls of large
arteries. There is a considerable quantum of smooth muscle in the tunica media of large arteries
and aorta. This smooth muscle is also arranged concentrically as in the arterioles. Constriction
of smooth muscle in large arteries must lead to a decrease in compliance of the arteries. Such
loss of compliance must be reversible, unlike the age-related loss of elasticity. In fact, it is
reported that aortic compliance was lower in hypertensives than in normotensives and
improved with nitroprusside infusion. The authors attribute the low compliance to
vasoconstriction because of its reversibility*®. Our experiments also demonstrate that the aortic

compliance reduces with adrenaline.
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The aortic segment will have a defined resistance as well in addition to compliance. The
question we asked was if the aortic resistance increases with adrenaline. The response of the
aortic segment to adrenaline, i.e., an increase in peak pressure, decrease in trough pressure and
lack of change in mean aortic pressure suggests that the vasoconstriction caused by adrenaline
decreases compliance but does not alter resistance of the aorta sufficiently enough to cause an
increase in mean aortic pressure. This result is being categorically reported for the first time up

to our knowledge.

Small arteries also have circular and longitudinal smooth muscle'!. They too must have a
defined resistance and compliance. Increase in mean pressure after addition of adrenaline is the
expected response in these vessels, as these are resistance vessels and sympathetic stimulation
is known to increase resistance. The increases in peak, trough and mean pressures can all be
explained by an increase in resistance alone (due to a reduction in lumen diameter, resulting

from contraction of circular smooth muscle)?®.

Effect of adrenaline on small arteries in the biological experiments reported in Figure 4
resembles simulations 4 and 6. The observation with simulation 4 is in line with the known
effect of adrenaline in increasing small artery and arteriolar resistance by reducing lumen
diameter. Whether adrenaline reduces compliance of small arteries or not is a question that
cannot be answered with these simulations, as a decrease in compliance did not lead to any
change in pressure parameters. This can be attributed to the extremely low compliance of small

arteries.

Considering the effect of adrenaline in vivo, the following may be inferred. The simulation
experiments (Figure 6) show that, in the aorta, for an appreciable increase in resistance and
therefore mean arterial pressure, the radius should reduce by 70%. As such gross
vasoconstriction does not occur in the aorta in vivo (also confirmed in the imaging experiments
reported in Figure 9), it may be concluded that in the intact animal, the increase in mean arterial
pressure in response to vasoconstrictors is not due to vasoconstriction in the aorta (and large

arteries). It is entirely due to vasoconstriction in the small arteries and arterioles.

The significance of the study is that in in vivo recordings, if resistance and compliance of the
vasculature can be resolved on a beat-to-beat basis, using pressure and flow waveforms upon
administering a drug, then any change in resistance can be construed as an effect on the small

arteries and arterioles, and any change in compliance, as due to an effect on large arteries and
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aorta. Given that every drug profile may differ in terms of their site of action, this study fulfils
the need of re-investigating the effect of every vasoactive drug on resistance vessels versus
compliance vessels and thereby tailor treatment to correct the component at fault. For instance,
administering vasodilators that further lowers diastolic pressure would be a contraindication to
the treatment of ISH. Instead, a drug which causes vasodilation of large arteries and not the

resistance vessels, would be ideal.

Additional Information Section

Data Availability Statement

All the data analyzed during this study are included in this published article. The datasets and
simulation codes are available from the corresponding author on reasonable request.

Author’s Translational Perspective

There is no definitive evidence upto our knowledge, if constriction of smooth muscles in large
arteries contributes to resistance. We show here that there is no change in resistance or mean
pressure during large artery vasoconstriction although compliance decreases. Whereas small
artery vasoconstriction leads to an increase in resistance and hence an increase in mean
pressure. This understanding would help redefine the actions of vasoactive agents currently
used in the management of shock, ISH etc. For instance, administering vasodilators that further
lowers the diastolic pressures would be a contraindication to the treatment of ISH. Instead, a
reversal of the decreased compliance of large arteries would be ideal. Hence, it is crucial to
understand if a drug acts at the level of small arteries or large arteries. Based on the results
from this study, beat to beat resistance and compliance computed from intra-arterial pressure
and flow measurements) under the effect of a drug can be resolved as differential responses of
small and large arteries to vasomodulators, respectively. This would enable re-investigating the
effect of every vasoactive drug on resistance vessels versus compliance vessels and thereby
tailor the treatment to correct the component at fault. This would ensure targeted anti-

hypertensive therapy based on one’s vascular biology.
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