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ABSTRACT

Essential hypertension is a common condition, and because
of the 1likely relevance of the microcirculation +to the
genesis and maintenance of the increased arterial pressure,
studies of microvascular pressure, blood flow, flow resi-
stance and structure were undertaken using new technigues
in human subjects with essential hypertension.

Capillary blood pressure was measured dynamically 1in the

nail-folds of normotensive volunteers. The relations
between capillary pressure, respiration and vasomotion
were shown using computerised Fourier analysis. In a

subsequent study, when compared with matched normotensive
controls, there was capillary hypertension in subjects with
arterial hypertension, and there were also abnormalities of
pressure dynamics,

A laser-Doppler flowmebter was used to estimate blood flow
in the maximally vasodilated skin of the finger in subjects
with hypertension; this was not different to blood flow in
normotensive controls, despite their differing arterial
pressures. Flow-resistance was positively related to
arterial pressure.

Capillary density in the skin was recorded using a
television microscope in nhormotensive controls and subjects
with essential hypertension. There were significantly fewer
capillaries visible in the hypertensive group.

All of these studies have important implications about the
peripheral resistance in essential hypertension. The eleva-
tion of capillary blood pressure points to an increase in
post-capillary resistance (or to rarefaction of microves-
sels) accompanying a rise in precapillary resistance,
and would result in hyperfiltration of fluid. The lack of
elevation of maximum microvascular blood flow suggests that
there 1is a structural component to the increase in
resistance, and this could be partially explained by the
structural or functional rarefaction of capillaries
demonstrated by television microscopy. Thus, microvascular
haemodynamic abnormalities do exist in patients with
essential hypertension, and may contribute to some of the
complications associated with the condition. That these
abnormalities are alsc potential future targets for
antihypertensive treatment was investigated in a small
number of subjects.
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found +to be significantly elevated in the subjects
with hypertension: 21.14+4.9 mmHg, compared with
13.0+2.0 mmHg in the controls (mean+5.D., p<0.01) and
this was significantly related to mean, systolic, and
diastolic arterial pressure (r=0.878, p<0.01, r=0.670,
p<0.01, 1r=0.563, p<«0.05 respectively; n=18 in each

case)

3. There were also subtle abnormalities in the cardiac
pulsations in capillary pressure shown by Fourier
analysis in the group with hypertension, with an

increased attenuation of high frequency harmonics.

4, The capillary hypertension demonstrated in this study
in subjects with essential hypertension is consistent
with findings of other studies which suggest an
increased rate of filtration of fluid ac ross the
capillary bed. The elevation in capillary pressure
could result from an increased venular (postcapillary)
resistance in hypertension, accompanying an increased
artericlar (precapillary) resistance, or alternatively
could result from rarefaction of resistance vessels.
These abnormalities may be involved in the
pathogenesis of some of the known complications which

are associated with the condition.

Chapter 5: Maximum microvascular blood flow in hypertension.
1. A Laser Doppler flowmeter was used to investigate the

effect of essential hypertension on blood flow in

13



maximally vasodilated skin, following heating to 44°C.
Maximum Dblood flow (MBF) was measured in 12 subjects
with essential hypertension on no treatment and in 12

normotensive controls.

MBF., was not significantly different 1in +the two
greups: 3.69+0.25 V (arbitrary units of flow, subjects
with hypertension, x+S. .M. ) V.S, 3.48+0. 386 kY
{controls), despite the higher arterial pressure in
the hypertensive group (128.94+4.7 mmHg v.s. 91.8+2.86
mmHg, p<0.01). MBF was positively related to arterial
pressure in the controls (r=0.862, p<0.05}, but not in

the subjects with hypertension (r=-0.32 N.S.).

Flow-resistance, which reflects vascular structure in
the vasodilated state, was estimated by dividing blood
pressure by flow, and was higher in the subjects with
hypertension: 37.2+3.7 wmmbHg/V compared +to 29.6+3.0
mmHg/V in the controls (arbitrary units of resistance,
x+S.E. M., p=0.05). Resistance in the hypertensive
subjects was positively correlated to blood pressure
(r=0.69, p<0.025), whilst no =such relation was evident

in the controls (r=-0.21, N.S5.).

Following two weeks vasodilator treatment, the study
was repeated in six of the hypertensives; MBF fell but

the resistance remained elevated.

These findings confirm the presence of a structural

increase in flow resistance in the skin in

14



hypertension, which prevents overperfusion of this
tissue in the face of raised arterial pressure. This
alternative technique may prove useful in determining
the reversibility of such changes with

antihypertensive therapy.

Chapter 6: Apparent number of skin capillaries in
hypertension.
1. The number of blood filled capillaries in the skin on

the dorsum of the finger was counted by an independent
observer using a television microscope in 17
normotensive controls and in 34 subjects with

esgential hypertension.

Capillary density in the normotensive group was
115.3+16.5 mm™™ (mean+SD); this was gsignificantly
higher than in either hypertensives on treatment:

100.6+18.86 mm™*  or hypertensives off treatment:

103.34+16.5 mm™*.

Capillary numbers in the group off treatment

correlated inversely with diastolic blood pressure.

These results are consistent with a structural or
functional rarefaction of capillaries in subjects with
hypertension, or alternatively with an accumulation of

tissue fluid which prevented their visualisation.






1/1 INTRODUCTION

Although essential hypertension may be defined as sustained
elevation of brachial artery blood pressure, the simplicity
of the pressure measurement tends to obscure the fact that
arterial hypertension is but one facet of a more
generalised circulatory disturbance. This was identified as
a problem as early as 1925, when Sir James MacKenzie said:
"It is a mistake, and one made not infrequently, to
consider the high blood pressure as if it were a disease.”

Such a distinction might not be clinically important if the
complications of essential hypertension were completely
preventable by normalisation of arterial pressure values.
However, recent large prospective studies suggest that
pressure reduction does not guarantee freedom from the
development of complications (Medical Research Council
[M.R.C.] Working Party 1985, Kaplan 1984 [review]). Another
paradox revealed by such trials was the selective advantage
of some drugs for particular complications; for example in
the M.R.C. trial, diuretics were particularly effective in
preventing strokes, with Beta-blockers most efficacious
against myocardial infarction, despite the fact that both
drugs had an equivalent effect on blood pressure.

A cursory analysis of the complications of hypertension
points to the involvement of the microcirculation,
especially in retinopathy and glomerulosclerosis, and it is
entirely plausible that reduction of arterial pressure

fails to reverse similar microvascular abnormalities in

17



other organs that are less clinically evident.

The microcirculation is not only implicated in the
manifestation of complications, but also in the elevated
peripheral resistance which is the most constant feature of
sustained hypertension, and which resides in the
microvessels (Pickering 1961, Cowley 1980, Tarazi 1983,
Lund-Jdchansen 1884). In view of these considerations, it
ig surprising that few studies of human microvascular
function in hypertension have been performed, an omission
that attests in part to the lack of available techniques
until recent years. Equally, little is known of the effect
of powerful antihypertensive drugs on the microcirculation.
In this first chapter the existing data implicating
microvascular haemodynamic disturbances in hypertension in
both human studies and relevant animal models will be

reviewed.

1/2: MICROVASCULAR PRESSURES IN HYPERTENSION

There has been only one study in which capillary pressure
was measured directly in human subjects with hypertension
(Eichna and Bordley 1942). In that study, the authors used
the Landis micropuncture technique (see section 2/2) and a
water-filled manometer to compare average capillary
pressures from a group of subjects with hypertension with
those from a normotensive group. The results of this
pioneering study were interpreted as showing no difference

in capillary pressure between the two groups. Results from

18











































































129.3/83.1 mmHg + 12.0/8.8 mmHg (systolic/diastolic, + S.D
systolic / 8.D. diastolic). The subjects’ ages ranged
from 22-58 years (Average 36.2 4+ 10.2 years) and the sex

distribution was 10 male and 9 female.

Environment.

All experiments were performed in a temperature controlled
laboratory which was maintained at a temperature between
21-22.5°C. A thermostatically controlled air -conditioning
unit, independent of the central heating system, was used
to achieve this; the air stream was directed away from the
area of study. Air temperature adjacent to the hand under
examination was measured at regular intervals using a
copper-constantan thermocouple and electronic thermometer
(Comark type 1625).

Subjects were seated upright with the left hand resting in
a specially constructed polyurethane foam support at the
height of the sternal angle. This height was verified using
palpation and a spirit level (8tanley 100ecm); the length of
the stem of the chair was adjusted to accomplish +this
positioning. The apparatus and subject position is

illustrated in plate 3/1.

Capillary pressure measuremendt.

Skin preparation:
The cuticle and upper layers of epidermis above the
nailfold capillaries were carefully trimmed with a scalpel

blade to facilitate penetration of the micropipette.
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Plate 3/1: Apparatus and subject positioning for capillary

pressure measurement.

Another finger was used if this process caused bleeding oz
vasodilatation

In order to retain a pool of 0.9% sodium chloride solution
over the nailfold and to secure a skin thermocouple with
its tip adjacent to the area to be punctured, a ring of
Stomahesive (a waterprocf and flexible material 2mm thick
with an adhesive surface (Surgicare)) was cut out and stuck
around the nailfold. Stomahesive was chosen when initial
experiments using plasticine proved messy. The saline aided
visualisation of the capillaries by reducing reflections
from the rough keratin surface, and allowed calibration of
a dynamically-balanced zero pressure immediately prior to
each cannulation. Over 15-20 minutes however, the saline

caused the keratin to swell and become more opagque, so that
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Servo-nulling system:

The principle of operation of the servo-null pressure
measurement system has been described in chapter 2 section
1, and is commercially available (IPM. inc. San Diego,
California, USA). In this study, the use of the system
differed from the previous human work in that "zero”
pressure was calibrated with the pipette tip in the saline
pool above the nailfold, so that it was not necessary to
withdraw it from the fluid before use. This was desirable
because withdrawal may disturb the position of the
interface between the differing concentrations of saline
(within and without the pipette}, which could affect the
impedance of the pipette -and therefore the calibration of
"zero" pressure. Such calibration involved adjusting the
balance of the (Alternating Current) Wheatstone bridge, one
arm of which was formed by the impedance between a skin
electrode on the hand (3M Ltd electrocardiographic
electrode}) and the micropipette holder. Most of this
impedance occurrs at the micropipette tip, owing to its
small dimensions and the insulating properties of the
glass. With the micropipette tip in the saline, the “bridge
was adjusted so that its impedance was slightly higher than
that of the pipette, and the loop gain of the power
amplifier was then closed. The imbalance in the impedance
then resulted in actuation of the servomotor to denerate a
slightly negative pressure, which, at the micropipette tip,
caused a minute amount of the suffusate (0.9% sodium

chloride} to enter (a perfect balance of the ’bridge would
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Figure 3/1: Apparatus used to test the frequency response
of +the servo-null system. Phase and amplitude of dynamic
pressure oscillations were measured by a conventional
transducer and compared with the same paramerers measured

using a micropipette and the servo-null systemn.
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Figure 3/2: Amplitude-frequency response of the servonull
system. The upper line corresponds to the system as used in
this chapter, with the servomotor filled with silicone
fluid (Dow corning "200" fluid, 0.65 C.S.). The middle line
is the response of the system when filled with 1liquid
paraffin. the lower line was obtained when partition of
0il and saline filled parts of the system was attempted
using a thin ruber diaphragm. The amplitude of oscillation
was malntained at 5 mmHg, a representitive value for
capillary pulses; the response was worse for larger

amplitudes.
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The phase-frequency response is shown in table 3/1, with
representative photographs fromthe oscilloscope screen in
figure 3/3 (a) and 3/3 (b). The phase-frequency response
was adequate up to 12 Hs. Static calibration checks of the
pressure transducer and anplifier were regularly carried

out using a mercury colum.

Table 3/1: Phase-frequency response of servo-null system

(anmplitude mai ntained at 5mmHg) .

Frequency (Hz) Phase-Lag (mns) Phase-1 ag (degrees)

2 0 0

4 0 0

5 0 0

6 4 8.6

8 4 11.5
10 4 14. 4
12 25 108. 0
14 25 126.0
18 25 162.0
20 25 180. O
25 25 225.0
30 25 270.0

M cropi pettes:

M cropi pettes were pulled from 2. Onm di aneter borosilicate
gl ass tubing (Jencons Scientific) using a honme made puller.
The tips were ground with a single Dbevel on a water-
| ubricated grindstone under m croscopic vision. For ani mal
wor Kk, wher e the tissue is delicate and relatively
unsupported, pipettes ground with a double or triple bevel,
or alternatively etched for a few seconds in hydrofl ourous
aci d, have been shown to penetrate the capillaries nore

easily (Swayne et al 1986).



Plate 3/3: Photograph of oscilloscope screen with
oscillatory test pressure (upper +trace) and servo-null

pressure (lower trace) (a) at 6 Hz (b)) at 12 Hz.

aj

b)

Although both of these methods were given fair trial,
neither offered significant advantages over the simple
single bevel in this situation, where the epidermis

supports the tisue, and is firm enough to allow easy
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3/4 RESULTS

Mean Capillary Pressure and the Influence of Skin

Temperature

There was a signhificant fall in capillary pressure around
the capillary loop (p<0.001 Krushkal-Wallis one way
analysis of variance) from 37.74+3.7 mmHg (X+S.E.M., N=12)
at the arteriolar limb to 19.4+1.0 mmHg at the apex (n=25),
to 14.640.5 mmHg in the venular limbs (n=41). This is
illustrated in figure 3/5. Typical chart recordings are
displayed in figures 3/6 and figure 3/7.

S8kin temperature varied between 18.7-33.1 C (28.5+3.8 (,
x+S5.D.) and there was no significant correlation between
this and capillary pressure in any of the cannulation sites
{(r=0.29 n=12 arteriolar, r=0.30 n=25 apex, 1r=0.04 n=41
venular. )

In one subject, it was possible to repeat measurement of
capillary pressure on three separate occasions at different
ambient skin temperatures (range 18.2-32.5 C). Again there
was no significant correlation between temperature and
pressure 1im 6 venular or in 6 apical capillary limbs
(r=0.27 venular, r=0.56 apex) whilst pressure values were
reasonably consistent (15.74+2.9 mmHg venular, 22.1+7.4 mmHg
apex, x+S.D.) Despite this, when the fingers of four
subjects were heated by a hot air stream during the
measurement of venular capillary pressure, mean pressure

increased in each case (figure 3/8).

69






Figure 3/6: Typical recording of capillary blood pressure
in a venular limb. Pulsations are small and the respiratory
component is large. The positions of QRS complexes in the

electrocardiogram are represented by the dots.
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IFigure

3/8:

Effect of heating the skin during the

measurement of venular capillary pressure in four subjects.
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More d

over 30 seconds duration

Subject
No.

24
24
25
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26
27
27
27
28
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31
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capillary pressure recordings

is shown in table 3/2 below.

Capillary pressure {(mmHg.)

minimum maximum

[
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O

B OO ODONO O
S

mean

10
17
15
17
28
15
10
17
12
22
19
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14
10
16

20
25
20
30
44
28
22
36
16
36
30
32
24
20
18
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capillary pulse waveform. Computerised superimposition of
the pulse waves was triggered by the E.C.G. R-wave peak
(the peak voltage being a more consistent timing than an
arbitrary threshold). The mean diastolic pressure was
subtracted and the waves averaged, so that the temporal
relationship to the E.C.G. could be studied. A comparison
with a recording from the radial artery of an age-matched
subject, made using the servo-nulling system adapted to
measure arterial pressure through fine metal needles (see
appendix 2} iz shown in figure 3/11. The ideal of
simultaneous recordings of intra-arterial and capillary
pressure in the gsame subject was not possible in this case.
The timing of the foot of the pulse (the beginning of the
systolic upstroke} was ascertained from the timing of the
intersection of tangents to the steepest parts of the slope
immediately prior to the foot, and the steepest part of the
slope after the foot (McDonald 19743). In the three
subjects in whom the averaging process was carried out,
timings were 190, 200 and 210 ms followng the R-wave,
whilst the equivalent timing in the radial artery pressure
recording in one subject averaged 190 ms. The timing of the
foot of the arterial flow pulse was recorded in the radial
artery of the same subject as the arterial pressure
recording, using a Doppler ultrascund probe (Sonicaid
D320) averaged 193 ms. over 30 pulses. The waveforms from
the three (apical)} capillaries all closely resembled that
of the radial artery, with a systolic pulse wave, a

dicrotic notch and a dicrotic wave.
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Fi gure 3/11: Conpari son bet ween conmput eri sed

superinmposition (a), and averaging (b) of 34 capillary
pul se waveforms and the radial artery pulse (0., in age-
mat ched subj ects. All timngs are relative to the peak of
the R-wave of the ECG Capillary pressure = 32/25 mmHg;

arterial pressure = 138/ 75 mHg. Abbrevi ati ons: F, f oot of

pul se wave; § peak of systolic pulse; D dicrotic notch.

Capillary pulse waves
(34 superimposed)

Radial artery pulse wave
(typical)



Vasomotor and respiratory fluctuations:

The frequencies of the slower fluctuations and their
relationship to other parameters were ascertained in 14
capillaries by subjecting long sections of high quality
recordings to computerised Fourier analysis. The average
length of data analysed was 153.6 seconds per subject
(range 102.4 - 204.8 s}

In the first stage of the Fourier analysis, cross-—
correlation between any two data channels in the time
domain revealed the degree of synchrony 1in timing (see
figure 3/12). In simple terms the figure can be understood
as follows. Adaptation of the analysis, which was designed
for continuocus recordings rather than discrete 1lengths,
necessitates regarding the middle point of the recording
(128.4s in the example shown} as the "beginning”. When any
two channels are correlated in the time domain, they are
compared’ from this point, both forwards and backwards in
time. A positive relation results in an oscillatory
pattern, the interval of which can be estimated in seconds
from the scale (x axis). The greater the correlation in
time (i.e. the better the degree of synchrony), the larger
and more periodic the oscillatory pattern becomes. It will
be observed that all correlations show a gradually reducing
amplitude towards the "ends" (i.e. 0.0s and 204.8 s}; this
results from the tapered "window", a progressive filter,
acting at the ends, which prevents artefacts which would
occur 1if the analysis encountered the sudden absence of

data at these points.






account of this factor, and the small number of subjects in
their study the results are not significantly different,
but the discrepancy 1illustrates the importance of
hydrostatic pressure -—-and therefore position of the 1limb.
The position of the hand at the level of +the manubrio-
sternal Junction with the subject sitting upright was
chosen for this study so that the results could be compared
with most other studies, this being the most oft-adopted
position.

The object behind having the hand slightly lower, at mid
right atrial 1level in the study by Levhﬂffiﬁé?S), was
presumably to achieve a more representative reference level
for the measurement, attempting to avoid hydrostatic
influences in the erect position. Whilst this is a worthy
aim, it 1is probable that hydrostatic contributions to
capillary pressure are not avoided in any of tbe positions
described above. The most accurate "zerc” position for the
manometer tip in cardiac catheterisation studies is said to
be in the midaxillary line, in the line of the sternal
angle (Yang 1976}, but such studies are performed with the
subjects supine, and it is not clear how this would change
with the subjects sitting upright.

On the venous side, mid atrial level (as used by Levick) is
probably the most accurate reference level, but only if the
veins at the shoulder do not collapse to form a high-
resistance point. As right atrial pressure is around 4mmHg

etal

in normal subjects (LondonA1978), in a low flow situation,

the axillary venous pressure in the erect posture (about
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in pressure would result in transient periods of
filtration or reabsorption in arterioclar, apical or venular
capillary limbs. It 1is possible that this results in a
more efficient local fluid exchange and tissue nutrition

mechanism than achieved in a steady-state (Lubbers 1979).

The influence of skin temperature:

In view of the lack of correlation between temperature and
pressure in  an individual and in the whole group, the
results of the heating experiments, 1in which capillary
pressure increased in each case (figure 3/8), seem
surprising. However, the correlation with temperature in
the heated group as a whole is poor: r=0.41 (N.S.), and the
heat resulted in skin temperatures which were all above the
highest resting temperature, and may therefore have
initiated thermoregulatory reflexes which are not
necessarily involved in the resting state. Studies which
have demonstrated a relationship between capillary pressure
and temperature have alsoc relied upon heating and cooling
(Landis 1930, Levick 1978). The results of the present
study are also similar to data obtained from capillary
blood cell velocity measurements and from laser-Doppler
flow, both of which show a poor correlation with
temperature below 31-32 C, and a sudden rise in flow above

this (Ostergren 1986, Nilsson 19886).

Relation between mean capillary presure and capillary pulse

pressure:

The significant relation between mean capillary pressure
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and capillary pulse pressure (figure 3/10) is interesting
because the regression line does not pass through the
origin, all pulsations having disappeared when mean
pressures measured below 7 mmHg. The most likely
explanation for this is that both mean and pulse pressures
reflected arteriolar tone. When this was high, very little
contribution to the pressure was made from the arterial
side of the circulation. Instead the pressure registered
probably approximated to peripheral venous pressure under

these circumstances.

Capillary pulse waveforms:

The computerised superimposition and averaging of capillary
pulse waveforms and their close resemblance to our own
(figure 3/11) and published radial artery pulse waves
(Remington and Wood 1956), affirms both the accuracy of the
measurement and the fact that the microcasculature distal
to the artery is relatively non-compliant. The small delay
between radial artery arrival times for the pulse-wave
"foot” (190 ms following the E.C.G. R-wave and those
measured in the capillaries (203 ms mean) showed that the
velocity of the wave between these two points was probably
several metres per second. This corresponded well with
predictions from the Moens-Korteweg formula, but was more
rapid than predicted by a recent mathematical model which
included visco-elastic damping in the calculation (8alotto
1986). The latter model did however combine the anatomical
and physiological data from different parts of the vascular

bed in different species of animals +to enable the
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calculation +to be made. Only one part of the capillary
pulse did not have a parallel in typical arterial
waveforms, a small wave preceding the systolic wave. An
explanation for this was not immediately obvious, although
wave reflection, resonance and differential velocity
separation of waves may be importght. The most likely
explanation is that the arterial pulse wave contained this
component in that subject, as the other recordings did not

show this feature.

Fourier analysis of temporal variations in pressure.

Fourier transform analysis has been used previously to
determine the frequencies of vasomotion in capillary blood
flow velocity changdes (Tyml et al 1979) and vessel diameter
changes (Colantuoni et al 1983), but has not previously
been applied to capillary pressure recordings. The main
difficulty 1in the application of this type of technique
stems from the fact that it assumes the signals to be
continuous (i.e. made over a very long time period)f}Long
recordings of capillary pressure without artefact were
exceedingly difficult to achieve, There were only 14
records which were of sufficient length (at least 102.4s).
The potential source of artefact occured when the analysis
encountered the beginning or end of the record, either of
which could be read as a massive single fluctuation. This
was overcome in the present analysis by using a "tapered
window", a filter acting progressively at the ends of the

records (Kitney and Rompelman 1980). The respiratory origin
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of ecapillary pressure fluctuations, revealed by this
analysis (average 17 cycles per minute)}, and confirmed by
the manual correlations (table 3/3) is perhaﬁs not
unexpected in view of effects of respiration on venous and
arterial pressures, and sympathetic tone (Hampton 1983).
Respiratory variations in venous pressure of the same order
of magnitude as those found in capillary pressure
recordings (5mmHg) were measured in two subjects, and were
probably due to a reduction of venous reburn during
expiration, and the converse on inspiration. The phase
relationship of respiration to capillary pressure
fluctuations was also variable between subjects, owing to
the phase lag of both the thermocouple and peripheral
venous pressure(relative to intra-thoracic pressure), but
within each subject the relationship was constant. Hence, a
respiratory effect on venous pressure could account for
much of the variation in capillary pressure, although
changes in cardiac output, blood pressure and sympathetic
tone with respiration may also have an influence.

There was no significant correlation between laser-Doppler
blood flow and respirabion; such a correlation might be
expected in view of the pressure variation, but flow with
this instrument 1is measured in many different vessels
including deeper shunt and plexus elements (Rayman 19886) in
which the phase of the changes in pressure and flow would
vary.The frequency of vasomotion in capillary pressure
recordings (average 4.8 cycles per minute) was similar to

the frequency of arterioclar diameter changes in the hamster
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(shown using the same type of analysis (Colantuoni 1983))
as well as correlating with vasomotion frequencies in the
laser-Doppler output in the present study. The fact that
the time-domain correlation (synchrony) between laser-
Doppler output and capillary pressure was only present in
two of the fourteen recordings argues against the
initiation of vasomotion by a central mechanism, as this
would result in numerous capillaries in adjacent sites with

synchronous variations in pressure - and therefore flow.

Conclusions:

Reliable use of the servo-nulling system to measure
capillary pressure dynamically in human subjects has been
achieved for the first time. The normal wvariations in
pressure which have an important influence on tissue
hydration have been related to other measured parameters.
Having examined and described the physiological variabitity
in capillary pressure, 1t was felt appropriate to proceed
to the investigation of microvascular pregsures in subjects

with essential hypertension.
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CHAPTER 4:

CAPILLARY PRESSURE IN HYPERTENSION

4/1 P95 INTRODUCTION
4/2 P96 METHODS

4/3 P100 RESULTS

4/4 P112 DISCUSSION
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4/1 INTRODUCTION

The aims and background to the study of capillary pressure
in hypertension were discussed in chapter 1 sections 1/2,
1/3 and 1/7. In summary, the simplest aim of this study was
to discover whether capillary pressure was raised in
patients with essential hypertension, when compared tHo
normotensive controls. The one early micropuncture study
(Eichna and Bordley 1942) suggested that capillary pressure
was normal, but recent indirect evidence from the reduction
in plasma volume (Dustan et al 1973) and increased trans-
capillary escape rate of protein (Parving and Gyntelberg
1973) suggested the opposite. It was doubly important to
answer this question; firstly because of its implications
for the site of the increased peripheral resistance in
hypertension (see sections 1/2, 1/4 and appendix 1);
secondly Dbecause an elevated capillary pressure may be
involved in the development of microvascular complications
- and would therefore need to be considered in the
development of a logical treatment strategy. Supplementary
aims to this study resulted from the analyses of capillary
pulse waveforms and pulse transmission velocities which
were found +to be possible in the previocus experiments
(chapter 3), and the effects of hypertension on these

parameters could therefore also be ascertained.
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4/2: METHODS

Subjects and conditions:

Nine subjects with essential hypertension were recruited
at random from patients attending the blood pressure unit
at Charing Cross Hospital. All had haematological and
biochemical results within the normal ranges for the
laboratory, including full blood count, sodium, potassium,
creatinine, and urea, and all had normal values for plasma
renin assay and aldosterone within the preceding six
months. None had c¢linically evident oedema or cardiac
failure, and all had received no drugs for at least two
weeks at the time of study. Blood pressures taken by an
automated sphygmomanometer in the supine position (Critikon
"Dinamap”) after five minutes rest were at least 95mmHg
diastolic. These subjects were compared with an equal
number of individuals of the same race and sex, and with a
gsimilar age distribution who were recriuted from hospital
vigsitors and laboratory staff, all of whom had blood
pressures less than 90mmHg diastolic and 150mmHg systolic,
taken under the same conditions as the patient group. Again
none of these subjects had c¢linically evident cardiac
failure and none were on any drugs. Premenopausal females
were matched for phase of menstrual cycle at the +time of
the study, as this can affect capillary pressure (Tooke
1981). All studies were performed in a temperature-
controlled laboratory (21.0-22.5°C) after a period of

acclimatisation of at least 30 minutes. The subjects lay
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Average capillary pressure was established for the 30
second period in 33 capillaries in the control subjects,
and 28 capillaries in the subjects with hypertension.
Between 2 and 5 capillaries were cannulated in each
subjeét— this was not significantly different between the

two groups.

Average capillary pressure:

Average capillary pressure was significantly higher in the
subjects with hypertension: 21.1+4.9 mmHg vs 13.0+2.0 mmHg
in the controls (p<0.01 %X+S.D.) Individual values are shown
in figure 4/1.

Average capillary pressure for each subject was related
significantly with mean blood pressure (mean of all
readings) in each subject as shown in figure 4/2 (r=0.8786,
n=18, p<0.01) as well as diastolic blood pressure (r=0.670,
p<0.01) and systolic blood pressure (r=0.563, p<0.05). The
peak pressure observed during the 30 second measurement
preriod (the highest systolic capillary pressure during the
highest vasomotion phase) was also significantly higher in
the hypertensive group (see Figure 4/3). The minimum
pressures (the lowest diastolic capillary pressure during
the lowest vasomotion phase) during the same period were
not significantly different: 10.5+2.9 mmHg (hypertensive

group) and 8.3+2.2 (control group) (figure 4/4).
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Figure 4/1: Average capillary pressure in subjects with
essential hypertension and control subjects. Values from

individual capillaries are shown.
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Figure 4/2: relation between capillary pressure (mean of
all cannulations in each subject) and arterial pressure
(mean of all readings in each subject). Three of the
patients were studied again after one month of antihyper-
tensive treatment. These on treatment wvalues were not

included in the calculation of the correlation coefficient.

o Normotensive control subjects
* Subjects with hypertension
A Subjects on treatment for hypertension

5 35

= i

E 30 r=20.676 (p<0.01)

@ 254

2

v 20+

‘5_ ®

> 151

5 10-

c O

% O ] 1 1 I 1 1 1 {
0 80 100 120 140

Mean arterial pressure (mmHg)

103



Figure 4/3: Peak capillary pressure observed during the 30

second measurement period in both groups.
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Figure 4/4: Minimum capillary pressure observed during the

30 second measurement period in both groups.

NS
—
= 16 - .
E 14- .
-~ ®
S 124
>
w S ————
g} 10-—1 [ J
S
>\ —
s !
% 6 .
<
e 47
=
E o
=
= T l
R X
o \
Qé>x§§ \b§‘%§§
69 Q& é}
& ¢ QY S
P > &
D

105



Cardiac pulsatility and signal averaging of pulses:

All of the recordings showed cardiac pulsatility; the pulse
amplitude was slightly higher in the hypertensives:
2.33+2.0 mmHg (hypertensive group) and 1.73+1.1 mmHg
(controls, x+SD) (figure 4/5) but this did not reach

statistical significance.

Figure 4/5: Average capillary pulse pressure observed

during the 30 second measurement period in both groups.
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Computerised signal averaging and superimposition of pulses
revealed that, relative to the timing of the E.C.G. R wave,
the pulses arrived earlier in the finger capillaries of the
hypertensive sub jects than in the control group:
0.173+0.03s (subjects with hypertension}) wvs 0.203+0.02%

{controls) p<0.025 (figure 4/6).

Figure 4/6: Average time of arrival of the cardiac pulse in

the capillaries of each subject in both groups
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The finding of such "early" pulse arrival suggested that
the pulse transmission velocity from heart to capillary was
higher in the subjects with hypertension: 5.3+1.1 m/s
compared with 4.3+0.49 m/s in the controls (p<0.025) using
the crude estimation outlined in the methods. This finding
was confirmed in a smaller number of subjects (6 controls
and 3 hypertensives) by using the A.C. coupled
plethysmograph to calculate the pulse transmission velocity
along the finger- as explained in the methods. Averaged
waveforms showing the later arrival of the pulse wave foot
in the (more distal) capillary are shown in figure 4/7

below.

Figure 4/7: averaged waveforms of simultaneously-recorded
capillary pressure and A.C. plethysmograph (at the base of
the next finger) the later time of arrival of +the pulse
foot in the capillary, the pulse having travelled a

measured distance up the finger.
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Although numbers are too small for statistical comparison
between seperate groups, there is a significant relation
overall between pulse transmission velocity along the
finger calculated in this way and mean arterial pressure
(r=0.73, n=9, p<0.05, average velocity-controls: 2.89 m/s

vs 4.75 m/s in the hypertensive group: figure 4/8.
Figure 4/8: relation between pulse transmission velocity

{calculated using the plethysmographic method} and blood

pressure.
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Pulse waveform Fourier analysis:

Fourier analysis of the pulses revealed a significant
increase in the attenuation of the high frequency harmonics
in +the subjects with hypertension. A typical frequency
spectrum is shown in Fig 4/9 below: V = vasomotion, R =
respiration, F = fundamental of pulse (first harmonic), HZ
= second harmonic of pulse, H3 = third harmonic of pulse,

H4 = fourth harmonic of pulse.
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hypertension means that a simple increase in pre-capillary
(arteriolar) resistance is not a complete explanation for
the raised +total peripheral resistance, which is a
universal feature of hypertension (see appendix 1) as this
would prevent the increased arterial pressure from being

conducted to the capillaries (Eichna and Bordley 1942,

Fadnes 18986}. Capillary hypertension could therefore
result if, in addition +to +the increased arterioclar
resistance, ocne or more of the following hypotheses
applied: 1)} volume expansion (and therefore an increase in

venous pressure) 2) ah increase in post-capillary (venular)
resistance 3) a reduction in the number of microvessels in
pvarallel (rarefaction). The first explanation is unlikely
in view of the reduction in plasma wvolume in hypertension,
although we did not measure this parameter, but it may be
important in nephritis and heart failure (Fahr and Ersler
1940, McCleod 1960). Venous pressure has also been reported
as normal in essential hypertension (Frohlich 1987). The
second hypothesis is a plausible explanation for our
findings. Increased venous tone and reduced venous
compliance have been reported in hypertension (Ulrych 1973,
London et al 1978, Genest 1983.) and although wvenular tone
has not been measured , it has been shown that venular
resistance is regulated and 1is involved in tissue
autoregulation of blood flow (Fronek et al 1974). Another
factor which may, in effect, increase the postcapillary
resistance is that of increased blood viscosity in

hypertension. In an in-vitro comparison, whole blood



viscosity was only marginally increased in hypertension at
shear rates estimated for arterioles (Letcher 1981).
However, at low shear rates, as found in venules, the same
study showed a 25-30% increase in viscosity in blood from
the hypertensives. It was suggested that this differential
increase in viscosity could result in an increased
capillary pressure (Letcher et al 1981, Chien et al 1969)

A structural or functional rarefaction of vessels, the
third hypothesis, is also a potential oontfibuting factor
to capillary hypertension, and is a phenomenon which has
been reported in humans (Harper et al 1878, Sullivan 1982,
Fischer et al 1984) and animals (Hutchins and Darnell 1974,
Hutchins et al 1977, Prewitt et al 1982). This hypothesis
is discussed at greater 1ength in relation to the findings

of chapter 6.

Transmigsion of pulses and harmonics:

The‘reduction in the amplitude of pulse harmonics observed
in the subjects with hypertension, which resulted 1in a
smoother appearance of the pulse waves, could be due to
either an increased reflection of these frequencies at the
artery/arteriole Jjunction, (McDonald 1974) or alternatively
an increased damping of harmonics as they travel along the
small véssels (Salotto et al 1986). An intrinsic alteration
in the arterial wall (Carter et al 1978, Safar and Simon
1986) resulting‘in a reduced compliance, could alter the
waveform oprior to its reaching the the capillaries,

although this would be expected to increase the
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transmission of high frequency harmonicsg (Salotto et al
1986), and would not be consistent with the results. It has
been claimed that the altered brachial-ankle systolic
pressure ratioc in hypertension demonstrates an abnormal
pressure pulse transmission along the arteries into the
periphery {Hugue 1987 ; this may therefore be a
contributing factor.

An  increased viscosity of the pre capillary vessel wall -
along which the pulse travels- would also preferentially
reduce the transmission of high frequency harmonics
(Salotto et al 1988). It is not known whether the structual
and functional changes observed in pre capillary vesels
would result in such changes in their hydro-dynamic

properties.

Pulse transmission velocity:

The suggestion that the pulse wave transmission velocity is
increased in hypertension is not new; this has been shown
to occur in large arteries due to the increased wall
stiffness on distension by the greater transmural pressures
in hypertension (McDonald 1874, Carter et al 1978). However
this is the first study to show that this continues to the
capillary bed, indeed the average pulse transmission
velocity along the small vessels of the finger has not
previously been measured. The values of several metres per
second confirm +the relatively 1low compliance of the
microcirculation and support observations in the previous
chapter. The finding of a marginally slower velocity along

the finger than overall from the heart is slightly
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surprising, as a higher velocity would be expected in the
smaller, relatively rigid vessels. This could be due to
errors in measurement; a few milliseconds error in the
prlethysmographic measurement could wvary the velocity
estimate along the finger by 50%. Alternatively the
velocity could be truly reduced because of the increasing
importance of visco-elastic damping in smaller vessels.
Doppler ultrasound would have been a better method for
marking the upstream pulse for comparison with capillary

pressure timings.

Effects of treatment of hypertension:

The preliminary findings on the effect of antihypertensive
therapy on microcirculatory pressure abnormalities are
promising, showing a possible relationship between control
(or +the lack of control) of arterial pressure and
capillary pressure. The fact that capillary pressures were
normalised in the two subjects in whom arterial pressures
were also normalised is reassuring, but in view of the
multitude of pharmacodynamic actions exhibited by different
classes of drug, all drugs would not necessarily be equally
efficacious. The non response to therapy in one subject was
useful as it demonstrated that drug therapy per se did not
break the relationship between capillary and arterial
pressure. Of interest was the fact that the other
parameters measured improved in all three subjects, despite
the "non response” in one subject as defined by arterial

pressure measurement.
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Conclusions:

In conclusion, this wunique study has shown several
abnormalities in microcirculatory haemodynamics in
essential hypertension. The most important of these,

capillary hypertension, is consistent with several findings
in hypertension which previously have not been confirmed
directly. Perhaps more importantly, it represents a marked
disturbance of microcirculatory function which could be
present in all tissues (as hyperfiltration of the skin
alone would be unlikely to account for the results of the
indirect studies). In addition, these findings suggest that
there are structural or functional changes in pre-capillary
and post-capillary resistance in hypertension, which are
possible targets for therapy.

It would be unwise to speculate upon the consequences of
these abnormalities, and whether they could be involved in
any—- or all of the complications with which hypertension is
associated, but they are likely to be important. The
results from the treated patients offer some preliminary
reassurance that conventional therapy can normalise
abnormalities which are probably more directly related +to
the likely complications of the condition than the pressure

in a large artery.
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MAXIMUM MICROVASCULAR BLOOD FLOW IN HYPERTENSION

5/1 P121 INTRODUCTION
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5/1 INTRODUCTION

A structurally-based increase in flow resistance in essen-
tial hypertension is a likely explanation for the results
of several studies which showed a normal or reduced blood
flow in "maximally" wvasodilated wvascular beds (see chapter
1 section 1/4), despite the greater arterial pressure in
the hypertensive groups. This deduction depends on the
abolition of "functional" vasomotor tone, and also on the
absence of any differential effects of the flow measurement
technigque on the two groups. Most human studies have
involved the use of venous occlusion plethysmography to
measure blood flow (Conway 1963, Sivertsson et al 1970,
1976, 1979, Gunbradsson and Sivertsson 1982). In view of
the decreased venous compliance and distensibility (London
et al 1978) and exaggerated veno-arteriolar reflex in
hypertension (Henriksen 1981), blood flow could be systema-
tically underestimated in the patient group by the use of
this technique. Additionally, although most authors have
striven +to achieve maximal vasodilatation, 1t has been
suggested that this may not have been accomplished
throughout the whole 1limb (Gunbraddson and Sivertsson
1982). It was therefore felt worthwile to repeat the type
of study discussed above, but using a laser-Doppler
technigque +to measure blood flow in maximally vasodilated
skin, hence avoiding the potential distortion of methods

dependent on venous occlusion.
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5/2 METHODS

Subjects:

Twelve subjects with essential hypertension were recruited
at random from patients attending the blood pressure unit.
All had haemotological and biochemical results within the
normal ranges for the laboratory, and none had taken any
drugs for at least two weeks before the gstudy was
performed. Twelve subjects with a similar age, sex, and
race distribution to that of the first group, but with no
history of hypertension, were recruited from laboratory
staff and visitors. Blood pressures were measured using a
Critikon "Dinamap" automated sphygmomanometer (Silas et al
19890, initially with the subjects in the supine position
(mean of three readings). All subjects in the
hypertensive group had either diastolic pressures greater
than 95mmHg or systolic pressures greater than 155mmHg (or
both). None of the subjects in the control group had
pressures within the range defined above when taken wunder
the same conditions. There was a slight overlap in blood
pressure values between the groups when the subjects were
sitting upright for the blood flow studies to be performed,
due to (variable) reflex changes in pressure with posture.
Supine values were used only to confirm the definition of
hypertension; sitting blood pressures were used 1in all
calculations and results. Mean arterial pressure was

estimated as diastolic + 1/3 pulse pressure,
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Vasodilatation and blood flow measurement:

All studies were performed in a temperature controlled
laboratory (range 21.0-22.5°C) with the subject sitting
with +the hand at the level of the sternal angle. A
thermostatically heated probe holder (as designed by Dr G.
Rayman) and illustrated in figure 5/1) was attached to the
skin on the dorsum of the left middle finger using a double
sided adhesive disc. The central brass core of the holder
(0.8 cm diameter) protruded through the hole in the
disc, was thermostatically heated to 44°C and was in direct

contact with the skin.

Figure b/1: Schematic diagram of a cross section through

the thermostatically-heated probe holder.
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After a period of 20 minutes at this temperature (usually
at least 30 minutes of heating, depending on initial skin
temperature, a 2mm diameter laser Dopprler probe was
introduced through the small eccentrically positioned hole
in the holder. Rotation of the core allowed serial sampling
of 8 different skin sites, each of which had been directly
heated immediately before the measurement. Blood flow was
measured for 30 seconds at each site using a laser Doppler
flowmeter (Periflux PF2) set to the 12kHz bandwidth. Mean
blood flow was determined geometrically for each site from
chart records using a digitising tablet (Bausch and Lomb
"Hipad") and microcomputer (Research Machines 3807Z). All 8
sites were averaged to give an overall mean "maximum" blood
flow for each subject (MBF). In three of the normotensive
aubjects, isometric exercise was performed (squeezing a
sprung handgrip) in order to raise the blood pressure.
Following one minute, blood pressure was measured and
maximum blood flow noted in one site only. MBF was compared
to the pre-exercise value in the same site.

(&}

Calculation of flow-resistance and statistical methds:
N

Dividing mean arterial pressure by maximum blood flow gave

an estimate of minimum resistance to flow in the skin
microvasculature, in arbitrary units- mmHg /V. For
statistical comparison between groups the Mann~-Whitney U
test was used. The paired Wilcoxon’s test was used to
ascertain the effect of drug treatment in six subjects. As
a convenient indication of spread, results are expressed

as mean + S.D.
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Effects of antihvypertensive treatment:

In six patients the study was repeated following two weeks’
antihypertensive therapy; vasodilators were used in each
case. The effect of drug treatment is summarised in table

5/3.

Table 5/3: Effect of wvasodilator treatment on blood
pressufe, maximum blood flow and resistance. % = p<0.05

gsignificance (paired Wilcoxon’s test).

Subject Blood Maximum Minimum Drug
No Pressure Blood Resistance
{mmHg ) Flow({V) {mmHg /mV )

1 149 5.0 29.8 nil
2 109 3.8 30.3 nil
3 138 4.4 31.3 nil
4 128 3.4 38.0 nil
5 113 3.4 33.2 nil
5] 120 4.7 25.5 nil
x(S.D.) 126(14) 4.1(0.8) 31.4(4.0)
1 116 3.2 36.2 nifedipine
2 113 3.4 33.2 nifedipine
3 117 4.0 29.3 nifedipine
4 103 2.9 35.5 nifedipine
5 105 3.8 27.6 captopril
6 111 2.7 41.1 captopril
x{(8.D.) 111(¢(5.2)% 3.3{(0.5)% 33.8(4.5)}N.8.
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5/4 DISCUSSION

Accuracy of methods:

The following points were considered when making deductions
about the findings in the present study: 1) that
vasodilatation was truly maximal, 2) that measurements of
blood-flow were accurate, and 3} whether calculation of
resistance in units of mmHg/V was meaningful. It is
believed that maximal vasodilatation was achieved in the
present study for several reasons; firstly that the blood
flow in the heated area was not increased (above the
original wvalue) following release of a 3 minute arterial
oceclusion in 6 subjects. Secondly, the spontaneous
vasomotion normally seen in laser Doppler recordings was
abolished, as was the veno-arteriolar reflex which
normally results in reduced blood flow on dependency
(Rayman et al 1986, Henricksen 1977). Thirdly, in the six
hypertensive subjects in whom the study was repeated
following vasodilator therapy, the maximum blood flow was
reduced in parallel with the blood pressure reduction, the
calculated resistance remaining the same; this would not be
expected if there was a residual functional +tone. As a
further independent attempt to verify the strength of the
vasodilatory stimulus used, methyl nicotinate was applied
to the skin of an adjacent finger in three subjects as
described by Albery and Hadgraft (1979). This was not a
useful comparison however, as the rubefacient properties of
this substance were hardly apparent in this skin site, even

in the highest concentrations recommended, presumably due
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blood flow values.

Hence, +the minor inconvenience of having arbitrary units
for blood flow and resistance when using the laser-Doppler
technique was outweighed by its advantages: the lack of
inteference with blood flow, the simplicity, and the lack
of confusion over the relative contributions of blood flow

from skin and muscle.

Blood flow results; implications:

The significant positive relation between MBF and arterial
blood pressure in the normotensive controls was a
surprising finding, and was so dependent for significance
uponn  the two subjects with high MBF and high-normal blood

pressures (figure 5/2) that it should not be relied upon in

isolation. Taken in conjunction with the results of
isometric exercise, in which blood pressure rose by 17%

average 1n three individuals and MBF rose by 20%, it is
probable that both findings reflect the passive behaviour
of maximally dilated vascular beds in which resistance was
relatively constant.

The main finding of this study was that blood flow in a
maximally dilated microvascular bed was not significantly
increased in subjects with hypertension, when compared to
matched normotensive controls, which was in agreement with
the findings of other studies using different methods
{Conway 1963, BSilvertsson and Hanson 1976, Gunbradsson et
al 1972, Folkow et al 1970, Roy and Mayrovitz 1984). The

results are also similar to those contained in a recently
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published study also using the laser-Doppler instrument on
the skin, but using a three minute arterial occlusion as
the hyperaemic stimulus (Orlandi 1988). The heated probe
holder used in this study was an improvement over arterial
occlusion, as it allowed averaging af values from multiple
skin sites, thus reducing error from local variation in
microvascular anatomy.

Previous authors have suggested that, following the
abolition of functional vasomotor tone, the flow-
resistance reflects vascular structure. The findings in
hypertension, particularly the normal MBF and the lack of a
relation between arterial pressure and MBF, would therefore
be consistent with a structural increase in microvascular
resistance (Folkow et al 1970, Sivertsson et al 1978),
which prevented overperfusion of the tissues. If
hypertension 1is indeed initiated by a transient period of
high bloed flow and oardigc output, this type of structural
change might be regarded as a form of flow autoregulation
(Sivertsson 1976), which leads to the creation of the
hypertensive state. An increased bloocd viscosity in  the
subjects with hypertension 1is a plausible alternative
explanation for the findings, but at high flow rates the
viscosity measured in-vitro is barely raised in subjects
with hypertension, (Letcher 1981) and could therefore only
be a small contributing factor.

Similarly, a rise in venous pressure in the subjects with
hypertension could also explain the results of the study,

but a very high venous pressure would have been necessary

134






would be necessary, designed to investigate this 1link
(between resistance and duration) particularly, before this
point can be accepted.

There remains some controversy over the potential
reversibility of such abnormalities of resistance; one
prospective +trial of 5 years’ drug treatment (Sivertsson
et al 1976) showed that plethysmographic evidence of
structural changes in the forearm were partially reversed,
but a similar study by the same authors on the calf
vasculature showed no improvement following 18 months’
treatment (1979). A study of patients with surgdically
corrected coarctation of the aorta showed retention of the
increased resistance in the (previously hypertensive) right
forearm, even though the surgery was performed on average
11.5 years previously (Samanek et al 1976). Although some
reversibility of +these changes has been shown in animal
studies (Folkow et al 1971), +this may reflect shorter

exposure to hypertension before commencement of treatment.

Conclusions:

This study has demonstrated a simple method of estimating
flow- resistance in the skin, and has shown a structurally-
based increase in this resisbtance in subJjects with
essential hypertension. Application of the technique on a
large scale could be of use in assessing the relative

efficacy of different drugs in reversing these changes.
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Figure 6/1: Apparent number of skin capillaries in subjects

with hypertension and in normotensive controls.
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6/4 DISCUSSION

This simple, repeatable and non-invasive method of
determining capillary numbers could be applicable on a
large scale. BSuch large scale studies would not be as
simple as initially expected, as the results from this
study do not suggest whether fewer visible capillaries
represents a structural or a functional rarefaction. The
attempt to distinguish between these two mechanisms, by
seeking changes in numbers perfused on heating the skin was
not successful, owing to the loss of visibility of the
capillaries with heat. This was probably due to an
accumulation of interstitial fluid, resulting from the high
blood-flow. Interstitial fluid accumulation may also be
considered a possible explanation for the reduction in
apparent number of capillaries in the hypertensive
subjects, as hyperfiltration has been implied by several
previous studies (Dustan et al 1973, Parving et al 1973;
see section 4/4 for full listing and discussion). The
results are therefore consistent with a raised capillary
blood‘ rressure in subjects with hypertension, but do not
defin;%ely confirm the presence of microvascular
rarefaction. Whatever process was responsible for the
reduction in capillary numbers observed in this study, it
appeared to be related to prevailing blood pressure in the
untreated group of patients,'although there were only a few
subjects with very high arterial pressures, which made the

correlation very dependent on a handful of subjects.
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Obvious ethical problems limited the availability of
subjects with such dangerously high pressures. The lack of
such a relationship (between capillary numbers and blood
pressure) in the treated group could have resulted from the
reduced range of blood pressures, or perhaps because of an
independent effect of wvasocactive drugs on capillary
numbers. As most subjects were on combinations of drugs, it
was not possible to look for the effects of individual
types of drug.

Support for a pressure-dependent reduction in capillary
density, perhaps as a physioclogical response to raised
capillary pressure, came from capillary counts in skin on
the dorsum of the foot. It was found that the apparent
number of capillaries on the dorsum of the foot in
normotensive subjects was about half that of the finger
(Rayman et al 1988). As the foot is subjected to
hydrostatic pressures considerably greater than the hand,
this would be consistent with the above findings.
One way of investigating this hypothesis would be to
perform capillary counts in children’s skin as their
posture changed.

Future study using this method may therefore prove a useful
adjunct to other methods of investigating the raised

peripheral resistance in essential hypertension.
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7/1 INTRODUCTION

It is the purpose of this section to bring together the
findings of the different projects which have been
undertaken, and to explore their implications in a more
integrated and wide-ranging manner than was possible in
the individual chapters. This discussion, inevitably is

partially speculative.

7/2 THE NATURE OF THE INCREASED RESISTANCE IN HYPERTENSION.

All three of the studies concerning patients with
hypertension have some relevance to considerations of
peripheral resistance. The studies of capillary pressure
and capillary density concern resistance "at rest” -with
structural and functional contributions intact, whereas the
maximum blood flow study was intended to reveal purely
structural changes in resistance, following the abolition
of functional vasomotor tone. The latter study, beyond
confirming that there is a structurally-based increase in
flow-resistance in the skin of humans with essential
hypertension, does not suggest what form or site the
increase in resistance has taken. Furthermore, it does not
exclude a coexistent functional abnormality, as '"resting”
blood flow was not measured pre-vasodilatation. Reduced
resting skin blood flow has been reported (using radio-
isotope clearance methods) in subjects hypertension

{Ondreija et al 1974), which would be consistent with such
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a functional change, but normal skin blood flow has also
been shown (Prostjacov et al 1963). The capillary density
study was conceived as an attempt to establish whether the
structural abnormality suggested above involved rarefaction
of capillaries, or by default, whether the traditional
explanation of arteriolar-wall hypertrophy was most likely.
In fact, the study was unable to answer this point because
it was not possible to perform capillary density
measurements both at rest and at maximal vasodilatation,
as the dilated capillaries led to an oedematous area,
through which focussing was impossible. The study was
therefore performed only at rest, and although fewer
capillaries were visible, +this could be a functional
change. The issue was further clouded by the finding of a
raised capillary pressure; an increase in tissue fluid
leading to decreased wvisibility of capillaries in
hypertension became an alternative explanation for the
results. 8Such an accumulation of tissue fluid, secondary to
a raised capillary pressure, has been put forward as a
possible contributing factor to the resistance in
hypertension, by increasing the compression of the
capillaries (Rodbard 1971, Simmonds 1984). By collapsing
the vessels with the lowest intraluminal pressures, such as
the postcapillary venules, this would tend to increase
predominantly postcapillary resistance, which further
raises capillary pressure. Although this is an interesting
idea, interstitial fluid pressure has not been measured in

human subjects with hypertension. In the spontaneocusly
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capillary pressure. Whilst such a possible physiological
mechanism would be sensible in local areas (foot skin for
example), it would be self-defeating on a large scale, as
it would result in further increases in arterial and
capillary pressures (see appendix 1). It should be borne in
mind however +that +the natural history of essential
hypertension would be consistent with such positive
feedback.

In an attempt to estimate their relative contributions to
the increased resistance in hypertension, pre +to post
capillary resistance ratios were estimated from the results
of chapter 4. The calculation assumed that the pressure
fall from the artery to capillary apex was proportional to
the precapillary resistance, and the pressure fall from
capillary apex to vein was proportional +to postcapillary
resistance, and that venous pressure was zerc. Results are
shown in figure 7/1. Contrary to the expected increase, the
pre-post capillary resistance ratioc was lower in the
subjects with hypertension. This surprising finding implies .
that the proportionate inerease in venular resisbtance in
hypertension is greater than that of the arteriolar
resistance, although the difference in ratio was not great
- and the estimation is somewhat crude. This finding is not
in agreement with the one animal study in which capillary
pressure was measured in hypertensive rats (Bohlen et al
1977); pre-post capillary resistance ratios were in a
similar order of magnitude in the animals, but were higher

in the hypertensive group.

151



Figure 7/1: Estimates of Pre to post capillary resistance

ratios for subjects with essential hypertension and

normotensive control subjects.
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this can hardly be termed causal, for most of the
complications of the disease appear unrelated +to the
pressure at that specific point. It would be logical to
assume that a pressure disturbance further down the
vascular tree was more directly responsible for the genesis
of complications, (Johansson 1874) but a structural change
which accompanied the pressure rise would be eqﬁally
possible. It is not the intention to indulge in specific
aspeculation upon exactly how any particular pathology
arises, but listing of the microvascular abnormalities
inplied, suggested or directly identified by studies
described in this thesis alone illustrates how extensive

the effects could be:

Arterial hypertension

Capillary and arterioclar hypertension.

Increased filtration of water and protein.
Increased arteriolar wall-thickness.

Decreased arteriolar luminal diameter.

Damping of high frequencies in capillary pulses.
Rarefaction of arterioles, capillaries and venules

Increased venular and venous tone.

The wvarious tissues affected could each be individually
particularly susceptible to one individual element of the

list, or to a combination of sewveral.
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7/4 THE ETFFICACY OF DRUG TREATMENT, A WIDER DEFINITION.

The dictionary definition of efficaciocus is "to produce the
desired effect”. In hypertension, the desired effect has
traditionally been to normalise the arterial blood
pressure, although more recently this has been developed to
a more ideal objective, namely to prevent complications
(Peart 1981, Gross 1984, Medical Research Council report
1985). It was stated in the introduction that a paradox had
arisen in the latter trial, where drugs with the same
effect on arterial pressure did not have an equivalent
effect on +the prevention af all complications. Thizs does
not seem so surprising in the light of the list of possible
abnormalities presented above, on which the various classes
of drugs would be likely to have diverse effects.

The preliminary results from the three patients in the
capillary pressure study who returned after treatment
suggest that conventional treatment does affect the newly-
found abnormalities. This work should be extended to
establish which drugs are most "efficatious”, and whether
the effect is always proporticnate to the arterial pressure
change.

The structurally-based increase in resistance, illustrated
by the maximum blood flow study, was unaffected by short-
term treatment. The laser-~Doppler technique seems the ideal
tool with which to follow such patients long-term, so that
the efficacy of drugs in reversing the defect could be

studied. There is a suggestion from plethysmographic
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which abnormalities contribute to particular complications,
as well as suggesting the most effective therapy for their

prevention.
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