



























































































































































































































































drainage occurred and venous pressure and volume dropped rapidly at first and then more slowly
if the arm remained elevated. When the arm was again lowered, the pressure volume relationship
shifted such that large changes in pressure with relatively small changes in volume occurred early
during refilling. Continued increases in forearm volume occurred when venous pressure was

essentially back to initial below heart levels.
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Figure 3.2 Acute forearm elevation protocol: I s interpolated forearm blood flow (FBF) (4).
change in forearm volume from below heart baseline (4 Arm Vol.) (B), and venous pressure
(VP) (C). Hatched boxes indicate 2 s transitions between forearm positions. The forearm began
below heart level (baseline, -10-0 s). Control where venous drainage occurred upon forearm
elevation (—dA—), Venous cuff inflated to maintain forearm volume from 0-8 s (----Q --). FBF
was significantly elevated vs. baseline for 7 s following forearm lowering in control and 5 s in
venous cuff. Forearm volume did not returned to baseline levels until 130-140 s. Venous
pressure was no longer significantly lower than baseline in control by 25 s (all P<0.05, n=9

except VP where n=4 control, n=3 venous cuff).

69



R

FBF
{mi100ml/imin)

"'l!ll'llll‘

RS

—— i, 1 1 ) - Lt s b B PO J P | PP PSR |

* ralla
-10 [ 10 20 30 40 110 12 130 140 150 160 170

C = N W b 0 O

LA T

VP
(mmHg)
»n
o

AArm Vol,
(m11100m i)
“ & &6 o o
N W R O A

-10 0 10 20 30 40/'1'10 120 130 140 150 160 170
Time (s)

Figure 3.3 Prolonged forearm elevation protocol. 1 s interpolated forearm blood flow (FBF)
(4), change in forearm volume from below heart baseline (A4 Arm Vol.) (B), and venous pressure
(VP) (C). Hatched boxes indicate 2 s transitions between forearm positions. The forearm began
below heart level (baseline, 0-10 s). Control, where venous drainage occurred upon forearm
elevation (—.A—), Venous cuff inflated to maintain forearm volume 10-124 s (----O ---). FBF
was significantly elevated vs. baseline by 6 s of forearm elevation in control and by 30-40 s in
venous cuff condition. Upon arm lowering FBF remained significantly above baseline jfor 13 s.
Forearm volume did not return to baseline levels until 280-290 s (not shown) (all P<0.05, n=9

except VP where n=35 control, n=3 venous cuff).
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Figure 3.4 Acute forearm elevation protocol (A) and prolonged forearm elevation protocol (B)
Jor the control condition where the veins were allowed to drain upon forearm elevation: % of
forearm below heart baseline for forearm blood flow (-----), forearm volume (— —) and venous
pressure (——). For venous pressure and forearm volume, 0 % represents the lowest value

achieved during forearm elevation.
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Figure 3.5 Relaxation phase blood flow in forearm exercise during the 2-s relaxation phases
between 2-s contractions. Acute forearm elevation(—.A—), prolonged forearm elevation
(---O--+). Forearm began below heart level (-10-0 s) and was elevated between 0-2 s. In the
acute arm elevation protocol, the forearm was then lowered between 8-10 s, while in the

prolonged arm elevation protocol lowering occurred between 124-126 s. *Significantly different

Jrom baseline (P<0.05).
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Figure 3.6 Example from a single subject of beat by beat arterial inflow blood velocity

waveforms in response to acute forearm elevation when venous drainage was allowed (control,

A) and when it was prevented (venous cuff, B). Hatched bars indicate forearm position

transition periods (see Figure 3.1).
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Figure 3.7 Example from a single subject of beat by beat arterial inflow blood velocity
waveforms during exercise in response 1o acute forearm elevation (4) and maintained forearm
elevation (B). Hatched bars indicate forearm position transition period (see Figure 3.1) Solid

bars indicate when contractions occurred.
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Figure 3.8 Change in forearm volume vs. venous pressure over time during acute arm elevation
(A) and prolonged arm elevation (B) in the control condition. START indicates time = -10 s as
in Figure 3.2 and 3.3. Each data point represents I-s interval = SE, n=4. Arrows indicate the
direction of time. Forearm began in the arm below heart position at START and at 10 s was
elevated above heart level for 4 s in A and 2 min in B. Hysteresis is evident in both conditions

but is more pronounced in B.
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DISCUSSION

This study sought to determine whether reductions in venous pressure can increase vascular
conductance (VC) and/or contribute to changes in the effective upstream-downstream pressure
gradient (AP), thereby elevating forearm blood flow (FBF). It has been demonstrated by others
that movement of a limb into the dependent position results in a vasoconstriction that is triggered
by the filling of the veins (Henriksen and Sejrsen, 1977; Henriksen et al., 1983; Henriksen, 1991;
Vissing et al., 1997). If the muscle pump is activated to prevent venous filling on assuming
dependency, this vasoconstriction does not appear to occur (Nielsen, 1982). Based on this we
hypothesized that emptying of the veins by arm elevation would remove a veno-arteriolar reflex
mediated vasoconstriction and result in an increase in forearm VC. The observation of a transient
increase in FBF upon arm elevation that could be abolished by preventing venous emptying
supports this hypothesis. In addition, this study is the first to document the time course of
changes in VC due to the withdrawal of this veno-arteriolar vasoconstriction and indicates that
there is a transient overshoot in vasodilation.

Whether venous pressure acts as the effective downstream pressure that establishes the
pressure gradient to determine arterial inflow is not clear. We (Tschakovsky et al., 1996) and
others (Shenffer al., 1993; Folkow ef al., 1971) have provided evidence supporting the muscle
pump hypothesis which states that relaxation after muscle contractions can reduce venous
pressure by squeezing blood out of the veins and that this increase in the local perfusion pressure
gradient results in an increase in blood flow. However, others using in situ animal muscle
preparations have observed that manipulations of venous pressure did not alter arterial inflow

(Jackman and Green, 1990; Shrier and Magder, 1995; Permutt and Riley, 1963; Naamani e? al.,
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1995; Magder, 1995). We observed a substantial hyperemia upon lowering the arm after 4 s of
elevation when the veins were allowed to drain. The estimated increase in VC due to a removal
of veno-arteriolar vasoconstriction that may have occurred at the time of arm lowering could not
account for all of the hyperemia on acute arm lowering. This suggests a contribution of the
increased effective upstream-downstream pressure gradient for arterial inflow due to reductions in
venous pressure with arm elevation, supporting the hypothesis that venous pressure might act as
the effective downstream pressure.

Critique of the Experimental Mode!

This study was designed to determine in vivo the effect of reductions in venous pressure on
arterial inflow. To this end, knowledge of venous pressure, specifically post capillary venule
pressure is desirable. However, technical limitations preclude the dynamic measurement of venule
pressure in the in vivo condition. Our measures of venous pressure were obtained in an
antecubital vein in a [imited number of subjects by inserting a 1.5 inch catheter in a retrograde
manner at the elbow. This meant that we were determining pressure in a segment of vein that was
external to the deep tissue. Normally, limb elevation above heart level results in venous pressures
of 1-3 mmHg in the collecting veins (Nielsen, 1991). We observed venous pressures that were
~10 mmHg within 4 s of arm elevation and ~5 mmHg after 2 min of arm elevation, indicating that
venous drainage may have been slightly impeded. This was likely due to a compression of veins
on the underside of the upper arm by the arm rest support, which meant that a venous hydrostatic
column may have been contributing to pressure at the site of the catheter. However, given that
the arm was angled hand up, it is likely that venule pressure in the forearm and hand was lower

than that at the measurement site. Therefore it can be assumed with confidence that arm elevation
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did result in substantial effects on venule volume and pressure.

In this experiment, subjects were seated upright in a chair with their right arm supported in an
arm rest. Subjects sat in a chair that could be elevated or lowered on a vertical track by means of
a pulley system. The pivot point for the arm rest was at the level of the elbow so that arterial and
venous pressures were not uniform along the length of the forearm. When the venous congestion
cuff on the upper arm was inflated just prior to arm elevation, this angling of the arm meant the
arm was analogous to a partially filled bottle. When the bottle is tipped, the distribution of
volume changes in accordance with gravity, although the total volume in the bottle remains the
same. Consistent with such an effect during experiments where the venous congestion cuff was
inflated were observations of elevated forearm circumference just distal to the elbow as measured
by the strain gauge and increased venous pressure as measured at the site of venous
catheterization upon arm elevation. This effect meant that in the venous congestion cuff
experiments there were likely acute alterations in venule pressure that varied depending on
location in the forearm. Therefore, this condition did not necessarily alter the local arterial-
venous pressure gradient in proportion to hydrostatic effects on the arterial side in the first few
seconds of arm elevation. Nevertheless, as was evidenced by the immediate return to baseline
venous pressure at the elbow and forearm circumference at the site of strain gauge measurement,
the congestion cuff was entirely successful in maintaining total forearm venous volume during arm
elevation.

Blood Flow Immediately Upon Arm Elevation
The beat by beat time resolution of Doppler ultrasound measures of FBF allowed us to assess

the response immediately upon elevation of the arm above heart level. FBF should be dependent
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upon the local vascular conductance (VC) and the upstream-downstream pressure gradient.
When the arm was elevated, reductions in local arterial and venous pressure proportional to
changes in the hydrostatic column should have occurred. In addition, rapid reductions in forearm
venous volume should have occurred as blood drained iowards the heart. As mentioned, a
venous congestion cuff was used to prevent a change in total forearm volume with arm elevation
in some experiments, however the acute effect on local venule volume and pressure may have
been similar to that when veins drained freely due to the angled arm position which likely rapidly
redistributed volume from the venules to the large collecting veins.

We observed no reduction in arterial inflow at rest immediately upon arm elevation, regardless
of whether venous drainage was allowed or not. Given that arterial pressure at arm level was
reduced, we would have expected a transient reduction in blood flow, which should have been
even greater when venous volume was not allowed to drain. Two possible explanations exist to
explain a lack of effect of maintained venous congestion. First, the fact that the arm was angled
up means that, although total venous volume was preserved with the venous cuff, the acute
distribution of that blood may have been out of the venules, effectively decreasing the pressure
there. An alternative explanation may be provided by the data of Nielsen (1991) and Hildebrandt
et al. (1994). Nielsen (1991) demonstrated that venous congestion in an elevated limb might
actually augment blood flow. He observed that total arterial inflow ceased in limb segments that
were elevated high enough above heart level that local diastolic pressure was 0. The energy of
the systolic pulse of blood was effectively absorbed by the elastic compliance of the arterioles and
expelled back towards the heart, a “windkessel” effect. When a venous cuff at pressures between

10-30 mmHg was inflated proximal to the elevated limb segment, he observed that blood flow
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through the limb was restored. Hildebrandt et al. (1994) also observed a similar flow enhancing
effect of inflating a venous cuff around the upper arm during arm elevation. In their study, the
arm elevation was not as severe and there was still considerable flow without venous cuffing.
These studies suggest that in the elevated limb, vessel collapse can occur which effectively
increases the resistance to inflow, but that maintenance of venous pressure and volume reduces
this effect and allows blood flow to occur. In agreement with this, others have also shown that
venous distension reduces resistance to flow (Phillips ef al., 1955; Read et al., 1958). This may
explain the maintenance of FBF upon arm elevation when venous congestion was maintained in
our study.

In terms of the observation of maintained FBF despite decreased local arterial pressure, three
possibilities exist. First, there may have been an immediate myogenic vasodilatory response to the
reduction in arterial transmural pressure. However, this seems unlikely as an explanation for the
maintenance of FBF in the first 0-4 s of arm elevation, because myogenic vasodilation with
reductions in arterial pressure does not respond that rapidly (Johnson and Intaglianetta, 1976;
Borgstrom et al., 1981; Jones and Berne, 1965). Second, if venous pressure does act as the
downstream pressure, then arm elevation likely did not alter the local perfusion pressure gradient
very much, since acute hydrostatic effects in arterioles and venules may have been similar, even
when total venous volume was not allowed to change. Third, Saupe et al. (1995) have presented
evideace that an arteriolar compliant region determines the effective back pressure to arterial
inflow. Such a compliant region functions as a capacitor for arterial inflow. With each systolic
pulse of blood, the region fills and pressure within it increases to match arterial diastolic pressure,

such that during diastole no arterial inflow occurs. During this diastolic period, the compliant
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region discharges blood into the capillaries. They observed that when diastole was prolonged, the
subsequent systolic pulse was elevated as would be expected if the volume, and therefore the
pressure, in this compliant region was reduced to a greater degree. We also observed an
increased systolic brachial artery velocity pulse during the first 4 seconds of arm elevation (Figure
3.6) whether the venous congestion cuff was inflated or not. This is consistent with arm elevation
reducing the pressure in this compliant region, i.e. the effective back pressure to arterial inflow. A
reduction in the effective back pressure of this compltant region due to venous volume reduction
in the venules may have allowed for a discharge of volume from the compliant region with a
subsequent reduction in pressure. In this sense, venous pressure would have contributed to the
effective downstream pressure for arterial inflow.
Evidence for a Withdrawal of Veno-Arteriolar Constriction with Arm Elevation

To date, the action of a veno-arteriolar reflex on arterial vascular tone has been examined in
terms of the vasoconstriction induced when a limb is moved into the dependent position. This
mechanism operates in both subcutaneous (Henriksen, 1991; Vissing ez al., 1997) and muscle
(Henriksen and Sejrsen, 1977; Henriksen et al., 1983) tissue. In addition, it appears that when
muscle contractions maintain a reduced venous volume, the vasoconstriction on assuming limb
dependency is abolished (Henriksen and Sejrsen, 1977). This suggests that removal of venous
volume should result in a vasodilation. In our study we tested this by elevating the forearm from
below to above heart level and either allowing or preventing venous drainage. We observed that,
within 5-s of arm elevation a transient increase in FBF occurred which peaked by 8-s and then
declined to levels that were still elevated above below heart FBF. Since mean arterial pressure did

not change and since local arterial and venous pressure changes were for the most part complete
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by this time, the increase in FBF could only be explained by a vasodilation. Two lines of evidence
support this conclusion. First, in experiments where a venous congestion cuff was inflated to
prevent changes in total venous volume, the increase in FBF was abolished. Second, we observed
a 4.43-fold increase in flow when the arm was lowered during the time that the transient
hyperemia above heart was observed. If no vasodilation was present, a 4.43-fold increase in the
arterial-venous pressure gradient compared to baseline below heart would have been required.
Given the arterial pressure of 118 mmHg in the below heart position and assuming that venule
pressure was reduced to 0 with arm elevation, the venule pressure prior to arm elevation would
therefore have to have been ~95 mmHg! Venous pressure measured at the elbow was ~20-25
mmHg, making such a value extremely unlikely given the low pressure gradients along the venous
system (Rowell, 1993). Taken together, this evidence strongly suggests that venous emptying
upon arm elevation initiates a transient vasodilation, and supports the hypothesis that such a
vasodilation is mediated by a removal of vasoconstriction due to the veno-arteriolar reflex.

The transient nature of the FBF response to arm elevation has not been examined. It has been
demonstrated that blood flow does not decrease with limb elevation above heart level up to a 30
mmHg drop in arterial perfusion pressure, indicating normal autoregulation up to this level
(Nielsen, 1983). However, the flow response has not been measured on a beat by beat basis as
we did with Doppler ultrasound. The evidence presented here suggests that there is a transient
overshoot in the vasodilation initiated by the withdrawal of the veno-arteriolar vasoconstriction,
which occurs over 9-10 s. After this, FBF remains slightly but significantly elevated above heart
level compared to below for the remainder of a 2 min elevation period. This is consistent with the

observations of hand skin blood flow by Petersen and Sindrup (1990).
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Does Venous Pressure Contribute to Effective Downstream Pressure?

In a previous study, we simulated the mechanical venous emptying of muscle contraction via
rapid 1-s inflation of an arm cuff and observed that FBF was immediately elevated upon release of
the cuff when the arm was in the dependent position (Tschakovsky ef al.,, 1996). Others have
also observed a flow enhancing effect of muscle contraction in the dependent position (Folkow et
al., 1971; Sheriff et al., 1993). This effect has been attributed to the reduction in venous pressure
accompanying venous emptying such that the arterial-venous pressure gradient is increased,
thereby increasing arterial inflow (Laughlin, 1987). In this study, rather than mechanically
emptying the forearm, we elevated it above heart level to drain blood from the forearm veins
towards the heart before lowering it to restore arterial pressure under conditions of reduced
venous pressure.

Figure 3.2 and 3.6 illustrate that the hyperemia upon arm lowering after 4 s of arm elevation
was far greater than when venous volume had not been allowed to decrease. When venous
drainage was allowed, the hyperemia on lowering had significant diastolic flow. This was a
consistent observation across all subjects. However, when venous congestion had been
maintained, the only observable difference in the velocity waveform compared with pre arm
elevation was the slightly higher systolic pulse and the absence of a retrograde flow pulse
following systole. These data clearly indicate that a reduction in venous volume was the
predominant contributor to the immediate hyperemic response on arm lowering. The question
was, how much of the effect could be attributed to the elevation in arterial-venous pressure
gradient.

Peak VC elicited by arm elevation could be estimated as peak above heart FBF =+ local arterial
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driving pressure, assuming that venule pressure was ~0 mmHg (3.97 ml/100ml/min + 86 mmHg =
0.046 ml/100ml/min/mmHg). In the below heart position, the mean arterial pressure estimated at
mid-forearm level was ~118 mmHg. Unfortunately, measurements of venule pressure in the in
vivo condition were not possible, therefore the gain in pressure gradient when the veins were
emptied by transient arm elevation could not be determined. If we assume that venule pressure
was ~0 in the arm above heart position and changed as much as arterial pressure on lowering,
then it would be ~32 mmHg in the below heart position once the veins had filled. A VC of 0.046
ml/100ml/min with a below heart arterial-venous pressure gradient of 118-32 mmHg would have
resulted in a FBF of 3.97 ml/100mi/min. The contribution of the increase in arterial-venous
pressure gradient due to venous drainage could then be added to this by calculating flow as (118
mmHg - 0 mmHg) - 0.046 m{/100ml/min/mmHg. The results is a FBF of 5.4 ml/100ml/min, yet
we observed 10.2 ml/100ml/min. There are two possible explanations for this. First, the
calculated peak VC in the arm above heart position might be an underestimation of the actual VC
immediately upon lowering. It is possible that with arm elevation, collapse of vessels occurred.
This may have added to the resistance to flow since, for a given dilation, flow would only have
occurred through open vessels. When the arm was lowered, the collapsed vessels might then have
opened and VC would have increased. Second, venule pressure in the below heart position may
have been substantially more than 32 mmHg. For this to have been the case though, arm
elevation would have to have altered venous pressure more than arterial pressure. While the
hydrostatic effect should be the same for both below heart, it may be that since venules are on the
drainage side of the circulation, that once above heart level venous emptying added to the

hydrostatic effect on venule pressure.
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When the arm was lowered after 2 min compared to 4 s, peak FBF was 2.18 times baseline
below heart when total forearm volume was maintained and 2.49 times when the veins had been
allowed to drain. Cuff inflation prevented a change in venous volume when the arm was elevated.
Therefore an increase in the arterial-venous pressure gradient when the arm was lowered could
not have contributed to this hyperemia. During the 2 min of arm elevation, blood flow increased
significantly, indicating that a vasodilation had occurred in response to arm elevation. In addition
there is evidence that maintained venous congestion over a few minutes with a cuff inflated to 20
mmHg in the arm above heart position results in an immediate vasodilatory response upon cuff
deflation (Walker et al.,, 1967), and that this vasodilation results in a 2-fold increase in FBF.
These investigators did not observe such an effect when venous congestion was maintained for 10
s. Therefore, the increased FBF observed on lowering the arm and releasing the cuff after 2-min
of elevation and inflation might have been a consequence of vasodilation due to cuff release
(Walker et al., 1967).

Part of the explanation for the reduced hyperemia when venous drainage was allowed
compared to lowering after 4 s could be that no contribution of the transient vasodilation due to
removal of the veno-arteriolar vasoconstriction could occur at this time. However, since it
appears that calculated VC in the above heart position is likely an underestimation when applied
to the below heart condition under the conditions of this study, it was not possible to compare VC
and arterial-venous pressure gradient contributions to the hyperemia upon arm lowering after 2
min vs. 4 s. The transient increase in FBF upon lowering the arm indicates that elevating the local
pressure gradient for a given VC can increase FBF.

To summarize, the lack of reduction in FBF immediately upon arm elevation suggests that the
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decrease in local arterial pressure was compensated for by similar decreases in venule pressure.
Since not all of the hyperemia following acute arm elevation could be explained by increases in
VC it appears that a decrease in venous pressure contributes to FBF elevation upon arm lowering.
Acute and Prolonged Forearm Elevation: Effect During Exercise

While there had been no reduction in arterial inflow immediately upon arm elevation in the
resting forearm, there was a marked reduction in blood flow upon elevation during exercise
(Figure 3.5, 3.7). This suggests that forearm arterial inflow was sensitive to reductions in arterial
pressure during exercise when the vasculature was in a vasodilated state and there was
considerable diastolic flow, but not at rest when the vessels were vasoconstricted to the point
where there was no arterial inflow during diastole. Exercise was used in this study in an attempt
to reduce venous volume and pressure in the arm below position (Stegall, 1966; Stick ez al.,
1992; Pollack and Wood, 1949) so that on elevation of the arm, changes in hydrostatic pressure
would occur predominantly on the arterial side. This would be in contrast to the resting condition
where considerable reduction in venous volume and pressure would occur with arm elevation.
The reduction in arterial inflow on arm elevation in the exercising but not the resting forearm
might then be attributed to the greater change in arterial-venous pressure gradient that would
have occurred.

By the second relaxation phase in arm elevation, there was a partial recovery of blood flow,
but no further recovery if the arm remained elevated. This indicated that a vasodilation had taken
place. This may have been due to an effect of reduced vasodilator metabolite washout, but this
explanation seems unlikely considering that the response was rapid but incomplete. A second

explanation might be that of a myogenic response of the arterioles to the alteration in transmural
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pressure (Johnson and Intaglianetta, 1976; Shepherd, 1983). When the arm was returned to the
below heart position, blood flow increased transiently above levels observed prior to arm
elevation. This elevation in flow was rapidly returned to arm-down baseline, even following
prolonged arm elevation where there had been a relative flow deficit compared to exercise with
the arm below heart level. This suggests that changes in concentrations of vasodilator metabolites
were likely not the cause and that perhaps a myogenic mechanism was again responsible for the
adjustment in flow.
Venous Pressure-Volume Relationship

In order to assess the relationship between venous volume and pressure in the forearm as the
veins were emptied and then refilled by altering forearm position relative to heart level, we used
strain gauge plethysmography at the largest circumference of the forearm just distal to the elbow
to determine % change in forearm volume and venous catheterization of an antecubital vein at the
elbow. Changes in venous volume were inferred from changes in forearm volume and this
approach has been used extensively by other investigators (Barendsen and van den Berg, 1984;
Tripathi ef al., 1989; Bevegard and Shepherd, 1966). Both interstitial and intravascular volume
changes can contribute to the observed % changes in arm volume measured by strain gauge
plethysmography. Reductions in interstitial fluid in the forearm would rely on reabsorption into
the vasculature at the capillary level where capillary filtration pressure is reduced upon arm
elevation. Hildebrandt et al. (1993) have demonstrated that this process occurs at a rate of ~0.04
ml/100ml/min, and therefore its contribution can be ignored in our measurements and changes in
forearm volume taken to represent predominantly changes in venous volume.

When the forearm was lowered following acute arm elevation, there was a rapid early increase
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in volume, coincident with the transient hyperemia, followed by a slower steady increase over a
period of time where inflow was at steady resting values. The time course of this refilling of the
venous capacitance agrees with previous observations by (Barendsen and van den Berg, 1984) in
the calf lowered to the dependent position following ~25 s of elevation above heart level. When
the arm was lowered following 2 min of arm elevation, the time course of venous refilling was
markedly extended. There was virtually no initial rapid increase in forearm volume since the
hyperemia upon arm lowering was of a much smaller magnitude and duration than after 4 s of arm
elevation. Thereafter there was a slow steady increase during the period of steady resting arterial
inflow.

Venous pressure on the other hand showed a rapid return to below heart levels that appeared
to be coincident with the duration of the transient hyperemia upon arm lowering (Figure
3.2,3.3,3.4). In Figure 3.4, when venous pressure and forearm volume are expressed as %
change, it can be clearly seen that on arm elevation and venous emptying, volume and pressure
change proportionally. However, on arm lowering, venous pressure increases more rapidly than
venous volume. This effect was magnified if arm elevation was maintained for 2 min. In other
words the veins exhibited a hysteresis in the pressure volume relationship with emptying and
refilling. This effect is illustrated clearly in Figure 3.9, and agrees with data from Journo et al.
(1992), who observed hysteresis in the forearm during slow increases and decreases in distention.
Such a response indicates a viscous component in the venous wall which responds slowly to the
changes in venous volume incurred by altering arm position relative to heart level.

Summary

The application of Doppler ultrasound in this study has allowed us to obtain beat by beat
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measures of blood flow in response to alterations in limb position relative to heart level. We have
demonstrated that elevation of a resting limb above heart level does not immediately affect FBF.
However, a transient increase in blood flow is initiated within 5 s of elevation and it is mediated
by a vasodilation that appears to be dependent on the emptying of venous volume. This supports
the hypothesis of a veno-arteriolar reflex, but extends the concept to include a transient
vasodilatory response upon withdrawal of this vasoconstriction. We have also demonstrated a
transient hyperemia upon lowering of the arm that could not be entirely accounted for by changes
in forearm vascular conductance that may have occurred with arm elevation. Therefore it is
concluded that an increase in the local arterial-venous pressure gradient due to reductions in
venous volume and pressure achieved during arm elevation also contributed to the hyperemia on

lowering.
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CHAPTER IV
~-60 mmHg LBNP elicited increases in SNS activity: is the adaptation of blood flow to the

exercising forearm compromised?
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ABSTRACT

High levels of lower body negative pressure (LBNP) are normally associated with constriction
of arterioles supplying forearm muscles. We tested the hypothesis that the greater
vasoconstriction during LBNP would impair the adaptation of forearm blood flow (FBF) at the
onset of exercise. 9 subjects lay supine with the lower part of the body sealed in the LBNP box.
Their right arm was extended and supported ~15 cm below heart level. 5 min of forearm exercise
(lifting and lowering 8 kg through 3.5 cm in a 1-s/2-s work/rest schedule) was performed during -
60 mmHg LBNP (LBNP) and without LBNP (Control). LBNP was initiated 4-5 min prior to the
start of data collection to achieve a stable baseline. Beat by beat forearm blood flow (FBF,
determined by Doppler ultrasound, mean arterial pressure (MAP), and heart rate (HR) were
collected. LBNP elevated resting HR by ~45%. MAP was not significantly changed, but
diastolic pressure was elevated by ~10% and pulse pressure was reduced by ~20%. At rest, FBF
(ml/min + SE) was not different in LBNP vs. Control (33.5 + 5.1 vs. 34.1 £5.7). However, the
initial rapid increase in FBF which plateaued between 10-20 s was reduced in LBNP (99.6 + 10.0
vs. 121.4 £ 12.8). This difference was quickly abolished during the second, slower FBF
adaptation phase. During the last minute of exercise, FBF was again significantly reduced in
LBNP (193.5 + 13.7 vs. 204.6 = 14.5). The data suggest that high levels of LBNP can
compromise the initial rapid increase in blood flow. However, it appears that factors responsible
for increasing forearm vascular conductance during the second, slower FBF adaptation phase to
steady state are able to compensate and temporarily restore the normal FBF adaptation.

Key words: Doppler ultrasound, lower body negative pressure, exercise, sympathetic nervous

system
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INTRODUCTION

Increases in sympathetic outflow are normally associated with constriction of arterioles in
resting skeletal muscles (Tripathi ef al., 1989; Tripatht and Nadel, 1986; Joyner ef al., 1990;
Joyner et al., 1990). However with the onset of exercise, accumulation of metabolic vasodilators
is thought by some investigators to actively inhibit adrenergic effects on vascular smooth muscle
(Hansen et al., 1996; Remensnyder et al., 1962). There is some evidence that this effect may be
temporary. For example, Joyner et al. (1990) increased forearm sympathetic nerve activity (SNA)
via upright standing compared to the supine posture and found that exercising forearm blood flow
was not affected by elevated sympathetic tone during the first S min of exercise but was
significantly decreased thereafter. Peterson et al. (1988) observed that the blood flow response
during the first 2 min of exercise in sympathectomized rats was not altered compared to control,
but that thereafter, control rats had a lower exercising blood flow. In contrast, Strandell and
Shepherd (1967) observed a reduction in exercising forearm blood flow (FBF) during -60 mmHg
lower body negative pressure (LBNP) throughout a S min exercise bout, although the magnitude
of this reduction was less at higher exercise intensities. Shoemaker et al. (1997) investigated the
FBF and muscle metabolic response to progressive 1 min step increases in rhythmic handgrip
exercise in -60 mmHg LBNP and found that forearm blood flow was reduced at all work rates.

An important limitation in all of the studies in humans that examined the adaptation of FBF to
exercise during elevated SNA has been the poor time resolution of strain gauge plethysmography
(Joyner et al., 1990; Strandell and Shepherd, 1967). Because strain gauge plethysmography
requires that blood flow be measured during brief, intermittent pauses in exercise, it is therefore

unable to provide clear information on the dynamic changes in blood flow during a rest to exercise
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transition. In addition, it is not known how intermittent pauses in exercise might interact with
elevated sympathetic tone. This limits the interpretation of FBF measured with strain gauge
plethysmography during the adaptation from rest to exercise.

Doppler ultrasound overcomes the limitations of strain gauge plethysmography as it provides
continuous beat by beat blood flow measurements during rhythmic exercise (Radegran and Saltin,
1998; Robergs et al., 1997; Shoemaker et al., 1997; Eriksen et al., 1990; Walloe and Wesche,
1987). Therefore the purpose of this study was to apply Doppler ultrasound to investigate the
effect of elevated sympathetic tone on the dynamic adaptation of blood flow at the onset of
rhythmic, dynamic forearm exercise. We used -60 mmHg LBNP to elicit increases in forearm
sympathetic tone. Studies conducted with this level of LBNP have demonstrated reductions in
exercising FBF (Shoemaker ef al.,, 1997; Strandell and Shepherd, 1967), therefore we
hypothesized that the sympathetic forearm vasoconstriction established at rest in -60 mmHg
LBNP would impair the dynamic response of blood flow at the onset of rhythmic dynamic

forearm exercise in humans.
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METHODS
Subjects
Nine healthy subjects (8 males and 1 female, 24.7 = 0.7 yrs, mean ® SE) participated in this

study and gave written consent on a form approved by the Office of Human Research of the
University after receiving full written and verbal details of the experimental protocol and any
potential risks involved. Each subject came to the laboratory on one occasion prior to the
experimental sessions in order to assess their tolerance for -60 mmHg LBNP and to familiarize
them with the experimental protocol.
Experimental Design

Subjects arrived at the laboratory in a rested state at least 2 hours after eating. They assumed
a supine position, with their right arm extended to the side approximately ~15 cm below heart
level, and were sealed from the level of the supra-iliac crests down in a lower body negative
pressure (LBNP) box (Figure 4.1). Since we were interested in muscle blood flow changes
spectfically, we reduced skin blood flow in the subjects by cooling their arm over a period of 30 to
40 minutes with the aid of a fan and in some cases a hand-held bottle of ice. When forearm blood
flow velocity (pulsed Doppler) monitored during this period was observed to stabilize at minimal
levels characterized by systolic pulse flow only and little variability, the ice bottle was removed.
Experiments then began with forearm cooling maintained by the fan. Room temperature was
between 21 and 23 °C during testing.

Exercise with the forearm consisted of smoothly raising and lowering an 8 kg weight through
a vertical distance of 3.5 cm over a 1-s period in time with a signal light which set a work/rest

duty cycle of 1 s/2 s. Within each work period, approximately 0.5 s was required for
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Figure 4.1 An illustration of the experimental setup, viewed from above. The exercising forearm

was ~15 cm below heart level. Exercise consisted of lifting and lowering an 8 kg weight a

distance of 3.5 cm with a worl/rest schedule of 1-s/2-s.
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each of lifting and lowering the weight. This exercise was performed with -60 mmHg LBNP and
without LBNP (control). The order of the experimental conditions was counter-balanced among
subjects. In each experimental condition subjects performed at least 2 trials. Doppler measures of
brachial artery mean blood velocity were observed to be sure that a stable baseline was present
and then data were collected for 1 min at rest followed by 5 min of forearm exercise. At least 10
min of rest occurred between each exercise bout during which mean blood velocity had recovered
to previous resting values. During the LBNP condition, -60 mmHg LBNP began 4-5 min prior to
the start of exercise and was terminated immediately at the end of exercise. Pilot work had
indicated that it was difficult for subjects to withstand more than 9 min of LBNP without
exhibiting signs of presyncope. To eliminate the effects of anticipation, subjects remained
unaware of the time in any trial and were simply told at the appropriate time to begin or to cease
exercise.
Data Acquisition

Heart rate (HR) and mean arterial pressure (MAP) were measured beat by beat. MAP was
measured at heart level using a photoplethysmograph finger blood pressure cuff (Ohmeda 2300,
Finapres, Lakewood, CO) on the middle finger of the left hand.

Forearm blood flow (FBF) was obtained beat by beat as the product of brachial artery mean
blood velocity (MBYV) and arterial cross sectional area:

FBF (ml/min) = MBV (cnvs) ¢ 60 s/min ¢ w(brachial artery diameter (cm)/2)*

Brachial artery blood velocity was measured with a 4-MHz pulsed Doppler ultrasound probe

(Multigon Industries, model 500V, Mt. Vernon, NY) which was fixed to the skin over the

brachial artery at the level of the antecubital fossa of the right elbow (Tschakovsky ef al., 1995).
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With this placement and arm position, probe insonation angle relative to the skin was 45° and the
brachial artery was approximately parallel with the skin. Arterial cross-sectional area was
measured by a separate, linear 7.5 MHz echo Doppler ultrasound probe operating in B mode
(Toshiba model SSH-140A, Tochigi-Ken, Japan) simultaneously with pulsed Doppler measures
of MBV during the second or third trial in each condition. This probe was positioned ~9 cm
proximal to the medial epicondyle, which was necessary to avoid acoustic interference between
the probes. It has been shown previously in our laboratory that brachial artery diameters are not
different between the two measurement sites (Shoemaker ef al., 1996). Imaged data were saved
on video tape (Panasonic model AG-7300) for subsequent analysis. Arterial diameter was
determined 4 times at rest and at S s, 10 s, 20 s, 30 s and thereafter every 30 s during forearm
exercise. Diameter measurements at these times consisted of the average of 3 separate caliper
measures of a frozen screen image of the brachial artery during diastole. All measurements were
performed by the same operator.

Blood sampling. In 5 subjects a venous catheter (21 gauge, Angiocath) was inserted
retrograde to flow into an antecubital vein draining the muscles of the forearm. Doppler imaging
confirmed that this vein received blood from deep within the forearm. A three-way stopcock was
fixed to the catheter. During the first trial of each experimental condition, 1 ml heparinized
syringes were used to draw three | ml samples at rest, and two during the last 30 s of exercise.
The samples were immediately gently agitated and stored in an ice bath. Within 1 hour of
withdrawal, all blood samples were analyzed for PO, and hematocrit by selective electrodes in a
blood gas-electrolyte analyzer (Nova StatProfile 9 Plus, Nova Biomedical Canada, Mississauga,

ON). The analyzer was calibrated at regular intervals during the analysis period. [Hb] was
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calculated, assuming it to be 33% of the mean corpuscular volume. Venous O, saturation and
content were obtained from the output of the analysis system after application of standard
equations. Arterial O, content was calculated based on the assumption that saturation remained
constant at 97% and that hemoglobin was the same as in venous blood. Given the minimal
demand placed on the cardiovascular system by moderate forearm exercise, it is reasonable to
assume that arterial O, saturation would remain constant at a value observed on many occasions
in our laboratory by ear oximetry. Forearm VO, was determined from the Fick equation as the
product of FBF and arteriovenous O, content difference, (a-vDO,).
Data Analysis

For each subject, the diameter data were fit with an exponential regression to reduce random
measurement error and provide continuous diameter estimates to match with the beat vy beat
MBYV to allow calculation of FBF. HR, MBV and MAP data were saved continuously at 100 Hz
on a dedicated computer via analog-to-digital conversion. For analysis, the beat by beat data
were averaged into 3 s bins corresponding to the contraction/relaxation duty cycle and then
averaged across all subject trials to determine the mean response profile. Values for HR, MAP
and FBF reported at rest are the average of the 60 s rest period. Mean values at different times
during forearm exercise are the average of 4 contraction/relaxation duty cycles for each subject
(12 s average) except at 10 s and 20 s where they are the average of 1 contraction/relaxation duty
cycle.
Statistical Analysis

The effects of LBNP on the hemodynamic variables over the course of the experimental trials

was assessed with two way repeated measures ANOVA. Comparisons between control and
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LBNP at specific times and within a condition compared to rest were performed with one way
repeated measures ANOVA to test specific hypotheses (effect of LBNP at rest, effect of LBNP
on the magnitude of the initial rapid increase in blood flow, effect of LBNP on the steady state
exercise response, effect of duration of exercise in control or LBNP). The level of significance
for ANOVA was set at P<0.05. All data are presented as means +SE. All tests were completed

with a commercial statistical package (SigmaStat 1.0, Jandel Scientific Corp.).
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RESULTS
Systemic Cardiovascular Responses

Two way repeated measures ANOVA indicated a statistically significant interaction between
main effects of time and condition for HR, MAP, systolic blood pressure (SBP), diastolic blood
pressure (DBP) and pulse pressure (PP). -60 mmHg LBNP elevated resting heart rate compared
to control by ~45% (86.1 £ 3.7 vs. 59.2 + 4.2 beats/min, P<0.0001). This difference was
maintained throughout the exercise period (Figure 4.2), as heart rate increased compared to rest
in both control and LBNP. MAP was not different between control and LBNP at any time point
and did not change over time in LBNP. However, MAP increased progressively in control and
was significantly elevated compared to rest by 1 min of exercise (Figure 4.2). SBP was not
different between conditions at rest, but progressively increased with exercise in the control
condition while not changing in LBNP such that from 2-5 min of exercise it was significantly
elevated in control (Figure 4.3). Compared to control, SBP was not different at rest in LBNP
(128.1 £3.8 vs. 131.5 £ 3.6) while DBP was elevated (84.6 £2.5 vs. 77.2 £ 2.0 mmHg, P=0.01)
and PP was reduced (43.5 £ 3.1 vs. 54.2 + 2.4 mmHg, P=0.007) at rest. As exercise progressed,
DBP was no longer statistically different between control and LBNP by 1.5 min of exercise
(Figure 4.3). Ttﬁs was due to the fact that DBP did not change in LBNP but increased
progressively in control.
Forearm Cardiovascular Responses

Measurements of brachial artery diameter proximal to the elbow showed no difference
between LBNP and control at rest (4.3 + 0.1 vs, 4.3 £0.1) , and diameters did not change with

exercise in either condition. Two way repeated measures ANOVA indicated main effects of
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condition and time on FBF. Specific analysis of the effect at rest revealed that FBF was not
different between conditions (control: 34.1 ® 5.5 vs. LBNP: 33.5 + 5.1 ml/min, P=0.741). With
the onset of exercise, FBF increased rapidly in a biphasic manner in both conditions (Figure 4.2).
However the magnitude of the initial rapid increase in blood flow was reduced in LBNP (99.6 =
10.0 vs. 121.4 £+ 12.8, P=0.007). This limitation of FBF due to LBNP was quickly overcome
during the second phase of blood flow adaptation and flow was not different until the last minute
of exercise (Figure 4.2). Evaluation of the steady state FBF indicated that the average FBF during
the last minute of exercise was lower in LBNP (193.5 + 13.7 vs. 204.6 + 14.5, P=0.04).
Effect of LBNP on Resting and Steady State Exercise Forearm Oxygen Uptake

To determine whether steady state oxidative metabolism was affected by LBNP, venous blood
samples during rest and the last minute of exercise were collected in S of the 9 subjects
performing the rest to exercise transition in control and LBNP, and an additional 6 subjects in
whom alternating 5 min bouts of control and LBNP were superimposed during rest and steady
state exercise. Table 4.1 reports the effect of LBNP on resting and steady state FBF, oxygen
extraction and calculated forearm VO, for these 11 subjects. Oxygen extraction was increased in
LBNP both at rest and in steady state exercise. Calculated forearm VO, was not different
between control and LBNP at rest or during exercise, indicating changes in O, extraction
compensated for any changes in FBF to maintain oxidative metabolism.
Instantaneous Blood Velocity Profile

The lack of difference in the blood flow at rest was unexpected. During data collection it was
observed that there was often a greater amount of retrograde flow in LBNP at rest and that the

systolic peak velocity appeared to be reduced. This prompted an examination of the
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instantaneous beat velocity and blood pressure profiles. Figure 4.4 provides an example of the
instantaneous blood velocity at rest in three subjects. The characteristics of the blood velocity
pulse varied somewhat from subject to subject. However, the potential interaction of heart rate in
determining resting FBF at a given arterial pressure was apparent. It can be seen that the peak
systolic blood velocity was reduced in LBNP, and there was generally a greater back flow pulse.
However, what also became apparent was the absence of blood flow during diastole regardless of
condition. While the actual volume of blood entering the arm per beat appeared reduced, the

increased heart rate decreased the diastolic time of zero flow in LBNP.
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Figure 4.2 Continuous average response (n=9) of heart rate (HR), mean arterial pressure at
heart level (MAP) and brachial artery forearm blood flow (FBF). Control (—— A——) and -60
mmHg LBNP ( ----0--). Exercise began at t= 0 min. *Significantly different from control.

1Significantly different from rest within a condition, P<0.05.
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Figure 4.3 Continuous average response (n=9) of systolic blood pressure (SBP), diastolic blood
pressure (DBP) and pulse pressure (PP) at heart level in control and -60 mmHg LBNP. Control
(—— A——) and -60 mmHg LBNP ( ----0--). Exercise began at time = 0 min. *Significantly

different from control. fSignificantly different from rest within a condition, P<0.05.
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Figure 4.4 Instantaneous mean blood velocity (MBYV) profiles during rest for subject MS1 (A),
subject MS2 (B) and subject BR (C). Control (—) and -60 mmHg LBNP (). A reduced
systolic peak and greater retrograde and anterograde velocity fluctuations following the systolic

pulse are evident in the LBNP condition, indicating a reduced forearm vascular conductance.
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Table 4.1 Average values of forearm blood flow, arterial-venous oxygen difference and forearm VO, at rest and 5 min of exercise.

Rest Exercise Steady State -
Subject  FBF (m/min)  a-vDO,(m//100ml) VO, (ml/min) FBF (mVmin)  a-vDO, (ml/100ml) VO, (ml/min)

Control LBNP Control LBNP Control LBNP Control LBNP Control LBNP Control LBNP

MS2 27 21 43 9.2 1.2 1.9 143 128 12,1 14,5 17.3 18.7
MAI 21 25 4.9 11.8 1.1 3.0 168 148 12.6 15.0 21.1 223
JC 18 25 9.3 9.2 1.7 24 165 170 12.0 14,6 19.8 249
AB 16 16 8.5 13.8 1.3 2.3 210 191 14.5 16.0 303 30.7
CC 19 21 8.1 10.2 1.6 2.2 209 213 9.4 12.4 19.7 26.5
AH 26 29 64 35 1.7 1.0 193 152 118 135 228 20.5
MC 23 16 5.6 7.4 1.3 1.2 133 120 12,0 13.1 16.1 158
JG 7 7 8.7 124 0.6 0.9 139 142 11.8 12,1 16.4 17.2
MA2 44 17 6.9 7 3.0 1.2 194 159 11.0 14.2 213 22,5
AF 25 19 8.2 13 2.1 2.6 234 208 14.0 16.1 32.7 33.3
KM 17 3! 4.6 6.3 0.8 0.7 97 94 13.4 14.2 12,9 13.3
Mean 22 19 6.9 9.4* 1.5 1.8 171 157* 12.2 14,1* 20.9 223
+SE +2 2 0.5 +1.0 +0,2 +0.2 12 ®]1 0.4 +0.4 *+1.8 *1.9

P value 0.288 0014 _ 0.376 0.013 <0.0001 0.0925




DISCUSSION

We have shown that an increase in sympathetic tone during -60 mmHg LBNP was associated
with a reduction in the magnitude of the initial rapid increase in forearm blood flow at exercise
onset. However, it appears that vasodilatory influences associated with the second adaptation
phase of blood flow were able to compensate for the initial flow deficit such that blood flow
adaptation in -60 mmHg LBNP rapidly matched that during control. The application of Doppler
ultrasound in this study allowed us to examine the effect of -60 mmHg LBNP induced increases in
sympathetic tone on the dynamic adaptation of forearm blood flow (FBF) during a rest to exercise
transition. This method overcomes the limitations of strain gauge plethysmography in which brief,
intermittent pauses in exercise are required to measure limb blood flow. The biphasic nature of
the forearm blood flow response to exercise has been well characterized (Shoemaker et al., 1998;
Shoemaker et al., 1996; Shoemaker ef al., 1996). The initial rapid increase which plateaus within
5-10 s is a result of both mechanical factors and vasodilation (Tschakovsky er al., 1996; Radegran
and Saltin, 1998). This is followed by a second, slower increase to steady state is initiated 15-20 s
after the onset of exercise.
Central Cardiovascular Responses

As expected, -60 mmHg LBNP provided a substantial challenge to pressure regulating
reflexes. HR was observed to increase by ~45% as part of the compensation for the reduction in
stroke volume induced by LBNP (Abboud and Thames, 1983). The reduction in pulse pressure in
LBNP likely reflected the combination of reduced stroke volume, increased total peripheral
resistance and an increase in heart rate. The moderate increase in MAP with forearm exercise in

the control condition was due to increases in both SBP and DBP. In LBNP, these increases with
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exercise were not observed, suggesting that the mild pressor response elicited by this intensity of
forearm exercise was hindered with LBNP.
Forearm Blood Flow Response: Rest

Blood flow through the forearm vascular bed is described by a form of Ohm’s law for the

circulation

Q,=AP - VC
such that arterial inflow (Q, ) is determined by the arterial-venous pressure gradient (AP) and the
vascular conductance of the resistance vessels. The FBF response in control vs. LBNP in this
study will now be discussed with this model as a reference point.

Resting FBF was not altered by -60 mmHg LBNP in this study. This is in contrast to other
studies in humans where sympathetic activity has been elevated by upright posture (Joyner ez al.,
1990) mild LBNP (Tripathi et al., 1989; Tripathi and Nadel, 1986) or -60 mmHg LBNP
(Strandell and Shepherd, 1967). There are a number of differences between our study and these
previous investigations that might explain this discrepancy. First, in these studies venous
occlusion strain gauge plethysmography was used to measure blood flow, so the forearm was
elevated above heart level to allow venous drainage. This means that the veins are virtually empty
in both control and LBNP conditions during rest and therefore the AP would likely not be
different. Therefore, differences in FBF at rest would be related exclusively to differences in VC.
In our experiment, the arm was in the dependent position. Since LBNP has been shown to reduce
forearm venous volume (Tripathi ez al., 1989), -60 mmHg LBNP could reduce venous pressure
and effectively increase AP compared to control. This might offset the effect of reduced VC in

LBNP on resting FBF. Another factor that might play a role in the measurement of FBF with
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strain gauge plethysmography is that a venous occlusion cuff is inflated to prevent venous outflow
and therefore arterial inflow is represented by increases in arm volume as the capacitance vessels
fill. One possibility for the consistent observation of lower FBF in LBNP when measured with
VOSGP (Tripathi et al., 1989; Joyner et al.,, 1990; Strandell and Shepherd, 1967) might be the
reduced venous compliance that occurs with increased sympathetic activity (Rothe, 1983; Tripathi
etal, 1989). There is extensive evidence documenting sympathetic innervation of veins (for
review see Rothe (1983)). Also, it has been demonstrated that venous volume at a venous
pressure of 30 mmHg is reduced by over 20% at -50 mmHg LBNP (Tripathi ez al., 1989),
indicating a reduced venous compliance in LBNP. We have shown previously that the cuff
induced venous congestion artificially reduces arterial inflow by the second heart beat during
exercise (Tschakovsky ef al,, 1995), and this might be magnified in LBNP if venous compliance is
reduced. To determine whether an effect of arm position or venous congestion might occur, we
measured FBF at rest in an elevated arm by both strain gauge plethysmography and Doppler
ultrasound in 5 subjects. Both methods indicated a significant reduction in FBF with -60 mmHg
LBNP of 34% (Doppler LBNP 21.1 % 3.7 vs. control 31.9 = 5.7 mI/min, P=0.03; strain gauge
LBNP 1.4 +£0.2 vs. 2.1 £ 0.1 ml/100ml/min, P=0.046). This would appear to support an effect of
arm position on the resting blood flow response in LBNP vs. control but not an effect due to
venous cuff inflation.

Another condition unique to our study was the substantial effort to reduce skin blood flow by
cooling the forearm over a period of 30-40 min. This resulted in low FBF in which there was
consistently no diastolic flow. Other studies investigating the effect of LBNP on FBF typically

exhibit resting control flow of 4-6 ml/100ml/min (Tripathi and Nadel, 1986; Strandell and
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Shepherd, 1967; Joyner ez al., 1990), whereas strain gauge measures of blood flow in this study
were ~1.5-2.5 ml/100mi/min. It has been demonstrated that skin blood flow contributes to the
progressive decrease in FBF from -10 to -50 mmHg LBNP, but that muscle blood flow does not
decrease any further beyond -20 mmHg (Tripathi and Nadel, 1986). Additionally, it has been
observed that the reduction in blood flow in a warm forearm during LBNP is substantially greater
than when the arm is cooled (Crossley ef al., 1966). This suggests a substantial role for skin
vasoconstriction in the response to LBNP. However, others have provided neurophysiological
evidence which indicates that skin sympathetic vasoconstrictor activity does not increase in LBNP
(Vissing et al., 1997; Vissing et al., 1994). It may be that a reduction of skin blood flow with
LBNP occurs for other reasons than a direct sympathetic vasoconstrictor response. One
possibility as suggested by Vissing et al. (1997) is that LBNP mediated reductions in forearm skin
blood flow are part of a thermoregulatory response brought on by the cooling effect of airflow
around the lower body created by LBNP. Another possibility is that the collapse of the skin veins
that would be expected to occur as LBNP shifts venous volume out of the arm (Tripathi ez al.,
1989) would result in an increase in resistance to flow in the veins (Rothe, 1983). Therefore, to
determine whether cooling of the forearm might explain our observations of no difference in
resting blood flow between control and LBNP, the resting FBF response to the addition of -60
mmHg was measured when the forearm was warm and after it had been cooled.

Figure 4.5 summarizes the resting FBF response as measured by Doppler ultrasound in a
transition from control to 8 minutes of -60 mmHg LBNP in 4 subjects. The resulits indicate a
reduction in FBF (ml/min + SE) with application of LBNP both when the forearm was warm (58

+ 13 to 30 @ 5, P=0.13) and when it had been cooled (31 +4 to 16 = 3, P=0.02). While the
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Figure 4.5 Comparison of warm and cool arm response to the addition of -60 mmHg LENP at
rest. * Significantly different from rest within a condition (P<0.05) (n=4). Upper panel is
Jforearm blood flow with symbols representing a 2 min avg in control and I min avg in LBNP.
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response in the warm arm is not statistically significant, this is likely due to the large variability
and limited number of subjects. Power calculations indicate that, given the variability of the data,
10 subjects would be required to achieve statistical significance. In both conditions, the MAP and
heart rate HR responses over time were identical, and FBF decreased with the initial reduction in
MAP. As LBNP continued and MAP recovered, FBF showed a great deal of temporal variability
in the warm arm condition, while there was little variability when the arm was cooled. By 8 min
of LBNP, FBF in the cool arm was not different from FBF prior to the onset of LBNP. However
blood flow in the warm arm, while being highly variable, also showed the ability to recover to
near control levels. This evidence indicates that the absolute reduction in FBF with LBNP is less
in a cooled arm, and suggests that arm cooling may have contributed to the resting FBF
observations in our study. Perhaps more importantly , this evidence suggests an effect of time on
the FBF response to LBNP that is consistent with the observations of a “sympathetic escape”
found by Joyner et al. (1990). In their study, a partial recovery of FBF occurred over a 7 min
period following the onset of -15 mmHg LBNP despite a maintenance of elevated sympathetic
activity, indicating that the resistance vessels became less responsive to a given level of
sympathetic activity.

Taken together, it would appear that the lack of difference in FBF observed at rest in our
study compared with others might be explained by a combination of three factors. First, forearm
exercise was performed in the dependent arm position. This meant that during LBNP a reduction
in venous pressure could be achieved, improving the local AP and partially offsetting the decrease
in vascular conductance that would be expected with elevated forearm sympathetic activity.

Second, the arm was substantially cooled, minimizing the change in skin blood flow that would
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contribute to the reduction in FBF with LBNP. Third, over the 4-5 min period of LBNP prior to
the initiation of resting FBF measurements, a reduction in the responsiveness of the forearm
resistance vessels may have occurred, i.e. a “sympathetic escape”.
Effect of Elevated Heart Rate on Resting FBF

One final possible explanation for the lack of reduction in resting FBF in LBNP, where
elevated forearm vasoconstriction would be expected, might be related to the elevated heart rate.
This serves to reduce the time of diastole in which no inflow into the cooled forearm occurs at
rest (Figure 4.4). Saupe et al. (1995) have provided evidence for a compliant region in the
arteriolar circulation which receives blood during systole and continues to discharge blood into
the capillaries during diastole. This region effectively stores the energy of arterial pressure in its
elastic walls, and would be expected to release the blood at a rate proportional to the volume of
blood it contained. The pressure in this compliant region would act as the effective downstream
pressure for arterial inflow. At rest it is exceeded only during systole, explaining why flow into
the forearm occurs only during systole. With LBNP, the amount of blood “injected” into this
compliant region was reduced per beat, i.e. arterial inflow at the same mean arterial pressure was
less per beat. This was likely due to a combination of a reduced stroke volume and an increased
resistance to flow upstream of the compliant region. However with LBNP, diastolic time was
also reduced considerably due to the ~25 beats/min increase in heart rate. It may be that the
larger number of systolic pulses of blood in the LBNP condition, though each was rednced
compared to control, compensated for a decrease in forearm vascular conductance. Given that
such a compliant region results in zero inflow into the arm despite significant diastolic pressure, it

may be that the mean arterial pressure does not adequately represent the effective pressure
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gradient in a pulsatile pressure system where no flow is occurring during the diastolic phase and
therefore forearm vascular conductance calculations based on it would not properly reflect the
state of the vasculature.

FBF Response: Adaptation to Exercise

In agreement with previous studies of forearm (Shoemaker ef al., 1997; Shoemaker et al.,
1996; Hughson et al., 1997) and leg exercise (MacDonald ez al., 1998; Shoemaker et al., 1996;
Shoemaker et al., 1994) we observed a biphasic FBF response at the onset of exercise in both
control and LBNP conditions. Such a biphasic response is characterized by an initial rapid
increase in flow which plateaus within 10 s, followed by a further slower increase to steady state
levels which begins ~15-20 s after exercise onset. This biphasic response suggests that at least
some of the control mechanisms responsible for the immediate increase in flow are different from
ones responsible for the continued increase in flow. We have recently demonstrated that the
initial phase is determined by both the mechanical effect of the muscle pump, which increases the
arterial-venous pressure gradient by emptying the veins, and as yet unidentified mediators of an
early vasodilation (Tschakovsky et al., 1996; Shoemaker et al., 1998). Further increases during
the second phase are thought to be mediated primarily by metabolic vasodilation (Delp and
Laughlin, 1998).

In this study, the magnitude of the initial increase in FBF was significantly reduced in LBNP
vs. control by ~25%. Local blood flow depends on VC and the local AP, therefore LBNP must
have resulted in i) a reduced initial vasodilation or ii) a smaller gain in AP from rest to exercise or
iif) a combination of the two. The early vasodilation may have been blunted by the elevated

background of sympathetic tone in the forearm induced by LBNP (Joyner et al., 1990; Baily et
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al., 1990; Sundlof and Wallin, 1978). In support of this, Klabunde et al. (1986) using an in situ
dog gracilis muscle preparation have demonstrated an attenuated hyperemia following a single
muscle contraction under conditions of increased sympathetic stimulation. There is also evidence
to suggest that LBNP might reduce the magnitude of the increase in AP from rest to exercise. In
this study the forearm was in the dependent position. Therefore, a muscle pump contribution to
the initial FBF adaptation phase would be anticipated (Tschakovsky et al., 1996). During LBNP,
the resting forearm volume is decreased (Tripathi ef al., 1989), indicating that venous volume is
reduced. It is therefore probable that pressure is also reduced. If so, the increase in the local
pressure gradient that can be achieved by muscle contraction at the onset of exercise would be
reduced compared to control. This would therefore reduce the magnitude of the initial FBF
increase at the onset of exercise in LBNP vs. control.

It is clear from Figure 4.2 that the reduction in FBF during the initial adaptation phase in
LBNP is rapidly abolished during the second, slower adaptation phase. Since we would not
expect AP during exercise to be different between control and LBNP, the similarity in FBF
indicates that vascular conductance is probably also the same. This suggests that vasodilatory
mechanisms responsible for this stage of blood flow adaptation were able to quickly compensate
for the blunting effect of LBNP on the initial FBF response. Since Anrep and von Saalfeld (1935)
first provided evidence that a vasodilator substance was released within a few seconds of the
initiation of muscle contraction, many substances which can exert vasodilatory effects have been
identified (see Shepherd (1983) for review). However it is still not clear which are essential for
the adjustment of exercise hyperemia. Furthermore, those that may be involved in the early

adjustments of vascular conductance are likely different from those responsible for later
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adjustments (Laughlin e al.,, 1996). Mechanisms which exert a sympatholytic effect have also
been identified (for review see Shepherd and Vanhoutte (1981)). There is substantial evidence for
a functional symptholysis in humans (Hansen ef al., 1996; Joyner et al., 1990) and animals
(Buckwalter and Clifford, 1998; Thomas et al,, 1994; Remensnyder ez al., 1962; Thomas et al.,
1994). Joyner (1990) has observed that intermittent measures of exercising forearm blood flow
were not different in upright (elevated forearm sympathetic activity) vs. supine for the first five
minutes of exercise. In addition, Hansen et al. (1996) have demonstrated a maintenance of tissue
oxygenation in the exercising forearm under increased muscle sympathetic nervous activity
induced by -20 mmHg LBNP unloading of the cardiopulmonary baroreceptors. However, there
are also indications that this sympatholytic effect may not last for more than the first few minutes
of exercise under some conditions (Peterson et al., 1988; Joyner ez al., 1990). In this study, the
data support the existence of a functional sympatholysis which opposes the increased forearm
sympathetic activation after the first 20 s of exercise.
Deep Venous Oxygen Content

Venous catheterization with a 1.5 inch, 21 gauge catheter was performed in a retrograde
direction to venous flow in an attempt to optimize sampling of blood from muscle tissue. In
addition, the arm was cooled to minimize skin blood flow. In this study, no wrist occlusion was
performed. Corcondilas et al. (1964) had suggested the necessity of such an intervention to avoid
venous contamination by blood returning from the hand. However, examination of the resting
venous oxygen saturation in the control condition of ~60% agrees with observations of
Corcondilas et al. (1964) with the wrist cuff in place. This suggests that arm and hand cooling

and catheter placement were likely successfiill measures for minimizing skin flow contamination at
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the catheter site in this study.

Venous oxygen content was consistently lower in LBNP both at rest and in exercise, such that
calculated a-vDQ, was also lower in LBNP (Table 4.1). Since the forearm position and work rate
was identical between control and LBNP, it would be expected that the oxygen consumption
should not be different. In support of this the calculated forearm VO, was not different between
conditions at rest and steady state exercise, indicating that the measured oxygen extraction was
appropriate for the FBF response in control vs. LBNP in this study. These results are consistent
with Strandell and Shepherd (1967) who also observed a maintenance of forearm VO, at rest and
in exercise during -60 mmHg LBNP.

Conclusions

In summary, this study has provided continuous blood flow measures during the transition
from rest to exercise under conditions of elevated sympathetic nervous activity due to -60 mmHg
LBNP. In contrast with a number of other studies (Tripathi et al., 1989; Hansen et al., 1996;
Tripathi and Nadel, 1986; Strandell and Shepherd, 1967), we did not observe a reduction in blood
flow at rest with LBNP. However, our study conditions differed from previous investigations in
humans. Therefore our observations might be explained by a combination of 1) the dependent
position of the arm allowing LBNP to improve resting AP and compensate for a reduced forearm
vascular conductance 2) the effect of arm cooling 3) a sympathetic escape during the 4-5 min
period of LBNP prior to the onset of resting FBF measurements and 4) the large increase in heart
rate observed in this study which reduced the diastolic time during which no arterial inflow
occurred.

The initial rapid phase of blood flow adaptation may have been reduced in LBNP dueto 1) a
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reduced gain in the local AP with the onset of muscle contractions, 2) blunted vasodilation due to
elevated forearm sympathetic vasoconstrictor activity, or a combination of both. The rapid
recovery of blood flow in LBNP to match that in control during the second adaptation phase
suggests that local vasodilatory factors are capable of compensating for the initial flow deficit

induced by LBNP, perhaps through sympatholytic effects.
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CHAPTER YV
Ischemic muscle chemoreflex response elevates blood flow in
non-ischemic exercising muscle

(Submitted to Am.J.Physiol., September, 1998)
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ABSTRACT

We tested the hypothesis that forearm blood flow might be reduced during forearm exercise when
sympathetic nervous activity (SNA) was elevated by calf exercise during calf circulatory occlusion
(CE+O). Brachial artery forearm blood flow and mean arterial pressure were measured beat by
beat during rest and forearm exercise. CE+O initiated prior to 5 min of forearm exercise
(condition A) increased mean arterial pressure by 24% and reduced resting forearm vascular
conductance by 24% such that forearm blood flow remained the same as in control (condition C).
With the onset of forearm exercise, the difference in forearm vascular conductance between
condition A and condition C was abolished, consequently the forearm blood flow adaptation to
exercise was ~20-30% greater in condition A due to the elevated mean arterial pressure. Gradual
stimulation of the chemoreflex by the addition of CE+O at 3 min of a 9 min bout of forearm
exercise (condition B) did not affect forearm vascular conductance, such that progressive
elevations in mean arterial pressure resulted in proportional increases in forearm blood flow.
Chemoreflex-mediated increases in systemic SNA appear to affect resting forearm vascular
conductance. However, evidence from this study suggests that local factors responsible for
initiating and maintaining vasodilation during moderate, small muscle mass exercise can quickly
override this vasoconstrictor influence such that exercising forearm blood flow is elevated due to
elevations in mean arterial pressure.

Keywords: vasoconstriction, vasodilation, blood pressure, blood flow, exercise, sympathetic

nervous system
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INTRODUCTION

The muscle chemoreflex is a2 powerful mechanism for elevating systemic sympathetic nervous
activity (SNA) (Rowell, 1997; Joyner, 1992; Rowell and OLeary, 1990). Metabolic by-products
of muscle contraction related primarily to anaerobic metabolism stimulate chemosensitive muscle
afferent nerve fibres present in skeletal muscle (Joyner, 1992), with hydrogen ion appearing to be
the predominant effector (Sinoway et al., 1989; Victor et al,, 1988), although diprotonated
phosphate has recently also been implicated (Sinoway et al., 1994). Stimulation of these afferents
results in an elevated mean artenal pressure achieved primarily via sympathetically mediated
increases in systemic vasoconstriction, with elevations in heart rate playing a minor role
(McCloskey and Mitchell, 1972; Rowell and O'Leary, 1990). It is thought that the primary role
of such a pressure raising reflex is to correct a mismatch between blood flow and metabolism in
ischemic exercising muscle (Rowell, 1997). For this to be the case, the elevations in SNA to
exercising muscle which parallel those to resting muscle both in time course and magnitude
(Hansen et al., 1994) could not significantly affect the vascular bed of the exercising muscle mass.
Evidence from dogs (O'Leary and Sheriff, 1995; Wyss et al., 1983) and humans (Rowell ef al.,
1991) supports this view, with elevations in blood pressure restoring approximately 50% of the
blood flow error in ischemic muscle. Such a result is consistent with the concept of a functional
sympatholysis, whereby local metabolic and flow dependent vasodilatory factors attenuate the
effect of elevated sympathetic activity on vascular conductance in the exercising muscle (Eboute
etal., 1987; Rorie et al., 1981; Laughlin ef al., 1996; Shepherd, 1983). However in humans,
Joyner ( 1991) did not observe any restoration of blood flow in the exercising forearm made

ischemic via SO mmHg positive pressure, despite a progressive 20 mmHg increase in blood
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pressure. He postulated that this was because of an increase in sympathetic activity to the
exercising forearm muscles resulting in a vasoconstriction. This is consistent with the concept of
a sympathetic restraint, whereby elevated sympathetic activity can reduce vascular conductance in
an exercising muscle vascular bed (Laughlin et al., 1996).

More recently, the chemoreflex effect on vascular conductance in non-ischemic exercising
muscle has been investigated. Mittelstadt et al. (1994), in dogs running on a treadmill, found that
terminal aortic occlusion severe enough to elicit an ~40 mmHg increase in blood pressure resulted
in a forelimb vasoconstriction. However, the blood pressure elevation outweighed this
constriction and forelimb blood flow was increased. Kagaya et al. (1994) observed that the
addition of exhausting handgrip exercise in humans performing moderate, rhythmic calf plantar
flexion resulted in an ~20 mmHg increase in blood pressure within ~50 sec and that exercising calf
vasoconstriction contributed to this pressor response. In fact, the calf vasoconstriction
outweighed the systemic blood pressure change such that exercising calf blood flow decreased.
Both of these observations support the concept of a sympathetic restraint in non-ischemic,
exercising muscle.

At present, no evidence exists concerning the adaptation of blood flow in non-ischemic
muscle from rest to exercise under conditions of elevated SNA due to stimulation of the
chemoreflex in another muscle group. The response would depend on the relative effects of
increases in blood pressure vs. changes in muscle vascular conductance resulting from the
competition between SNA and vasodilatory factors. Therefore, we used Doppler ultrasound to
determine the forearm blood flow response in the non-ischemic, exercising forearm under two

conditions: 1) a chemoreflex-mediated elevation in SNA established prior fo the onset of forearm
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exercise, and 2) a progressive increase in chemoreflex-mediated SNA. during steady state
exercise. We hypothesized that the elevated SNA would attenuate the blood flow adaptation
from rest to exercise in experiment 1, and reduce the steady state exercise blood flow response in

the exercising forearm in experiment 2.
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METHODS
Subjects

Nine healthy, young male subjects (20.4 + 0.7 yr, mean + SE) volunteered for this study and
gave written consent on a form approved by the Office of Human Research of the University after
receiving full written and verbal details of the experimental protocol and any potential risks
involved. Each subject came to the laboratory on 2 occasions, once for familiarization, and once
to complete two trials in each of the 3 exercise protocols.

Experimental Design

Forearm exercise and chemoreflex stimulation. The subjects lay supine with their right arm
supported in an extended position at an angle from the horizontal such that mid-forearm level was
~20 cm above heart level (Figure 5.1). Forearm exercise consisted of rhythmic, dynamic handgrip
exercise at a contraction/relaxation duty cycle of 1-s/2-s performed in time with a signal light.
The load was equivalent to 20% of the subject’s maximal voluntary contraction (MVC) (9.4 = 0.5
kg) determined from the strongest of three attempts prior to the experiment. This workrate
resulted in an ~4-fold increase in forearm blood flow from rest to exercise, comparable with the
calf blood flow response in the experiment of Kagaya et al. (1994).

A chemoreflex originating in the calf muscles was stimulated via rhythmic, plantar flexion
exercise during calf circulatory occlusion (CE+0O). Circulatory occlusion was achieved with the
inflation of cuffs immediately distal to the knee to a supra-systolic pressure (250 mmHg) (see
Figure 5.1). For condition A, the chemoreflex was maintained during forearm exercise by
sustained calf circulatory occlusion, although calf exercise had ceased.

Experimental protocol. Figure 5.2 illustrates the 3 exercise protocols. Prior to the initiation of
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Finapres MAP]|

Figure 5.1 Schematic depiction of the experimental setup for stimulation of the chemoreflex in
the calf via rhythmic calf plantar flexion during calf circulatory occlusion (CE+Q). Rhythmic
forearm exercise was performed to raise and lower a weight. Finapres measures of mean
arterial pressure were made on the contra lateral hand supported at heart level. Doppler

ultrasound was recorded from the brachial artery.
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the experiments the subjects lay supine for 30-40 min and the forearm was cooled with a fan.

This cooling was maintained throughout the experiments to minimize skin blood flow
contributions to resting and exercising forearm blood flow. Condition A was used to evaluate the
effect of a background chemoreflex-mediated elevation in SNA on the adaptation of forearm
blood flow from rest to exercise. To accomplish this, CE+O was performed for 4 min. This
resulted in a progressive increase in blood pressure. Pilot work had shown that this intervention
could achieve a 20-25 mmHg increase in mean arterial pressure before subjects had to cease calf
exercise due to discomfort. Therefore in all experiments CE+O was performed until mean arterial
pressure had stabilized at 20-25 mmHg above resting levels, and thereafter the pressor response
was maintained with continued calf circulatory occlusion. After 1 min of rest during calf
circulatory occlusion, forearm exercise began and lasted for S min. At the end of forearm
exercise, the calf occlusion cuffs were rapidly deflated and the recovery of cardiovascular
responses was followed for S min.

Condition B was used to determine the effect of a progressive chemoreflex-mediated elevation
in SNA on steady state exercising forearm blood flow. Forearm exercise was initiated under
normal resting conditions. After 3 min of forearm exercise, CE+O began in combination with
forearm exercise, with calf contractions being performed between forearm contractions. This
resulted in a progressive elevation in mean arterial pressure over the next 6 min of forearm
exercise, reaching a level similar to that induced in condition A. As in condition A, occlusion
cuffs were immediately deflated at the end of forearm exercise. The responses of condition A and
B were compared to condition C (control condition) which consisted of 9 min of forearm exercise

only. Each subject performed the 3 exercise protocols in the same experimental session, with the
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Figure 5.2 Schematic depiction of the time course of the 3 experimental protocols, with lines
coded to match data figures. Forearm exercise began at time = 0 min. Cardiovascular
responses were monitored over a 1 min rest period, 5 (condition A, - ) or 9 (condition B, ———

and C,

-) min of forearm exercise and 5 min of recovery (all conditions). CE+QO - calf

exercise during calf circulatory occlusion. QO - calf circulatory occlusion.
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order being randomized.
Data Acquisition

Heart rate (HR) and mean arterial pressure (MAP) were measured beat by beat. MAP was
measured at heart level using a photoplethysmograph finger blood pressure cuff (Ohmeda 2300,
Finapres, Lakewood, CO) on the middle finger of the left hand.

Forearm blood flow (FBF) was obtained beat by beat as the product of brachial artery mean
blood velocity (MBV) and arterial cross sectional area:

FBF (ml/min) = MBV (cm/s) ® 60 s/min * m(brachial artery diameter (cm)/2)*

Brachial artery blood velocity was measured with a 4-MHz pulsed Doppler ultrasound probe
(Multigon Industries, model 500V, Mt. Vernon, NY) which was fixed to the skin over the
brachial artery at the level of the antecubital fossa of the right elbow (Tschakovsky ez al., 1995).
With this placement and arm position, probe insonation angle relative to the skin is 45° and the
brachial artery is approximately parallel with the skin. Arterial cross-sectional area was measured
by a separate, linear 7.5 MHz echo Doppler ultrasound probe operating in B mode (Toshiba
model SSH-140A, Tochigi-Ken, Japan) simultaneously with pulsed Doppler measures of MBV.
This probe was positioned ~9 cm proximal to the medial epicondyle, which was necessary to
avoid acoustic interference between the probes. It has been shown previously in our laboratory
that brachial artery diameters are not different between the two measurement sites (Shoemaker ef
al., 1996). Imaged data were saved on video tape (Panasonic model AG-7300) for subsequent
analysis. Arterial diameter was determined 4 times at restand at 5 s, 10 s, 20 s, 30 s and
thereafter every 30 s during forearm exercise and again at 5 s, 10 s, 20 s, 30 s and thereafter every

30 s of the 5 minute recovery period in each of the exercise conditions. Diameter measurements at
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these times consisted of the average of 3 separate caliper measures of a frozen screen image of the
brachial artery during diastole. All measurements were performed by the same operator.
Data Analysis

For each subject, the diameter data were fit with an exponential regression to reduce random
measurement error and provide continuous diameter estimates for the beat by beat MBV to allow
calculation of FBF. HR, MBV and MAP data were saved continuously at 100 Hz on a dedicated
computer via analog-to-digital conversion. For analysis, the beat by beat data were averaged into
3-s bins corresponding to the contraction/relaxation duty cycle and then averaged across all
subject trials to determine the mean response profile. For condition C, data from rest and the first
3 min of exercise in condition B are also part of the averaged response, since in effect this phase
of condition B was identical to condition C. Mean values for HR, MAP and FBF reported at rest
are the average of the 60-s rest period. Mean values at different times during forearm exercise are
the average of 4 contraction/relaxation duty cycles for each subject (12 second average).

For estimates of forearm vascular conductance (FVC) the following procedure and rationale
was applied. We and others (Sheriff et al.,, 1993; Tschakovsky et al., 1996) (for review, see
Laughlin (1987)) have shown that the muscle pump can contribute to a change in blood flow
through a vascular bed without a change in vascular conductance by expelling blood from the
veins, thereby reducing the venous pressure and increasing the arterial - venous pressure gradient.
Thus during dynamic exercise, using exercising muscle blood flow divided by arterial pressure can
only provide an estimate of what has been termed “virtual conductance” (Sheriff et al., 1993)
representing both changes in resistance vessel caliber and the mechanical effect of muscle

contraction. However, we have also shown that this mechanical effect of contraction does not
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occur when the exercising muscle mass is well above heart level (see Figures 1 and 3 in
Tschakovsky et al. (1996)) because the veins are virtually empty and little effective change in
arterial - venous pressure gradient can be achieved by the mechanical effect of muscle contraction.
Therefore if one were to determine the flow for one cardiac cycle during relaxation (which is
unaffected by the compressive effects of contraction) divided by the arterial pressure, this would
be expected to provide the best estimate of true vascular conductance. For this reason the
forearm was elevated 20 cm above heart level for all experiments. At rest, FVC was calculated as
the average FBF/MAP over the 60-s rest period. At 20s, 30 s, 40 s, 1 min and thereafter every
30 s of exercise, FVC was calculated as the average of FBF measured over 3 separate beats
during the relaxation phases between contractions divided by corresponding beat MAP.

Post exercise hyperemia was determined as the total forearm blood flow in excess of resting
flow during the 5 min period of recovery following the cessation of forearm exercise.
Statistical Analysis

One way repeated measures analysis of variance was used to determine the effects of exercise
condition on HR, MAP, FBF and FVC at rest and at different times during forearm exercise, and
on the post exercise hyperemia. The level of significance for ANOVA was set at P<0.05, with
significant differences further analyzed with Student-Newman-Keuls post hoc testing at time

points where 3 conditions were being compared. All data are presented as means + SE.

130



RESULTS
Adaptation from rest to exercise

CE+O prior to forearm exercise (Condition A) elevated heart rate compared to control
(Condition C) (A 72.9 +£5.8 vs. C 59.7 £+ 3.3 beats/min, P=0.0028) and resulted in a 24%
increase in MAP (A 122.5 + 3.1 vs. C 98.5 £ 2.7 mmHg, P<0.0001). This indicated a strong
activation of the muscle chemoreflex and suggested increased SNA activity (Figure 5.3). This
effect was maintained by calf circulatory occlusion when calf exercise ceased, as evidenced by the
continued similar elevation of HR and MAP in A vs. C (Figure 5.3). Resting FBF was not altered
(P=0.877) by the increase in MAP since FVC was reduced by 24% (P=0.0352). That is, the
chemoreflex-mediated increases in SNA vasoconstricted resistance vessels in the resting forearm
muscles (see Figures 5.3 and 5.4).

With the start of forearm exercise FBF increased. This increase was markedly greater in A vs.
C through the 5 min of exercise in A (Figure 5.3). The difference in FVC in A vs. C was
abolished by 20 s of exercise (Figure 5.4). However, by 5 min of exercise, FVC in A vs. C was
decreased by 16% (P=0.0018), although this did not compensate completely for the 25%
elevation in MAP at this time such that FBF was still elevated in A vs. C (A 247.9£150vs.C
207.3 = 9.4 ml/min, P=0.0197). In the control condition, only very minor changes in HR and
MAP occurred during the course of exercise, indicating that forearm exercise per se was of
moderate intensity and the forearm muscles were not ischemic.
Steady state exercise

FBF was relatively stable by 3 min of forearm exercise in the control condition. At this time in

condition B, CE+O began. This resulted in an acute increase in HR but no immediate change in
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MAP (Figure 5.3), suggesting that elevations in HR under these conditions did not significantly
affect MAP. Progressive increases in MAP began after a delay of approximately 1 min and
continued for the remaining 5 min of forearm exercise in condition B, eventually exceeding MAP
in the control condition by 20% (B 129 + 4 vs. C 107 #4 mmHg, P=0.0002) at the end of
forearm exercise. Since FVC was not affected in condition B by the CE+O-induced progressive
elevations in SNA (Figure 5.4), the gradual elevation in MAP resulted in proportional changes in
FBF (Figure 5.3). HR, MAP and FBF responses by the end of condition B were not different
from end exercise in condition A (B 77 £ 4 vs. A 77 ®6 beats/min, P=0.954; B 129+ 4 vs. A 132
+ 4 mmHg, P=0.138; B 266 + 12 vs. A 247 + 15 ml/min, P=0.105), suggesting the achievement
of a similar stimulation of the chemoreflex in both conditions.
Post exercise recovery

Figure 5.5 illustrates the time course of recovery of HR, MAP and FBF following the end of
exercise and the release of calf circulatory occlusion. In conditions A and B both HR and MAP
display a large, rapid drop in the first 10-20 s of recovery, followed by a smaller progressive
decrease towards baseline levels by 5 min. Little change is apparent in these variables following
the cessation of forearm exercise in the control condition. The total FBF post exercise hyperemia
was markedly reduced in A and B vs. C ( A 121 ®18 and B 182 £27 vs. C 309 +£27 ml,
P=0.001) with all three responses showing a similar, rapid decrease in flow over the first 10 s of
recovery at which time the reduction in flow in condition C became markedly slowed. By the end

of 5 min of recovery FBF was similar between conditions.
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Figure 5.3 This figure depicts the time course and magnitude of heart rate (HR), mean arterial
pressure (MAP) and forearm blood flow (FBF) responses to 1) a transition from rest to forearm
exercise under a background of chemoreflex-mediated elevation in SNA (condition A, --0-) 2)
the gradual addition of chemoreflex-mediated elevations in SNA starting at 3 min of forearm
exercise (condition B, —(7—) 3) forearm exercise without any chemoreflex-mediated elevations
in SNA (condition C, —A —). Forearm exercise began at time = 0 min for all conditions and
ended at time = 5 min for condition A and time = 9 min for condition B and C. Values at
selected times with error bars give mean +SE. * Indicates a significant difference from control

(C) (P<0.05) at the corresponding time.
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Figure 5.4 This figure depicts the time course and magnitude of forearm vascular conductance
(FVC) responses (see Methods: Data Analysis section for calculation of FVC). Symbols as in
Figure 5.3. Forearm exercise began at time = 0 min for all conditions and ended at time = 5
min for condition A and time = 9 min for condition B and C. * Indicates significant difference

JSfrom control (C) (P<0.05) at the corresponding time.
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Figure 5.5 The time course and magnitude of heart rate (HR), mean arterial pressure (MAP)
and forearm blood flow (FBF) during 5 min of recovery. Symbols as in Figure 5.3 (see Results

section for total post exercise hyperemia differences between conditions).
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DISCUSSION

The results of this study are in agreement with previous investigations which have identified
that the muscle chemoreflex causes elevations in sympathetic nervous activity (SNA) leading to
vasoconstriction in resting human limbs (Hansen e? al., 1994; Victor ef al,, 1988; Joyner, 1992;
Joyner and Wieling, 1993). However, the results do not support the working hypothesis that
chemoreflex-mediated elevations in SNA would cause a vasoconstriction in the non-ischemic,
exercising forearm. Rather, the forearm muscle vasoconstrictor effect was abolished with
exercise, resulting in a passive elevation in exercising forearm blood flow due to elevations in
systemic arterial pressure. This effect occurred both at the onset of a rest-to-exercise transition
and when chemoreflex-mediated increases in SNA were progressively added during steady state
forearm exercise and demonstrates the existence of a functional sympatholysis under the
conditions of this study. Observations of a markedly reduced post exercise hyperemia following
the passive elevation in blood flow during elevated SNA suggest that this elevation in blood flow
had a positive impact on skeletal muscle metabolism.
Use of calf exercise during calf circulatory occlusion to elevate SNA

This study employed rhythmic calf exercise during calf circulatory occlusion (CE+O) followed
by maintained calf circulatory occlusion in an attempt to create and maintain elevations in forearm
sympathetic nervous activity. Since measurements of muscle sympathetic nervous activity
(MSNA) in the forearm were not possible in this study, there was no direct evidence confirming
that CE+O evoked an elevation in forearm sympathetic vasoconstrictor activity and that this was
maintained with calf circulatory occlusion. However, numerous studies provide evidence that

such a manipulation would consistently lead to elevated MSNA in resting (Hansen et al., 1994;
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Victor et al., 1988; Joyner, 1992; Joyner and Wieling, 1993) and exercising (Mittelstadt ef al.,
1994; Hansen et al., 1994) muscle and that this would be maintained by circulatory occlusion
(Joyner and Wieling, 1993; Hansen et al., 1994; Joyner, 1992).

Presumably the muscle chemoreflex acts as a negative feedback reflex, whereby an inadequate
oxygen delivery results in the accumulation of some substance(s) related to anaerobic metabolism
which leads to a pressor response (Sheriff ef al., 1987) in an attempt to restore the blood flow to
metabolism balance. Both hydrogen ion (Sinoway et al., 1989; Victor et al., 1988) and
diprotonated phosphate (Sinoway et al., 1994) have been implicated as primary affecters of a
pressor response by their effects on muscle chemosensitive afferents and they would be expected
to accumulate under conditions of reduced blood flow. In this study, CE+O would therefore have
been expected to result in a strong stimulus for the muscle chemoreflex. While this would be
expected to elevate SNA considerably, resultant elevations in arterial pressure would be sensed by
carotid baroreceptors and the baroreflex would be expected to progressively oppose the
chemoreflex (Mancia and Mark, 1983). This might explain the observation that the elevation in
MAP tended to plateau at ~20-25 mmHg above control. Regardless, the magnitude by which
MARP was elevated in this study was similar to that in other studies in which a significant effect on
both resting and exercising muscle vascular conductance was observed (Saito ef al., 1990; Kagaya
et al., 1996; Kagaya et al,, 1994; Joyner, 1991). This, combined with the observation of a 24%
reduction in forearm vascular conductance at rest, indicates that the CE+O intervention and
maintained calf circulatory occlusion had a substantial effect on forearm MSNA.

Functional sympatholysis vs. sympathetic restraint

Original evidence for a functional sympatholysis stemmed from the observation that resistance
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changes in response to sympathetic stimulation in an in situ dog preparation were attenuated in
exercise (Remensnyder ef al., 1962; Kjellmer, 1965). Recently, this evidence has been dismissed
as a mathematical artifact (Rowell, 1993) of the hyperbolic relationship of resistance to blood
flow. However, a close look at Figure 5 from Remensnyder et al. (1962) supports the existence
of a functional sympatholysis in exercising muscle. It illustrates systemic blood pressure and
blood flow responses in a resting and an exercising dog limb to systemic arterial infusion of
norepinephrine (NE). Infusion of NE elevated systemic pressure, resulting in an initial increase in
flow to both the resting and exercising muscles prior to the NE entering those vascular beds.
When NE entered the vascular bed of the resting muscle its blood flow decreased sharply back to
resting levels prior to NE infusion while blood pressure continued to increase. This is consistent
with a NE-induced vasoconstriction in this limb. However in the exercising limb the passive
elevation in blood flow with increasing systemic artenal pressure was not interrupted when NE
entered its vascular bed, indicating that no vasoconstrictor effect occurred in this limb. This
response mirrors precisely the results of our study, where elevated SNA reduced resting vascular
conductance but exercising forearm vascular conductance was not affected such that the elevated
systemic arterial pressure resulted in proportional increases in exercising blood flow.

Thomas et al. (1994) also observed the same phenomenon of a passive elevation in exercising
but not resting muscle blood flow with systemic elevations in arterial pressure induced by elevated
SNA in rat gastrocnemius-plantaris (fast glycolytic) muscle at high frequencies of stimulation, but
not in soleus muscle (slow oxidative). They interpreted these results to indicate that the
sympatholytic effect required production of metabolites related to anaerobic metabolism.

However, a sympatholysis can also be observed in dog muscle both in situ and running on a
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treadmill, where the exercising muscle mass is predominantly oxidative. For example, Rowlands
and Donald (1968) observed a much smaller % decrease in flow in response to sympathetic
stimulation in exercise vs. rest in the dog hindlimb (contractions were electrically stimulated)
under conditions of constant perfusion pressure (changes in flow are therefore directly
proportional to vascular conductance), while Buckwalter and Clifford (1998) recently observed a
reduction in the «,-mediated vasoconstrictor effect with increasing dynamic exercise intensity in
dogs running on a treadmill.

Numerous phystological mechanisms for a functional sympatholysis have been clearly
documented. Inorganic phosphate, acetylcholine, adenosine, acidosis and potassium have all been
demonstrated to inhibit sympathetic neuro-transmission (Eboute ef al., 1987; Rorie et al., 1981;
Verhaeghe et al., 1977) (for review see (Shepherd, 1983; Shepherd and Vanhoutte, 1981)).
Sympathetic vasoconstrictor effects are predominantly mediated by «, receptors in larger
arterioles and by «, receptors (Ohyanagi ez al., 1991) in terminal arterioles. Anderson and Faber
(1991) have shown that low frequency (<2 Hz) stimulation of rat cremaster muscle resulted in an
attenuation of &,-mediated constriction whereas higher frequency (>4Hz) stimulation reduced ¢,
responsiveness and further attenuated o, constriction. Similar conclusions of a metabolic
sensitivity to contractions specific to o, receptors can be drawn from the studies of Thomas et al.
(1994) in rat gastrocnemius-plantaris muscle and Buckwalter and Clifford (1998) in dogs
exercising on a treadmill. It has been suggested that control at this level of the arteriolar tree has
minimal impact on vascular conductance (Rowell, 1997). However, observations of an «,-
mediated sympatholytic effect with significant impact on limb vascular conductance (Buckwalter

and Clifford, 1998; Thomas et al., 1994) argues against this suggesting instead that not only
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distribution of blood flow, but also total blood flow, is affected by the metabolic sensitivity of «,-
mediated sympathetic constriction. Given the rapidity of the observed sympatholytic effect of
exercise in this study, substances released early in exercise such as adenosine, potassium and
acetylcholine would seem to be likely candidates.

Sympathetic restraint of muscle blood flow at rest in both animal (Thomas ez al., 1994;
Remensnyder ef al., 1962; Thompson and Mohrman, 1983; Klabunde, 1986) and human (Hansen
et al., 1994; Victor et al., 1988) models has been well documented, confirming the ability of the
sympathetic constrictor nerves innervating the muscle vasculature to increase resting muscle
vascular tone. Observations in this study of a 24% decrease in resting forearm vascular
conductance under conditions of elevated SNA compared with control are consistent with this.
Sympathetic control over resting tissues is obviously not confined to skeletal muscle, and in terms
of contributing to a pressor response its ability to alter vascular conductance in other resting beds
(splanchnic and renal) (Mittelstadt er al.,, 1996; O'Hagan ef al., 1997; Rowell, 1993) is more
important given the relatively small proportion of blood flow to skeletal muscle at rest (Rowell,
1993). Nevertheless, constriction of resting muscle clearly occurs.

In contrast, given its tremendous capacity to vasodilate (Rowell ez al., 1986), exercising
skeletal muscle would appear to be a more appropriate target of sympathetic constriction in
situations where blood pressure maintenance becomes crucial and the baroreflex is attempting to
maintain the target systemic blood pressure (O'Leary et al., 1997). Interestingly, such a
phenomenon has been documented in studies both when the exercising muscle mass was large
enough to challenge the pumping capacity of the heart (Secher et al., 1977; O'Leary et al., 1997)

and in small muscle mass exercise where no threat to central circulatory limitations occur as long
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as the exercise intensity of the second exercising muscle mass is large enough (Saito et al., 1990;
Kagaya ef al., 1996; Kagaya et al., 1994). However, a number of studies have also observed that
large increases in sympathetic activity to an exercising muscle mass induced by the addition of
another exercising muscle mass did not alter its blood flow or vascular conductance (Savard ez
al., 1989; Richardson ef al., 1995) and that when vascular conductance was reduced, it was only
in proportion to the rise in arterial pressure, suggesting that a local autoregulation to prevent
over-perfusion might be occurring as opposed to a sympathetic restraint (Richter ez al,, 1992).
While the results of our study are qualitatively consistent with a number of other studies
(Thomas et al., 1994; Savard et al., 1989; Richardson ef al., 1995; Sinoway et al., 1989)
employing different experimental protocols, they do not agree with the results of Kagaya et al.
(1994; 1993) who used a similar exercise model in which supine subjects performed moderate
calf plantar flexion exercise (10% MVC) and had exhaustive elbow flexion exercise (exhaustion
within S0 seconds) superimposed (Kagaya ef al., 1994) or sustained isometric forearm handgrip at
30, 50 and 70% superimposed (Kagaya, 1993). In the former study, calf blood flow was elevated
by ~4-fold from rest to exercise, similar to our forearm exercise response, and blood pressure
increases due to elbow flexion were ~20-25 mmHg, also similar to our study. However, they
observed a drop in exercising calf vascular conductance severe enough to significantly reduce
exercising calf blood flow as measured by strain gauge plethysmography despite the increased
arterial pressure. It is not clear why our results contrast, but it may be due to the magnitude of
the sympathetic response induced in their study compared to ours, even though blood pressure
elevation achieved was not different between the studies. Additionally, it may be a function of

muscle fibre type, since the human soleus muscle is likely more oxidative than the forearm and
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may therefore have reduced sympatholytic capacity (Thomas ef al., 1994).

Taken together, these apparent contradictions in the literature may reflect the complexity of
the interaction between a given level of induced MSNA and the given metabolic vasodilatory
environment in determining whether elevated MSNA is able to cause a vasoconstriction in the
exercising muscle vascular bed. In other words, both functional sympatholysis and sympathetic
restraint are robust phenomena, but they must interact with the baroreflex modulation of arterial
pressure. At present, it is unclear what determines which of these dominates the vascular
response in a given exercise condition.

Passive exercise hyperemia: speculation on its metabolic impact

A consistent effect of the passive elevation in blood flow to the exercising forearm induced by
chemoreflex-mediated elevations in blood pressure was the observation of a reduced post-exercise
hyperemia, regardless of whether the flow elevation occurred with the onset of exercise or was
added progressively later in exercise. The observation of such a reduction in post-exercise
hyperemia is consistent with a positive metabolic impact on the exercising non-ischemic forearm.
We have demonstrated previously that elevated blood flow at the onset of forearm exercise
allowed for a more rapid adaptation of aerobic metabolism with lower blood lactate (Hughson et
al., 1997), which would be expected to reduce reliance on PCr breakdown. Others have shown
that increased supply of O, by hyperoxia after steady state exercise is reached allowed for partial
re-synthesis of PCr (Haseler e al., 1998). PCr recovery is directly related to post-exercise
oxygen consumption following moderate exercise (Radda, 1996), and we would therefore expect
that post-exercise hyperemia would be reduced if PCr depletion was less during exercise.

A reduced need for PCr re-synthesis provides a plausible explanation for why blood flow
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returned to resting levels more rapidly following exercise under elevated flow conditions.
However, it is not possible to identify mechanism(s) responsible for #ow this was achieved since
this experiment was not designed to isolate such contributors. Therefore we cannot exclude the
possibility that the reduced post-exercise hyperemia may not be directly related to muscle
metabolism. For example, one contributor might be the baroreflex. Given that calf circulatory
occlusion ceased immediately at the end of forearm exercise, calf vascular conductance would be
near maximal at the onset of recovery. This might be expected tc influence baroreflex control of
blood pressure such that the more rapid vasoconstriction in the forearm during recovery in
condition A and B was part of a baroreflex regulation of systemic blood pressure. Obviously, for
this to be possible effective sympathetic constriction of the forearm would have to be re-
established shortly after exercise ceased. Another potential contributor to the more rapid flow
recovery following exercise during elevated blood flow might be a reduced interstitial
concentration of vasodilatory metabolites responsible for the post exercise hyperemia, in essence a
“washout” effect of the elevated exercising forearm blood flow. However, such a reduction was
also likely to have occurred during exercise, yet had no apparent effect on exercising vascular
conductance. Finally, it is not clear what role a myogenic response may have played, given that
there was a sudden, rapid drop in systemic pressure at the end of forearm exercise when the calf
occlusion cuffs were released.
Summary

Chemoreflex-mediated increases in SNA resulting from calf exercise during calf circulatory
occlusion elevated mean arterial pressure by 24%. The elevation in MAP did not increase resting

forearm blood flow due to a proportional reduction in forearm vascular conductance. This
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forearm vasoconstriction was presumably part of the systemic sympathetic vasoconstrictor
mechanism contributing to the well-documented pressor response elicited by the muscle
chemoreflex (Rowell, 1997; Joyner, 1992; Rowell and O'Leary, 1990). However when forearm
exercise was initiated, the chemoreflex-mediated effect on forearm vascular conductance was
abolished. Likewise a gradual increase in SNA during steady state forearm exercise did not affect
exercising forearm vascular conductance. In both cases forearm blood flow was elevated in
proportion to blood pressure and the post-exercise hyperemia was substantially reduced,
indicating a positive effect of this hyperemia on muscle metabolism.

There is clear evidence that exercising muscle is still under the influence of sympathetic
vasoconstriction (OLeary et al., 1997) and the rationale that this vasoconstrictor influence must
limit the metabolic vasodilation when the capacity of the exercising muscle mass approaches that
of cardiac output (Rowell, 1993) is sound. However, there is equally clear evidence supporting
the existence of a functional sympatholysis in exercising muscle (Buckwalter and Clifford, 1998;
Thomas et al., 1994; Remensnyder et al., 1962), and physiological mechanisms that could
account for this phenomenon have been clearly documented (Eboute et al., 1987; Rorie et al.,
1981; Shepherd, 1983; Shepherd and Vanhoutte, 1981; Verhaeghe er al., 1977). The
observations of this study are best explained by the existence of a rapidly acting functional
sympatholysis in the exercising forearm given the relative vasodilatory and SNA-mediated
vasoconstrictor influences established by our exercise protocol. The rapidity of this sympatholysis
suggests that sympatholytic affecters present early on in exercise (K*, adenosine, acetylcholine)
might be responsible for the initial effect. It remains to be determined exactly how sympathetic

vasoconstriction, locally mediated vasodilation and sympatholytic mechanisms in exercising
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muscle interact to determine whether a functional sympatholysis or a sympathetic restraint

dominate the vascular response.
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CHAPTER VI
General Discussion

Gtven that the compromise or enhancement of blood flow adaptation to exercise in humans
has distinct metabolic and performance implications for exercising muscle (van Leeuwen ez al.,
1992; Hughson et al., 1997), it is of considerable interest to determine the mechanisms which can
result in such influences on exercising muscle blood flow. While numerous techniques, both non-
invasive (Williams et al.,, 1978; Joyner ef al., 1990; Kowalchuk et al., 1990) and invasive
(Richardson et al., 1995; Grassi et al., 1996) have been applied to the measurement of exercising
limb blood flow in humans, none possess the time resolution offered by Doppler ultrasound.
Studies which have compared Doppler ultrasound with strain gauge plethysmography
(Tschakovsky et al., 1995; Levy et al., 1979; Lubbers ez al., 1979; van Leeuwen et al., 1992) and
thermodilution (Radegran, 1997) have found good agreement. Our laboratory has conducted in
vitro calibration of Doppler ultrasound in which porcine blood heated to 40° Celsius was pumped
at a known flow rate through tygon tubing. Simultaneous measures of blood velocity with the 4
MHz pulsed Doppler probe (Shoemaker ef al., 1996) confirmed the validity of Doppler
ultrasound measures of blood flow as performed in our laboratory. Doppler ultrasound has
allowed us to obtain continuous measurements of blood flow during and after forearm exercise
and limb position manipulation, thereby providing new information on the acute time course of
blood flow changes and the likely involvement of regulatory mechanisms. The blood flow
response with exercise is determined by the interaction of numerous factors which can affect the
vascular conductance or the effective pressure gradient for blood flow (Delp and Laughlin, 1998;

Shepherd, 1983). This thesis focused on the contribution of two such factors, reductions in
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venous pressure and increases in sympathetic adrenergic activity, on the resting and exercising
muscle blood flow response.
Role of Venous Pressure in Determining Forearm Blood Flow

Chapter II described a study designed to investigate the muscle pump contribution to early
exercise hyperemia and used forearm cuff inflation as an analog of the compressive emptying of
venous volume due to muscle contraction. When rhythmic cuff inflation was performed with the
arm above heart level, no effect on arterial inflow occurred. However, when this was repeated
with the arm below heart level, blood flow between cuff inflations increased. This indicated that
compression of the vasculature per se did not elicit a vasodilation, and supported the
interpretation that flow was likely elevated in the below heart condition due to an improvement in
the arterial-venous pressure gradient. This evidence agrees with other work indicating that the
muscle pump acts to reduce venous pressure and thereby improves the effective pressure gradient
across the muscle vascular bed (Pollack and Wood, 1949; Folkow ef al., 1971; Sheriff ez al,
1993). It follows that the adaptation of blood flow to exercise should be enhanced in muscles that
are exercising in the dependent position compared to above heart, since a greater initial
hydrostatic column on the venous side would result in a greater potential increase in the local
arterial-venous pressure gradient at the onset of contractions. In support of this, we have
observed that the rate of increase in blood flow at the onset of exercise is faster when the
exercising limb is in the dependent position (MacDonald ez al., 1998; Hughson et al., 1997).

With regard to the control of the increase in blood flow at the onset of exercise, it was
observed that mechanical venous emptying could not account for all of the rapid increase in blood

flow following a single forearm contraction. This observation, combined with an analysts of the
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characteristics of the blood flow response following cuff inflation vs. muscle contraction provides
strong evidence that a vasodilatory mechanism exists which is capable of affecting muscle vascular
conductance within 2 s of the first contraction of exercise.

Chapter I described a study designed to investigate blood flow responses to altered venous
volume whereby elevation of the forearm above heart level was used to empty the veins. Venous
pressure measured in a larger vein at the level of the antecubital fossa was obtained in a limited
number of subjects, and indicated that arm elevation did lower venous pressure. Evidence from
Chapter III indicated that venous volume reduction upon arm elevation above heart level resulted
in an arteriolar vasodilation, albeit a transient one, initiated within a few seconds of venous
emptying. When the arm was lowered during this transient dilation, the resultant hyperemia was
greatly magnified compared to that observed when arm lowering occurred well after the transient
vasodilation had disappeared. The transient vasodilation in the arm above heart position was
abolished by maintaining venous volume with a congestion cuff about the upper arm. Likewise,
the hyperemia upon lowering was also virtually abolished. This evidence suggests that the effect
of emptying the veins might not be limited to alterations in the pressure gradient. It is consistent
with the concept of a functional veno-arteriolar reflex observed by others (Nielsen ez al., 1988;
Henriksen and Sejrsen, 1977; Henriksen ef al., 1983; Henriksen and Sejrsen, 1977), whereby
venous volume changes can alter arterial vascular conductance via a local neural reflex. However,
this study adds information on the function of this reflex in terms of the withdrawal of
vasoconstriction upon limb elevation as opposed to initiation of vasoconstriction upon lowering of
the limb as described by Henriksen and colleagues.

While these observations are in agreement with the basic tenet of the muscle pump, it is
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difficult to reconcile them with other experiments in which direct measures of venous pressure in
draining veins were made in animal models and no effect of altered venous pressure on arterial
inflow was found (Naamani ez al., 1995; Magder, 1995; Braakman ef al., 1990; Magder, 1990).
Those types of experiments consistently demonstrate the phenomenon of zero flow despite a
positive arterial-venous pressure gradient (albeit their venous pressure measures are not
immediately post-capillary). Additional evidence indicating that venous pressure might not have a
direct impact on arterial inflow measured in a conduit artery can be seen in the lack of diastolic
flow in resting muscle, despite diastolic pressures in excess of venous pressure (Tschakovsky et
al., 1996; Saupe et al., 1995). It must be acknowledged therefore that the positive effect
observed in studies in this thesis on arterial inflow when venous volume is reduced might not be
directly related to venous pressure. If we examine the theoretical basis of both the vascular
waterfall and the arterial compliance theories, then it is possible to speculate on an indirect effect
of reduced venous volume and/or pressure on arterial inflow.

The vascular waterfall behaviour of the circulation depends on an external compressive force
around a certain arteriolar region proximal to the capillaries and the collapsible nature of the
vascular segment in question. This compressive force has as its contributors the smooth muscle
tone of the arterioles (Permutt and Riley, 1963) and intuitively any other forces external to the
blood vessels, such as interstitial pressure. Thus, internal vessel pressure must match this critical
closing pressure (P_;) or the vessel collapses. Therefore, the critical closing pressure acts as the
effective back pressure to arterial inflow. Indeed, it has been demonstrated that reduction of
smooth muscle tone as occurs during vasodilation reduces the critical closing pressure (Shrier and

Magder, 1995). Ifinterstitial pressure adds to the compressive force around the collapsible

149



arterioles, then a potential role for changes in venous volume becomes apparent. Muscles are
sheathed in elastic connective tissue. Therefore alterations in venous volume would be expected
to translate into alterations in interstitial pressure. In support of this, Radegran and Saltin (1998)
have measured ~37% reduction in interstitial pressure in the deep quadriceps after a contraction
when the leg was in the dependent position. Such an effect does not occur when the contracting
muscle is above heart level (Jarvholm ez al, 1988). Furthermore, Shrier et al. (1997) provide
evidence that the P_; is affected by changes in interstitial pressure. It might therefore be possible
that it is not venous pressure per se, but rather venous volume that impacts on arterial inflow by
its contribution to P_,.

A similar parallel can be drawn for the impact of venous volume-mediated changes in
interstitial compressive forces in the arteriolar compliant compartment model. Any increase in
external compressive forces would serve to increase the pressure within the arteriolar compliant
region. If arterial inflow were determined by the back pressure of this region as suggested by
some investigators (Spaan, 1985; Saupe et al., 1995) and this back pressure were elevated by a
compressive effect of surrounding venous volume, a reduction in flow would be predicted.
Likewise, if the veins were emptied, thereby reducing this compression of the arteriolar
compliance and reducing its pressure, an increase in arterial inflow would be expected.

Local Vasoconstrictor and Vasodilator Influences on Blood Flow

Chapter IV and V described studies designed to investigate the impact of increased systemic
sympathetic nervous activity (SNA) on the blood flow adaptation to exercise in the forearm. In
chapter IV, -60 mmHg LBNP was used to elevate SNA. With this level of LBNP, both

cardiopulmonary and arterial baroreceptors are involved in the elevation of sympathetic outflow
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(Abboud and Thames, 1983). Mean arterial pressure is usually preserved with this intervention,
but pulse pressure is reduced (Tripathi ez al., 1989). In Chapter V, a chemoreflex initiated in the
lower legs via calf exercise during calf circulatory occlusion elevated SNA. This intervention
affects chemosensitive afferents in the calf muscles and elicits elevations in sympathetic outflow,
with resultant increases in systemic blood pressure (Joyner, 1992). Based on previous
observations that -60 mmHg LBNP reduced forearm blood flow (Shoemaker er al., 1997,
Strandell and Shepherd, 1967) and chemoreflex-induced elevations in SNA attenuated blood flow
in non-ischemic exercising muscle (Kagaya, 1993; Kagaya ef al., 1994; Kagaya et al.,, 1996;
Mittelstadt ef al., 1994) it was hypothesized that elevations of SNA in these studies would impair
the blood flow adaptation to forearm exercise. However, the resuits do not support this
hypothesis. Rather, they suggest that in moderate small muscle mass exercise, local factors
responsible for vasodilation rapidly blunt the effect of increased SNA as initiated by -60 mmHg
LBNP and a calf muscle chemoreflex in our experiments, agreeing with other studies in humans
and dogs which have indicated a functional sympatholysis in exercising muscle (Buckwalter and
Clifford, 1998; Thomas et al., 1994; Hansen et al., 1996; Joyner et al., 1990; Peterson et al.,
1988; Donald et al., 1970; Remensnyder ef al., 1962).

Under conditions of LBNP, no effect on resting flow was observed. This was unexpected,
since numerous studies have shown a clear compromise to resting blood flow when measured
with strain gauge plethysmography (Strandell and Shepherd, 1967; Joyner et al., 1990; Tripathi et
al., 1989). However, there were numerous differences in the conditions of our study which might
account for this discrepancy. In a separate experiment, we observed that both strain gauge and

Doppler measurements indicated a reduction in FBF in the arm above heart position. This
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suggested that in our study where the arm was exercising below heart, the LBNP mediated
reduction in resting venous volume (and therefore likely pressure) may have compensated for a
reduced resting vascular conductance by improving the effective pressure gradient for FBF.

Further investigation was undertaken to compare the response to LBNP in a warm vs. cooled
arm, since the subjects’ arms had been cooled considerably in the experiment to minimize the
contribution of skin blood flow, whereas this was not done in any previous experiments. It was
observed that blood flow in the cool and warm arm was reduced immediately upon initiation of
LBNP, but that it had recovered in the cool arm by 8 minutes. However, a similar response
occurred in the warm arm. This might be interpreted to mean that cooling of the arm does not
appear to explain the difference between the results of this experiment and those of others (Joyner
et al., 1990; Strandell and Shepherd, 1967; Tripathi et al., 1989). However, it has been shown
that cooling itself does result in a reflex delayed vasoconstriction in muscle (Mohan and Marshall,
1994; Thorsson ef al., 1985) and that cooling of tissue enhances o, vasoconstriction (Freedman et
al., 1992; Faber, 1988). Additionally, the phenomenon of sympathetic escape has been
demonstrated with LBNP (Joyner ef al., 1990) and with sustained hypo perfusion (Lewis and
Mellander, 1968). Sympathetic escape is simply a condition where vascular responsiveness to
adrenergic stimulation is diminished over time despite the level of adrenergic stimulation being
maintained. It is therefore possible that a combination of arm cooling to elevate resting forearm
vasoconstriction and a sympathetic escape under maintained LBNP also contributed to the similar
blood flow at rest in control vs. LBNP conditions.

One final possible explanation for the lack of reduction in resting forearm blood flow in

LBNP, where forearm vasoconstriction would be expected, might be related to the elevated heart
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rate. In this study, heart rate was elevated by ~25 beats/min in -60 mmHg LBNP. In comparison,
Strandell and Shepherd (1967) observed only a 12-20 beats/min increase and Shoemaker et al.
(1997) an 18 beat/min increase at -60 mmHg LBNP. This may have been due to the shorter
period of LBNP prior to the start of data collection in these studies.

One argument for a heart rate effect has already been presented in Chapter IV. What follows
here is an additional speculation on the combination of the conditions created by arm cooling in
this experiment in combination with elevated heart rate. Tripathi and Nadel (1986) have provided
evidence that suggests both skin and muscle blood flows are progressively reduced up to -20
mmHg LBNP, suggesting a vasoconstriction in both muscle and skin vascular beds. However,
Vissing et al. (1994) did not observe any increases in skin sympathetic nerve discharge with such
mild LBNP, although they did observe a reduction in skin blood flow when the arm was warm.
There are no increases in heart rate associated with such low levels of LBNP (Rowell, 1993). If
LBNP is progressively increased above -20 mmHg, little further reductions in muscle blood flow
are observed, indicating that vasoconstriction of muscle is already near maximal at -20 mmHg
(Tripathi and Nadel, 1986). However, skin blood flow continues to decrease with higher levels of
LBNP, indicating that reductions in skin blood flow contribute to reductions in forearm blood
flow with LBNP above -20 mmHg. In addition, heart rate increases progressively with LBNP
above -20 mmHg (Rowell, 1993). If we were to progressively increase LBNP under the
conditions of our study where forearm cooling likely maximized skin vasoconstriction prior to the
onset of LBNP we might expect the following. With increases in LBNP up to -20 mmHg, a
muscle vasoconstriction would occur, but no alteration in heart rate would occur. We would

anticipate the observation of a reduced systolic pulse of blood into the forearm per beat in LBNP,
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but no increase in the number of beats. Therefore, the reduced vascular conductance in LBNP
would result in a reduced forearm blood flow. If we now progressively increased the level of
LBNP, we would observe little further muscle vasoconstriction. However heart rate would begin
to increase, reducing the diastolic period of zero arterial inflow. Thus, with increasing heart rate
at higher levels of LBNP the reduction in forearm blood flow due to muscle vasoconstriction up
to -20 mmHg might progressively be compensated for.

Once exercise began, it was observed that the initial, rapid increase in blood flow was
attenuated in LBNP. However, blood flow quickly recovered during the second adaptation phase
to mirror that in the control condition. Thereafter blood flow increased slightly over the next 3
minutes of forearm exercise in the control condition while remaining stable in LBNP, such that by
the end of exercise blood flow was elevated by ~5-8% in control compared to LBNP. The
reduced initial blood flow response to exercise could be due to elevated sympathetic drive to the
forearm blunting the early increase in vascular conductance. Alternatively, since it has been
shown that forearm volume is lowered with LBNP (Tripathi e a/., 1989), contraction may not
have produced as great a change in the arterial-venous pressure gradient at the initiation of
exercise in LBNP. Another factor to consider is the possible contribution of a veno-arteriolar
reflex. Given that forearm venous volume would be reduced with LBNP, one would expect a
release of the reflex vasoconstriction observed in a limb in the dependent position (Henriksen e?
al., 1983; Henriksen and Sejrsen, 1977) prior to the initiation of exercise in LBNP. In control this
contribution might not occur until the initiation of exercise when muscle contractions emptied the
veins, thereby providing an additional mechanism for increasing vascular conductance early in

exercise in the control condition that was not available in the LBNP condition.
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In elevating SNA via a muscle chemoreflex, arterial blood pressure increased by 24%,
however this was matched by a forearm vasoconstriction such that forearm blood flow at rest was
not different. Upon initiation of exercise under this experimental condition, blood flow increased
to a greater degree in the chemoreflex condition compared to control, and this difference was
proportional to the difference in blood pressure such that calculated forearm vascular conductance
during exercise was not different between conditions. Addition of a chemoreflex-mediated
increase in SNA once steady state exercise had been reached resulted in a progressive increase in
blood pressure, and a proportional increase in blood flow such that calculated forearm vascular
conductance was not different from control. In both conditions where the elevated blood pressure
effect of the chemoreflex served to augment exercising muscle blood flow, it was observed that
the post exercise hyperemia was reduced compared to control. This is consistent with a positive
metabolic effect of elevated exercising oxygen delivery on metabolism whereby PCr degradation
is reduced (Haseler et al., 1998).

An interesting contrast reveals itself between the observed effect on blood flow of an
improved perfusion pressure gradient in this study induced by systemic elevations in pressure and
that due to arm position in Chapter III. With systemic pressure elevations due to the chemoreflex,
exercising blood flow was elevated over control. In Chapter III when arm position changed from
below to above heart level, blood flow dropped immediately, indicating an effect of the local
perfusion pressure gradient. Within seconds a partial restoration of flow occurred but it remained
below levels observed during below heart exercise. This effect of posture has been observed
previously (van Leeuwen ez al., 1992). When the arm was returned to the below heart position

after 2 min, blood flow immediately overshot previous below heart steady state levels, but only

155



for a few seconds before returning to normal. This was despite the relative flow deficit that
occurred over the past 2 min of exercise above heart. It is not clear why, under conditions in
Chapter V, blood flow during exercise was allowed to exceed control conditions but under the
experimental conditions in Chapter III it was not. This observation warrants further investigation.
Conclusions

This thesis attempted to identify i) whether alterations in venous pressure contributed to the
effective AP across the vascular bed and therefore could impact on muscle blood flow at rest and
during exercise and ii) whether elevations in systemic sympathetic nervous activity compromised
exercising forearm muscle blood flow.

The results of the first two studies presented in this thesis provide new evidence in support of
the muscle pump theory, indicating that mechanical or postural emptying of the forearm venous
volume can effectively increase forearm blood flow. In addition, support for a veno-arteriolar
reflex in which reductions in venous volume initiate an arterial vasodilation was found. Taken
together, these data support the original hypothesis that a reduction in venous pressure can
increase muscle blood flow. However, within the context of the muscle pump, it was identified
that the immediate (0-5 s) increase in blood flow at the onset of exercise was not due solely to the
mechanical effect of the muscle pump. Rather a rapid vasodilation detectible within two seconds
of the first contraction of exercise must also contribute.

The results of the last two studies did not support the working hypothesis that elevated
sympathetic nervous activity would compromise exercising muscle blood flow. Instead, they
indicate the existence of a functional sympatholysis in the exercising forearm in the face of

elevated sympathetic nervous activity. However, there is considerable disagreement in the
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literature concerning this issue and there are as many studies that demonstrate a sympathetic
restraint as there are that report a functional sympatholysis. For this reason, it is important to
identify more clearly what determines which factor will dominate in the control of exercise blood
flow under a given condition. This is one of a few issues addressed in the recommendations for

future studies.
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Future Considerations

This thesis examined factors related to the local pressure gradient across the vascular bed and
the interaction of sympathetic vasoconstrictor influences with vasodilator influences on the
response of vascular conductance. Measurements were predominantly non-invasive in nature.
While this has advantages, determination of the precise nature of the mechanisms involved in the
observed cardiovascular responses is problematic. The following is a list of recommendations
specific to issues addressed by each paper.
1. Paper I (Chapter IT) In this study, the effects of changes in venous pressure on muscle blood
flow were examined, however venous pressure was either not measured directly and assumed to
be affected by mechanical emptying and positioning of the arm above heart level or it was
measured in a larger vein at the level of the elbow in a limited number of subjects (Paper I,
Chapter III). It is currently not possible to obtain true measures of venous pressure at the post
capillary level of the venules and it is this pressure that is likely of greatest importance if venous
pressure does impact on blood flow. Given the inability to properly measure venous pressure, it is
not clear how rapidly the venous pressure is restored during relaxation. This study examined the
impact of venous emptying on flow at the onset of exercise. Here, vascular conductance is still
low such that the absolute hyperemia induced by venous emptying is relatively small and
restoration of venous pressure may take a few beats. The muscle pump hypothesis predicts that
the same increase in arterial - venous pressure gradient at a greater vascular conductance (as
would occur later in exercise) should result in a proportionally greater increase in flow. However,
Naamani et al. (1995) observed virtually no effect of contractions on flow in maximally dilated

dog gastrocnemius muscle, contrary to the prediction of the muscle pump hypothesis. A possible
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explanation for this might be that, at high flows, the venous pressure is restored so rapidly that the
existence of an improved pressure gradient is too brief to significantly improve blood flow. The
likelihood of such an explanation is supported by the relatively low venous capacitance of muscle
tissue (Magder, 1990). If this does in fact play a role, then one would expect that the magnitude
of flow increase induced by mechanical emptying would not be proportionally elevated with
increased vascular conductance and the significance of the muscle pump in exercise hyperemia
during more intense exercise would be confined to the early changes in blood flow. Preliminary
data in our laboratory has indicated that under conditions of near maximal vasodilation, brief cuff
inflation around the forearm in the below heart position does not result in an increase in blood
flow, supporting this hypothesis and warranting further investigation.

2. Paper II (Chapter III) The experimental model used in this study has numerous potential
applications for understanding the control of the local muscle vasculature during rest and exercise.
A transient hyperemia occurring shortly after the arm was elevated above heart level appeared to
be mediated by the veno-arteriolar reflex. However, confirmation of this with the use of local
neural blockade is necessary. In addition, the rapidity of adjustments in blood flow during
exercise when the limb position relative to heart level is altered need to be explored in more detail.
The observation of a rapid down regulation of the transient increase in blood flow when the arm is
lowered below heart level after having been exercising with apparently reduced flow while above
heart level suggests that hyper-perfusion of exercising muscle is prevented or minimized by
factors influencing vascular conductance. Based on the rapidity of this response it would be
hypothesized that it is not due to washout of vasodilator metabolites, but rather a reflex or

myogenic response to changes in either arteriolar or perhaps venous pressures.
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3. Paper III (Chapter IV) In this paper, a clear reduction in FBF was not found at rest with -60
mmHg LBNP. This is in contrast to numerous studies that have measured blood flow to the
forearm using strain gauge plethysmography (Hansen ef al., 1996; Strandell and Shepherd, 1967,
Tripathi and Nadel, 1986). Comparison of Doppler vs. strain gauge measures of blood flow in 5
subjects with the arm above heart level suggest a possible interaction of arm position relative to
heart level with LBNP in determining resting forearm blood flow, possibly due to LBNP
improving the local arterial-venous pressure gradient at rest. This effect however, may have
contributed to the blunting of the initial rapid hyperemia since the gain in arterial-venous pressure
gradient due to the onset of contractions would be reduced. Future studies are needed to
determine if the effect of LBNP on forearm blood flow is such that at rest it improves the local
arterial-venous pressure gradient with the limb in the dependent position, offsetting the
sympathetic vasoconstrictor effect on vascular conductance, and at the initiation of exercise this
same reduction in resting venous pressure compromises the gain in pressure gradient due to
mechanical venous emptying with the first few contractions of exercise.

4. Paper IV (Chapter V) The fundamental issue raised by the results of this experiment and a
review of the literature concerns the conditions under which either a sympathetic restraint or a
functional sympatholysis dominates the local blood flow response during exercise. It may be that
the fundamental determinant of whether exercising muscle vasculature responds to elevated
sympathetic influences is the size of the exercising muscle mass, implicating a limitation of cardiac
pumping capacity. Indeed, it has been stated that the function of a sympathetic restraint on blood
flow is to prevent muscle vasodilation from outstripping the cardiac pumping capacity (Rowell,

1988). However, the effect is not limited to large muscle mass exercise. Likewise, in conditions
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where large muscle mass exercise is performed there are examples of both sympathetic restraint
and functional sympatholysis. It seems unlikely that a given sympathetic activation would have
different effects on the vascular conductance in a given muscle simply because that muscle was
exercising in combination with a number of other muscles as opposed to alone. Said differently,
the local vascular responsiveness to sympathetic stimulation cannot be based on its “awareness”
of whether other muscles are exercising and cardiac output limits are being reached and must
rather be determined by local factors. Therefore, more experiments which gradually manipulate
the muscle sympathetic nerve activity in a given exercising muscle mass or which gradually
increase the amount of additional muscle mass exercising are needed to tease out the conditions
which determine when the local increases in sympathetic activity actually dominate and limit
exercising muscle blood flow.

A secondary recommendation is that of using this model of calf exercise during calf occlusion
to elevate the blood flow response of the exercising forearm and, with the collection of venous
blood samples, assess the impact of an improved blood flow response on muscle oxygen

consumption and metabolism during and after an increase in workrate.
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APPENDIX 1
Is the immediate post-exercise blood flow greater than during exercise due to removal of

“sympathetic restraint” or simply the mechanical impedance of muscle contraction?
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ABSTRACT

Mean forearm blood flow (FBF) during dynamic forearm exercise is lower than the immediate
post-exercise hyperemia across a range of exercise intensities. This might be due to a mechanical
interference of muscle contraction to flow during exercise which is removed when exercise
ceases. Alternatively, there might be an immediate removal of SNS vasoconstrictor tone once
exercise ceases, resulting in local vasodilatory factors causing an increase in limb vascular
conductance. Doppler ultrasound techniques allow for a beat-by-beat assessment of limb blood
flow, and thereby provide a means for assessing the role of a mechanical impedance of muscle
contraction by separating flow during muscle relaxation from flow during muscle contraction. We
reasoned that if vascular conductance was the same during relaxation phases in exercise compared
to peak post-exercise levels, a mechanical effect of contraction could explain the greater
immediate post-exercise hyperemia. Continuous measures of mean arterial pressure (Finapres)
and brachial artery blood flow (Doppler) were made during and immediately after steady state
dynamic forearm exercise at 25% and 75% maximal workrate. Peak between contraction blood
flow (ml/min + SE) and vascular conductance (ml/min/mmHg + SE) were not different from peak
post-exercise values for 25% (269.2 £ 17.3 vs. 2456+ 11.5 and 3.09 +0.27 vs. 2.89 £ 0.23) or
75% (609.7 £51.9 vs. 611.3 £61.4 and 5.76 £0.31 vs. 5.64 + 0.49) conditions. This suggests
that the immediate elevated post-exercise hyperemia above exercise flow levels is simply the

result of removing the mechanical limitation to flow imposed by muscle contraction.
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INTRODUCTION

At the end of rhythmic forearm exercise, the average blood flow increases above exercise
levels (Shoemaker ef al., 1997). The increase is greater at higher exercise intensities. Given the
observation that the degree of functional vasoconstriction in exercising dog muscle mediated by
the sympathetic nervous system is elevated with exercise intensity (O'Leary et al,, 1997), this post
exercise hyperemia might in part be mediated by the removal of a “sympathetic restraint” on blood
flow when exercise ends. However, a number of studies have also indicated that a functional
sympatholysis occurs in exercising muscle such that vasodilatory mechanisms effectively blunt the
influence of sympathetic activity in the active muscle (Remensnyder er al., 1962; Hansen et al,,
1996; Thomas et al., 1994). Whether such a blunting is maintained following exercise is not
known.

Blood flow during exercise is markedly elevated during the relaxation compared to
contraction phase such that the average flow is less than that during relaxation (Walloe and
Wesche, 1987; Kagaya and Ogita, 1992). Therefore, an alternative explanation to the removal of
sympathetic restraint might be that the removal of the mechanical impedance to blood flow due to
muscle contraction results in an elevated post exercise blood flow. In an attempt to distinguish
which of these two mechanisms was responsible for the elevation in blood flow, we compared the
blood flow and vascular conductance during beats between contractions with the peak beat flow
and conductance immediately post-exercise. Beats between contractions were used to determine
vascular conductance during exercise and avoid the effect of contraction on blood flow. It was
reasoned that if the between-contraction peak vascular conductance was lower than the post-

exercise peak vascular conductance, this would support the contention that a removal of
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sympathetic restraint at the end of exercise was contributing to the greater post-exercise
hyperaemia. Ifthere was no difference, then the post-exercise hyperaemia could simply be

explained by a removal of the impedance of muscle contraction on muscle blood flow.
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METHODS

5 subjects participated in this study. Each performed a progressive rhythmic forearm exercise
test to exhaustion (1 kg/min increase in workload, 1-s/ 2-s contraction/relaxation duty cycle) with
the forearm above heart level. From this, the experimental workrates of 25% and 75% maximal
workrate were determined. Subjects then came into the lab on a subsequent day and performed 1
trial of 5-min of forearm exercise in each of 25% and 75% maximal workrate conditions, with
25% trials always performed first to avoid fatigue effects from the 75% workrate. During the
trials, forearm blood flow, mean arterial pressure at heart level and heart rate (see Chapter I for
details) were recorded. The arm was supported by an armrest so that the mid forearm level was
~20-25 cm above heart level. In this position the veins were drained at rest, thereby minimizing
the mechanical emptying of veins with muscle contraction during exercise (Tschakovsky et al.,
1996) which would increase the local arterial-venous pressure gradient on venous pressure. This
allowed a comparison of calculated forearm vascular conductance between contractions vs. post-
exercise. If the arm were below heart, then the local pressure gradient would be much different
between contractions (veins squeezed empty by contraction, resulting in local pressure gradient
equaling arterial pressure) vs. following exercise (veins refill, reducing local pressure gradient)
making comparisons of vascular conductance based on arterial pressure problematic. Single beat
flows during the last 30 s of exercise which occurred completely between contractions were
averaged to provide the between contraction exercise blood flow and vascular conductance (beat
flow/beat blood pressure). These were compared with the peak beat flow and conductance post-
exercise. Statistical comparison between exercise and post exercise within each exercise

condition was performed with one-way repeated measures analysis of variance (ANOVA). Where
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multiple comparisons occurred as was the case with beat by beat blood pressure after exercise,
further post hoc tests using Student-Neuman Keuls were done. P<0.05 was used to define

statistical significance. All data are presented as means + SE.
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RESULTS

Figure Al.1 depicts the instantaneous beat-by-beat mean blood velocity (proportional to flow)
in the last few seconds of exercise and the first few seconds of post-exercise hyperaemia. These
raw data illustrate the effect of contraction on blood flow and shows that flow occurs
predominantly between contractions, confirming the observations of Walloe and Wesche (1987)
and Kagaya et al. (1992). Averaged blood flow (3-s average) responses are shown in Figure
Al1.2. Note the increase in blood flow post-exercise compared to the mean exercise flow, with
the increase being much greater in the 75% condition. For the 75% condition, mean arterial
pressure (MAP) increased throughout the S minutes of exercise (Figure A1.3). Heart rate
increased in a step-wise fashion at the onset of exercise and thereafier remained fairly stable
(Figure Al.4). The continued progressive increase in blood pressure in the 75% max WR
condition was probably a function of a gradual sympathetically mediated systemic
vasoconstriction: When exercise ended, MAP dropped rapidly (Figure A1.3). Part of this was
likely due to the rapid decrease in HR, but the removal of systemic sympathetic vasoconstriction
must also have contributed considerably. However this drop in MAP did not reach significance
until the fifth beat following the end of exercise (Figure A1.5) (5® beat 98.3 + 5.3 vs. steady state
107.3 £ 5.4 mmHg), while the peak vascular conductance observed post-exercise occurred within
the first 1-4 beats. Peak between contraction blood flow (ml/min @ SE) and vascular conductance
(ml/min/mmHg + SE) were not different from peak post-exercise values for 25% (269.2 £ 17.3
vs.245.6 £ 11.5and 3.09 +£0.27 vs. 2.89 = 0.23) or 75% (609.7 £51.9 vs. 611.3 £ 61.4 and

5.76 £ 0.31 vs. 5.64 £ 0.49) conditions (see Figure A1.6).
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Figure Al.1 Instantaneous mean blood velocity (MBV) for a single subject at 75% and 25%
maximal workrates during the last few seconds of exercise and the first few seconds of recovery.
The timing of muscle contractions is indicated by the hatched boxes. The effect of contraction
on blood flow is evident, with most flow occurring between contractions. Peak post-exercise

Slow equaled flow occurring between contractions.

169



AR RS TR EL]

—— WR=25%max
........... WR = 75% mex

Flow
lll1T1llll|llll|llIl]lllIlllIl.llllllllllIlllllllllllllllllT]

Illl!li[fleJllllleLll!'lllll'lllll'I[lll[lllli[l]fllll!!f!l

0 60 120 180 240 300 360 420 480 540 600
Time (seconds)

Figure A1.2 Forearm blood flow (n=3) response at 75% and 25% maximal workrates.

Exercise began at time = 60 s. Exercising blood flow is averaged over a complete duty cycle,
reducing the contraction/relaxation variability evident in Figure Al.1. Blood flow increases in a
biphasic manner, reaching a steady state early in the 25% workrate, but much later, if at all, in
the 75% workrate. Note the large post exercise hyperemia in the 75% workrate condition which

remains elevated above exercising flows for quite some time.
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Figure A1.3 Mean arterial pressure (MAP) response (n=5) at 25% and 75% workrates.
EXxercise began at time = 60 s. Note the progressive increase in MAP in the higher workrate and

the rapid fall at the end of exercise (360 seconds).
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Figure A1.4 Heart rate response (HR) (n=5) at 25% and 75% workrates. Heart rate increases
immediately upon initiation of forearm exercise at time = 60 s, but then remains relatively

constant.
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Figure A1.S Mean arterial pressure (MAP) at rest, steady state exercise and for consecutive
beats following the end of exercise is shown for both the 25% and 75% workrates. * Significantly
different from exercise for a given workrate. | Significantly different from rest for a given

workrate.
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Figure A1.6 Vascular conductance (VC) and forearm blood flow (FBF) is shown. Exercise
ended at 360 s, therefore symbols at 355 s represent the between contraction VC and FBF for the
75% workrate () and the 25% workrate (). The same symbols after 360 s represent the peak
single beat VC and FBF during the post exercise hyperemia. 1 s interpolated VC and FBF data
during the first minute after exercise ended are indicated by (®) for 75% workrate and (©) for
25% work rate. It can be seen here that the peak vascular conductance post exercise occurred in

the first 2 seconds following the end of exercise.
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CONCLUSIONS

At the 75% max workrate, MAP by the end of 5 min of exercise was elevated by over 25%,
and this effect was progressive, indicating that a systemic vasoconstriction was occurring since
the change in heart rate occurred in a virtually step-wise manner at the beginning of the exercise
bout. Blockade of «-adrenergic receptors has been shown to elevate exercising muscle blood
flow in dogs (O'Leary et al., 1997), suggesting that in dynamic exercise there is a functional
sympathetic restraint of blood flow. It would follow then that the rapid removal of this
sympathetic activity as occurs after exercise (Seals, 1989) might contribute to the degree of post
exercise hyperemia.

If a withdrawal of sympathetic restraint in the forearm were to account for the elevated post
exercise hyperemia relative to exercise, then it might be expected that the peak vascular
conductance occurring post exercise would be greater than during exercise. Instead, there was
no difference between peak post exercise vascular conductance and vascular conductance
between contractions during the last 30 s of exercise. In this study, the peak post exercise
vascular conductances occurred within the first 4 beats. Given that during exercise 2-s pauses
occurred between contractions we would not expect a withdrawal of sympathetic activity to occur
during the first 2 s after the conclusion of rhythmic contractions. In agreement with this, no
changes in mean arterial blood pressure were measure with the Finapres during the first 4 beats
following the end of exercise. These results indicate that, while there may be a rapid reduction in
systemic sympathetic vasoconstriction, initiated within 4 beats following the end of 75% maximal
rhythmic forearm exercise, the immediate increase in flow following the end of contractions can

be explained by the removal of the mechanical impedance of blood flow by muscle contraction. In
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addition, any delayed withdrawal of sympathetic vasoconstriction in the forearm that might have
been present during exercise does not elevate forearm vascular conductance above peak levels
occurring during and immediately after the end of exercise. However, it cannot be determined
from the data whether or not a withdrawal of sympathetic restraint was in part responsible for the

continued post exercise hyperaemia in this exercise model.
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