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Summary: Background: Intermittent negative pressure is an emerging treatment for lower limb vascular disease but the

specific physiological effects, particularly upon large artery haemodynamics are unclear. This study examined the influence of

intermittent negative pressure upon popliteal artery shear rate during both supine and sitting postures. Participants and

methods: Eleven healthy participants (5 female; age: 28.3 ± 5.8 y; weight: 69.6 ± 9.8 kg, height: 1.75 ± 0.07 m) received

intermittent negative pressure (–37 mmHg; 9.5-sec on, 7.5-sec off), upon the lower leg during both supine and sitting

postures. Popliteal artery blood flow and shear rate were recorded (duplex ultrasound), accompanied by heart rate (3-lead

ECG) and blood pressure (volume clamp method). Results: Compared to sitting, a supine posture led to greater mean shear

rate during baseline (supine: 21[9]; sitting: 17[13] sec�1; all median [IQR]) and negative pressure phases (supine: 24[15];

sitting: 17[14] sec�1; both p<0.05). While supine, negative pressure raised mean shear rate above baseline levels (p<0.05) and

reduced it upon return to atmospheric pressure (p < 0.05). In sitting, mean shear rate only differed from baseline at the points

of peak and minimum shear (peak:18[17]; minimum: 10[9] sec�1; both p<0.05). Shear pattern (oscillatory shear index) showed

changes from baseline during both postures (p<0.05), but was not different between postures. Conclusions: Intermittent

negative pressure influenced lower limb popliteal artery shear rate during both the supine and sitting postures, the effect was

greater while supine. Fluctuation in shear pattern seen during both positions may account for positive clinical effects

observed following intermittent negative pressure treatment. These findings are framed against previous work investigating

clinical populations. Future work should investigate any differences in lower limb haemodynamics and markers of endothelial

function among patients with vascular disease.
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Introduction

Peripheral arterial disease remains a leading cause of mor-
bidity and mortality and its burden is growing globally [1].
Non-invasive treatment options particularly among those
with severe disease remain limited, but mechanical thera-
pies do offer a potential option for some patient groups.
Among these, intermittent pneumatic compression is
established, but recently, intermittent negative pressure
(INP) has emerged as a novel therapeutic option [2, 3].
While intermittent pneumatic compression is known to eli-
cit increases in blood velocity in the popliteal artery [4], the
overall clinical effect may result from modulation of
intravascular shear forces [5]. Similar mechanisms might
underpin the action of INP, but at present little work has
described the acute physiological changes associated with

its use. This is despite possible benefits in the context of
non-operative higher-grade or critical limb ischaemia [3]
owing to the non-compressive nature of the treatment upon
the skin and lower pressure differential involved.

Endothelial dysfunction is associated with the develop-
ment of atherosclerosis and is mediated in part by vascular
shear forces [6]. Shear, the frictional force at the interface
between blood and endothelium can be estimated by calcu-
lation of shear rate (blood velocity/diameter, without
accounting for haematocrit; [7]). This varies according to
anatomic site and posture [8], age [9], physiological load
[10], and to passive stimuli such as isolated limb heating
[11]. Classically, increased anterograde shear rate is
thought to improve endothelial function, while greater
retrograde shear, or shear oscillation has been thought to
hold a deleterious effect [6, 11, 12]. Recently however,
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fluctuation in shear pattern has emerged as a potentially
important mediator of vascular function [13, 14, 15], even
in the context of an unchanged mean shear rate during
the therapy cycle as a whole [15].

Negative pressure enclosing a limb segment transmits to
both superficial and deep compartments [16] and tran-
siently influences pressure within the venous system [17].
It is through changes in the arteriovenous gradient and
local increases in vascular resistance [18] that oscillation
in conduit artery blood flow and shear rate may occur with
INP [15]. Intermittent negative pressure is already known
to induce fluctuations in brachial artery shear rate [15] in
addition to eliciting cyclic changes in the superficial
microvasculature of the leg [19, 20], however, the pattern
in the more atherosclerosis-prone lower limb conducting
vessels remains to be investigated. Indeed, given the
greater ability of the leg vessels to resist pressure-induced
changes in diameter and flow [21, 22], regional differences
in INP response might be anticipated.

Despite the growing body of work demonstrating
positive clinical effects of INP [19, 20], there remains a
need to specifically define the underlying mechanisms in
the lower limb. Furthermore, postural change has been
shown to alter lower limb shear responses [8], and given
the use of INP devices largely during sitting, knowledge
of any interaction between INP and posture is warranted.
Therefore, the aims of this study were first, to investigate
the acute influence of INP upon popliteal haemodynamics
and shear rate, and second, to ascertain whether postural
change alters such responses given the greater constraint
upon blood flow typically found during more upright
positions.

Participants and methods

Participants

Eleven participants were included in the study (6 males,
5 females; age: 28.3 ± 5.8 y; weight: 69.6 ± 9.8 kg;
height: 1.75 ± 0.07 m). All were free from conditions or
medications influencing the cardiovascular system and
did not use nicotine-containing products. Participants also
refrained from caffeine (>8 h), alcohol and heavy exercise
(>24 h) prior to testing. Written, informed consent was pro-
vided following approval from the local regional ethics
committee (REK: 2021/323184 and 2022/466181), and all
procedures aligned with the Declaration of Helsinki except
for registration within a database.

Procedure

Following medical screening and basic anthropometric
measures, one leg was placed within a commercially avail-
able INP chamber coupled to its pump unit. After 20-min of
quiet rest, blood flow in the popliteal artery, systemic blood
pressure (BP), heart rate (HR), chamber pressure were

recorded for a baseline period of 60–100 sec, followed by
five cycles of INP (9.5-sec on-phase [–37 mmHg], 7.5-sec
off-phase [ambient atmospheric pressure]). These mea-
sures were undertaken in both the supine and sitting
positions, with a minimum 10-min stabilisation period
observed between any postural change. Laboratory tem-
perature was 24.5 ± 1.0o C and ambient atmospheric pres-
sure 753 ± 8 mmHg.

Measures

Anthropometry and systemic cardiovascular

measures

Height (m) and weight (kg; Diagnostic XXL;Medel Interna-
tional, Milan, Italy) were measured using standard meth-
ods. Heart rate was recoded continuously via 3-lead ECG
(Dual Bio Amp; ADInstruments, Dunedin, New Zealand)
in addition to beat-by-beat blood pressure (Nexfin;
BMEYE, Amsterdam, Netherlands) during each baseline
and intervention period.

Negative pressure

Intermittent negative pressure was delivered using a com-
mercially available clinical treatment system comprising a
lower leg chamber and pressure control unit (FlowOx 2.0;
Otivio, Oslo, Norway). Pressure within the chamber
was reduced relative to ambient atmospheric pressure
(–37 mmHg gauge pressure) in fixed cycles of 9.5 sec on,
7.5 sec off with one complete negative pressure period
and its successive ambient pressure period representing a
complete INP cycle. Ramp time at onset to 95% plateau
pressure was 1.6 sec, with an offset time of 1.0 sec. A
well-fitting, low compression, thermoplastic elastomer seal
interfaced the leg and chamber�10 cm below the popliteal
crease, allowing easy access and steady probe positioning
during both postures. Chamber pressure (Stranden
Manometer; Stranden Instruments, Ålesund, Norway)
was recorded continuously during all test sequences.

Blood flow

Using duplex ultrasound (Vivid E95; GE Healthcare, Hor-
ten, Norway), blood flow and arterial diameter (longitudi-
nal plane) were recorded continuously using a 9 MHz
linear probe (9L; GE Healthcare) at the popliteal artery.
Sample volume was set to the full width of the vessel and
an insonation angle of <60 degreesmaintained throughout.
On-screen anatomical landmarks were identified to ensure
a similar recording site between both postures. Machine
settings were maintained as closely as possible between
supine and sitting positions and both doppler and 2D sig-
nals were optimised throughout.

Ultrasound data were analysed offline, beat-by-beat, using
semi-automated tracing of the Doppler signal (EchoPac; GE
Healthcare). Diameter was determined from the longitudinal
B-mode image using the caliper function and the average of
three measures taken during end-diastole between the inti-
mal edge of the leading wall to that of the far wall. No
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difference in vessel diameter was identified between negative
and atmospheric pressure phases, therefore a mean of all car-
diac cycles combined across all pressure cycles was included
as vessel diameter during analyses. Ultrasound images were
captured live within Labchart, using the software’s video-grab
function, allowing alignment of the ultrasound recordings
with the remaining measures.

Signal acquisition and analyses

All signals were captured using an analogue to digital con-
vertor (PowerLab 16/35; ADInstruments, Dunedin, New
Zealand), sampling at 1 KHz and recorded within the propri-
etary software (Labchart Pro; ADInstruments). Ultrasound
images were captured live within Labchart, using the soft-
ware’s video-grab function, allowing temporal alignment
of the ultrasound recordings with the remaining measures.
Data from Labchart and ultrasound doppler measures were
exported on a beat-to-beat basis, gated to the R-peak of the
ECG, and combined in Microsoft Excel. Baseline data were
taken as the average of each 60–100 sec resting period pre-
ceding each intervention phase. Thereafter, three to five
cycles of negative pressure and their successive atmospheric
pressure phases were extracted and averaged for each par-
ticipant. As an indication of peak and minimum shear, dur-
ing each negative pressure phase, the three sequential
cardiac cycles corresponding to peak blood flow/mean
shear rate (Peak) were identified and additionally, the three
sequential cycles during the subsequent atmospheric pres-
sure phase representing minimum flow/mean shear rate
(Minimum) were identified and averaged for each partici-
pant and included for analysis.

Blood flow was calculated using the formula: _Q = A �

(TAMax/2) � 60where _Q = blood flow, A = vessel cross sec-
tional area (cm2) and TAMax = the time averaged maxi-
mum envelope of the velocity trace (cm � s�1). Shear rates
(s�1) were calculated using the formula (4�blood veloc-
ity)/diameter. For each cardiac cycle, mean, peak antero-
grade, and peak retrograde shear rate was calculated
from mean (TAMax/2), maximum (peak systolic velocity),
and minimum (minimum diastolic velocity) blood veloci-
ties respectively (cm � sec�1), and end-diastolic arterial
diameter (cm). Oscillatory shear index (OSI) provides an
index of shear pattern, where 0.5 indicates an equal antero-
grade-retrograde contribution, with lower values indicating
a more anterograde-dominant pattern of shear. This was
calculated as OSI = peak retrograde shear / (peak antero-
grade + peak retrograde shear) [23].

Quantile-quantile plots and histograms were used to
assess normality. In view of the small sample size and devi-
ation of some variables from a normal distribution,
between-phase, comparisons were undertaken using Fried-
man tests, with Holm-Bonferroni corrected Wilcoxon tests
used for post-hoc analyses. Between-posture comparisons
were made using Wilcoxon tests. Non-normally distributed
data are presented as median [IQR], with normally dis-
tributed data presented asmean ± SD and level of statistical
significance was set at p<0.05.

Results

Eleven participants were included in the final analysis.
Negative pressure did not elicit any change in central car-
diovascular variables during any phase, within either pos-
ture (Figure 1, Electronic supplementary material 1; all
p>0.05). Heart rate, mean and diastolic arterial pressure
were significantly different between postures (p<0.05).
Differences in systolic pressure were only statistically sig-
nificantly at the baseline timepoint (Figure 1; ESM 1).

Popliteal artery blood flow was statistically significantly
different between timepoints in the supine (Baseline: 43
[17], Negative pressure phase: 60 [19], Atmospheric pres-
sure phase: 33 [11] ml � min�1; Friedman test = 38.764,
p<0.001) and sitting postures (Baseline: 33 [29], Negative
pressure phase: 34 [28], Atmospheric pressure phase: 28
[21] ml � min�1; Friedman test = 35.564, p<0.05; Post hoc
test results, Table I), but was only attained statistical signif-
icance between postures during the negative pressure
phase and peak shear timepoint (both p<0.05; Table I).

Statistically significant differences to baseline measures
were present during both the supine and sitting postures
for mean shear rate (Supine Baseline: 21 [9], Negative pres-
sure: 24 [15], Atmospheric pressure: 15 [8], Peak: 25 [19],
Minimum: 14 [5]; Friedman test = 37.309, p<0.05; Sitting
Baseline: 17 [13], Negative pressure: 17 [14], Atmospheric
pressure: 14 [11], Peak: 18 [17], Minimum: 10 [9]: Friedman
test = 32.291, p<0.05), anterograde shear rate (Supine
Baseline: 454 [203], Negative pressure: 429 [155], Atmo-
spheric pressure: 437 [171], Peak: 432 [157], Minimum:
430 [170]: Friedman test = 25.818, p<0.05; Sitting Baseline:
212 [77], Negative pressure: 207 [85], Atmospheric
pressure: 199 [88], Peak: 205 [93], Minimum: 430 [170];
Friedman test = 12.582, p<0.05), retrograde shear rate
(Supine Baseline: 211 [99], Negative pressure: 147 [59],
Atmospheric pressure: 178 [102], Peak: 135 [72], Minimum:
160 [113]; Friedman test = 26.327, p<0.05; Sitting Baseline:
85 [32], Negative pressure: 81 [29], Atmospheric pressure:
88 [29], Peak: 74 [30], Minimum: 101 [32]; Friedman test=
27.418, p<0.05; post-hoc results see Figure 2) and oscillatory
shear index (Supine: Friedman test = 33.382, p<0.05; Sit-
ting: Friedman test = 35.418, p<0.05) Post-hoc results,
Table I). Anterograde and retrograde shear rate (Figure 2)
were significantly different between postures at all time-
points (p<0.05). Differences in mean shear rate between
postures attained statistical significance (p<0.05) at all
timepoints except during the atmospheric pressure phase
and the minimum shear timepoint (p=0.240 and 0.206
respectively). Oscillatory shear index did not vary between
postures at any timepoint (all p>0.05; Table I). Popliteal
artery diameter was greater in the sitting, relative to the
supine position (supine: 5.51 ± 0.74, sitting: 5.94 ± 0.73
mm; p=0.010; mean ± SD, data normally distributed, com-
parisons using related-samples t-tests), and was not influ-
enced by INP (supine: negative pressure 5.53 ± 0.73 vs.

atmospheric pressure 5.49 ± 0.76 mm, p=0.067; sitting:
negative pressure 5.94 ± 0.74 vs. atmospheric pressure
5.93 ± 0.47 mm, p=0.810; all mean ± SD, data normally
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distributed, comparisons using related-samples t-tests,
Figure 3).

Discussion

Among a group of healthy participants, we investigated the
influence of intermittent negative pressure upon popliteal
artery blood flow and shear rate. Additionally, this was
examined between the supine and sitting postures, where

Figure 1. Central cardiovascular variables during intermittent
negative pressure in the supine and sitting postures. Central cardio-
vascular variables were higher in the sitting than supine posture but
did not vary between key phases and timepoints. Solid symbols:
Supine posture, open symbols: Sitting posture. Panel A: Heart rate
(BPM; beats per minute). Panel B: Supine blood pressure (BP).
Panel C: Sitting blood pressure (BP; mmHg). All values median
[interquartile range]. Full data is presented in ESM 1. #Significantly
different to supine (all p<0.05), *denotes only baseline values
significantly different to supine (p<0.05).

Table I. Blood flow and oscillatory shear index at key points during the
intermittent negative pressure cycle during supine and sitting
postures.

Popliteal Flow

(ml � min�1)

n = 11

OSI (AU)

n =11

Supine

Baseline 43 [17] 0.28 [0.05]

Range 29–65 0.12–0.34

Negative Pressure 60 [19]* 0.25 [0.04]*

Range 31–72 0.13–0.34

Atmospheric Pressure 33 [11]*$– 0.30 [0.07]*$–

Range 19–51 0.21–0.35

Peak 68 [23]*$ 0.25 [0.04]*

Range 30–88 0.14–0.33

Minimum 30 [8]*$– 0.30 [0.09]*$–

Range 19–46 0.24–0.36

Sitting

Baseline 33 [29] 0.26 [0.08]

Range 18–80 0.18–0.37

Sig. level vs. Supine p = 0.206 p = 0.398

Negative Pressure 34 [28] 0.27 [0.08]–

Range 20–72 0.18–0.38

Sig. level vs. Supine p = 0.019 p = 0.365

Atmospheric Pressure 28 [21]$– 0.28 [0.09]*$–

Range 18–74 0.19–0.38

Sig. level vs. Supine p = 0.898 p = 0.123

Peak 37 [39]$ 0.25 [0.07]*$

Range 21–78 0.15–0.38

Sig. level vs. Supine p = 0.019 p = 0.520

Minimum 26 [15]*$– 0.29 [0.10]*$–

Range 17–63 0.20–0.39

Sig. level vs. Supine p = 0.765 p = 0.083

Notes. Popliteal artery blood flow (millilitres per minute) and oscillatory
shear index (OSI: oscillatory shear index; arbitrary units) at key points
during the intermittent negative pressure cycle. Baseline: Resting baseline
period. Negative pressure: Mean for the full negative pressure phase.
Atmospheric pressure: Mean for the full atmospheric pressure phase.
Peak: Point of greatest mean shear rate during the negative pressure
phase. Minimum: Point of lowest mean shear rate following the return to
negative pressure. All median [interquartile range]. Range: Minimum to
maximum value. *Significantly different to Baseline p < 0.05. $Significantly
different to Negative Pressure p < 0.05. –Significantly different to Peak p <
0.05.
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changes in peripheral vascular resistance produced differ-
ing constraints upon blood flow. During the baseline and
negative pressure phases, mean, anterograde and retro-
grade shear rate were greater in the supine than sitting
position. During the negative pressure phase, mean shear
was only elevated above baseline levels in the supine pos-
ture. Importantly and regardless of body position, fluctua-
tions in shear pattern (OSI) relative to baseline were

apparent during all phases of the pressure cycle but did
not differ significantly between the two postures.

Popliteal artery diameters were similar to those previ-
ously reported [5, 24] and while unaffected by INP, were
greater during sitting than supine, most likely owing to
the greater static intravascular pressure in this position
[25]. At baseline, mean, anterograde, and retrograde shear
rate decreased following the transition from the supine to a

Figure 2. Shear rate between postures and phases of the intermittent negative pressure cycle. Panel A: Mean shear rate, Panel B: Anterograde
shear rate and Panel C: Retrograde shear rate (all sec�1). Baseline: Resting baseline period. Negative pressure: Median for the full negative
pressure phase. Atmospheric pressure: Median for the full atmospheric pressure phase. Peak: Point of greatest mean shear rate during the
negative pressure phase. Minimum: Point of lowest mean shear rate following the return to negative pressure. Solid bars: Supine posture, open
bars: Sitting posture. *Significantly different to baseline (p<0.05), $ significantly different to negative pressure (p<0.05), – significantly different to
peak (p<0.05), # significantly different between postures (p<0.05).
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sitting posture (Figure 2). This reduction in shear aligns
with previous work investigating the effects of a sitting pos-
ture upon popliteal artery shear [26], and also some [27],
but not all [8] investigations of the femoral artery during
similar postures. The mechanisms for this reduction in
shear rate during sitting remains to be fully elucidated,
but probably relates, at least in part, to the haemodynamic
influences of both local and systemic reflex-driven
increases in vascular resistance [8, 23, 28].

The dynamic effects of intermittent negative pressure
generated fluctuations in popliteal artery blood flow, shear
rate and changes in shear pattern during both postures (Fig-
ure 2). The fluctuations in shear pattern were reflected by
the OSI (Table I), which showed similar changes versus
baseline during INP in both positions. Given the clinical
benefits of INP upon disorders of lower limb circulation
[2, 3, 29], and recent work investigating fluctuations in
shear through the use of INP [15], resistance exercise [14]
and also intermittent hypoxia [13], it is possible that fluctu-
ation in shear rate forms an important, but only recently
recognised stimulus for vascular function.

Despite the apparent changes in shear pattern found dur-
ing both postures, the influence of INP specifically upon
blood flow and shear rate was greater during a supine, than
sitting position (Figure 4). While supine, blood flow and
mean shear rate were significantly different to baseline val-
ues during all phases of interest. These were increased rel-
ative to baseline during the negative pressure (on) phase
and immediately reduced when negative pressure transi-
tioned back to the ambient atmosphere (off). In the sitting
position however, both blood flow and mean shear rate
only differed from baseline measures at the point of mini-
mum shear, following the return from the negative pres-
sure phase to atmospheric pressure. Interestingly, during
the negative pressure phases the increase in mean shear
rate was driven by a reduction in retrograde shear, in the
absence of a significant effect upon the anterograde com-
ponent. The converse then was apparent in the phase fol-
lowing a return to atmospheric pressure. These findings
partly align with work investigating brachial artery
responses to INP, where both the anterograde and retro-
grade components shifted in favour of greater forward
shear during the negative pressure phase, while the oppo-
site effect was observed during the return to atmospheric
pressure [15], with a summative effect of a changing shear
pattern at different phases of the INP cycle.

Under static conditions, the shear rate reductions that
accompany postural change probably reflect reflex-driven
increases in vascular resistance [23, 30, 31]. However, the
additional effect of cyclic negative pressure changes during
either posture may be more complex. Previous work has
shown intravenous pressure to be readily influenced by
external negative pressure, but only for a short period
before recovering back to baseline (Figure 4; [17, 18]). This
has the effect of transiently broadening the arteriovenous
pressure difference [18] and probably accounts for the
initial acceleration in blood flow normally observed during
the initial cardiac cycles following the onset of negative

pressure (Figure 4) [19, 20]. However, as external negative
pressure transmits evenly to the tissue surrounding the
blood vessels [16], transmural pressure, most importantly
in the arteries and arterioles, is increased and rapidly
recruits local non-baroceptor mediatedmechanisms of vas-
cular resistance above their resting levels [20, 22]. This
leads to a subsequent deceleration in blood velocity, which
if negative pressure remains constant, actually falls below
baseline levels [20, 22]. In this study, while we observed
the retrograde shear component to be reduced during the
negative pressure phases, the converse was true upon the
return to atmospheric pressure. Although speculative,
given that these local resistance mechanisms are engaged
during the negative pressure phase, when pressure returns
to atmospheric levels, this increased resistance is likely to
take a few moments to normalise, thus accounting for the
greater retrograde shear component and reduced mean
shear upon return to atmospheric conditions.

In the sitting position, INP had less influence upon shear
rate than when supine. A number of factors may account
for this, but the higher vascular resistance conferred by
local, and baroreceptor-mediated vascular regulatory
mechanisms following transition to the upright position is
an attractive explanation [28, 30, 31]. Additionally, venous
pressure is greater during sitting due to the additional
haemostatic pressure elicited by gravity [32]. In the context
of lower venous compliance at higher resting intravenous
pressures [33], the additional volume that can be accom-
modated in the vessel in response to external pressure
change may be attenuated in the upright position, reducing
blood flow and thus shear.

Clinical context of INP-induced

haemodynamic responses

While this study investigated healthy participants as a
means of defining the haemodynamic effects of INP in
health, the technique has emerged as a therapeutic inter-
vention in vascular disease. Primarily, INP represents a
mechanical adjunct in the treatment of peripheral arterial
disease (PAD), with a growing body of work highlighting
benefits within this group. The symptoms of PAD result
from arterial lesions causing inadequate matching of tissue
oxygen delivery versus demand. During periods of
increased activity this can cause ischaemic claudication
pain, or tissue loss in severe disease [34]. Ultimately, treat-
ments that either increase tissue blood flow, oxygen deliv-
ery, or oxygen extraction have potential to reduce patient
symptom burden.

As observed among our healthy participants, the imme-
diate haemodynamic feature of INP is oscillations in local
perfusion. Our study is the first to confirm this pattern in
the large conduit arteries of the lower limb, however, sim-
ilar patterns have been seen in the microcirculation and
small foot arteries of clinical groups, including those with
PAD [2, 3, 19], spinal injury [29], and chronic skin ulcers
[35]. Indeed, these oscillations occur even in the presence
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of significant arterial disease, such as patients with claudi-
cation symptoms (Fontaine class II [19, 36]) and those with
ankle-brachial pulse indexes (ABI)�0.6 [35, 36, 37]. Cyclic
changes in arteriovenous pressure gradient likely con-
tribute to these oscillations, through periodic reductions
in venous pressure augmenting local perfusion pressure
(Figure 4). While these effects are visible here in healthy
participants, they may become even more relevant during
advanced disease where local resistance reflexes are
blunted in order to prioritise tissue oxygen delivery in the
face of reduced arterial inflow [38].

While the immediate effects of INP upon conduit artery
flow can be clearly seen, persisting haemodynamic
improvements have been found following longer treatment
courses. Both Yagshyyev et al. [3] and Pettersen et al. [36]
observed post-treatment improvements in skin perfusion
and the myogenic component of vasomotion, respectively,
following an extended treatment course in patients with
PAD. Furthermore, improvements in ankle-brachial pulse
index have been observed following treatments of 8 [35,
39] to 12 weeks [3]. Given the short daily “doses” involved
with INP [37], it is likely that clinical benefits result from
haemodynamic changes that persist beyond the immediate
stimulus, rather than gains solely during the treatment
interval itself. While increases in vasomotion may be one
possible mechanism [36], the physiological importance of
oscillating vascular shear stress is increasingly recognised
for endothelial function [14, 15]. This effect has been pro-
posed as the primary mechanism by which INP benefits
patients with PAD or skin ulcers [34, 37]. Our results show
clear oscillations in shear stress within the popliteal artery,
adding support for shear changes as a potential mechanism
by which INP exerts a clinical effect. Indeed, identical pat-
terns of shear stress during INP have been shown to
improve upper limb endothelial function [15], and such
an improvement would positively impact both arterial
and microvascular reactivity [40] with probable implica-

tions for both symptoms, function and wound healing
among patients.

Relationships to exercise

At present, risk factor modification, optimised medical
therapy, and supervised exercise interventions are the stan-
dard of care in PAD [36]. The earliest incarnations of INP
were billed as ‘passive vascular exercise’ [41] and although
direct haemodynamic comparisons between these two
stimuli remain to be made, at least at a superficial level
there are similarities in the haemodynamic pattern
between exercise and INP (e.g. Figure 4). The additional
benefit of INP may be in offering a passive intervention
for those precluded from meaningful exercise due to their
existing disease burden [3]. Crucially, INP has been shown
to benefit patients with no-option critical limb ischaemia
(Fontaine class III or IV), by reducing resting pain burden,
in addition to the improvements in skin perfusion and ABI
[3]. Congruently, increases in both pain-free and maximal
walking distance have been demonstrated in patients with
intermittent claudication (Fontaine class II)[2, 37, 39],
although these improvements have not been found in all
studies [42, 43]. It is notable however that the cumulative
treatment dose was substantially lower in the latter studies
owing to its non-home-based delivery, which may account
for the lack of effect. Taken together these are important
observations, as among patients too limited to undertake
traditional exercise interventions, INPmight provide a pas-
sive stimulus for symptom improvement that might later
enable transition to more meaningful exercise activity.

Difference between disease phenotypes

While the bulk of existing work has focussed upon patients
with PAD there is some clinical evidence for improved tis-
sue healing among patients with arterial skin ulcers [35]
and those following spinal injury [29]. As intermittent
negative pressure differs substantially from traditional

Figure 3. Popliteal artery diameter during supine and sitting postures. Popliteal artery diameter (mm) during each phase of the intermittent
negative pressure cycle in the supine and sitting postures. Data are mean ± SD. *Significantly different from supine posture (p<0.05).
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negative pressure wound therapy in the pattern, magni-
tude, and tissue volumes involved [44], it is possible that
shear changes like those seen here during INP might
improve conduit artery and microvascular reactivity [14,
15, 40] and improve regional blood flow. Additionally,
although speculative, the fluctuations in microvascular
and venous pressure could potentially influence fluid drai-
nage from the region. This effect does however generate
periodic increases in venous transmural pressure, and it
would be reasonable to assume that such effects might be
amplified in the case of venous insufficiency, due to greater
reflux of venous blood during the negative pressure inter-
vals. For this reason, further investigation of INP in venous
disease is warranted.

Practical considerations for treatment

A key investigation within this study was the comparison
of haemodynamic changes between postures. We found

greater oscillation in blood flow and shear rate within the
popliteal artery when INP was applied in supine, probably
owing to less baseline regional vascular resistance in this
position [8]. Although there are no defined thresholds for
optimal shear stress, it is conceivable that greater blood
flow and shear responses in the supine position could con-
fer greater clinical benefit. Notwithstanding this finding,
the actual shear oscillation occurring within cardiac cycles
(OSI) showed similar changes regardless of posture. Given
that previous clinical investigations delivered INP treat-
ment in a sitting position, this may indicate that changes
in OSI represent the primary stimulus to positive vascular
change, rather than changes in the magnitude of shear
rate [45]. Regardless, future work is required to investigate
any clinically relevant differences between INP use in
sitting or supine postures, particularly given the ease of
home use and patient acceptability when used in the seated
position [46].

Figure 4. Popliteal artery blood flow and intravenous pressure during cycles of intermittent negative pressure. Popliteal artery flow (ml � min-1;
n=10) and a representative saphenous venous pressure trace (mmHg; n=1) during a series of negative pressure cycles in the supine (Panel A) and
sitting (Panel B) positions. Negative pressure phases can clearly be seen in the venous pressure response. Note the reduced influence of negative
pressure upon both intravenous pressure and popliteal artery flow during the sitting posture. Data for popliteal artery flow are mean ± SD (n=10)
normalised to 1 second intervals. Saphenous venous pressure is included from a single representative participant, with a single value for each
cardiac cycle. Solid line: Popliteal artery blood flow. Dashed line: Saphenous venous pressure at the level of the medial malleolus.
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Limitations

We acknowledge that our participants comprised a group of
health young adults whose responses to INP may differ
from clinical populations. The decision to study a healthy
cohort of individuals was twofold; first, understanding the
influence of INP upon normal, intact physiology provides
better direction as to the specific mechanisms that should
be investigated in a larger trial among clinical groups. Sec-
ond, as INP is anticipated to modulate local vascular resis-
tance mechanisms to at least some degree, given the very
small changes that would typically be anticipated, it was
important that extraneous error within the data was limited
as much as possible to allow detection of physiologically
important changes. Regardless of the above, previous work
examining skin blood flux during INP appears similar both
in healthy participants [20] and in those with peripheral
arterial disease [19, 34] suggesting the underlying mecha-
nisms may remain broadly similar regardless of the popula-
tion being studied.

Our lack of investigation of endothelial function in this
study is a limitation to untangling the separate effects of
shear rate and shear pattern in the lower limb. Although
we observed changes in conduit artery shear rate and pat-
tern in response to INP, we cannot conclude whether the
influence upon markers of endothelial function, such as
flow mediated dilatation are similarly influenced. We
encourage future work to extend these findings.

Finally, it is possible that the action of the negative pres-
sure chamber could generate small oscillations in angle
between the ultrasound probe and vessel. Given the poten-
tial impact upon velocity measurements, care was taken to
ensure the probe position was maintained constant during
all phases of testing. Furthermore, the pattern of change in
blood flow at the popliteal artery largely mirrors that of skin
blood flux seen during pilot testing, suggesting our results
to represent a true effect of negative pressure upon blood
velocity.

Conclusions

Intermittent negative pressure induced changes in shear
rate, and fluctuations in the pattern of shear in the popliteal
artery. The influence of INP upon the retrograde compo-
nent appeared to account for much of these changes. More-
over, the influence of INP upon shear rate was greater
during a supine than sitting posture, but fluctuation in shear
rate was similar regardless of position. Given the positive
clinical effects of INP despite the lower shear rates during
the upright posture, the fluctuations in shear rate may be a
key mechanistic factor underlying the clinical effect of this
novel therapy. Furthermore, we highlight a variability in
response to INP depending on posture, the clinical rele-
vance of which is currently unclear. Future work should
aim to investigate the effects of INP upon shear rate and
endothelial function among those with vascular disease,

with specific emphasis upon the pattern of shear elicited
by negative pressure, and any interaction of these with
posture.

Electronic supplementary material

The following electronic supplementary material is avail-
able with this article at https://doi.org/10.1024/0301-
1526/a001172
ESM 1. Systemic circulatory variables at key points during
the intermittent negative pressure cycle during supine and
sitting postures. Supplementary information in addition to
Figure 1 (Table).
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