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Abstract

Brief, repeated cycles of limb ischemia and reperfusion [ischemic preconditioning (IPC)] can protect against vascular insult. Few
papers have considered the effect of IPC on resting vascular function, and no single study has simultaneously considered the
local (trained arm) and remote (untrained arm) effects of a single session of IPC and following repeated sessions. We determined
macrovascular [allometrically scaled flow-mediated dilation (FMD)] and microvascular [cutaneous vascular conductance (CVC)]
function in healthy adults before, immediately post, 20 min post, and 24 h post a single session of IPC (4 x 5 min of single arm
ischemia). These outcomes also were remeasured 24 h after six IPC sessions, performed over 2 wk. FMD and CVC increased in
both arms 20 min post [FMD mean difference (MD) 1.1%, P < 0.001; CVC MD 0.08 arbitrary units (AU), P = 0.004] but not 24 h
post (FMD MD —0.2%, P = 0.459; CVC MD —0.02 AU, P = 0.526] a single session of IPC, with no differences between trained
and untrained arms. Although FMD did not increase 24 h after one IPC session, it was elevated in both arms 24 h after the sixth
session (MD 1.2%, P = 0.009). CVC was not altered in either arm 24 h after the last IPC session. These data indicate that the
local and remote effects of IPC on vascular health may be equivalent and that the benefits to FMD may be greater with sus-
tained training compared with a single IPC exposure.

NEW & NOTEWORTHY For the first time in a single study, we demonstrate that resting macro- and microvascular function
increases 20 min, but not 24 h, after a single IPC session and that the magnitude of this improvement was the same in the
trained arm and nontrained, contralateral arm. In contrast, macrovascular (but not microvascular) function was augmented 24 h

after six IPC training sessions in both arms, suggesting a cumulative benefit of IPC training on macrovascular function.

blood flow restriction; endothelial function; flow-mediated dilation;, microvascular function; occlusion

INTRODUCTION

Ischemic preconditioning (IPC) is a technique whereby
tissues are deliberately exposed to repeated cycles of blood
flow restriction and subsequent reperfusion for local (1) and
remote (2) benefits. This includes indices of vascular func-
tion, even in ostensibly healthy individuals. However, most
studies consider the influence of IPC on the protection from
vascular insult—for example, ischemic-reperfusion injury
(3). Although this may offer some clinical context, there is a
paucity of data regarding how a single session of IPC might
influence vascular function at rest. Encouragingly, a single
session of IPC has been shown to acutely improve resting
endothelial function, as assessed by flow-mediated dilation
(FMD) in healthy young and older adults (4). However, FMD
was only assessed immediately after the last ischemic expo-
sure. This is limited given that a distinct time course in the
FMD response has been observed elsewhere (3). A single IPC

http://www.ajpheart.org

Correspondence: B. Bond (b.bond@exeter.ac.uk).

Submitted 16 May 2024 / Revised 17 June 2024 / Accepted 18 June 2024

0363-6135/24 Copyright © 2024 The Authors. Licensed under Creative Commons Attribution CC-BY 4.0.

session has also been shown to promote microvascular reac-
tivity in the contralateral limb 48 h later (5). However, these
authors did not assess the more immediate (<1 h) microvas-
cular response.

Regarding the influence of repeated IPC on vascular
function, Jones et al. (6) demonstrated that 7 days of IPC
training improved FMD and cutaneous vascular conduct-
ance (CVC) in both the trained and untrained limb.
Interestingly, the magnitude of these improvements in the
contralateral limb was approximately half that of the
trained arm. A further study by this group reported that
three such IPC sessions per week for 2 wk improved FMD,
but not CVC, in the trained arm, although the contralateral
limb was not assessed (7).

Presently, no within-measures study has simultane-
ously assessed the magnitude of any local and remote
macro- and microvascular responses to a single session of
IPC. Furthermore, it is unknown whether this response is
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different from any changes observed after repeated IPC ex-
posure. This is necessary to understand whether the benefit
of IPC training is cumulative, that is, more than any repeated
“acute” effect of a single IPC session. The purpose of this
study was to address this research gap and better characterize
the macro- and microvascular responses to IPC.

MATERIALS AND METHODS

Following ethical approval, 17 ostensibly healthy young
adults (8 females, 23.6 4.1 yr, body mass index 24.8+2.8
kg/m?) provided written, informed consent to participate.
Exclusion criteria included known cardiovascular disease
or the use of any medication or supplement that might
influence blood pressure or vascular function.

Study Design

Participants completed four separate visits to the labora-
tory as described in Fig. 1, to establish the influence of a sin-
gle IPC session (visits 2 and 3) and 2 wk of IPC training (visits
1-4). The IPC stimulus was consistently delivered to a single
arm only, with the other serving as an untrained control
arm. Nine participants received the IPC training in their
dominant arm, whereas eight participants trained their non-
dominant arm.

All measures occurred at 08:00 or 09:30 h (consistent
within a participant) in a quiet, darkened, temperature-con-
trolled (23°C) room. Participants reported to the laboratory
following an overnight fast, including caffeine abstention,
and having avoided strenuous exercise for 24 h. Blood pres-
sure was measured at least twice, in the supine position,
using an automated device (Dinamap V100; GE Healthcare)
before the assessment of vascular function. Apart from the
IPC training, participants were instructed to maintain their
daily habits throughout the study period.

Influence of a Single Session of IPC Training

The effect of a single IPC session was considered by
assessing the vascular response to the first IPC training
session (visits 2 and 3, as described in Fig. 1). Macro- and
microvascular function was first simultaneously assessed
in both arms by considering the response to a 5-min pe-
riod of ischemia. Participants then received two further
5-min periods of ischemia in the target arm only. Both
arms then received the “fourth” ischemic period, and the
vascular responses were noted (“immediately post-IPC”).
Vascular function was then reassessed in both arms 20
min later (“20 min post”). To capture any “late effect” of
IPC (3), vascular function was simultaneously reassessed
in both arms 24 h later (“24 h post”).

Influence of 2 wk of IPC Training

Macro- and microvascular function were simultane-
ously assessed in both arms before (visit 1 “preliminary
visit”) and after (visit 2 “pretraining”) an initial 2-wk con-
trol period (Fig. 1). Visit 2 allowed for the first IPC session
to be performed under supervision, and for the acute vas-
cular response to be scrutinized, as detailed earlier. IPC
training always consisted of four repeated periods of fore-
arm cuff occlusion on one arm only, each 5 min in length,
and separated by 5 min. After the first IPC session (visit 2),
participants were supplied with a sphygmomanometer
(Welch Allyn DS54) and performed five further IPC train-
ing sessions at home. Participants were instructed to com-
plete three IPC sessions each week, with the final IPC
session performed 24 h before returning to the laboratory
(visit 4 “24-h post-session 6”).

Macrovascular Function

Macrovascular function was assessed via FMD, in line
with current guidelines (8). Briefly, the brachial artery was

Single IPC session:
Time point: Pre Immediately post 20 min post
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Figure 1. Protocol schematic. Each ischemic preconditioning (IPC) training session consisted of four periods of 5 min forearm occlusion, each separated
by 5 min. Data used to consider the effect of a single IPC session are depicted in gray.
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imaged in the distal third of the upper arm using high-reso-
lution duplex ultrasonography (left arm: Apogee 1000, SIUI,
China; right arm: Sequoia 512, Acuson). Arterial diameter
was continually assessed for 1 min before and 3 min after 5
min of ischemia induced by rapid forearm cuff inflation
(Hokanson) to 220 mmHg. Arterial diameter was assessed
during end-diastole (Medical Imaging Applications LLC),
by a single researcher who was blinded to the interven-
tion. The FMD statistic was calculated as the percent
increase in arterial diameter above baseline. To address
concerns about the ratio-scaled FMD statistic, the vasodi-
latory response was also allometrically scaled via log-lin-
ear regression (9). Finally, the area under the curve for
shear rate (SRayc) was calculated from the point of cuff
deflation until the time of peak vasodilation (10). FMD
was not normalized to SRayc as these outcomes were not
consistently related. The between-day coefficient of vari-
ation (calculated from visits 1 and 2) for FMD of the IPC-
trained arm and contralateral, nontrained control arm
were 4.9 and 7.4%, respectively.

Microvascular Function

Postocclusive reactive hyperemia was assessed during the
FMD protocol via laser Doppler perfusion monitoring (Moor
Instruments Ltd., UK) (11). A low-powered probe (785 nm at
2.5 mW) was affixed to the distal third of the forearm. CVC
was calculated as the average baseline flux divided by mean
arterial pressure (MAP). Peak reactive hyperemia (PRH) was
calculated as the maximal increase in flux following cuff
release as a percentage of preocclusion baseline. The total re-
active hyperemic response was defined as the incremental
area under the postocclusive hyperemic curve adjusted to
the postdeflation plateau (12). The between-day coefficient
of variation for microvascular outcomes of the IPC-trained
arm and contralateral, nontrained control arm were CVC
31.6 and 25.8%, PRH 31.7 and 34.1%, and total hyperemic
response 28.0 and 38.2%.

Statistical Analyses

Macro- and microvascular outcomes were analyzed using
a mixed-model ANOVA, with arm (IPC or nontrained con-
trol) and time point as the main effects. To consider the
effect of a single IPC training session, the time points were
all taken from laboratory visits 2 and 3, as depicted in gray in
Fig. 1. The influence of 2 wk of IPC was analyzed using each
of the four laboratory visits. For allometrically adjusted
FMD, brachial diameter changes on the logged scale were an-
alyzed with adjustment for the logarithmically transformed
baseline diameter (9). Differences on the log scale were then
back transformed to provide a percent diameter change.
Point estimates are presented together, with 95% confidence
intervals (95% CIs) of the mean difference (MD). There was
no interaction effect of sex for any outcome, so data were
pooled for men and women.

Effect sizes for the ANOVA main and interaction effects
(n%,) were interpreted as small <0.06, moderate 0.06-0.14,
and large >0.14. Follow-up pairwise comparisons were inter-
preted using 95% confidence intervals (95% CIs) of the mean
difference (MD) and the P value. All data are presented as
means + SD.
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RESULTS

One individual was removed from FMD analyses because
of poor quality ultrasound images. In addition, one partici-
pant was unable to complete the 2-wk IPC training period
because of unrelated circumstances.

MAP was never different at any time point (preliminary
visit, 82 + 6 mmHg; pre-IPC, 82 +7 mmHg; 24-h post-first IPC
session, 81+7 mmHg; 24-h post-sixth IPC session, 83+10
mmHg; P= 0.372, n3 = 0.082).

Influence of a Single Session of IPC

Macrovascular function.

Macrovascular outcomes are presented in Fig. 2. There
was no significant effect of arm, time, or their interaction
for baseline diameter or SRyyc. However, there was a sig-
nificant main effect for time (P < 0.001, Tl% = 0.506) for ra-
tio-scaled FMD. When compared with pre-IPC, FMD in
both arms was lower immediately after the IPC session
(MD —-0.9%, 95% CI —1.5 to —1.3, P = 0.004), augmented
20 min post (MD 1.1%, 95% CI 0.6-1.6, P < 0.001) but not
different to baseline 24 h post (MD —0.2%, 95% CI —0.6
to 0.3, P = 0.459). There were no differences in FMD
responses between the IPC-trained or nontrained contra-
lateral arm (main effect of arm P = 0.967, n%, < 0.001; arm
by time interaction P = 0.776, n3 = 0.024).

Allometrically adjusted FMD replicated the pattern
observed with the ratio-scaled statistic. There was a signif-
icant effect of time (P = 0.018, nf) = 0.596), but there were
no differences in responses between the IPC-trained or
nontrained contralateral arm (main effect of arm P =
0.463, n? = 0.033; arm by time interaction P = 0.971, n3 =
0.015). When compared with pre-IPC, FMD in both arms was
lower immediately after the IPC session (MD —0.9%, 95%
CI —-1.5 to —1.3, P = 0.004), augmented 20 min post (MD
1.1%, 95% CI 0.6-1.6, P < 0.001) but not different to baseline
24 h post (MD —0.2%, 95% CI —0.6 to 0.3, P = 0.459).

Microvascular function.

Microvascular responses to the first IPC session are pre-
sented in Table 1. A significant main effect of time (P =
0.045, nf, = 0.212), but not arm (P = 0.216, ﬂ% = 0.100) or
arm by time interaction (P = 0.218, T112> = 0.099), was pres-
ent for resting CVC. When compared with pre-IPC, CVC
was greater in both arms immediately post [MD 0.08 arbi-
trary units (AU), 95% CI 0.05-0.12, P < 0.001] and 20 min
post-IPC (MD 0.08 AU, 95% CI 0.03-0.13, P = 0.004), but
not 24 h post (MD —0.02 AU, 95% CI —0.08 to 0.04, P =
0.526). There was no main effect of arm, time, or their
interaction for PRH (P > 0.800, n%, < 0.022 for all) or the
total hyperemic response (P > 0.087 and n%, < 0.183 for all).

Influence of 2 wk of IPC Training

Macrovascular function.

The macrovascular responses to six sessions of IPC are pre-
sented in Fig. 3. There was no significant effect of arm, time,
or their interaction for baseline diameter or SRayc. A signifi-
cant main effect of time (P = 0.005, n} = 0.334) was
observed for ratio-scaled FMD, but not arm (P = 0.613, nf, =
0.019) or time by arm interaction (P = 0.374, nl% = 0.071).
FMD in both arms was greater 24 h after the 2-wk training
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Figure 2. Macrovascular responses to a single ischemic preconditioning (IPC) session. A-C: baseline diameter (4), flow-mediated dilation (FMD; B), and
area under the curve for shear rate (SRauc; C). Data are presented for men (“0” and sold line) and women (“x” and dashed line) with means and SD in black.

period (visit 4) compared with the preliminary visit (visit I;
MD 1.0%, 95% CI 0.5-1.6, P = 0.004). FMD was also greater
after training compared with the pretraining time point (visit
2; MD 0.9%, 95% CI 0.4-1.5, P = 0.002). The difference in
FMD 24 h after the 2-wk training period compared with 24 h
after the first IPC session did not achieve statistical signifi-
cance (visit 4 vs. visit 3; MD 0.7%, 95% CI —0.1to 1.5, P =
0.070).

Allometrically scaled FMD echoed the pattern observed
with the ratio-scaled FMD outcome. Specifically, there was a
significant effect of time (P = 0.018, n3 = 0.412), but not arm
(P = 0.324, n% = 0.062) or arm by time interaction (P =
0.999, n3 = 0.002). Allometrically adjusted FMD was greater
in both arms 24 h after the 2 wk of training (visit 4) compared
with the preliminary visit (visit 1; MD 1.3%, 95% CI 0.4-2.2,
P =0.004) and pretraining time point (visit 2; MD 1.2%, 95%
CI0.3-2.1, P = 0.009). The difference between 24 h post-2 wk
of training and 24 h after the first IPC session failed to reach
statistical difference (visit 4 vs. visit 3; MD 0.8%, 95% CI —0.1
to 1.7, P = 0.066).
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Microvascular function.

The microvascular responses to six sessions of IPC are pre-
sented in Table 1. No significant main or interaction effects
were present for resting CVC (P > 0.085, n3 < 0.166) or PRH
(P> 0.251, nf) < 0.106 for all). There was no significant effect
of time (P = 0.249 and n? = 0.110) or arm by time interaction
(P = 0.705 and n% = 0.038) for the total hyperemic response,
but there was a main effect of arm (P = 0.043 and nf) =0.299).
When averaged across all time points, the total hyperemic
response was greater in the arm that received the IPC training
(MD 870 AU, 95% CI 33-1,708, P = 0.043). However, differen-
ces between arms at each time point never achieved statistical
significance (P > 0.081 for all comparisons).

DISCUSSION

We observed that 1) FMD and CVC were augmented
acutely (20 min) after a single session of IPC; however, this
improvement was lost 24 h later; 2) we noted that the magni-
tude of this improvement was similar between the limb
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Table 1. Microvascular responses to a single session and 2 wk (6 sessions) of IPC

Time Point ANOVA Effects
Pretraining Immediately post 20-min post 24 h post Arm Time Arm by time
Single session of IPC
Resting CVC, AU
Trained 0.31+£0.13 0.44+£0.22% 0.42+0.23* 0.32+0.18 P=0.216 P = 0.045 P=0.218
Control 0.28+0.16 0.32+0.21* 0.32+0.22%* 0.31£0.15 n% = 0.100 n,% = 0.212 nf, =0.099
PRH, %
Trained 593+197 554+ 201 587+269 598+157 P =0.879 P =0.853 P =0.800
Control 598 +166 568+ 205 563+219 571+227 ng = 0.002 n?, = 0.017 ng = 0.022
Total hyperemic response, AU
Trained 6,660 + 3,787 7,02+3,733 7,465+4,113 7,283+4,392 P =0.087 P =0.905 P =0.326
Control 6,184+ 3,704 5,607+4,128 5,736+3,990 5,794+3,428 n% = 0.183 n,% = 0.003 n% = 0.069
Preliminary visit Pretraining 24-h post-session 1 24-h post-session 6
Two weeks of IPC
Resting CVC, AU
Trained 0.25+0.15 0.29+0.1 0.32+0.19 0.34+0.16 P=0.334 P=0.085 P=0.817
Control 0.21£0.09 0.28+0.18 0.31+£0.16 0.29+0.20 n% = 0.078 nf, = 0.166 ng = 0.025
PRH, %
Trained 686 +303 632+193 615+ 113 534+110 P =0.750 P =0.251 P =0.563
Control 6351163 612 +183 586+ 245 583+208 ng = 0.009 nf, = 0.106 ng = 0.045
Total hyperemic response, AU
Trained 5,831+2,962 6,200+2,833 7,791+£4,595 6,752 £3,245 P=0.043 P=0249 P=0.705
Control 5,384+2,717 5,904 +3,259 6,453 +3,132 5,353+2,133 n% = 0.299 nf, = 0.110 nf, = 0.038

Values are means + SD CVC, cutaneous vascular conductance; PRH, peak reactive hyperemia. When considering the effect of a single
ischemic preconditioning (IPC) session, repeated-measures ANOVA revealed a main effect of time for CVC only. *Follow-up pairwise
comparisons revealed significant within-arm differences to pre-IPC only. Regarding 2 wk of IPC training, repeated-measures ANOVA
revealed a significant main effect of arm for the total hyperemic response (shown in boldface); however, follow-up pairwise comparisons
failed to reveal any significant between-arm differences at any time point (P > 0.081 for all).

exposed to the IPC stimulus and the contralateral, untrained
limb; 3) despite no change in vascular function 24 h after a
single IPC session, improvements in FMD (but not CVC)
were apparent 24 h after the sixth session; and 4) the magni-
tude of this improvement was again similar between trained
and untrained arms.

The improvement in resting FMD after 2 wk (6 sessions) of
IPC agrees with existing data in healthy adults (7). However,
a point of difference in our study was the simultaneous
assessment of the nontrained contralateral arm. We report
here that this remote effect of IPC was of a similar magni-
tude, which indicates a wider utility of IPC. In contrast,
another study by this group reported a greater FMD increase
in the trained compared with the nontrained arm after 7
days of daily IPC, although such difference did not achieve
statistical significance (6). This small disparity in findings
might be due to the frequency of the IPC training sessions
(7). Little is known about how an IPC protocol can be opti-
mized, either as a single session or when repeatedly deliv-
ered. This remains a pertinent research question given the
encouraging observations here.

An important, novel finding in our study was that FMD
was unaltered in either arm 24-h post-IPC but was
improved 24 h the final (6th) training session. This sug-
gests that a cumulative influence of IPC training is pres-
ent, which is beyond that of any repeated “acute” effect
from the last IPC session. This tallies with observations
that the benefit of seven daily IPC sessions might still be
detected 8 days later (6). However, the lack of improve-
ment in resting FMD 24 h post a single IPC session might
not mean the absence of any vascular benefit. It is possi-
ble that this single session may have afforded some pro-
tection against a vascular challenge, which has been
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observed using ischemic-reperfusion injury models (3),
but this was beyond the scope of our study.

We observed changes in resting CVC in the immediate
aftermath of IPC, but this change was lost 24 h the first and
last IPC session. Improvements in resting CVC have been
observed after IPC training (6), although this may be depend-
ent on the frequency of training sessions (7). In this manner,
our failure to observe improvements in resting CVC after six
IPC sessions delivered over 2 wk is consistent with existing
data.

This study is the first to consider the local and remote,
macro- and microvascular responses to a single session
of IPC and also IPC training. The within-measures study
design, application of the latest FMD guidelines (8), and
replication of existing IPC protocols (5-7) to facilitate cross-
study comparisons are strengths of this work. However, we
acknowledge several limitations. First, our study is unable
to provide any mechanistic insight, beyond the under-
standing that the FMD outcome, but not the cutaneous re-
active hyperemic response, is nitric oxide dependent (12,
13). A plethora of different mechanisms have been argued
to play a role (14), and their contribution may differ regard-
ing the “early” (<2 h) and “late” (>24 h) effects of IPC (15).
However, understanding such processes was not the purpose
of this study. We were also unable to consider other parame-
ters of vascular health, such as endothelial-independent alter-
ations in arterial function or indices of stiffness. Second, our
study design did not include a “detraining” period. This
would have provided insight into the legacy of the 2-wk IPC
training intervention, which may feasibly last several days (5,
6). It is also feasible that alterations in vascular function
might be observed 48 h, but not 24 h following a single IPC ex-
posure, which we may have missed (5). Finally, we are unable
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Figure 3. Macrovascular responses to 2 wk (6 sessions) of ischemic preconditioning (IPC) training. A—C: baseline diameter (A), flow- mediated dilation
(FMD; B), and area under the curve for shear rate (SRayc; C). Data are presented for men (“0” and sold line) and women (“x” and dashed line) with means

and SD in black.

to extrapolate our data beyond healthy young adults, but the
observation that vascular function may be improved even in
this group is encouraging.

Conclusions

We observed that the local and remote effects of IPC on
vascular health were equivalent, and that the benefits to
FMD may be greater with sustained IPC training, compared
with a single exposure. Our data further support the use of
IPC as a method to improve resting vascular function, even
in healthy adults.
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