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Ischemic preconditioning (3/4 x 5 min)



Endothelial stimulus: Shear Stress 

Acute increases in shear stress enhance endothelial function



Plethysmography

LNMMA infusion (NO )

Saline control

ACh infusion
NO 
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Ischemic preconditioning (3/4 x 5 min)



Ultrasound 
probe

Slide by Kyra Pyke

Occluding cuff ~220 mmHg

Flow-mediated dilation (FMD)



Vascular Function
Flow-mediated dilation (FMD)

Baseline FMDCuff 
Inflation

FMD %



Flow mediated dilation (FMD)

Ultrasound 
probe

Slide by Kyra Pyke

FMD:
Endothelial function: NO-dependent measure

Doshi et al. Clinical Science 2001

Macrovascular 
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Endothelial function: NO-dependent measure



Relationship between coronary and peripheral conduit artery function: 
Pharmacological and physiological NO-mediated stimuli

Like-for-like comparisons:
• Coronary vs Brachial:

– FMD  r = 0.79
– ACh   r = 0.78

Takase et al AJC 1998
FMD coronary vs brachial

Takase et al IJC 2005
ACh Coronary vs Brachial



Does FMD predict prognosis in those at high risk?

•10 Studies of FMD and cardiac events/outcomes:
• ACS (1 n=98), CAD (2, n=444, 106), Chest pain (2; n=398, 73), 
CHF (2; n=75, 67), PVD (2; n=199, 131), hypertens (1, n=400)

FMD strongest independent predictor (8/10)



Does FMD identify asymptomatics at high risk in future?

• 435 healthy subjects
• (65% men)
• 54 yrs
• 48 events, 36 month follow up
• Median FMD best  multivariate 

predictor of events

• FMD provides prognostic 
info additional to risk 

factors
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Ischemic preconditioning (3/4 x 5 min)



Localised Systemic





Summary



Popliteal Artery 
↑Function (FMD) and Structure (CADC)

*
*

*

* *
*

Training Period (weeks)

*statistically significant from 
baseline ( P < 0.05 )
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Tinken et al., J.Physiol, 2008



Brachial Artery 
↑ Function (FMD) and Structure (CADC)

*
*

*
* * *

Training Period (weeks)

*statistically significant from 
baseline ( P < 0.05 )
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Impact of Handgrip Training:  
- Time-course of change in function and structure. 
- Impact of cuff placement and shear modulation

• Handgrip induces 
localised effects

• Bilateral training induces 
changes in forearm 

volume, strength and girth

• No change in vascular 
function or structure if 
shear is held at baseline 

levels
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Murry Circulation 1986

INTRODUCTION 

40

30

20

10

0

In
fa

rc
t s

iz
e 

(%
 o

f a
re

a 
at

 ri
sk

) *

Controls         Preconditioning

30

20

10

0

In
fa

rc
t s

iz
e 

(%
 o

f a
re

a 
at

 ri
s

Ischaemic preconditioning (4 X 5 min)

Artificial myocardial infarction (dogs)

Ligation (40 min)

Ischaemic preconditioning: 
cardioprotective 



1Bøtker, Lancet, 2010

INTRODUCTION 

Ischemic preconditioning: 
cardioprotective!!!

+
systemic effect!!!

Ischemic preconditioning (4 X 5 min)
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Repeated IPC: resistance artery endothelial function ↑

Design: 4-week daily, unilateral IPC
Subjects: 20 healthy young men
Measurements: intra-arterial infusion drugs (ACh, SNP, 
Ach+L-NMMA)

1. Kimura Athero Tromb Vasc Biol 2007



Repeated IPC: resistance artery endothelial function ↑

1. Kimura Atherioscl Tromb Vasc Biol 2007

4-week repeated IPC:
1. improves resistance artery endothelial function
2. Mediated through NO



Repeated IPC: skin perfusion + endothelial function ↑

Design: 1-week daily, unilateral IPC
Subjects: 13 healthy young men
Measurements: bilateral FMD + skin

1. Jones Am J Hypert 2014

*
*7-day repeated IPC:

1. improves conduit artery endothelial function and 
elevates skin microcirculation

2. has local and systemic effects



Repeated IPC: improved function after ‘training’ protocol

1. Jones In Revision 2014

Design: Randomised controlled trial
8-week, unilateral IPC (3 p/wk)

Subjects: 18 healthy young men 
(9 IPC, 9 controls)

Measurements: unilateral FMD

controls

A ‘training’ protocol of repeated IPC (8-weeks) improves 
endothelial function
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(Leg:3 x 5 min)

Bilateral

1.6%

Ischemic preconditioning improves maximal performance

No effect on submaximal exercise levels

LOCAL EFFECT (IPC)

3% 

Enhanced maximal exercise performance



(Arm: 4 x 5 min)

Unilateral

Athletes REMOTE EFFECT (RIPC)?
LOCAL EFFECT (IPC)? 0.7 s (0.05-1.35 s)

1.11% 

Remote preconditioning improves maximal 
performance in highly training athletes

Enhanced maximal exercise performance

SHAM
RIPC



Ischemic preconditioning of one arm enhances static and dynamic apnea

110 16 m to 119 14m

0.5% 3% 3

186.5 3.6 s to 185.7 3.6s

0

(Arm: 4 x 5 min)

Unilateral
REMOTE EFFECT (RIPC)

LOCAL EFFECT (IPC) Underwater swimming

Kjeld et al., (2014) MSSE, 46:151-155

Athletes 



Ischemic preconditioning and warm-up???

Control

(Leg:4 x 5 min)

Bilateral

IPC prior to max test

(Leg: 1 x 3 min)

Bilateral

Cycling, then IPC, then max test

No change in maximal 
oxygen uptake

increase in workload with IPC 
only as warm up

Exercised longer with IPC 
only as warm up

increase in workload with both 
exercise and IPC as warm up

Exercised longer with both 
exercise and IPC as warm up

LOCAL EFFECT (IPC) LOCAL EFFECT (IPC)



mitochondrion

ATP ‘sparing’
↓

Reduced lactate

Loukogeorgakis Circ  2005 & 2009    Riksen JACC 2006

Anti-oxidative 
enzymes

n

veve 

Potential mechanisms

Vasculature
Protects against 
injury (Riksen, 2004)

Vasoconstriction
vs.

Vasodilation

Delivery

idativexi

t

RIPC increase blood 
flow to skeletal 
muscle
(Wang et al., 2004)



Are IPC performance improvements related to lactate accumulation or 
vascular function?

Moderately trained males

LEG RIPC 
(4X5-min 220 mmHg)

Rest
LEG SHAM 
(4X5-min 20 mmHg)

0.           .20 .      40 .      60 .         80 .       100 .     120 .       140 .      160 .       . 180 .       200     210
             time (min)

FMD FMD Rest
200 210

FMD5km 
TT

FMD = flow mediated dilation of brachial artery 5km TT = 5000m treadmill time-trial

5x3min 
submaximal 

stages for lactate 
measurement

VO2 max Test

• RIPC vs. SHAM

• VO2max Test (running)

• Lactate

%

LACTATE

• 5km Time-Trial (5km TT)

• Unilateral brachial 
FMD

Onset of Blood Lactate Accumulation
(OBLA): 4 mmol-1 threshold



OBLA mean difference of 1.5km/h

3%

IPC attenuates lactate accumulation and improves 
running performance

Reduced lactate 
accumulation?

Improve 5km time-trial 
performance with local IPC?p

(Leg: 4 x 5 min)

Bilateral

RRRRReeeeeddddduuuuucccceeeeeddddd llllaaaaaccccctttttaaaaattttteeeee  Time to Exhaustion unchanged

LOCAL EFFECT (IPC)



Sham

RIPC

S

(Leg: 4 x 5 min)

Bilateral

RIPC prevents the reduction in brachial artery flow-
mediated dilation after strenuous exercise

RIPC prevents 
exercise-induced 
vascular injury?

REMOTE EFFECT (IPC)



Ischemic preconditioning

Improves performance?

Ischemic preconditioningIschemic preconditioning

Interim summary

Reduced lactate 
accumulation?

R Prevents exercise-
induced vascular 

injury?

P Alters blood flow 
distribution?

What the most appropriate methodology to employ?



Is exercise duration and intensity important?

(Leg: 4 x 5 min)

Bilateral

30 s against a 0.10kp/kg load

Very short duration, predominately anaerobic

(Leg: 3 x 5 min)

Bilateral
LOCAL EFFECT (IPC)

LOCAL EFFECT (IPC)



Does REMOTE IPC improve performance?

No improvement on 5km 
time-trial performance 

with RIPC?

Seeger et al., (2014) under review

Rest ARM RIPC 
(4X5-min 220 mmHg)

5km 
TT

(ARM: 4 x 5 min)

Bilateral

(LEG: 4 x 5 min)

Bilateral

5km time-trialBailey et al., 2012 

LOCAL EFFECT (IPC)

REMOTE EFFECT (RIPC)



IPC improves arm-crank exercise performance in spinal cord-injured 
individuals 

4.5% 4% 

(Arm: 4 x 5 min)

Bilateral

LOCAL EFFECT (IPC) REMOTE EFFECT (RIPC)

(Leg: 4 x 5 min)

Bilateral

CONTROL

Local IPC improves performance 
Seeger et al., (2014) under review



Ischemic preconditioning improves arm-crank exercise performance in spinal cord-
injured individuals 

4.5% 

0.8% 

LOCAL EFFECT (IPC) REMOTE EFFECT (RIPC)CONTROL

(Arm: 4 x 5 min)

Bilateral
(Leg: 4 x 5 min)

Bilateral

No improvement in 
performance with RIPC?

Seeger et al., (2014) under review



What is the optimal timing of IPC prior to performance?

Rest LEG IPC 
(4X5-min 220 mmHg)

5km 
TT24 hours

(Leg: 4 x 5 min)

Bilateral

No improvement in 
performance when IPC 
administered 24-h prior 

to exercise

Seeger et al., (2014) under review

LOCAL EFFECT (IPC)



Ischemic preconditioning

Dose? More?

Timing

Local vs remote

Different populations

Improves performance?

(4 x 5 min)

Unilateral or Bilateral

Ischemic preconditioningIschemic preconditioning

More studies needed!!!

vs
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Repeated IPC: So what...... 
Design: Randomised controlled trial

twice daily, 300-days IPC 
(bilateral)

Subjects: 68 stroke survivors
(38 IPC, 30 controls)

Measurements: stroke recurrence, 
cerebral perfusion

1. Meng Neurology 2012

300-day IPC in stroke survivors:
-prevents recurrence
-improves recovery

-improves cerebral perfusion



Functional Changes (↑in NO) Precede               
Structural Adaptations  (↑in size)

• Functional changes = repetitive ↑ in shear stress →↑ NO 
availability 
• Structural changes = ↑ in arterial size → normalise shear rate

Weeks of Training
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Both adaptation increase blood flow



Repeated IPC: conclusion

• Repeated IPC improves endothelial function:
• Locally and systemically
• Conduit and resistance arteries
• Intensive (daily) and more practical protocols (3 p/week)

Stimulus IPC shares similarities with 
exercise

....
Is there a link?



IPC: does exercise have IPC-like effects?

1. Michelsen Bas Res Cardiol 2013

Design: Cross-over design (1. IPC, 
2. interval exercise)

Subjects: 12 healthy subjects
Measurements: infarct size (animals)

N=12

25-min perfusion 
(Control, IPC, Exercise)

40-min ischemia
120-min reperfusion



IPC: relation to cardioprotection of exercise training

1. Michelsen Bas Res Cardiol 2013

Con IPC Con IPC Con Ex Con Ex
Opioid-receptor 
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Opioid-receptor 
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Interval exercise has IPC-like effects to prevent IR-injury

Effects are mediated through a blood-borne substance


