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A B S T R A C T   

Although peripheral artery disease (PAD) primarily affects large arteries outside the brain, PAD is also associated 
with elevated cerebral vulnerabilities, including greater risks for brain injury (such as stroke), cognitive decline 
and dementia. 

In the present review, we aim to evaluate recent literature and extract information on potential mechanisms 
linking PAD and consequences on the brain. Furthermore, we suggest novel therapeutic avenues to mitigate 
cognitive decline and reduce risk of brain injury in patients with PAD. 

Various interventions, notably exercise, directly or indirectly improve systemic blood flow and oxygen supply 
and are effective strategies in patients with PAD or cognitive decline. Moreover, triggering protective cellular and 
systemic mechanisms by modulating inspired oxygen concentrations are emerging as potential novel treatment 
strategies. 

While several genetic and pharmacological approaches to modulate adaptations to hypoxia showed promising 
results in preclinical models of PAD, no clear benefits have yet been clinically demonstrated. We argue that 
genetic/pharmacological regulation of the involved adaptive systems remains challenging but that therapeutic 
variation of inspired oxygen levels (e.g., hypoxia conditioning) are promising future interventions to mitigate 
associated cognitive decline in patients with PAD.   

Introduction 

Manifestation 

Peripheral artery disease (PAD) is a systemic and progressive 
vascular disorder affecting medium to large arteries (except coronary or 
cerebral arteries) characterized by either stenosis, occlusion or both,1 

leading to impaired blood delivery (i.e., ischemia) and thus oxygen 
supply (i.e., hypoxia) to peripheral tissues. PAD is primarily caused by 
atherosclerosis and has a complex genetic component.2 It may affect the 
four limbs and visceral arteries but most often affects the lower 

extremities. The clinical presentation of lower extremity PAD may vary 
from asymptomatic (>50% of patients with PAD) to severe limb 
ischemia (about 1%) with a prevalence of amputation of 3–4% among all 
patients with PAD. The typical presentation is intermittent claudication, 
which refers to recurring pain, feelings of exhaustion, numbness, 
weakness, or cramps during exertion. These symptoms occur in around 
10% of patients with PAD and up to 20–40% may present with atypical 
leg symptoms.3–5 Although cerebral arteries are not primarily affected in 
PAD, detrimental effects on brain and cognition are increasingly 
recognized and likely associated with reduced oxygen availability. The 
aim of the present review is to summarize the evidence of association 
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between PAD and impaired oxygen supply to the brain and to evaluate 
the implications for potential prevention of cognitive impairment. We 
will focus on the role of exercise and how the controlled variation of 
oxygen supply could be employed to ameliorate cognitive function in 
patients with PAD. 

Epidemiology 

Due to the large proportion of asymptomatic cases, the real preva-
lence of PAD is unknown, but it has affected growing numbers of people 
in the last decades, reaching an estimated 202 million cases globally in 
2010 6 and 236 million in 2015.7 For a detailed epidemiologic assess-
ment of PAD, the reader is referred to the recent review of Aday and 
Matsushita.8 The risk to develop PAD increases steeply with advancing 
age,6 affecting about 30% of men and 40% of women above the age of 
80.9 All modifiable risk factors for atherosclerotic cardiovascular dis-
eases (CVD), such as diabetes, hypertension, smoking and dyslipidemia, 
increase the risk to develop PAD.10 Cigarette smoking both increases the 
risk to develop PAD and intermittent claudication11 and is one of the 
most important risk factors for PAD progression.5 A sedentary lifestyle is 
a further independent risk factor to develop PAD,12 while exercise is a 
protective factor and important treatment strategy, as discussed below. 

Although PAD is the third most common cause of mortality from CVD 
after coronary heart disease (CHD) and stroke6 and is a major reason for 
limb amputations, it remains poorly understood, under-diagnosed and 
under-treated.3–5 Despite the frequent absence of intermittent claudi-
cation or other major symptoms, patients with PAD experience reduced 
functional capacities, impaired quality of life (QoL)13,14 and increased 
risks to develop other CVD morbidities.3 

Diagnosis 

Prompt diagnosis of PAD is crucial to avoid the detrimental conse-
quences of the disease and is impeded by the frequent asymptomatic 
nature of early stages. Asymptomatic PAD, however, is associated with 
similar morbidity and mortality risks like PAD with claudication.15 A 
considerable proportion of asymptomatic patients develop intermittent 
claudication symptoms and experience acute or critical limb ischemia, 
the ultimate stage of PAD. This in turn can lead to amputation and death 
and requires urgent surgical or endoluminal revascularization.5 The 
simple measurement of the ankle-brachial index (ABI) is a cost-effective, 
noninvasive diagnostic tool for PAD based on the ratio of the systolic 
blood pressure measured at the ankle to the one measured at the 
brachial artery and has an estimated 95% sensitivity and 99% specificity 
for PAD.4 An ABI smaller than 0.9 indicates PAD (arterial stenosis due to 
atherosclerosis ≥50%), while people without PAD have an ABI of 1.10 to 
1.30. PAD is classified as mild when the ABI is between 0.9 and 1.09.16 

Duplex ultrasound scanning (to determine arterial structures and blood 
flow), transcutaneous oxygen pressure measurements (assessing local 
tissue oxygenation) and pulse volume recordings (assessing local tissue 
perfusion) are additional simple, non-invasive diagnostic techniques. 
Due to their reliance on technical expertise and error-prone interpreta-
tion, especially in some patient populations, they each have specific 
limitations for PAD diagnosis.5 Second line imaging approaches are the 
radio-contrast agent-reliant computed tomographic angiography, the 
more expensive – but non-invasive – magnetic resonance angiography 
and digital subtraction angiography.5 The latter, however, is expensive 
and invasive and thus is reserved for cases with intention to perform 
lower extremity revascularization (endovascular treatment or open 
surgery).5 

Per definition cerebral arteries are not primarily affected in PAD, but 
cerebral vascular damage is frequent in patients with PAD. Conse-
quently, several secondary effects on the brain, such as cognitive im-
pairments, are increasingly recognized.17–21 This association is 
discussed in the next section. 

Vascular deficits, reduced oxygen supply and cerebral 
dysfunction 

The emerging concept of “polyvascular disease” refers to a condition 
characterized by clinically important atherosclerotic changes in 
different arterial beds that might lead to detrimental cerebrovascular 
(cerebrovascular disease), cardiac (coronary artery disease) or periph-
eral vasculature (PAD) outcomes.8 In polyvascular disease, vulnerabil-
ities may exist also in vessels that are not related to the primarily 
affected arterial bed, explaining related comorbidities of vascular dis-
eases. Accordingly, the obstruction of arteries in PAD can cause reduced 
blood flow and thus impaired oxygen and nutrient supply even in distant 
tissues (see Fig. 1). This is a central driver of the pathology of PAD and 
various other diseases, such as diabetic retinopathy or CHD.22 PAD 
therefore is also a risk factor for other CVD complications and patients 
with PAD (with and without CHD or cerebral artery disease) have 
increased mortality risks from CVD or cerebrovascular events.4 PAD 
further frequently indicates obstructive atherosclerotic disease of cere-
bral vessels5 and accordingly is associated with a 35%-increased risk for 
stroke.23 Vascular pathologies, including PAD, are frequently associated 
with reduced cognitive performance and the development of dementia, 
independent of well-established cognitive effects of age and education.24 

Similarly, indicators of atherosclerosis have been linked to the devel-
opment of dementia.25 CVDs represent a general risk factor for dementia 
but among them PAD seems to increase the vulnerability for dementia 
most.26 

Cognitive dysfunction – that often seems to be largely independent 
from comorbidities and other CVD risk factors – emerges as a common 
feature in people affected by PAD as reviewed previously.19,27 A recent 
review18 summarizes reported detrimental effects of PAD on cognitive 
functions, which include nonverbal reasoning, verbal fluency and 
decreased information processing speed. In addition, PAD is associated 
with an increased risk to develop dementia. A prospective community 
based study on 3734 men (71–93 years) demonstrated the association of 
a low ABI with increased dementia risk (hazard ratio (HR) 1.66, 95% 
confidence interval (CI) 1.16–2.37) that was particularly strong for 
vascular dementia (HR 2.25, CI 1.07–4.73) and for Alzheimer’s disease 
in carriers of the disease-associated allele apolipoprotein E epsilon 4 (HR 
1.43, CI 1.02–1.96).28 Together these findings support the notion of 
dementias, including Alzheimer’s disease, as vascular disorders29,30 and 
a link with PAD. Large longitudinal studies to confirm the correlation 
between ABI and the progression of cognitive decline are still needed. 

On the molecular level, various processes overlap in PAD and 
neurodegenerative diseases, such as dementias. This suggests potential 
inter-relations in their pathogeneses. Many of the molecular overlaps are 
associated with oxygen supply or consumption, the focus of the subse-
quent section. 

Vascular deficits in PAD and cognitive dysfunction 

Interdependent pathological hallmarks of neurodegenerative dis-
eases include oxidative stress, inflammatory processes and mitochon-
drial dysfunction, which often result in vascular deficits.18 Conversely, 
also impaired peripheral vasculature function (as is characteristic for 
PAD) can compromise brain function. This has for example been shown 
in rats, in which experimental ischemia-reperfusion of the lower limbs 
caused substantial brain deficits: Lower limb ischemia for 2 h and sub-
sequent reperfusion caused synaptic excitement, loss of pyramidal cells 
and synaptic plasticity deficits in the hippocampus.31 Another group 
reported cognitive dysfunction (as assessed by the Morris water maze 
test) and oxidative stress, reduced antioxidant superoxide dismutase 
levels as well as morphologically discernible neuronal injury, also in the 
hippocampus of rats following 3 h limb ischemia and subsequent 
reperfusion.32 

Impaired responses to hypoxia and associated compromised oxygen 
supply have emerged as important factors in the development and/or 

J. Burtscher et al.                                                                                                                                                                                                                               



Progress in Cardiovascular Diseases 85 (2024) 63–73

65

disease progression of many genetic and age-related neurological dis-
eases, including Huntington’s disease,33 Parkinson’s disease34–37 and 
dementias.38–40 While young and healthy brain is able to adapt to 
moderate oxygen supply deficits, this may not be the case in the aging 
brain or in certain pathological conditions.38 For example, a long-term 
adaptation to hypoxia is angiogenesis leading to increased blood sup-
ply to tissues. In Alzheimer’s disease model mice and in the brain of 
Alzheimer’s disease patients, it has been shown that angiogenesis is 
impaired in proximity to amyloid-beta plaques, leading to non- 
productive angiogenesis (i.e. increased angiogenic sprouting and 
branching that does not improve perfusion) and blood vessel 
pathologies.41 

Major adaptations to cope with reduction in oxygen supply are 
regulated by hypoxia-inducible factors (HIFs), crucial coordinators of 
hypoxia responses. Alpha-subunits of HIFs are continuously degraded in 
normoxia via prolyl hydroxylases but stabilize under hypoxia. They then 
dimerize with beta-subunits and trigger a complex transcriptional pro-
gram aiming at lowering oxygen dependency (e.g., by upregulation of 
glycolysis and downregulation of oxidative phosphorylation) and 
improving oxygen supply by promoting erythropoiesis, vasodilation and 
angiogenesis.42 HIFs are importantly involved in all aspects of neo-
vascularization, including formation, maturation, patterning and func-
tion of vessels.22 The abnormal activation of the HIF-1 pathway has for 
example been demonstrated in models of Alzheimer’s disease and in the 
hippocampus of Alzheimer’s disease patients.39 

HIFs are also involved in the pathogenesis of atherosclerotic disease, 
including PAD (43 and see chapter 5), as well as in neurodegenerative 
diseases, leading to dementia.44–46 

Furthermore, a genome-wide association study recently revealed 
several genetic risk factors unique to PAD, indicating genetic links of 
PAD with diseases of other vascular beds, including cerebral vessels, 
suggesting pathways related to lipids, hypertension and diabetes to be 

affected.47 These findings support a partially overlapping genetic basis 
of PAD and cerebrovascular pathologies. 

Mitochondrial oxygen consumption in PAD 

The main consumers of oxygen at the cellular levels are mitochon-
dria, which produce cellular energy, signal cellular damage and injury 
and are essential for fundamental metabolic processes. Perfusion deficits 
arising from PAD impact on mitochondrial function. These mitochon-
drial dysfunctions induced by PAD are increasingly discussed.3,48,49 

Metabolic impairment in patients with PAD includes increased plasma 
levels of acylcarnitines - required to transport long-chain fatty acids into 
mitochondria for beta-oxidation-, likely due to deficits in mitochondrial 
oxidative metabolism.50 Both revascularization processes and physical 
exercise benefit mitochondrial function. The beneficial effects of these 
interventions on PAD may thus depend at least partially on mitochon-
drial improvements.48,51,52 Importantly, brain mitochondria benefit 
from physical exercise by signaling from skeletal muscle mitochon-
dria.53 It is possible that mitochondrial dysfunction associated with PAD 
interferes with such signaling and reduces protective signals from pe-
ripheral mitochondria to the brain, contributing to mitochondrial 
dysfunction in the brain, a core pathological feature of neurodegener-
ative diseases.54 

In summary, PAD and neurodegenerative diseases are characterized 
by overlapping and probably interdependent deficits of different mo-
lecular components, especially related to oxygen supply. This leads to 
compromised responses to hypoxia, vascular deficits and mitochondrial 
dysfunctions. 

PAD and cerebral and cognitive damage 

A recent meta-analysis showed that severe atherosclerosis is a 

Fig. 1. Vascular diseases and brain vulnerability. Cerebrovascular disease has detrimental consequences on brain function.  
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significant risk factor for both cognitive decline and dementia, also in-
dependent of stroke.55 These authors pointed out specifically the 
insufficient availability of data on the influence of PAD (in absence of 
stroke) on cognition. However, the study of Newman and colleagues 
showed that PAD (patients with stroke excluded) increased the likeli-
hood to develop dementia 2.4-fold (95% confidence intervals =

1.4–4.2).26 

Gardner and colleagues56 recently observed that PAD was associated 
with cognitive deficits; particularly for verbal memory, attention and 
working memory. These authors interpreted these results as a support 
for aggravated aging-related vascular deterioration due to symptomatic 
PAD that also affects the brain and its blood supply. 

To assess the available evidence for vascular vulnerabilities of the 
brain and functional consequences on cognition for PAD, we performed 
a literature search on pubmed using the search terms “peripheral artery 
disease” and (“brain” OR “cerebral” OR “cognitive”). The titles and 
abstracts of the resulting 403 hits (up to 30th May 2022) were screened 
for work investigating or reviewing cognition and/or brain insults 
related to disturbed blood supply in PAD. In addition, relevant refer-
ences of the screened articles were considered. Due to previous sys-
tematic evaluation of cognitive impairment and PAD27 and a 
pronounced increase in the interest in this topic (based on increased 
publication numbers) from around 2010, only articles published in 2010 
or after (335 results) were considered for inclusion in Tables 1 and 2. 

Studies reporting either an impact of PAD on cognitive or psycho-
logical brain functions or the interplay of cerebral damage (e.g., stroke) 
and PAD were selected. Studies evaluating pharmacological in-
terventions on cardiovascular outcomes in populations of PAD patients 
only were not considered. 

Reports on the risk of cerebrovascular insults in PAD since 2010 are 
summarized in Table 1. 

Patients with systemic vascular disease (including PAD) have been 
reported previously to be at higher risk for cerebrovascular injuries, such 
as silent brain infarction82 and ischemic stroke 23,83. 

The findings in Table 1 overall support an increased vulnerability of 
both preclinical and symptomatic patients with PAD to cerebrovascular 
injuries, such as ischemic stroke, and mortality from such 
events.57,61,62,65,67–69 Some reports suggest a differential vulnerability 
according to specific pathologies in subtypes of PAD.58,59 An advanced 
stage of PAD70 or the combination with comorbidities like diabetes 
appear to further increase the cerebral vulnerability of patients with 
PAD.64 

On the other hand, the risk for intracerebral hemorrhage was not 
different in stroke patients with or without PAD60 and intracranial artery 
stenosis could not be predicted based on presence of PAD in patients 
undergoing coronary bypass surgery.66 PAD also did not increase the 
risk for recurrent stroke after a first incidence of acute ischemic stroke.68 

Importantly, these populations of stroke and coronary bypass surgery 
patients also consist of many individuals with high other CVD risk fac-
tors and therefore the latter results do not indicate that PAD represents 
no risk factor for cerebrovascular injury. 

Taken together, PAD is a risk factor for cerebrovascular injuries, 
although this depends on a variety of factors, in particular the type and 
disease stage of PAD and the presence of comorbidities. After experi-
encing a severe cardiovascular event, patients with PAD may not be 
more vulnerable to subsequent cerebrovascular damage, as compared to 
patients that suffered a similar injury. 

The cerebrovascular vulnerability of patients with PAD raises the 
question, whether PAD is also associated with impaired brain function, 
even in the absence of severe events. Guerchet and colleagues27 per-
formed a systematic review in 2011 and reported significant associa-
tions between a low ABI (<0.90) and cognitive impairment and 
dementia in general or Alzheimer’s disease (the most common form of 
dementia). They conclude that the ABI informs about the risk to develop 
cognitive disorders. Recent research on this topic is summarized in 
Table 2. 

Table 1 
PAD and vulnerability to cerebrovascular insults.  

Subjects Study design Main results Ref 

A total of 39,834 
people were 
characterized by 
ABI: 17,091 with 
low ABI (age 69.1 
± 12.7, 57% 
males), 17,672 
with normal ABI 
(age 62.2 ± 15.1, 
54% males), 5071 
with elevated ABI 
(age 71.0 ± 12.4, 
71% males) 

ABI data of all adult 
patients on whom lower 
extremity physiology 
studies had been 
performed from 1996 to 
2018 in the Mayo Clinic 
health system were 
retrospectively 
extracted. The median 
follow-up duration was 
4.59 years 

PAD was associated with 
higher ischemic stroke 
risk compared to normal 
ABI; for moderate PAD: 
HR 1.22 (95% CI 
1.10–1.35) and for 
severe PAD: HR 1.19 
(95% CI 1.02–1.40). 
Abnormal ABI was 
associated with higher 
mortality risk from all 
causes in a severity- 
dependent manner, e.g., 
severe PAD: HR 3.07 
[95% CI 2.88–3.27] 

57 

226 symptomatic 
PAD patients 

Registered participants 
of the prospective 
PureASO registry were 
followed up after lower 
limb revascularization 

5 years after 
revascularization 31% 
of patients had no 
cerebrovascular disease. 
Crural arteries – 
compared to other lower 
limb artery segments - 
burden was associated 
with higher risk of 
mortality (adjusted HR 
2.07, CI 95% 1.12–3.28, 
p = 0.021) and 
cerebrovascular events 

58 

289 acute ischemic 
stroke patients; 
37.4% of them 
with PAD (age 
72.2 ± 9.7, 60.2% 
male) the others 
without PAD: 65.7 
± 11.6, 60.8% 
male 

Lower-extremity 
ultrasonography was 
used to determine the 
atherosclerosis location 

Subclinical PAD (in 
37.4% of patients) was 
associated with poorer 
functional outcome after 
stroke, the location of 
cerebral atherosclerosis 
differed according to the 
location of PAD (above- 
popliteal artery or 
below-tibialis artery) 

59 

Of 2555 stroke 
patients (age 73.9 
± 13, 49.4% 
males), 640 had 
co-existing CVD 
(age 78 ± 10, 
55.3% males), of 
which 103 had 
peripheral only or 
peripheral and 
coronary CVD 

Consecutive patients 
with transient ischemic 
attacks or ischemic 
stroke of the Oxford 
Vascular Study were 
studied 2002–2014. 
Treatments according 
to prevention 
guidelines, risks of 
coronary events, 
recurrent ischemic 
stroke, and major 
bleeding were assessed 

In patients with stroke, 
risk of extracranial 
bleeds was higher in 
CVD patients (coronary 
and/or peripheral), 
especially in patients 
<75 years (8.1% vs 
3.4%, p = 0.005; age- 
and sex-adjusted HR 
2.71, 1.16–6.30), risk of 
intracerebral 
hemorrhage was not 
increased 

60 

3487 patients, 22.3% 
with ABI <0.9 (age 
67 ± 11, 51% 
males), ABI ≥0.9 
(age 64 ± 11, 58% 
males) 

ABI measurement and 
assessment of stroke 
recurrence and risk of 
new vascular events 
after 24 months of 
follow-up 

Low ABI increased risk 
for non-embolic 
ischemic stroke, 
transient ischemic 
attack, major vascular 
events and death (22.5% 
for ABI < 0.9 versus 
13.7% for ABI ≥ 0.9; p 
< 0.001 

61 

48,094 acute 
coronary 
syndrome patients 
(mean age 64.0, 
IQ-range 
56.6–72.0, 69% 
male), 8.5% with 
PAD (mean age 
66.0, IQ-range 
58.0–73.0, 73% 
male) 

Analysis of 4 
randomized trial data 
sets (PLATO, 
APPRAISE-2, TRA-CER, 
and TRILOGY ACS) on 
acute coronary 
syndrome for a follow- 
up period of 1 year 

Patients with PAD had a 
higher risk of first and 
recurrent ischemic 
events after acute 
coronary syndrome, 
14.3% vs 7.5% of major 
cardiovascular events, 
including stroke 

62 

231 symptomatic 
PAD patients (age 

Patients performed a 4- 
m walk test, circulating 
inflammatory and 

Higher levels of 
circulating biomarkers 
of inflammation and 

63 

(continued on next page) 
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The present systematic literature review of the last decade on func-
tional brain impairment in patients with PAD supports the deteriorating 
effect of PAD on cerebral capacities in agreement with previous 
assessment.18,27 Cognitive performance was decreased in patients with 
PAD compared with their non-PAD peers.56,71,73,74 Accordingly, it has 
been suggested to evaluate PAD risk with scores that take into account 
cerebral vascular disease.84 Substantial cognitive decline leads to de-
mentia and accordingly patients with dementia had a 2-fold frequency of 
previously undiagnosed PAD, compared to non-demented individuals.75 

Adequate cerebral blood supply requires neurovascular coupling, 
which relies on endothelial function that is impaired in PAD. Owens and 
colleagues71 demonstrated compromised microvascular endothelial 
function and neurovascular uncoupling in older patients with PAD and 
claudication, suggesting these endothelial dysfunctions to be involved in 
the development of associated impaired cognitive functions. 

Importantly, exercise interventions that are efficient in treating pri-
mary PAD-related symptoms (pain and walking capacity) also improved 
cognitive capacities and QoL.56,72 The role of exercise in PAD treatment 
and how exercise-mediated improvement in oxygen supply might 
benefit cognitive function is discussed in the next section. 

Exercise to counteract PAD and cognitive dysfunction: improving 
oxygen supply 

Exercise in PAD 

Beside general CVD risk management (including other lifestyle 
measures and pharmacological/surgical strategies [for extensive re-
views, see5,85]), exercise training is an important – but frequently not 
optimally used – pillar in PAD management and in the evaluation of 
disease progression.5,86–91 Specifically, lower extremity functional per-
formance is a useful mean to predict disease progression and mortality in 
patients with PAD.92 These patients also have low average PA levels93 

and frequently severely reduced exercise capacity.50,94 While a seden-
tary lifestyle is an independent risk factor to develop PAD,12 the reduced 
ability of symptomatic patients with PAD to exercise might further 
aggravate disease progression. Therefore, regular exercise is a preven-
tive strategy against PAD and supervised exercise therapy is recom-
mended for patients with symptomatic PAD to reduce symptoms and 
improve overall functional status (i.e., walking performance) and 
QoL.85,87,89,94–98 For example, the most recent published Cochrane re-
view showed increased pain-free walking distance (82 m, 95% CI: 72 to 
92 m; meta-analysis of 9 studies with 391 participants) and an 
improvement in maximal walking distance (120 m, 95% CI, 51 to 190 m; 
meta-analysis of 10 studies with 500 participants) after different exer-
cise interventions compared to non-exercising controls.97 Also, regular 
exercise training improves patients’ awareness and compliance and re-
duces global cardiovascular risk.85–87,95 Among the major physiological 
mechanisms of exercise benefits are improved lipid metabolism, 
improved oxidative metabolism in skeletal muscles, anti-inflammatory 
effects and possibly enhanced endothelial function and peripheral cir-
culation.90 Most exercise programs for patients with PAD are based on 
treadmill and track walking. For optimal benefits, exercise session 
should be performed for a minimum of 30–60 min, at least 3 times per 
week and for a minimum of 12 weeks [for extensive reviews, see95 

and87]. Although walking exercise is the most used training modality, it 

Table 1 (continued ) 

Subjects Study design Main results Ref 

65 ± 10, 49% 
males) 

vascular biomarkers 
were assessed and 
endothelial effects of 
circulating factors were 
characterized in a cell 
culture-based bioassay 
on primary human 
arterial endothelial 
cells 

endothelial cell 
oxidative stress were 
associated with slower 
gait speed, slower 
cadence, and shorter 
stride length in older 
symptomatic patients 
with PAD. Previous 
cerebrovascular 
accidents increased risk 
to develop such gait 
impairments 

1069 diabetic 
patients (age 71.9; 
63.6–78.0; 63% 
males) 

Stroke severity and 
prognosis assessed from 
data of diabetic patients 
from 4 prospective 
ischaemic stroke 
registries (Acute Stroke 
Registry and Analysis of 
Lausanne (ASTRAL), 
Athens, Austrian, and 
Helsinki Stroke 
Thrombolysis 
Registries) 

PAD in diabetic patients 
independently increased 
large-artery 
atherosclerotic stroke 
risk 4-fold (95% CI: 
1.67–9.67) 

64 

Of 224 participants 
(age 70 ± 8, 40% 
males) 37 had an 
ABI ≤ 0.90 (age 75 
± 9, 19% males) 

ABI determination and 
brain magnetic 
resonance imaging in 
stroke-free Atahualpa 
residents aged ≥60 
years 

ABI ≤ 0.9 was 
association with 3.72 
(95% CI: 1.35–10.27) 
higher risk of lacunar 
infarcts 

65 

175 patients for 
coronary artery 
bypass surgery 
(mean age = 66.1, 
71% males) 

Extracranial Doppler 
duplex sonography, 
transcranial color- 
coded duplex 
sonography (TCCS) and 
transcranial Doppler 
(TCD) examination 

PAD did not predict risk 
for intracranial artery 
stenosis 

66 

4299 subjects (age 
45–75; 47.3% 
men) without 
previous stroke, 
CHD or myocardial 
infarcts 

Subjects from the 
population-based Heinz 
Nixdorf Recall study 
were followed up for 
ischemic and 
hemorrhagic stroke 
events over 109.0 ±
23.3 months 

Lower ABI (≤ 0.9) at 
baseline was associated 
with increased stroke 
compared to higher ABI 
(1.03 ± 0.22 vs. 1.13 ±
0.14, p < 0.001), 
especially at high 
Framingham risk score. 
ABI predicted stroke in 
addition to classical risk 
factors 

67 

Of 653 patients (age 
69 (23–95), 67% 
males), 129 (age 
72 (32–93), 65% 
males) had PAD 

All 653 were patients 
with a first-ever acute 
ischemic stroke 

Low ABI is a risk factor 
for stroke (HR 2.22, 95% 
CI 1.22–4.03) but 5-year 
risk of stroke recurrence 
was similar between low 
and normal ABI groups 
(HR 1.23, 95% CI 
0.68–2.23) 

68 

538 Japanese type 2 
diabetic patients 
(age 64 ± 11, 58% 
males), 9,7% with 
ABI <0.9 

Prevalent silent 
cerebral infarction was 
assessed by cranial 
magnetic resonance 
imaging 

The prevalence of silent 
cerebral infarction in 
patients with ABI < 0.9 
was 88.5% (49.7% for 
those with ABI ≥ 0.9 
and < 1.3 and 78.8% 
with ABI ≥ 1.3 (p <
0.001)) 

69 

136 patients with 
symptomatic PAD 
(69.3 ± 9.9, 73% 
males) and 92 
control 
participants 
without PAD (69.3 
± 11.6, 62% 
males) 

Prevalence of 
cardiovascular risk 
factors, cerebral 
infarction, and cerebral 
white matter lesion 
(magnetic resonance 
imaging) and 
intracranial and 
extracranial carotid 
artery stenoses 
(magnetic resonance 
angiography) 

More total cerebral 
infarctions in PAD 
patients (64.0% versus 
29.0% in controls; p <
0.001). Advanced PAD 
(Fontaine III/IV) was 
associated with more 
symptomatic cerebral 
infarction and white 
matter lesions than in 
controls. More 
supraclinoid and 

70  

Table 1 (continued ) 

Subjects Study design Main results Ref 

cervical internal carotid 
artery stenoses in PAD 
patients (Fontaine IV) 

ABI - ankle-brachial index, CHD - coronary heart disease, CI – confidence in-
terval, CVD – cardiovascular disease, HR – hazard ratio, IC – intermittent 
claudication, IQ – interquartile, PAD – peripheral artery disease. 
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Table 2 
PAD Affects cognitive and psychological factors.  

Subjects Study design Main results Ref 

11 symptomatic 
patients with PAD 
(age 63.7 ± 5.2, 6 
males), 11 age- and 
sex-matched 
controls 

Cognitive performance 
and functional near- 
infrared spectroscopy to 
assess neurovascular 
coupling responses 
during the cognitive n- 
back task. Peripheral 
microvascular 
endothelial function 
evaluated by laser 
speckle contrast 
imaging 

Impaired visual 
memory, short-term 
memory, and attention 
in PAD patients. 
Impaired 
neurovascular coupling 
and peripheral 
microvascular 
endothelial function in 
PAD patients 

71 

138 patients (mean 
age 69.04 ± 10.94 
years; 91.3% males) 

Cross-sectional study 
using self-administered 
questionnaires: HRQOL 
(EQ-5D-5L) and a PAD- 
specific walking 
impairment 
questionnaire. Health 
behavior, social 
support, walking 
impairment, general 
health perceptions, and 
clinical characteristics 
were also measured 

Patients’ HRQOL 
(mobility, self-care, 
usual activities, pain/ 
discomfort, anxiety/ 
depression) 
significantly associated 
with claudication pain, 
walking distance and 
stair climbing 

72 

58 symptomatic PAD 
patients (age: 69 ±
8 years) and 30 
people without PAD 
but with other 
comorbid 
conditions (age: 62 
± 8 years) were 
compared 

Neuropsychological 
tests to assess attention 
and working memory, 
verbal memory, non- 
verbal memory, 
perceptuo-motor speed, 
and executive function. 

PAD patients had lower 
neuropsychological 
scores in all 
neuropsychological 
tests; worse test 
outcomes for PAD 
patients for attention, 
working memory, and 
verbal memory were 
independent of 
demographic 
characteristics and 
comorbidities 

56 

136 prevalent 
hemodialysis 
patients (age 59.3 
± 10.5, 56% male) 

Cognitive performance 
measured by MoCA and 
CASI, linked to ABI (and 
brachial-ankle pulse 
wave velocity) 

Hemodialysis patients 
with ABI < 0.9 had 
lower MoCA score (p =
0.027) and lower but 
not significant CASI 
scores (p = 0.056) 
compared to those with 
ABI > 0.9 

73 

130 patients (age 67 
± 8, 69% male) 

Cognitive abilities 
assessed by MoCA and 
correlated with PA 
levels (total, light, and 
moderate-vigorous) 
obtained by an 
accelerometer. 

Memory performance 
was higher if patients 
performed more 
moderate to vigorous 
PA (p = 0.039) and had 
better walking capacity 
(p = 0.030) after 
covariate adjustment 

21 

7991 participants 
(age 45–74, 44% 
males), without 
stroke or coronary 
heart disease 

Cross-sectional data 
from the Hispanic 
Community Health 
Study/Study of Latinos, 
tests for verbal learning 
and memory, verbal 
fluency, executive 
function, and mental 
status (and composite 
global cognition) 

Inverse u-shape 
association of 
continuous ABI with 
global cognition, verbal 
learning and memory, 
verbal fluency, 
executive function, but 
not with mental status 

74 

162 dementia patients 
age 78.87 ± 6.05 
and 190 age- and 
gender-matched 
controls 

ABI-based PAD 
diagnosis of people 
suffering or not from 
different types of 
dementia 

The frequency of 
previously undetected 
PAD is more than 
twofold in patients with 
dementia (35.2%) 
compared to non- 
dementia controls 
(16.3%). Similar 
frequencies for 

75  

Table 2 (continued ) 

Subjects Study design Main results Ref 

Alzheimer’s disease 
and vascular dementia 

PAD patients grouped 
according to MMSE: 
123 patients with 
perfect MMSE score 
(age 64 ± 10, 47% 
males); 123 with 
imperfect score 
(age 65 ± 11, 50% 
males) 

Cognitive status (MMSE 
score) of 246 PAD 
patients was used to 
group patients. 
Characterization of 
walking (treadmill 
test), mobility, HRQOL 
(MOS SF-36) 

Lower cognitive scores 
were associated with 
reducing walking 
capacities. Most 
associations of 
cognitive scores with 
dimensions of HRQOL 
were explained by 
comorbid conditions 
(coronary artery 
disease, chronic 
obstructive pulmonary 
disease, arthritis), only 
mental health was 
independently 
associated with 
cognitive scores 

20 

27 PAD (age 84.9 ±
8.4) and 22 non- 
PAD (age 83.4 ±
7.4) female patients 

Comparison of daily 
living capacity between 
elderly women with and 
without PAD 
identification of factors 
related to this capacity 

No differences of daily 
living capacity and of 
cognitive performance 
assessed by the MMSE 
between PAD and non- 
PAD 

76 

Of the 415 male non- 
demented patients 
with chronic 
coronary heart 
disease, 98 (age: 72 
± 6.9) had impaired 
and 317 (71.6 ±
5.9) had normal 
cerebrovascular 
reactivity 

Patients were followed- 
up for 15 ± 3 years and 
assessed for cognitive 
function (Neurotrax 
Computerized 
Cognitive Battery) and 
for cerebrovascular 
reactivity using 
transcranial Doppler 
and for carotid plaques 
using ultrasound. 

Cerebrovascular 
reactivity was more 
often impaired (6.2% 
versus 1.6%) in PAD 
patients. Impaired 
cerebrovascular 
reactivity overall was 
associated with worse 
cognitive function in 
male non-demented 
patients with chronic 
coronary heart disease 

77 

1601 sedentary adults 
without dementia 
(age 70–89, 33% 
males) 

Baseline ABI and 
interviewer- and 
computer-administered 
cognitive function 
assessments; evaluation 
of a PA intervention. 
Cognitive function 
assessment also 18 or 
30 months later 

Low baseline ABI 
independently 
associated with worse 
cognitive function but 
not with overall 
changes in cognitive 
function test scores. 
Baseline ABI was 
associated with higher 
odds for 2-year 
progression to mild 
cognitive impairment 
or probable dementia 
(odds ratio 2.60 per 
unit lower ABI; 95% CI 
1.06–6.37) 

78 

170 people of age 87 
(47 with PAD, 54% 
males) and 748 
people of age 73 (91 
with PAD, 52% 
males) 

Data from the Lothian 
Birth Cohort 1921 and 
1936 studies. 
Nonverbal reasoning, 
verbal declarative 
memory, verbal 
fluency, working 
memory, and 
processing speed were 
assessed. Samples were 
screened for dementia. 
Controlled for age, sex, 
childhood mental 
ability, people with ABI 
>1.40 and/or history of 
cardiovascular or 
cerebrovascular disease 
excluded 

No significant cognitive 
differences between 
persons with or without 
PAD, but a higher ABI 
was significantly 
associated with better 
general cognition and 
processing speed in the 
87-year-old and better 
processing speed in the 
73-year-old. 

79 

194 PAD patients (age 
70.66 ± 9.44; 49% 
males) 

6-month randomized 
controlled clinical trial. 
Home-based group- 
mediated cognitive 
behavioral walking 

intervention versus 
control group: greater 
improvement on self- 
efficacy (p = 0.0008), 
satisfaction with 

80 

(continued on next page) 
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has recently been shown that other non-walking training modes (arm- 
ergometer, resistance training, cycling) are also similarly effective.99 

Home-based exercise programs also showed effectiveness,100 but induce 
lesser improvements compared to supervised programs.101 A recent 
meta-analysis provides information on the effectiveness of various ex-
ercise modalities and on the objective (not pain-based) exercise in-
tensities to improve treadmill performance in patients with PAD.94 In 
this later study, walking at vigorous exercise intensity was most efficient 
to improve treadmill performance and maximal aerobic capacity 
(VO2max) in these patients. Supervised exercise training not only en-
hances walking capacities and cardiorespiratory fitness of patients with 
PAD and claudication but is also associated with pronounced improve-
ments of health-related QoL.98,102,103 Wearable technologies and digital 
health-based strategies represent promising novel approaches to deliver 
supervised exercise training to patients at home104 but improving the 
effectiveness of these interventions regarding both functional status and 
QoL, as well as their adherence rates, remain challenges for the 
future.89,105 

Exercise benefits oxygen delivery to the brain 

Physically active people (studied in individuals of 50 years or older) 
displayed a markedly reduced decline of cognitive functions (such as 
memory and verbal fluency) as compared to people with lower PA 
levels.106 As discussed above, CVD risk factors increase the probability 
to develop dementia but the risk is mitigated by a healthy life style; for 
example as assessed by the Life’s simple 7 score, a composite score of 7 
modifiable health factors (smoking, body mass index, PA, diet, total 
cholesterol, blood pressure, and fasting blood glucose).107 Regular PA 
benefits various cardiovascular parameters, including blood pressure 
and hemodynamics.108 While it is well established that exercise ame-
liorates functional capacity and improves QoL in patients with PAD, less 
information is available for the potential of exercise to enhance cogni-
tive functions or slow down cognitive decline in these patients. The most 
immediate effects of exercise are on skeletal muscle and include 
improved mitochondrial functions, metabolic adaptations, enhanced 
vasculature and muscle size regulation.109,110 However, it is well 
established that exercise is also beneficial for other organs, including the 
heart and the brain.53,111 Among the mediators of such systemic con-
sequences of exercise are myokines/exerkines, which have also been 
suggested to be instrumental in cognitive exercise-induced improve-
ments in PAD.18 In addition, exercise-mediated microglial phenotype 

changes may be mechanisms of exercise-benefits on cognitive parame-
ters in PAD.18 Exercise further induces cellular responses that improve 
management of metabolism, oxidative stress and inflammation.112 

PA can also improve blood vessels structurally and functionally not 
only in skeletal muscle but also peripherally, induces neovascularization 
and angiogenesis and in addition to cardiac benefits thus enhances 
overall perfusion.110 Moreover, exercise has also been suggested to 
directly improve cerebrovascular capacities.113 Mechanistically, these 
effects have been attributed to enhanced bioavailability of nitric oxide 
and improvement in endothelial function,114 and to exercise-related 
shear stress and associated cellular and tissue adaptations.113 PA 
furthermore ameliorates structural (stroke lesion size) and functional 
outcome after stroke, as shown in experimental and clinical studies.114 

Beside the discussed benefits of exercise on primary symptoms and 
cognition in patients with PAD, a correlation of mobility/gait impair-
ments with cognitive deficits has been reported in symptomatic patients 
with PAD, suggesting cognitive testing as a potential screening tool for 
patients with poorer diagnosis.20 

In summary, sufficient PA is beneficial in patients with PAD, 
including for their brain function. It is thus a highly synergistic strategy 
to counteract cognitive deficits linked to PAD. The effects of PA on 
systemic perfusion, vascular function also in the brain, optimization of 
oxygen-dependent reactions, as well as on protection of oxidative/in-
flammatory damage related to changes in oxygen availability likely are 
important mediators of these benefits. All these processes are compen-
satory mechanisms to improve oxygen supply, which are impaired in 
both PAD and many forms of dementias. 

PAD- Related ischemia, exercise and the brain 

Reduced limb perfusion in patients with PAD leads to muscle 
ischemia and consequently to reduced oxygen and glucose availability; 
and in this context can have detrimental effects. Conversely, ischemic 
conditioning - the application of mild/sub-harmful periods of ischemia- 
reperfusion - protects cells and tissues from subsequent severe ischemia- 
reperfusion. Exercise can also represent an ischemic challenge by 
changing systemic perfusion. Accordingly, ischemic conditioning has 
been suggested to partially mediate beneficial effects of exercise on 
claudication symptoms and exercise capacity improvement.115 Mecha-
nistically conditioning effects depend on molecular events like the 
upregulation of cellular anti-oxidative capacities (importantly orches-
trated by nuclear factor-E2-related factor (Nrf2)) and the induction of 
the unfolded protein response (UPR), a response to deficits in proteo-
stasis following for example hypoxic or ischemic insults.116 Treadmill 
training in patients with PAD not only improved pain-free walking 
distance but was associated with similar molecular processes in pe-
ripheral blood mononuclear cells (PBMCs) as would be expected from 
ischemic conditioning.117 These authors observed an up-regulation of 
Nrf2 and UPR in PBMCs, leading to increased levels of the antioxidative 
enzyme glutathione in plasma. In PBMCs, they recorded reduced 
oxidative stress and improved cell viability. These effects suggest that 
treadmill exercise might trigger conditioning comparable to mild 
ischemic stimuli. 

A normal response of healthy individuals to limb ischemia is an 
upregulation of angiogenesis and the coordination of vascular remod-
eling and defenses against oxidative stress and inflammation (referred to 
as conditioning, if the ischemic challenge is sub-harmful), processes that 
fail in critical limb ischemia.118 Ongoing unrestrained oxidative and 
inflammatory strain and insufficient tissue perfusion lead to mitochon-
drial, cell and tissue damage. Several circulating molecular factors 
associated with these alterations may be useful biomarkers for diag-
nosis, assessment of disease progression and prognosis of PAD.118 These 
authors highlight the challenges in finding specific biomarkers of PAD 
that can differentiate between PAD and other diseases with athero- 
thrombotic components. 

Transient ischemic episodes outside of the brain and subsequent 

Table 2 (continued ) 

Subjects Study design Main results Ref 

intervention (weekly 
group meeting, self- 
monitoring of walking 
exercise) versus 
attention control 
condition. 

functioning (p =
0.0003), pain 
acceptance (p =
0.0002), and social 
functioning (p =
0.0008) 

153 patients after 
elective isolated 
coronary artery 
bypass graft surgery 
(age 72 ± 7; 71% 
males), 27 had PAD 

magnetic resonance 
imaging and brain 
angiography, epiaortic 
ultrasound of the 
ascending aorta at the 
time of surgery, 
individual cognitive 
status and delirium 
were assessed 

10.5% of overall 
patients had 
postoperative delirium, 
PAD (38% versus 15% 
in no PAD), 
preoperative decline in 
global cognitive 
function and pre- 
existing cerebral 
infarctions were risk 
factors to develop post- 
operative delirium 

81 

ABI - ankle-brachial index, CASI – Cognitive Abilities Screening Instrument, CI – 
confidence interval, HR – hazard ratio, HRQOL – Health-related quality of life, 
IC – intermittent claudication, MMSE – Mini-Mental State Examination, MoCA – 
Montreal Cognitive Assessment, PA – physical activity, PAD – peripheral artery 
disease. 
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impaired peripheral blood supply and oxygen delivery can induce a 
phenomenon termed remote ischemic conditioning that can mitigate 
infarct size and functional outcomes of ischemic stroke. While PAD is 
associated with increased risk to experience stroke, it has been hy-
pothesized that the impaired oxygen supply in PAD may represent 
remote ischemic conditioning by itself and mitigate outcomes. This 
mechanism is in line with the suggestion that PAD could be a protective 
factor on stroke volume and deleterious outcomes.119 This report, 
however, is not in agreement with other studies showing worse out-
comes of stroke in people with lower ABI (e.g.120). Furthermore, a recent 
study on acute stroke patients with or without PAD, who all had un-
dergone endovascular thrombectomy, did not find differences in func-
tional, structural (collateral scores) or safety outcomes.121 Therefore, 
although PAD leads to peripheral ischemia, its chronic nature and the 
potentially impaired adaptive capacities to ischemia in PAD118 in most 
cases likely result in unfavorable outcomes, including on the brain. 

Improving oxygen supply to the brain in PAD 

Beyond the discussed potential of exercise to indirectly improve 
oxygen supply in the brain of patients with PAD, other strategies can be 
envisioned to impact oxygen supply more directly. These possibilities 
may be especially important as complementary ways to improve oxygen 
availability in the brain of patients with PAD with severely impaired 
exercise capacity. 

Pharmacological and genetic modulation of oxygen supply in PAD 

The phosphodiesterase III inhibitor cilostazol inhibits platelet func-
tion and improves vascular endothelial function122 and is a widely used 
drug to treat intermittent claudication in PAD. Cilostazol further im-
proves cognitive dysfunction induced by beta-amyloid aggregation in 
mouse models of Alzheimer’s disease123,124 and after ischemic stroke in 
humans.125 Therefore, it may be a particularly suitable drug to treat 
patients with PAD with cognitive impairment. 

Another way of inducing molecular responses leading to increased 
oxygen supply, is the stabilization of HIFs (see above) or the upregula-
tion of its transcriptional targets. Many related approaches have been 
explored already as treatment strategies in PAD. For instance, HIF- 
stabilization (via deletion of prolyl-hydroxylases 1 and 3), improved 
perfusion and motor function recovery in PAD-model mice (hind-limb 
ischemia model).126 Similarly, blood flow recovery and neo-
vascularization were enhanced following gene silencing of prolyl- 
hydroxylase 2 and subsequent HIF-1 upregulation in hind-limb 
ischemia model mice.127 On the other hand, stabilizing HIFs using a 
compound to inhibit HIF-prolyl-hydroxylase, GSK1278863, (and 
thereby inhibiting HIF degradation) did not improve PAD-related 
symptoms in patients at the used concentrations (300 mg single dose 
and 15 mg daily for 14 days).128 Importantly, in this study, no upregu-
lation of HIF target genes in calf-muscle biopsies were observed, casting 
doubt on successful target engagement of the applied regimens. 

To directly modulate expression levels of HIFs, several gene-therapy 
approaches for PAD are based on the overexpression of the oxygen-level 
regulated HIF-1 subunit HIF-1alpha129 or HIF target genes encoding 
vascular endothelial growth factor (VEGF), as summarized in a recent 
systematic review.130 However, no clear and reliable benefits for pri-
mary PAD symptoms were reported in these studies.130 Whether such 
approaches benefit cognitive decline in these patients or whether the 
treatment regimens have still to be optimized, merits further scrutiny. 

Levels of HIF-regulated heme oxygenases (heat shock proteins 
regulating oxidative stress) have been shown to correlate positively with 
PAD severity; but, whether this is an adaptive response or a pathology- 
driving factor is not well understood.131 Strategies of pharmacological 
modulation of heme oxygenases are also considered future avenues for 
treatments of both PAD and cerebrovascular diseases.131 

Another treatment strategy in PAD is based on the use of stem cells. 

Interestingly, HIFs and their target genes appear to also be important 
factors for the efficiency of such interventions. For example, HIF- 
overexpression in cardiac stem cells improved their survival and effec-
tivity of proangiogenic factor production during subsequent trans-
plantation in a mouse hind-limb ischemia model.132 The treatment 
improved blood flow and tissue repair in those mice. Also, higher levels 
of VEGF secreted from transplanted VEGF- overexpressing mesenchymal 
stromal cells have been demonstrated to support angiogenesis in a 
mouse model of hind limb ischemia, suggesting the potential usefulness 
of similar approaches for PAD.133 

Given the role of HIFs in disease development and progression and 
the potential of HIF modulation in neurological diseases,38,39,45,46 stra-
tegies to improve HIF-signaling in PAD may also yield cognitive benefits. 
However, the current experimental knowledge on this association is 
poor and needs to be scientifically explored. 

Potential of hypoxia conditioning for PAD symptoms and cognitive 
consequences 

Therapies that modulate oxygen levels are potential beneficial in-
terventions for PAD. For example, topical oxygen therapy (local appli-
cation of 100% oxygen at atmospheric pressure) has been shown to 
improve wound healing in patients with PAD.134 This is not surprising, 
since hyperbaric oxygen therapy is a well-established therapy for 
ischemic wound healing in general.135,136 This treatment has also been 
demonstrated to improve antioxidant defenses and mitigate athero-
sclerosis formation in rabbits137 and it ameliorated blood perfusion and 
muscle regeneration in experimental hind-limb ischemia in mice.138 

More recently, hyperbaric oxygen therapy in patients with PAD has been 
demonstrated to improve blood flow in ischemic areas and to elevate 
circulating levels of endothelial progenitor cells and angiogenesis bio-
markers (including vascular endothelial growth factor and fibroblast 
growth factor).139 However, despite these potential benefits, hyperbaric 
oxygen therapy is not considered a valuable tool to treat chronic limb 
threatening ischemia.140 

The benefits of hyperbaric oxygen therapy in wound healing rely 
partially on the activation of HIF-pathways.141 The paradoxical stabili-
zation of HIF also at high oxygen levels has been described previously142 

and raises the question, whether intermittent hypoxia conditioning (i.e., 
the repeated short-term application of mild hypoxia for therapeutic 
purposes) may not yield more direct benefits in PAD. Intermittent 
hypoxia can substantially modulate vessel structure and function.143 

While this can be detrimental in the case of uncontrolled hypoxia 
exposure, it highlights the potential of well-calibrated exposures to 
hypoxia as an interventional strategy to induce beneficial adaptations of 
the vasculature to better tolerate PAD-related conditions of impaired 
oxygen delivery. Controlled exposure to hypoxia indeed represents a 
means to improve cardiovascular function144,145 and concurrently has 
shown benefit in the treatment of brain-related diseases, for example in 
the common dementia-prodrome mild cognitive impairment, as recently 
reviewed.44,146 In contrast to hyperoxic strategies, which aim to acutely 
rescue reduced oxygenation but not necessarily induce long-term ben-
efits, hypoxia conditioning is based on the principle of hormesis. Ac-
cording to this principle, a mild stressor, such as mild hypoxia, can 
induce protective effects to subsequent more dangerous stressors; e.g., 
severe hypoxia or ischemia.142 The mild hypoxic stress thereby is 
thought to - beside structural and functional adaptations of vessels - 
induce metabolic reprogramming and the upregulation of molecular 
factors that can limit oxidative stress and inflammation, all processes 
importantly mediated by HIFs.142 Together, these responses contribute 
to a better tolerance of hypoxia and cyto- and tissue-protection, via 
reduced reliance on oxygen, improved blood (and oxygen) supply and 
molecular and biochemical protection from damage caused by both 
hypoxia and subsequent reperfusion. 

While not yet extensively explored in the context of PAD, based on its 
beneficial effects on cardiovascular and brain function, hypoxia 
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conditioning may be an efficient treatment strategy for cognitive decline 
in PAD and other PAD symptoms. Exposure to very mild simulated 
altitude (corresponding to about 1700 m) has already been shown to be 
beneficial in rodent PAD models by improving blood perfusion.147 

Conclusions 

Deficits in vascular function in PAD have consequences on the oxy-
gen supply not only in peripheral tissues but also in the brain. Impaired 
oxygen supply in the brain is associated with an increased vulnerability 
for brain damage and deteriorating cognitive functions; outcomes that 
are commonly observed in patients with PAD. Improving systemic ox-
ygen supply, for example by exercise, therefore does not only ameliorate 
limb symptoms in PAD as a great body of evidence suggests but has the 
potential to also mitigate deleterious effects on the brain. That the 
enhancement of systemic oxygen delivery mechanisms reduces PAD 
symptoms and associated brain deficits is further supported by pre-
clinical evidence showing benefits of pharmacological or genetic mod-
ulation of core molecular factors in the adaptation to variations in 
oxygen availability, such as HIFs and its target gene products. The lack 
of success to translate these preclinical results to patients with PAD may 
indicate a yet insufficient understanding of the intricate regulation of 
natural processes to counterbalance and adapt to oxygen availability 
abnormalities (i.e., hypoxia or hyperoxia). The induction or modulation 
of endogenous adaptations to oxygen level variations, more specific than 
exercise but less specific than pharmacological or genetic approaches, 
may represent a promising strategy to achieve increased resilience to 
PAD and associated cognitive symptoms. Protocols that vary the con-
centration of available oxygen, such as intermittent hypoxia condi-
tioning, hyperbaric oxygen therapy or combinations thereof146 and that 
can be applied during exercise or during rest (especially important for 
patients with impaired exercise capacity or exercise induced pain) merit 
further consideration as preventive or interventional approaches for 
PAD-related cognitive decline. 
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