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 Abstract 
 Irrespective of apparent ‘normal’ resting blood pressure (BP), some individuals may experi-
ence an excessive elevation in BP with exercise (i.e. systolic BP  ≥ 210 mm Hg in men or  ≥ 190 
mm Hg in women or diastolic BP  ≥ 110 mm Hg in men or women), a condition termed exercise 
hypertension or a ‘hypertensive response to exercise’ (HRE). An HRE is a relatively common 
condition that is identified during standard exercise stress testing; however, due to a lack of 
information with respect to the clinical ramifications of an HRE, little value is usually placed 
on such a finding. In this review, we discuss both the clinical importance and underlying phys-
iological contributors of exercise hypertension. Indeed, an HRE is associated with an increased 
propensity for target organ damage and also predicts the future development of hyperten-
sion, cardiovascular events and mortality, independent of resting BP. Moreover, recent work 
has highlighted that some of the elevated cardiovascular risks associated with an HRE may be 
related to high-normal resting BP (pre-hypertension) or ambulatory ‘masked’ hypertension 
and that an HRE may be an early warning signal of abnormal BP control that is otherwise un-
detected with clinic BP. Whilst an HRE may be amenable to treatment via pharmacological and 
lifestyle interventions, the exact physiological mechanism of an HRE remains elusive, but it is 
likely a manifestation of multiple factors including large artery stiffness, increased peripheral 
resistance, neural circulatory control and metabolic irregularity. Future research focus may be 
directed towards determining threshold values to denote the increased risk associated with 
an HRE and further resolution of the underlying physiological factors involved in the patho-
genesis of an HRE.  © 2014 S. Karger AG, Basel 
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 Introduction 

 Exercise stress testing is routinely performed to assess cardiovascular (CV) risk and reveal 
CV abnormalities which are not always identifiable at rest (i.e. coronary artery disease, 
arrhythmias). Worldwide, many millions of exercise stress tests are conducted annually, and in 
Australia alone, there are in excess of 400,000 tests undertaken each year  [1] . The measurement 
of brachial blood pressure (BP) is a fundamental component of an exercise stress test and 
should be performed prior to and at all incremental stages of a test  [2] . It is generally well 
known that abnormally low exercise BP is a poor prognostic sign related to cardiac dysfunction 
and an indication for stopping an exercise test  [2, 3] . On the other hand, there is less certainty 
with regard to the relevance of an exaggerated or ‘hypertensive response to exercise’ (HRE). 
This is defined as apparently ‘normal’ resting BP (<140/90 mm Hg) but excessively high 
exercise BP. Despite an HRE being a relatively common condition that is often reported by the 
physician supervising the test, little emphasis is placed on the result owing to the lack of infor-
mation with respect to the clinical ramifications of such a finding. Recent data indicate that an 
HRE is indeed prognostically significant and may be a marker of poor BP control, but the under-
lying pathophysiological mechanisms remain poorly understood. This review aims to summarise 
the available evidence regarding exercise BP and the potential clinical importance of exercise 
hypertension, as well as to discuss possible contributory mechanisms. 

  Exercise BP: The ‘Normal’ Physiological Response 

 Initiation of dynamic physical activity (such as running or cycling) increases the meta-
bolic demands of the active musculature. The blood flow is directed away from non-active 
circulatory beds, and vasodilation of the arterioles supplying the active muscles will cause a 
reduction in systemic vascular resistance  [4] . In order to supply the increased demand for 
oxygenated blood in the active regions, the cardiac output is boosted by an immediate increase 
in sympathetic activity and heart rate, as well as by an optimisation of myocardial contrac-
tility and relaxation (i.e. positive inotropy and lusitropy) and elevated venous return. The rise 
in the cardiac output predominates over reduced vascular resistance, and consequently there 
is an overall elevation of mean arterial pressure  [5] . Whilst diastolic BP remains relatively 
unchanged (perhaps decreasing slightly), systolic BP is expected to rise in a curvilinear or 
step-wise manner with increasing intensity of treadmill or cycle exercise  [6] , theoretically 
reaching its peak value at maximal exercise intensity ( fig. 1 ). 

  Definition and Prevalence of an HRE 

 There is no consensus as to a specific ‘threshold’ value of exercise BP that constitutes an 
HRE. However, there is some consistency among studies to show that exercise hypertension 
(defined as  ≥ 90th percentile from age- and sex-specific normative data)  [7]  approximates a 
systolic BP of  ≥ 210 mm Hg for males and  ≥ 190 mm Hg for females and, although less 
commonly observed, a diastolic BP  ≥ 110 mm Hg for both males and females at any exercise 
workload ( fig. 1 )  [8–11] . An HRE may occur irrespective of whether resting BP levels fall 
within a non-hypertensive range (<140/90 mm Hg) or if antihypertensive medication is 
being used. Furthermore, an HRE may occur at any exercise intensity, either during exercise 
or in the immediate recovery period following exercise. Evidence from our own studies also 
suggests that a systolic BP  ≥ 175 mm Hg at light-moderate exercise workload may signify a 
threshold of increased risk related to an HRE at this exercise intensity ( fig. 1 )  [12, 13] .
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  The prevalence of an HRE varies between studies that have used different criteria to 
define an HRE but is also dependent on the clinical characteristics of individual study popula-
tions. Indeed, an 18% prevalence of an HRE has been reported in a large (n = 3,741) normo-
tensive cohort of young men and women  [14] , whereas a prevalence of 40% was found in a 
population of healthy middle-aged men  [15] . A lower estimate from a recent systematic 
review placed the prevalence of an HRE across multiple apparently healthy cohorts of varying 
age, sex and ethnicity to be approximately 3–4%  [16] . Interestingly, several studies have 
reported greater prevalence of an HRE in individuals with type 2 diabetes mellitus (T2DM; 
e.g. >50%)  [14, 15, 17] . Several studies have also reported that an HRE may be more likely in 
those with ambulatory or ‘masked’ hypertension (MH), with HRE prevalence ranging from 40 
to 58%  [18, 19] . Furthermore, resting BP is on average slightly higher in those with an HRE 
compared to individuals with normal exercise BP  [20] . This means that at rest, individuals 
with an HRE could be classified in the ‘high-normal’ or pre-hypertension range as defined by 
the Joint National Committee (JNC-7) criteria (BP from >120/80 to 139/89 mm Hg)  [21] . This 
may suggest that an HRE is indicative of an early-phase development of essential hyper-
tension and alludes to a potential crossover in the conditions of pre-hypertension, MH and an 
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  Fig. 1.  Illustration depicting the normotensive and hypertensive response to dynamic physical exercise 
(HRE). The normotensive response (solid arrows) shows systolic BP gradually increasing in a curvilinear 
fashion with exercise intensity, whereas diastolic BP remains largely unchanged or slightly decreased. An 
HRE is depicted by broken arrows and illustrates how both systolic and diastolic BP may increase to a great-
er extent than a normotensive response, crossing respective BP thresholds (note that this could occur at any 
exercise intensity) that denote exercise hypertension (systolic BP  ≥ 210 mm Hg for males and  ≥ 190 mm Hg 
for females, and diastolic BP  ≥ 110 mm Hg for both males and females). Increased propensity to have MH (and 
increased CV risk) may be identified at a threshold of systolic BP  ≥ 175 mm Hg during light-moderate inten-
sity exercise [based on Schultz et al.  12 ]. 

Co
lo

r v
er

si
on

 a
va

ila
bl

e 
on

lin
e



164Pulse 2013;1:161–176

 DOI: 10.1159/000360975 

 Schultz and Sharman: Exercise Hypertension 

www.karger.com/pls
© 2014 S. Karger AG, Basel

HRE. In addition, exercise hypertension is known to be associated with older age  [7, 22] , male 
sex  [7] , low-level fitness  [20, 22]  and is subject to seasonal variations (higher exercise BP in 
winter/cold months)  [23, 24] .

  The Prognostic Significance of Exercise Hypertension 

 Future Development of Hypertension 
 Numerous studies have examined the ability of an HRE to predict the future development 

of hypertension, although among this work there is wide variability in relation to study 
design, participant clinical characteristics and the criteria used to define an HRE  [11, 25–32] . 
Overall, there is a consistent relationship between presentation of an HRE at baseline exami-
nation when resting BP is <140/90 mm Hg and the future incidence of sustained hypertension 
(defined as resting clinic BP  ≥ 140/90 mm Hg). A study of note in this area is the work of 
Manolio et al.  [11] , who investigated the relationship between an HRE during treadmill testing 
and 5-year incident hypertension in 3,741 normotensive subjects. After adjustment for age, 
sex, resting systolic BP and other CV risk factors, an HRE was associated with a 2.14-mm Hg 
increase in resting systolic BP at year 5 (p < 0.001). Other large prospective cohort studies 
including the Framingham Heart Study  [31]  and the Japanese ‘Osaka Health Study’  [30]  
confirm the independent association of an HRE with the future incidence of hypertension in 
those with normal BP at baseline. This association may be stronger in individuals with pre-
hypertension. Indeed, using a Cox proportional hazards survival model, Miyai et al.  [29]  
showed that after a mean follow-up period of 5.1 years, an HRE was independently associated 
with the risk of developing hypertension in individuals with pre-hypertension after adjustment 
for traditional CV risk factors (risk ratio = 2.31, 95% CI = 1.45–6.25). Since pre-hypertension 
(irrespective of exercise BP response) is also a precursor of future sustained hypertension 
 [33] , this observation is further indirect evidence of a possible overlap between the condi-
tions of pre-hypertension and an HRE.   However, a limitation of many studies in this area is 
that hypertension has usually been defined on the basis of clinic BP measures alone. Therefore, 
in the absence of out-of-clinic BP assessment, true BP control cannot be confirmed.

  Relationship with Left Ventricular Structure and Function 
 One of the first studies to examine the relationship between exercise BP (measured intra-

arterially) and target organ damage in individuals with hypertension, concluded that exercise 
BP may have no greater association with indexes of left ventricular (LV) hypertrophy than BP 
measured at rest  [34] . Despite this, numerous studies (predominantly cross-sectional in 
design) have shown modest but significant relationships between non-invasively measured 
exercise BP and adverse LV structure [e.g. increased LV mass index and relative wall thickness 
(RWT)] in healthy individuals, as well as in those with borderline or essential hypertension, 
or T2DM  [15, 35–41] . A very high prevalence of LV hypertrophy (67%) was found in indi-
viduals with an HRE in the large general population cohort of men and women from the Fram-
ingham Heart Study  [42] . In this study, the LV mass was 10% greater in those with an HRE 
when compared to those with a normal exercise BP response  [42] . This is an important 
finding, given that LV structural alteration is a cardinal sign of target organ damage associated 
with hypertension and increases the propensity for developing fatal arrhythmias  [43, 44] . 
The relationship between LV mass and an HRE was, however, weakened after adjustment for 
age, body mass and resting BP, suggesting a possible confounding by these factors  [42] . None-
theless, we have found that LV RWT is significantly higher (0.41 ± 0.09 vs. 0.36 ± 0.08; p < 
0.05) and LV hypertrophy significantly more prevalent (35 vs. 16%; p < 0.05) in individuals 
with T2DM who exhibit an HRE when compared to those with a normal exercise BP response 
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 [15] . Moreover, subtle indices of LV systolic dysfunction (impaired LV strain rate, peak 
systolic strain) were associated with an HRE in the study of Mottram et al.  [10] , which adds 
further weight to the idea that an HRE could be a representative sign of early-stage hyper-
tensive heart disease.

  Prediction of CV Events and Mortality 
 The prognostic utility of an HRE in relation to the prediction of future CV events and/or 

mortality has produced fairly consistent findings. The first long-term follow-up study in a large 
cohort of apparently healthy individuals found that an exaggerated systolic BP recorded during 
upright cycle ergometry predicted both CV and all-cause mortality, independent of resting BP 
 [45] . Since then, numerous studies have confirmed that an HRE, recorded at either moderate 
and/or maximal exercise workloads, predicts future adverse CV events (including myocardial 
infarction, cerebrovascular events and development of coronary artery disease) and CV and/
or all-cause mortality  [9, 46–53] . Among these studies was wide variation in the methods used 
to define an HRE as well as the time taken to provoke an exaggerated exercise BP response (e.g. 
moderate or maximal workloads, during exercise or in the recovery periods following an 
exercise test). Thus, the prognostic importance of an HRE was not abundantly clear. 

  We recently sought to clarify this in a systematic review and meta-analysis, pooling 
exercise and clinical outcome data from multiple studies that incorporated 12,648 healthy 
participants followed for a mean of 17 years  [54] . Independent of resting BP and other tradi-
tional CV risk factors, we found a 36% increase in the rate of CV events and mortality in indi-
viduals with an HRE at moderate exercise intensity [hazard ratio (HR) = 1.36, 95% CI = 1.02–
1.83; p = 0.039;  fig. 2 ]  [54] . In addition, a 4% increase in CV events and mortality for each 
10-mm Hg rise in moderate intensity exercise systolic BP was observed. These results suggest 
that only a moderate exercise workload (such as that achieved at the first or second stage of 
an exercise stress test), akin to the intensity experienced during everyday ‘ambulatory’ activ-
ities was required to elicit a prognostically significant elevation in exercise BP in healthy indi-
viduals. Indeed, when pooling studies in which an HRE was recorded at maximal exercise 
intensity, the association with CV events and/or mortality was no longer significant (HR = 
1.49, 95% CI = 0.90–2.46; p = 0.12). We speculated that this finding may be related to the 
greater variation in maximal exercise BP due to noise and movement artefact associated with 
higher intensity exercise. 

0.7 1
Hazard ratio

1.6 2.5

Study Hazard ratio
(95% CI)

Weight,
%

Moderate
Lewis, 2008 1.03 (0.75, 1.42) 31.06
Mundal, 1996 1.50 (1.09, 2.07) 31.01
Weiss, 2010 1.22 (0.78, 1.91) 23.06
Hietanen, 2010 (2) 2.37 (1.25, 4.48) 14.87
Subtotal 1.36 (1.02, 1.83) 100.00

  Fig. 2.  Pooled HRs and 95% CIs for an HRE at moderate exercise workload after adjustment for age, office 
BP and multiple CV risk factors (p value = 0.039, I 2  = 51.8%). Modified from Schultz et al.  [54]  with permis-
sion from Oxford University Press. 
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  Whilst the results of this meta-analysis are of potential clinical relevance for individuals 
who have a normal resting BP and no known CV pathology, prospective studies in individuals 
with underlying CV or coronary artery disease show that an HRE does not correlate with 
increased mortality rates  [8, 55–59] . Indeed, in these ‘higher-risk’ patient cohorts, an HRE 
may be viewed as protective against adverse outcomes, possibly because this response is 
indicative of maintenance of myocardial function. 

  What Determines the Increased CV Risk Associated with Exercise Hypertension? 

 Whilst there is significant data to infer that an HRE is clinically important, there is little 
understanding as to why an HRE confers an increased CV risk. However, there is some indi-
cation that an HRE may be related to poor BP control not necessarily detectable under resting 
conditions. The current gold standard measurement of BP control is 24-hour ambulatory BP 
monitoring, and this is because it is additive in the prediction of CV mortality above and 
beyond clinic BP  [60, 61] . Ambulatory BP is reflective of the BP exposure encountered in 
daily-life activity and, therefore, more representative of the chronic burden of BP when 
compared with clinic BP. People generally spend a significant proportion of each day moving 
(up to 35% standing and walking)  [62] , or in an ‘ambulatory’ state, similar to light intensity 
exercise. With this in mind, an HRE at a low-to-moderate exercise workload (the intensity of 
exercise most strongly associated with an increased likelihood of adverse CV outcomes) could 
be indicative of uncontrolled high BP. 

  Indeed, pre-hypertensive subjects with an HRE record significantly higher ambulatory 
BP values compared to those without an HRE  [63] . Raised BP whilst ambulatory, despite 
normal clinic BP, is indicative of MH (i.e. normal clinic BP but elevated ambulatory or home 
BP), a relatively common BP condition associated with increased CV disease mortality  [60, 
64] . Studies from our group (and others) have reported a greater incidence of MH in indi-
viduals with an HRE (up to 58 %)  [12, 18, 19] . In a recent pilot study of 75 middle-aged 
untreated subjects with an exaggerated BP response to exercise, we found that light-to-
moderate intensity exercise systolic BP was independently associated with MH (odds ratio = 
1.07, 95% CI = 1.01–1.12; p = 0.015), and if the BP response to moderate intensity exercise 
was  ≥ 175 mm Hg this identified individuals with MH at 74% sensitivity and 67% specificity 
(p < 0.001)  [12] . Furthermore, in another analysis, we found that in those individuals with an 
HRE, MH was associated with increased LV mass and RWT  [18] . It is therefore possible that 
MH may, at least in part, explain the increased CV risk associated with an HRE. Despite this, 
study samples have only been small and there remains an unmet need for the relationship 
between an HRE and MH to be assessed in larger studies with more power for generalisability 
to the wider populace. Until such a study has been completed, an HRE may still serve as a 
useful warning signal for clinicians to suspect an underlying BP abnormality such as MH. 

  Treating an HRE 

 Pharmacological Interventions 
 The effect of β-blockade on exercise BP has been studied several times and has been 

shown to significantly reduce exercise BP  [65–67] . Indeed, reductions in exercise systolic BP 
of up to 25% have been achieved via 4 weeks of active treatment with metoprolol or with 
combination metoprolol-hydrochlorothiazide  [68] . Kokkinos et al.  [69]  examined a cohort of 
2,318 men with hypertension and found that individuals undergoing β-blocker-based treat-
ments were significantly less likely to attain an exercise BP classified as an HRE during routine 
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exercise stress testing, with a 68% lower risk when compared to other treatment regimens 
(which included monotherapy or combination therapy with angiotensin-converting enzyme 
inhibitors, calcium channel blockers and diuretics). However, the duration of exercise testing 
and intensity of exercise reached by those on β-blockade treatment was less than those on 
other treatment regimens  [69] . This may be due to a combination of negative chronotropy 
and impaired exercise tolerance induced with β-blockade  [70] , and these effects are likely to 
reduce maximal achievable systolic BP during exercise testing. Nonetheless, a comprehensive 
analysis of the long-term intra-arterial haemodynamic effects of different combination 
therapy and monotherapy antihypertensive compounds (including β-blockers, α-receptor 
blockers, calcium antagonists, angiotensin-converting enzyme inhibitors, serotonin antago-
nists and double-acting compounds) was undertaken by Omvik and Lund-Johansen  [71] . This 
work revealed that similar and significant reductions in both resting and exercise systolic and 
diastolic BP could be achieved over 10 years, irrespective of the drug class (ranging from a 
4 to a 20% systolic BP reduction and from a 4 to a 19% diastolic BP reduction; p < 0.05 for 
all)  [71] .

  Exercise and Lifestyle Interventions 
 Participation in regular physical activity is a well-established therapeutic modality to 

lower the risk related to both CV disease and high BP. Indeed, irrespective of pharmacological 
treatment, physically inactive patients with hypertension have a greater risk of mortality 
when compared to those who remain physically active  [72] . Lifestyle modifications that 
include regular exercise are widely accepted as important in the prevention and treatment of 
hypertension  [3, 21, 73, 74] , and there is clear evidence that exercise training results in clin-
ically significant reductions in resting BP  [75–79] . Although there is less information available 
with respect to the effects of exercise training on exercise BP, training interventions of varying 
type, frequency, duration and intensity will likely result in clinically meaningful exercise BP 
reductions in healthy cohorts  [73] . However, the beneficial effects of exercise training and 
lifestyle modification on exercise BP may be more readily evident in populations at a greater 
risk related to high BP, such as those with essential hypertension, obesity, a sedentary life-
style or previous cerebrovascular disease events (e.g. transient ischaemic attack)  [80–83] . A 
randomised controlled trial showed that 12 weeks of treadmill-based exercise training could 
improve both ambulatory and exercise BP measures in individuals with resistant hyper-
tension (defined as uncontrolled BP despite the use of  ≥ 3 antihypertensive medications, 
including a diuretic)  [84] . This is an encouraging study as it demonstrates the efficacy of 
exercise training when other treatment modes are failing. We also recently completed a 
randomised study to determine the effect of 1-year lifestyle interventions (exercise and 
dietary modification) on exercise BP and the development of an HRE in 185 individuals at 
elevated CV risk due to T2DM  [85] . In patients who undertook exercise training, the propensity 
to develop an HRE at 1 year was less in those with a normal exercise BP at baseline. However, 
if an HRE was present at baseline, lifestyle intervention was not sufficient to regress indi-
viduals to a normal exercise BP response ( fig. 3 )  [85] . This could mean that more intensive 
longer-duration exercise interventions may be required to elicit reduced exercise BP in the 
setting of an established HRE.

  Identifying the Cause of an HRE 

 Metabolic Irregularity 
 Hypercholesterolaemia or   dyslipidaemias are known contributors to poor CV risk via 

accelerated atherosclerosis and vascular stiffening  [86] , but they may also independently 
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contribute to abnormal elevations in exercise BP. Indeed, a multiple regression analysis of the 
Framingham cohort data demonstrated an independent relationship between higher total 
cholesterol-to-high-density cholesterol ratio and submaximal exercise systolic BP  [87] . We 
have also found associations between exercise BP and serum cholesterol  [88]  as well as 
triglycerides  [89] , which is probably attributable to chronic effects of hyperlipidaemia, given 
that an acute elevation of lipids (with infusion of Intralipid) appears to have no major impact 
on exercise haemodynamics  [90] . Furthermore, a small study of healthy and active men 
showed a moderate but significant relationship between serum cholesterol concentrations 
and the change in diastolic BP from rest to exercise (R = 0.47, p < 0.0001)  [91] . In this study, 
insulin resistance was also associated with exercise diastolic BP changes, but there was no 
correlation between cholesterol or insulin resistance and exercise systolic BP  [91] . However, 
in 275 non-diabetic hypertensive patients, Park et al.  [92]  showed that insulin resistance 
assessed by a homeostasis model of insulin resistance (HOMR IR ) was significantly raised in 
those with an HRE, and HOMR IR  predicted the presence of an HRE independently of age, sex, 
body mass and baseline systolic BP (odds ratio = 2.008, p < 0.001)  [92] . Adding to this, insulin 
resistance has been found to be independently associated with exercise systolic BP in patients 
with T2DM  [93] , and insulin sensitivity may also play a role in the regulation of BP during 
exercise  [94] . Taken altogether, a combination of metabolic irregularities including dyslipi-
daemia and insulin resistance could impair vascular reactivity  [95] , increase vascular resis-
tance during exercise and contribute to an abnormal increase in BP with exercise.

  Systemic Vascular Function 
 Appropriate systemic vascular function during exercise is essential for counteracting 

excessive rises in arterial BP and decreasing LV afterload  [4] . Failure of the systemic vascu-
lature to dilate appropriately with exercise may elevate input impedance (ratio of pulsatile 
pressure to pulsatile flow) and cause a greater rise in systolic BP owing to impaired peripheral 
vascular runoff. The clinical importance of appropriate vascular function during exercise was 
examined in the study of Fagard et al.  [96] , where 143 hypertensive men were followed for 
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an equivalent 2,186 patient-years. Systemic vascular resistance measured during exercise 
was the strongest predictor of future CV events, irrespective of BP at rest or during exercise 
 [96] . Abnormal endothelium-dependent vasodilatory function could be an underlying 
contributory mechanism. Indeed, several studies have observed a relationship between 
impaired peripheral artery reactive hyperaemia and HRE  [87, 97–99] , but to our knowledge 
arterial reactivity/function has never been assessed during exercise. Certainly, a decrease in 
nitric oxide bioavailability under normal resting conditions will perturb muscular artery 
endothelial function, resulting in a stiffening of the arterial network and an increase in resting 
systolic BP  [100, 101] . However, during exercise, the effects of nitric oxide on the regulation 
of the vascular resistance appears less marked than at rest, suggesting that exercise BP 
responses may be more influenced by other factors or, alternatively, other mechanisms may 
predominate when nitric oxide is blocked  [102–104] . Other research has also identified that 
systemic markers of vascular inflammation such as C-reactive protein and interleukin-6 show 
moderate but significant associations with exercise systolic BP  [105, 106] . Furthermore, the 
albumin-creatinine ratio (a kidney marker correlated to vascular damage) has been asso-
ciated with elevations in exercise BP  [107] , which provides additional evidence of a potential 
link between an HRE and abnormal vascular function.

  Large Artery Stiffness 
 With advancing age and disease, the compliance of the large central arteries (namely the 

aorta and carotid artery) will decline  [108] . At rest, aortic pulse wave velocity is strongly 
associated with CV and all-cause morbidity and mortality and raised BP  [108, 109] . Increased 
arterial stiffness is also a correlate of an HRE in individuals with essential hypertension  [107] . 
Moreover, aortic pulse wave velocity and central pulse pressure (PP; as a surrogate of large 
artery stiffness in older people) were recently found to be associated with submaximal 
exercise systolic BP in men and women of the Framingham offspring cohort  [87] . A reduction 
in aortic compliance could contribute to a decline in the buffering capacity of the vessel when 
faced with the exercise-induced increase to LV outflow (cardiac output) and lead to an 
abnormal rise in BP. Moreover, increased distending pressure within the aorta (such as which 
may be experienced with exercise) is likely to lead to a greater recruitment of collagen fibres 
and an acute increase in vessel stiffness with exercise, thus also contributing to elevated BP 
 [110] . Exercise has also been shown to significantly stiffen the brachial artery  [111] . Prop-
erties of the large arteries may be of particular importance to the appropriate regulation of 
exercise BP in individuals with T2DM. Indeed, whilst there is a high prevalence of an HRE in 
T2DM patients  [15, 16] , deteriorating glucose tolerance is also associated with increased 
central and peripheral arterial stiffness  [112] . Individuals with insulin resistance and T2DM 
are also more likely to have greater cardiac output at rest compared to healthy counterparts 
 [113] . If this were to apply in the exercise context, the combination of raised LV output 
delivered into a stiff proximal aorta will also precipitate an additional rise in exercise BP.

  Neural Circulatory Control 
 Dynamic exercise requires the initiation of muscular work which is believed to originate 

in the CV control centre of the hindbrain, the limbic system and motor cortex regions of the 
forebrain. As exercise is a voluntary act, the autonomic changes to the CV system are initiated 
via a ‘central command’ process (recall from memory) rather than a peripheral sensory input 
 [114] . However, although the central command may be the dominant regulator of the CV 
system (including changes in BP) during exercise, sympathetic actions of the centre are 
enhanced by muscle mechanoreceptor and chemoreceptor activity. Peripheral mechanore-
ceptors provide feedback to the central command relating to the amount and speed of 
muscular contraction required, whilst chemoreceptors detect and respond to the accumu-
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lation of metabolites deep within the active musculature. Thus, both mechanoreceptors and 
chemoreceptors may increase the sympathetic outflow from the central command and play 
an important role in determining the vasoactive state (and thus BP) during exercise. In healthy 
individuals, exercise-induced sympathetic vasoconstriction is minimised by a protective 
process known as functional sympatholysis, allowing the maintenance of an appropriate 
blood flow to active muscles and a ‘normotensive’ rise in BP ensues with increasing work-
loads  [115] . On the other hand, impairments in functional sympatholysis (i.e. increased 
sympathetic activity leading to vasoconstriction) may be an underlying cause of an abnormal 
rise in BP with exercise. Interestingly, studies involving elderly men as well as individuals 
with hypertension and pre-hypertension (conditions known to be associated with an 
increased likelihood of an HRE) have shown functional sympatholysis to be impaired with 
greater activation of muscle chemoreceptors (which result in vasoconstriction) when 
compared to healthy individuals  [115–117] . When combined with enhanced exercise cardiac 
output, this sympathetic vasoconstriction will likely result in an augmented BP response.

  Central Haemodynamics 
 Raised brachial BP is a potent predictor of CV and all-cause mortality  [118] . However, 

aortic (central) BP, the pressure to which the organs (heart, brain and kidneys) are directly 
exposed, predicts CV events independently of brachial BP  [119] . At rest, it is well understood 
that brachial systolic BP is not the same as central systolic BP, as PP becomes amplified with 
arterial waveform propagation from the large central elastic arteries towards the smaller, 
more muscular peripheral arteries  [120] . Under normal circumstances, this results in central 
systolic BP being lower than brachial systolic BP and, at rest, central systolic BP may differ 
considerably between individuals with similar brachial systolic BP (up to 30 mm Hg)  [121–
123] . During exercise, early studies utilising intra-arterial measurement of aortic and radial 
artery BP indicated that central-to-peripheral PP amplification is raised during exercise when 
compared to the resting state  [124, 125] . Our own studies, utilising non-invasive estimates of 
central BP (arterial tonometry), have also revealed significant differences between peripheral 
and central haemodynamic variables during exercise  [88, 126] . Indeed, PP amplification is 
increased during moderate intensity exercise in healthy individuals  [126]  but is blunted 
(meaning increased central PP relative to brachial PP) during moderate intensity exercise in 
older individuals and those with hypercholesterolaemia (i.e. those at elevated CV risk) when 
compared to healthy counterparts  [88] . These findings relating to ageing have also been 
confirmed in a study by Casey et al.  [127] . In both these studies, the   difference in PP amplifi-
cation was not discernible at rest, which is relevant because it suggests that the risk related 
to high BP may be more evident from moderate intensity exercise central BP rather than from 
brachial BP at rest  [13] .

  Despite the known elevation of central systolic BP with exercise, the augmentation 
pressure (which is a marker of cardiac load) may reduce with exercise in healthy individuals, 
possibly owing to decreased peripheral resistance and elevated heart rate  [88, 120, 125, 126] . 
On the other hand, in those with established coronary artery disease, the augmentation 
pressure may increase  [128, 129] . Whilst the haemodynamic mechanisms underlying differ-
ential changes in the central haemodynamic load during exercise remain unknown, attempts 
to reconcile understanding have been focused on frequency-domain analysis and the contri-
bution of wave reflection to augmented exercise BP  [120, 128, 129] . Contrary to the findings 
of these analyses, in an invasive study of exercise aortic BP and flow velocity (in patients who 
had undergone cardiac catheterisation), we found that the influence of reflected waves on 
exercise central BP was minimal  [130] . Indeed, the elevation in central systolic BP during light-
to-moderate intensity exercise appeared to be driven by forward wave propagation as a result 
of LV contraction forces and related to the ‘reservoir’ function of the proximal aorta  [130] . 
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  Future Directions 

 Exercise hypertension appears to have both clinical and prognostic significance, but 
further studies are required to determine specific values of exercise BP that denote an HRE 
at specific exercise intensities (i.e. moderate and maximal). This information would better 
serve to inform clinicians supervising exercise stress testing of normal and diagnostic 
thresholds indicative of elevated CV risk and/or poor BP control. Much of the work to date on 
the association of both MH and pre-hypertension with an HRE has been restricted to small-
scale non-controlled studies. As such, larger-scale follow-up studies in healthy individuals as 
well as in patients with an HRE are required to clarify the relationships and potential overlap 
between these BP conditions. Connecting to this, it may be useful to determine if therapy to 
‘normalise’ an HRE results in improved patient outcomes, or whether the additional risk 
related to HRE is predominantly owing to uncontrolled BP (delineated by out-of-clinic BP 
assessment tools) that is inadequately diagnosed and treated. Further resolution of the 
underlying physiological determinants of high exercise BP is needed, and gaining greater 
insight into the role of central haemodynamics in the pathogenesis of exercise hypertension 
will also be a worthwhile area of continued investigation.

  Summary and Conclusion 

 Exercise hypertension is a common condition that is associated with adverse CV outcomes 
and, when provoked during exercise testing at a moderate workload, may be indicative of 
poor BP control. The pathogenic mechanisms underlying an HRE are likely to be related to 
several CV anomalies, including metabolic (dyslipidaemia, hyperinsulinaemia), neural CV 
control and vascular (systemic and large artery) dysfunction. Furthermore, exercise BP 
appears responsive to treatment via both pharmacological and lifestyle (exercise) interven-
tions. However, in order to clarify the true clinical importance and potentially guide the 
management of the condition, there is a need to determine thresholds of exercise BP above 
which denote poor prognostic outcome. Altogether, an abnormally high BP recorded during 
exercise testing may be a clinically useful warning signal to physicians of a BP abnormality 
warranting further investigation.
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