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Abstract

Transient cardiovascular and cerebrovascular responses within the first minute of active standing 

provide the means to assess autonomic, cardiovascular and cerebrovascular regulation using a real-

world everyday stimulus. Traditionally, these responses have been used to detect autonomic 

dysfunction, and to identify the hemodynamic correlates of patient symptoms and attributable 

causes of (pre)syncope and falls.

This review addresses the physiology of systemic and cerebrovascular adjustment within the first 

60 s after active standing. Mechanical factors induced by standing up cause a temporal mismatch 

between cardiac output and vascular conductance which leads to an initial blood pressure drops 

with a nadir around 10 s. The arterial baroreflex counteracts these initial blood pressure drops, but 

needs 2–3 s to be initiated with a maximal effect occurring at 10 s after standing while, in parallel, 

cerebral autoregulation buffers these changes within 10 s to maintain adequate cerebral perfusion. 

Interestingly, both the magnitude of the initial drop and these compensatory mechanisms are 

thought to be quite well-preserved in healthy aging.

It is hoped that the present review serves as a reference for future pathophysiological 

investigations and epidemiological studies. Further experimental research is needed to unravel the 

causal mechanisms underlying the emergence of symptoms and relationship with aging and 

adverse outcomes in variants of orthostatic hypotension.
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1. Introduction

Orthostatic stresses are common daily events for humans. An average adult stands 

approximately 50–60 times per day (Smith et al., 2015). Orthostasis result in a rapid shift of 

blood away from the chest to the distensible venous capacitance system below the 

diaphragm and instantaneously places the brain above heart leve. This results in a fall in 

peripheral and cerebral perfusion pressure with compensatory adjustments promptly 

instituted to counteract the fall in arterial blood pressure (BP). In healthy individuals almost 

all hemodynamic events take place within 30 s s after the onset of standing up (Rowell, 

1993, Smith et al., 1994, Smit et al., 1999, Hainsworth, 2004, van Lieshout et al., 2003).

In the 1980s, methods became available to monitor rapid arterial BP changes continuously 

and noninvasively (Imholz et al., 1990a, Westerhof et al., 2015). These extraordinary 

scientific developments enabled clinicians and researchers to noninvasively study 

fluctuations in BP during the first 60 s of standing (Wieling et al., 1992, Tanaka et al., 1996, 

Thomas et al., 2009, Stewart and Clarke, 2011, Finucane et al., 2014, van Wijnen et al., 

2017, van Wijnen et al., 2018, Finucane et al., 2019).

Others have also addressed the initial cerebral circulatory adjustments to standing (Harms et 

al., 2000; van Lieshout et al., 2003; Mol et al., 2019; O’Connor et al., 2020). The active 

stand test has emerged as an important tool in the clinical assessment of orthostatic 

hypotension in both younger and older patients (Shen et al., 2017; Brignole and Moya, 

2018). It can be used in the identification of the multiple variants of OH including initial 

OH, delayed BP recovery, and sustained OH (Fig. 1) (van Wijnen et al., 2017; van Wijnen et 

al., 2018; Finucane et al., 2019; Moloney et al., 2020).

This review will address the physiology of systemic and cerebrovascular adjustment within 

the first 60 s after active standing using noninvasive monitoring. The focus is on physiology 

because we consider it important to ground epidemiological observational associations in 

biological explanations (Trichopoulos, 1996; Vandenbroucke and de Craen, 2001; 

Mukherjee, 2015).

The aim of the present review is therefore:

• to provide an overview on the initial systemic circulatory adjustments in healthy 

young and older adults within the first 60 s after active standing

• to describe adjustments in the cerebral circulation in the first 60 s after active 

standing

• to address the clinical relevance of knowing the physiology in detail

Harms et al. Page 2

Auton Neurosci. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Systemic circulatory adjustments within the first 60 s after standing

In the following section we will discuss the hemodynamic mechanisms underlying the BP 

response after active standing. We will address the responses in young adults first, given that 

in this age group the time course has been studied in great detail (Borst et al., 1982, Borst et 

al., 1984, Sprangers et al., 1991a, Tanaka et al., 1996, Thomas et al., 2009, Stewart and 

Clarke, 2011, Lewis et al., 2011, Lewis et al., 2013). We then follow with a discussion of the 

response in older adults.

2.1. Studies in young adults

To understand and disentangle the role of gravity and muscle contraction involved in the 

circulatory response to active standing a number of key experiments were performed in the 

1980s and 1990s (See Figs. 2 and 3) (Borst et al., 1982, Borst et al., 1984, Imholz et al., 

1990b, Sprangers et al., 1991b, Wieling et al., 1996).

A key observation in the first experiments was that a typical transient fall in BP upon active 

standing from supine and sitting is not present or far less prominent during a passive head-up 

tilt (HUT) (Fig. 1) (Borst et al., 1982, Borst et al., 1984, Imholz et al., 1990a).

The role of muscle contractions was examined next. Fig. 3 shows hemodynamic responses 

induced by three different stressors, HUT (passive change of posture, in which only gravity 

varies), standing (active change of posture with contraction of leg and abdominal muscles in 

addition to the effect of gravity) and a 3 s bout of bicycle exercise in sitting position 

(contraction of leg and abdominal muscles without change of posture and therefore no 

gravitational effect) (Sprangers et al., 1991a). They represent an average response obtained 

in 8 healthy male volunteers aged 20–38 years.

The changes following passive HUT, the classical provocation to study gravitational effects 

on the circulation (Smith et al., 1994), will be addressed first.

2.1.1. Head-up tilting—Participants were tilted 70 degrees head up within 6 s using an 

electrically driven tilt table with a foot support. HUT is accompanied by a transfer of 0.5–1.0 

L of blood towards the venous capacitance system below the diaphragm. Downward blood 

pooling with a fall in venous return to the heart results in a diminution of central blood 

volume and a consequent decrease in cardiac filling pressure and in stroke volume (SV). The 

bulk of the transfer of blood occurs within 30 s (Smith et al., 1994; Smit et al., 1999). On 

head-up tilting, SV does not decline until after some six beats of normal stroke output (Fig. 

2). Then SV gradually diminishes to reach a new stable level. The delay in the fall in SV in 

the first 5 s of HUT can be attributed to a discharge of blood from the apical pulmonary 

veins to the left ventricle (van Heusden et al., 2006; Sheriff et al., 2007; Halliwil, 2007). HR 

accelerates almost immediately, but because it does not fully compensate for the decrease in 

SV, cardiac output (CO) decreases by 21 ± 5% after 1 min of standing. However, the 

simultaneous increase in systemic vascular resistance (SVR) by 40 ± 9% results in a ~10 

mmHg net rise in MAP. The rise in MAP is attributed to the hydrostatic position of the 

carotid baroreceptors which sense a decrease in BP in the upright position (Rowell, 1993; 

Smit et al., 2002; Hainsworth, 2004).
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2.1.2. Response to cycling—The hemodynamic response on active standing in 3 s is 

conspicuously different from the gradual changes induced by passive tilting (Fig. 3). These 

marked transient hemodynamic changes are also observed during a 3 s bout of upright 

cycling on an ergometer. In both maneuvers strong contraction of leg and abdominal 

muscles occur, as opposed to HUT. The 3 s bout of upright cycling-exercise was designed to 

investigate these effects. After 2 min sitting on a flywheel bicycle ergometer the subjects 

were given a verbal command to abruptly start cycling for a 3 s duration and then return to a 

motionless state. The ergometer was set to 50 W but the considerable initial resistance to 

bring the flywheel in motion needed a forceful contraction of leg and abdominal muscles. 

Onset to cycling was accompanied by a marked transient increase in CO with a maximum 

increase of 50 ± 3% at 5 s. The marked increase in CO can be attributed to the forceful 

skeletal muscle contractions compressing venous vessels in the legs and abdomen, thereby 

causing an immediate translocation of blood towards the heart increasing right ventricular 

filling. The delay of the increase in left ventricular SV and CO of about 3 s (Fig. 2) is due to 

the transfer time between the right and the left ventricle (Wieling et al., 1996). 

Simultaneously with the increase in CO, a pronounced fall in SVR (−41 ± 6% at 8 s) that 

exceeds the rise in CO is found, resulting in a marked drop in MAP (−18 ± 2% at 10 s). 

Rapid vasodilation in the contracting leg muscles and muscle pump induced widening of the 

arteriovenous pressure gradient across the muscle with an increase in vascular conductance 

are the most likely mechanism to explain the large fall in SVR/increase in conductance 

(Sprangers et al., 1991b, Sheriff et al., 2007, Tschakovsky et al., 2011). Activation of 

cardiopulmonary receptors by the abrupt large transient increase in right atrial pressure (12 ± 

2 mmHg at 3 s) resulting in reflex vasodilatation in skeletal muscles is also considered to 

contribute (Sprangers et al., 1991a, Callister et al., 1994, Wieling et al., 1996).

2.1.3. Active standing—Active standing increases HR abruptly in the first 3 s with a 

further rise to a peak at 12 s, declines to a nadir around 20 s, and then stabilises. The primary 

steep HR increase manifests the reflex inhibition of cardiac vagal tone and can be attributed 

to a reflex originating in the contracting muscles or to a central command (exercise reflex) 

(Borst et al., 1982; Wieling et al., 1985). The more gradual secondary HR rise, starting 

around 5 s, relates to the fall in arterial pressure and diminished arterial baroreceptor 

activation (Fig. 3) with further reflex inhibition of cardiac vagal tone and increased 

sympathetic outflow to the sinus node. The subsequent rapid decrease in HR is associated 

with the recovery of arterial pressure, again mediated through the arterial baroreflex by an 

increase in vagal outflow to the sinus node (Borst et al., 1982; Borst et al., 1984). Just as in 

cycling, active standing induces a rise in CO and fall in MAP with a nadir in MAP of −23 ± 

2 mmHg at 8 s. The stable SV on standing vs. the marked SV increase observed by cycling 

is explained by the effect of gravity superimposed on the muscle pumping effect. With the 

combination of a stable SV and a marked increase in HR, CO rises to a maximum (24 ± 6%) 

at 6 s following standing up. Comparable to cycling, SVR decreases markedly(−36 ± 3% at 

7 s), which exceeds the simultaneous increase in CO, resulting in a decrease in MAP. Within 

30 s the transient fall in BP on standing is counteracted. This is attributed to an arterial 

baroreflex mediated increase in sympathetic outflow to resistance vessels and is supported 

by different studies. Firstly, the recovery of BP observed after 8 s follows the time course of 

sympathetically mediated changes in arteriolar vasomotor tone which need 2–3 s to be 
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initiated and have maximal effect at about 10 s (Eckberg and Sleight, 1992). Secondly, it has 

been shown that in young adults after administration of the a1 receptor blocker prazosin and 

in patients with neurogenic orthostatic hypotension (OH) BP fails to recover after the nadir 

(Lewis et al., 2013; Harms et al., 2000). Thirdly, clonidine, which acts centrally to lower BP 

via a decrease in sympathetic activity, impairs the initial BP recovery upon standing with 

loss of BP overshoot and delayed recovery (Coupland et al., 1995). Impaired BP recovery is 

clinically important particularly in older adults and associated with poor health outcomes 

(See final clinical perspective section).

2.1.4. Role of leg and abdominal muscle contractions during standing—
Standing up from the supine position is invariably accompanied by (involuntary) contraction 

of leg and abdominal muscles with a precipitous transient increase of intra-abdominal 

pressure (43 ± 22% on average in young adults) (Tanaka et al., 1996) and abrupt rise (about 

10 mmHg) of right atrial pressure resulting in an increase in right ventricular filling and 

therefore CO (Sprangers et al., 1991b). This mechanical effect can be enhanced by forceful 

voluntary tensing of leg and abdominal muscles during the stand up, which markedly 

attenuates the initial fall in BP (Krediet et al., 2007; van Wijnen et al., 2016).

As far as engagement of the skeletal muscle pump, subjects with (near)syncope on standing 

typically experience the (near) faint after having walked about 5 steps (Wieling et al., 2007; 

Stewart and Clarke, 2011). This implies that starting to walk immediately after standing up 

may actually increase the initial fall in BP by enhancing vasodilation in leg muscle.

2.2. Studies in older adults

With the above observations in young adults as a background we will now focus on the 

circulatory responses within the first minute of active standing in older adults in early 

physiological studies (Imholz et al., 1990b, Wieling et al., 1992) and more recently in 

epidemiological studies (Finucane et al., 2014).

2.2.1. Early physiological studies—Imholz et al. studied active stands in 40 

physically active healthy older adults aged 70–86 years, with no known comorbidities and 

no prescribed medication using FinAP. The duration of supine rest was 5 min. Stand up time 

was 3–6 s with a helping hand provided if needed. Before instrumentation of the volunteers 

a 10–15 min period was used to practice the stand-up maneuver (Imholz et al., 1990a).

Fig. 4 compares the hemodynamic responses in 37 older adults from the Imholz study 

(Wieling et al., 1992) and 10 young adults (ten Harkel et al., 1990). The response in the 10 

young adults is almost identical to that described in Fig. 2.

In older adults the cardiovascular response to active standing differed from the response in 

young adults [Fig. 4]. The initial HR response was blunted as a sign of diminished vagal 

withdrawal (Eckberg and Sleight, 1992; Wieling and Karemaker, 2013) and an immediate 

temporary increase in MAP (17 ± 2 mmHg, p < 001 vs young adults) occurred that lasted for 

about 5 s. An increase in SVR underlies the immediate BP rise during the act of standing (6 

s duration). CO decreased on standing. At 9.5 s, the immediate increase in BP was followed 

by a transient dip (−17 ± 2 mmHg) from baseline and recovery around 20 s. The magnitude 
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of the drop in MAP was similar for young and older adults (−16 ± 2 mmHg vs −17 ± 2 

mmHg) with a smaller transient rise in CO together with a less pronounced drop in SVR in 

the older adults. Importantly, it must be realized that the stimulus inducing cardiovascular 

reflex responses must be different across age groups since the older adults standing response 

was accompanied by the aforementioned pronounced and prolonged increase in BP. These 

immediate changes in SVR and CO resemble the circulatory response induced by the 

Valsalva maneuver (Eckberg and Sleight, 1992; Pott et al., 2003). They can be attributed to 

straining that accompanied the considerable physical activity needed for this age group to 

stand up quickly (Wieling et al., 1992).

2.2.2. TILDA studies—Recently in the Irish Longitudinal Study on Aging (TILDA) 

(2009–2019), FinAP active stand responses alongside comprehensive health, social and 

economic circumstances have been collected for the first time, as part of a large, longitudinal 

prospective population study of community-dwelling older adults aged 50 years and over. 

Normative and OH prevalence data for the active stand responses have been characterized in 

both the overall TILDA community population and its healthy subsample, where ‘healthy’ is 

defined as physically and socially active, independent, without cardiovascular (excluding 

hypertension) or other physical or cognitive health conditions and not taking any 

medications (Finucane et al., 2014; Van Wijnen et al., 2017). In both TILDA populations the 

active stand response was similar in temporal characteristics to the responses noted above 

(Fig. 4) although notably the drop in systolic BP was larger in both the overall population 

(ranging from 34 mmHg (IQR, 25.4–43.5 mmHg) to 45.3 mmHg [IQR, 33.4–59.0 mmHg] 

depending on age and gender) and the healthy subsample (40 ± 17 mmHg). The prevalence 

of delayed recovery was also high in both overall and over 70’s healthy TILDA populations 

(15.6% and 24% respectively) (Finucane et al., 2014).

3. Cerebrovascular adjustments in the first 60s of active standing

3.1. Hydraulic/physical changes on standing

Standing up challenges the cerebral circulation. From supine to upright the adult brain at eye 

level becomes positioned 25–30 cm above the heart. This simple hydrostatic effect lowers 

MAP instantaneously at eye level by about 20 mmHg (van Lieshout et al., 1985, Rowell, 

1993, Hainsworth, 2004, Bronzwaer et al., 2017). Intracranial pressure does not drop to the 

same extent as MAP, consequently cerebral perfusion pressure is lower (Rosner and Coley, 

1986). In addition to the lowered MAP and perfusion pressure at brain level, a change in 

cerebral venous outflow (Gisolf et al., 2004a) and lower PaCO2 (Van Lieshout et al., 2003, 

Gisolf et al., 2004b, Immink et al., 2005) may modify cerebral blood flow (CBF) on 

standing.

The PaCO2 has a pronounced influence on CBF. Hypocapnia induces cerebral 

vasoconstriction and can reduce CBF by 2% to 3% per mmHg in end-tidal CO2 (PETCO2) 

(Van Lieshout et al., 2003; Van Beek et al., 2008). In the initial phase of standing the 

PETCO2 decreases on average by 2–4 mmHg (Thomas et al., 2009; Lewis et al., 2013), but 

the changes in PETCO2 are difficult to interpret. This is due to a discrepancy between 

PaCO2 and PETCO2 arising from a perfusion mismatch with the reduction in PaCO2 being 
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smaller than in PETCO2 in the initial phase of standing (Gisolf et al., 2004a). In addition, a 

CO2 transfer time of about 5 heart beats from the lungs to the brain (Wieling et al., 1992; 

Thomas et al., 2009) and a latency of changes in the brain PaCO2 and vasoconstriction of 

cerebral vessels (Thomas et al., 2009) needs to be considered. It seems reasonable to 

speculate that the changes in PETCO2 are unlikely to contribute considerably to the fall in 

CBF in the initial phase of standing.

3.2. Dynamic cerebral autoregulation

The potential role of dynamic cerebral autoregulation as a compensatory mechanism for the 

sudden fall in systemic BP induced by active standing is important to consider. In the 

following we will address studies that assessed dynamic cerebral autoregulation during an 

initial fall in BP induced by standing up from the supine (Van Lieshout et al., 2001; Kim et 

al., 2011) and sitting position (Sorond et al., 2005).

3.2.1. Cerebral autoregulatory control in young adults—Van Lieshout et al. 

studied MAP and mean middle cerebral artery velocity (MCA Vmean) responses induced by 

standing up from supine in 10 young adults aged 21–38 years using transcranial Doppler 

ultrasound (Fig. 5).

A large initial fall in MAP (about 25 mmHg) with a nadir of approximately 60 mmHg 

occurring at 8 s was observed. Cerebral autoregulation did not attenuate a steep initial fall in 

MCA Vmean [Fig. 5]. Almost identical patterns of mean MAP and MCA Vmean responses 

were reported by Thomas et al. in 46 young adults with a mean age of 25 years (Thomas et 

al., 2009). The faster recovery of MCA Vmean compared to MAP after the nadir at 10s 

manifests the effect of cerebral autoregulation (Fig. 4).

A delay in cerebral autoregulation of 7–9 s is also clearly visible in the studies by Sorond et 

al., 2005 and Kim et al., 2011 (Figs. 6 and 7). This delay indicates that cerebral 

autoregulation under these circumstances is rather slow. This is in accordance with data from 

the literature. The latency of cerebral autoregulation (i.e. vasodilatation) is about 3–5 s and it 

takes 5–10 s before the full effect of counter-regulation is reached (Aaslid et al., 1989; 

Immink et al., 2005; Rickards et al., 2007).

3.2.2. Cerebral autoregulatory control remains intact during active standing 
in older adults—Sorond et al. compared middle (MCA) and posterior (PCA) cerebral 

artery velocities in 13 young (mean age 30 years) and 13 older (mean age 73 years) healthy 

normotensive volunteers (Fig. 6) (Sorond et al., 2005). A sit to stand test was used. The sit-

to-stand test technique is a suitable measure of dynamic cerebral autoregulation (Lipsitz et 

al., 2000; Sorond et al., 2009).

In young subjects a fall in MAP of −21 ± 2% was observed with a nadir at 9 s after the onset 

of standing. The recovery of MCA and PCA started at 7 s. In the older subjects the nadir in 

MAP was larger (−31 ± 3% P < 0.05) and occurred later (at 10 s). The decrease in MCA and 

PCA in the older subjects responses were similar (around 15%).
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Kim et al. studied the effects of aging on cerebrovascular responses. Fifteen young 

volunteers with a median age of 29 years (interquartile range 27–33) and 15 older volunteers 

with a median age of 59 years (interquartile range 52–65) were studied (Fig. 7) (Kim et al., 

2011). The nadir of MAP occurred at 9 s in both age groups and was, in contrast to the 

Sorond study larger in the young compared to in the older subjects (−67 ± 3% vs −52 ± 3% 

at brain level p < 0.05). The fall in MCA Vmean was also larger in the young subjects (−29 ± 

3% vs −16 ± 4% p < 0.05).

Sorond et al. and Kim et al. concluded that cerebrovascular autoregulation to orthostatic 

stress was preserved in older adults.

4. Time course and magnitude of the hemodynamic events on active 

standing

Table 1 gives an overview of the time of the peaks and nadirs and magnitude of 

hemodynamic events induced by standing up in young adults in three studies discussed 

above (Sprangers et al., 1991b, Tanaka et al., 1996, Thomas et al., 2009).

Intraabdominal pressure and right atrial pressure increased instantaneously during the 

standing up maneuver and peaked at 2–3 s. The peak in CO and nadir in SVR occurred 

between 6 and 10 s. Nadirs of MAP occurred between 8 and 11 s and a recovery around 20 

s. The magnitude of the responses showed a considerable variation (see also MAP changes 

in Fig. 4).

Further physiological studies are needed to detail the hemodynamic events on standing in 

older adults.

5. The duration, not the magnitude, of initial reductions in systemic blood 

pressure predicts symptoms of presyncope

5.1. Studies in healthy recreationally active young adults

Carefully performed studies in Ainslie’s laboratory (Thomas et al., 2009, Lewis et al., 2011, 

Lewis et al., 2013) provide data on IOH and delayed BP recovery related symptoms within 

the first 60 s of standing in healthy recreationally active young adults.

Thomas et al. investigated whether the occurrence of IOH and related symptoms are related 

to the occurrence of presyncope induced by 60 degree HUT combined with lower body 

negative pressure (LBNP) (Thomas et al., 2009). Presyncope was defined as a drop in 

systolic BP below 80 mmHg, the manifestation of severe symptoms, or both. Thirty-eight 

young adults (mean age 25 years) were studied. Beat-to-beat BP, MCA Vmean, PETCO2 and 

cerebral cortical tissue oxygenation (near-infrared spectroscopy) were measured (Thomas et 

al., 2009).

A mean fall in systolic BP pressure of −42/3 mmHg with pronounced transient hypotension 

(nadir of systolic BP on average 80 mmHg and of MAP on average around 50 mmHg) were 

found around 11 s after the onset of active standing. Recovery of BP occurred in almost all 
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participants within 20 s. Symptoms of hypotension consisted of light-headedness, present in 

16/38 subjects. None of the subjects fainted. Presyncope induced by HUT combined with 

LBNP elicited symptoms of light-headedness, visual disturbances and nausea in 28/38 

participants. However, the duration and pattern of hypotension was gradual and prolonged 

(about 30 s) during HUT with LBNP versus standing. The nadir of MAP during HUT with 

LBNP (on average around 50 mmHg) was identical to the nadir on standing.

The study by Thomas et al. showed that a transient deep fall of BP on standing with MAP 

around 50 mmHg at heart level (i.e. a MAP of only 30 mmHg at eye level) is well tolerated 

in young adults. Since MAP nadirs on standing and HUT combined with LBNP were similar 

(around 50 mmHg) we may conclude that it is the duration of hypotension and 

hypoperfusion, rather than the magnitude of the BP level determine whether presyncope 

occurs. The cardiovascular and cerebrovascular changes during IOH were unrelated to those 

at presyncope induced by HUT combined with LBNP. Interestingly, there was no 

relationship between the hemodynamic change and the incidence of subjective symptoms in 

either scenario suggesting that symptoms are not directly related or predictable from any of 

the haemodynamic variables measured. Lewis et al. documented in 12 young adults that 

after alpha-blockade the magnitude of the fall in BP was similar (around 40 mmHg in 

MAP), but with a lower nadir (39 vs 51 mmHg) and that the recovery of BP was severely 

delayed and the steady-state value reached 20–30 s after standing was much lower in those 

with alpha blocker (MAP on average around 60 mmHg vs 95 mmHg). Severe presyncopal 

symptoms (light-headedness, visual disturbances and nausea) occurred in 8/12 subjects in 

the first 20 s and only 2/12 could stand for 2 min (Lewis et al., 2013). This relates to the 

larger associated decline in MCA Vmean. The study by Lewis et al. suggests that in the 

presence of alpha-blockade sustained hypotension of about 60 mmHg in MAP at heart level 

may result in near-syncope in young adult subjects but it is difficult to disentangle these 

effects.

5.2. Studies in patients with sympathetic failure and older adults

In patients with sympathetic failure, the orthostatic reduction in cerebral blood velocity and 

oxygenation is larger. Nevertheless, orthostatic tolerance may vary considerably between 

patients with the time tolerated in the upright position ranging between 1 to (at least) 5 min 

of standing. Patients who become symptomatic within 5 min of standing are characterized 

by a pronounced orthostatic fall in BP, cerebral blood velocity, and oxygenation manifest 

within the first 10 s of standing with very low values of MAP at brain level (around 20 

mmHg) (Harms et al., 2000).

Data in older adults in the TILDA studies provide some information on OH and related 

symptoms in the first minute of standing. Briggs et al. documented that symptomatic 
delayed BP recovery at 30 s after standing (fall in BP > 20 mmHg) was associated with 

depression. This group of individuals had an average SBP nadir of 80 mmHg at 10 s 

standing. Briggs et al. noted that those with IOH alone without delayed recovery (fall in 

systolic BP > 40 mmHg with or without symptoms) did not have poor outcomes (Briggs et 

al., 2018). These findings suggest that delayed recovery of BP is potentially of more 
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importance than the initial degree of drop in BP when considering old age and tends to agree 

with Lewis et al., 2013 in young adults (see above).

Other studies from TILDA including Frewen 2014, Hayakawa et al., 2015, Finucane et al., 

2017 and McNicholas et al., 2018 come to a similar conclusion that delayed BP recovery 

tends to be associated with poorer health outcomes (e.g. poor cognitive function, conversion 

to dementia, rate of cognitive decline, falls) while initial BP drops do not. This was similarly 

seen in the ARIC cohort study where measurements between 20 and 60 s of standing were 

most strongly associated with falls and fractures (Juraschek et al., 2017).

According to traditional teaching, symptoms of OH on average occur with sustained systolic 

BP <80 mmHg and syncope on average with sustained systolic BP of 50–60 mmHg at heart 

level, but there is significant variation in these values (Giese et al., 2004, Wieling et al., 

2009, Jardine et al., 2018, Wieling et al., 2013, Bachus et al., 2018). Thus, the level of BP at 

which symptoms appear in the studies is still open to debate (Thomas et al., 2009, Lewis et 

al., 2011, Lewis et al., 2013, Briggs et al., 2017) and is dependent heavily on hypotension 

duration (see above).

It is important to realize that the level at which hypoperfusion related symptoms or syncope 

occur is dependent on the lower threshold of cerebral autoregulation, which is characterized 

by significant inter-individual variability. It has been shown that the autoregulation curve 

shifts importantly to the right in patients with severe hypertension, such that a decline in 

cerebral blood flow occurs at higher values in hypertensive individuals. This can explain 

why people with severe hypertension may develop symptoms of cerebral hypoperfusion at 

higher BP levels than normotensives (Strandgaard, 1976).

5.3. Cerebral anoxia reserve time

The time span from the start of critical cerebral hypoperfusion to loss of consciousness is 

known as “cerebral anoxia reserve time”. In young adults cerebral anoxia reserve time 

amounts on average to 6–8 s (Wood, 2000; Wieling et al., 2009). No data are available 

comparing the anoxia reserve time in young adults with those in older subjects, but the 

following observations suggest that the anoxia reserve time in older adults is quite similar to 

that measured in young adults. First, records of spontaneous episodes of presyncope and 

syncope in older patients during very prolonged ECG monitoring showed that spontaneous 

episodes of asystole lasting >6 s elicited symptoms of presyncope or syncope in up to 40% 

of 23 older patients with recurrent syncope (Menozzi et al., 1993). With shorter asystolic 

episodes lasting 3–6 s patients were symptomatic in only 0.7%. Second, symptomatic 

hypotension in patients with cardioinhibitory carotid sinus massage occurs on average after a 

pause of 7.9 s. The asystolic pause is at least 6 s long in 75% of the patients (Puggioni et al., 

2002; Wieling et al., 2013). Accordingly, Maggi et al. demonstrated in 16 patients with 

predominant cardioinhibitory carotid sinus hypersensitivity that during spontaneous syncope 

captured with an implantable loop record the average duration of asystole was 9 s (range 8–

18 s) (Maggi et al., 2007).
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6. Clinical perspective

With the above information about the physiology of systemic and cerebral circulatory 

adjustment within the first 60 s after active standing as a background we will address the 

clinical relevance of knowing the physiology in detail.

1) Normal initial BP and HR responses.

A normal initial BP response on standing consists of a transient fall of BP with a nadir 

around 8 s followed by a rapid recovery/overshoot of BP within 30 s. An accompanying 

normal initial HR response includes an immediate HR increase, a large HR peak and a 

subsequent HR recovery (Fig. 1 panel A). For reasons explained above these combined 

responses indicate intact afferent, central and efferent cardiac vagal and sympathetic 

vasomotor baroreflex pathways (Wieling and Karemaker, 2013). The relation of the HR 

decrease to the recovery/overshoot in arterial BP is a measure of arterial baroreceptor 

sensitivity. Baroreflex sensitivity is central to cardiovascular health (Lauer, 2016). 

Accordingly, a study by McCrory et al., in 4475 participants of the TILDA cohort has shown 

that the presence of a HR recovery on standing is an important independent predictor of 

mortality (McCrory et al., 2016).

2) Initial orthostatic hypotension (IOH).

Most people occasionally experience transient light-headedness and visual disturbances i.e. 

seeing black spots typically occurring 7–10 s after standing up. Symptoms usually disappear 

within 20–30 s (Wieling et al., 2007). Such complaints result from temporary cerebral 

hypoperfusion occurring in the initial phase of standing as explained above. An abnormally 

large initial fall in BP is defined by a transient BP drop ≥40 mmHg in systolic BP within 15 

s after the onset of standing followed by quick recovery (Fig. 1 panel B) (Freeman et al., 

2011; Van Wijnen et al., 2017). IOH is a physiological sign, symptoms do not need to be 

present. A clinical history of IOH is a frequent cause (7–14%) of unexplained syncope in 

patients referred to tertiary centres (Van Wijnen et al., 2017, Van Twist et al., 2018, de Jong 

et al., 2020). However in the absence of a clear history, IOH as a physiological sign is a less 

accurate predictor of outcome. Importantly IOH as a physiological sign has a high 

prevalence (van Twist et al., 2020) and is not associated with poor health outcomes in older 

adults (Finucane et al., 2017, Briggs et al., 2018, Van Twist et al., 2018) and even better 

physical, functional and cognitive performance has been reported in patients with IOH 

(Saedon et al., 2020).

As far as applying the physiological knowledge described above physical counter maneuvers 

e.g. buttock clenching are an effective strategy to combat IOH (Krediet et al., 2007).

3) Delayed recovery of BP.

Delayed BP recovery is characterized by a systolic BP fall of >20 mmHg at 30–40 s of 

standing, but not meeting the criteria of classical orthostatic hypotension (Fig. 1 panel C) 

(Finucane et al., 2014, Van Wijnen et al., 2017, Briggs et al., 2018, Finucane et al., 2019). 

Physiological studies indicate that diminished vasoconstrictor capacity is a likely underlying 

mechanism (see above). However, recent studies document that hemodynamic BP recovery 
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patterns are heterogenous (van Wijnen et al., 2018), apart from diminished vasoconstrictor 

capacity due to autonomic dysfunction, volume status and medication use should be taken 

into account (Finucane et al., 2014; van Wijnen et al., 2018).

Epidemiological evidence of studies using continuous BP measurement suggest that delayed 

BP recovery tends to be associated with poorer health outcomes (e.g. all cause mortality, 

unexplained falls, poor cognitive function, conversion to dementia, depression, physic, 

functional and cognitive performance) (Lagro et al., 2014, Hayakawa et al., 2015, Finucane 

et al., 2017, McNicholas et al., 2018, Briggs et al., 2018, Saedon et al., 2020).

The association of early hypotension on standing with poor health outcomes was similarly 

seen in studies using oscillometric BP measurements between 20 and 60 s of standing. Early 

hypotension was associated with falls and fractures (Juraschek et al., 2017) and dementia 

and cognitive decline (Rawlings et al., 2018). Self-reported dizziness was found to be more 

consistently associated with neurological outcomes (MRI findings, cognition, dementia or 

stroke) than OH (fall in systolic/diastolic BP of >20/10 mmHg after 3 min standing) in a 

recent study by Juraschek (Juraschek et al., 2020).

4) Classical orthostatic hypotension (OH).

OH is defined as a sustained BP drop of >20 mmHg following standing (Fig. 1 panel D) 

(Freeman et al., 2011). Orthostatic hypotension is an established risk factor for common 

age-related outcomes e.g. falls, unexplained falls, syncope, cognition, depression, fractures, 

mortality (Rutan et al., 1992; Tinetti et al., 1994; Gangavati et al., 2011).

7. Conclusion

This review provides an integrative physiological view on the systemic and cerebral 

circulatory adjustment within the first 60 s after active standing with almost all studies 

performed in young adults to date. We would recommend that future work should employ 

carefully performed physiological studies in older adults to disentangle the link between 

blood pressure characteristics, cerebral blood flow and symptoms.
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Fig. 1. 
Spectrum of normal and abnormal blood pressure (BP) and heart rate (HR) responses during 

the first 60 s after active standing. Measurement of orthostatic BP with continuous 

noninvasive measurement in four subjects. The last 15 s in the supine position and 60 s of 

standing are illustrated. Dashed vertical lines indicate the onset of the active stand. Normal 

orthostatic BP recovery in a 26-year old healthy female (A), initial orthostatic hypotension 

(IOH) in a 14-year old healthy male (transient systolic BP decrease >40 mmHg within 15 s 

of standing) (B), delayed BP recovery in a 76-year old man with a history of hypertension 

on 3 vasoactive drugs (systolic BP fall of >20 mmHg at 30 s of standing, but not meeting the 

criteria of classical orthostatic hypotension) (C) and classical orthostatic hypotension in a 

76-year old man with primary autonomic failure (sustained fall in systolic BP of ≥20 mmHg 

between 60 and 180 s of standing) (D) are illustrated. BP = blood pressure. HR = heart rate. 

OH = orthostatic hypotension.* = rebound bradycardia.
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Fig. 2. 
Group average intrabrachial (bold line) and finger (thin lines) blood pressure (BP) and heart 

rate (HR) responses in 11 male volunteers aged 22–40 years to three orthostatic maneuvers 

(standing from supine, standing from sitting and head-up tilting) preceded by a period of at 

least 5 min supine rest. The time needed to change posture amounted to about 3 s as is 

indicated at the top of the dotted line at T = 0. [From Imholz et al., 1990a with permission].
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Fig. 3. 
The initial circulatory adjustment induced by head-up tilting, standing from supine and 

short-lasting bicycle exercise in 8 adult males aged 20–38 years after 5 min of rest. To avoid 

inadvertent Valsalva straining, the subjects were trained to perform the maneuvers during 

normal inspiration, facilitated by starting the three stressors at end expiration.

MAP = mean arterial pressure. HR = heart rate. SV = stroke volume. CO = cardiac output. 

SVR = systemic vascular resistance. The time needed to perform the maneuvers is indicated 

at the top of the dotted line at T = 0. SV, CO and SVR are computed by pulse wave analysis 

and expressed as percentage of change. [Revised after Sprangers et al., 1991b with 

permission].
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Fig. 4. 
The effect of age on the initial hemodynamic responses to standing. Group mean finger 

arterial BP (MAP) and relative changes in stroke volume (SV), cardiac output (CO) and 

systemic vascular resistance (SVR) during the initial response upon standing. Average 

responses of 10 young participants (aged 22–40 years) (left panel) and 37 elderly 

participants (aged 70–86 years) (right panel) are shown. [Revised after ten Harkel et al., 

1990 and Wieling et al., 1992 with permission].
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Fig. 5. 
Mean middle cerebral artery blood velocity (MCA Vmean) and mean arterial pressure (MAP) 

responses induced by standing from supine in 10 young adults aged 21–38 years using 

transcranial Doppler ultrasound. Supine rest before standing amounted to at least 30 min. 

The thin lines indicate individual responses; thick line, averaged responses. The time needed 

to change posture is indicated at the top of the dotted line at T = 0 is rather long (about 5 s) 

in order not to lose the transcranial Doppler ultrasound signal. [From van Lieshout et al., 

2001 with permission].
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Fig. 6. 
Relative percent changes over time (s) in mean arterial pressure (MAP) black line, middle 

(MCA, dark gray line), and posterior (PCA, light gray line) cerebral artery blood flow 

velocities during the sit-to-stand protocol in 13 young (mean age 30 years) and 13 older 

(mean age 73 years) healthy normotensive volunteers A sit to stand test was used. Subjects 

stood up after 5 min sitting in a straight-backed chair with their legs elevated at 90 degrees 

in front of them on a stool. Arrow indicates active standing. [From Sorond et al., 2005 with 

permission].
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Fig. 7. 
Left panel: postural cerebrovascular response in younger (YNG, n = 15, thin line) vs older 

group (OLD, n = 15, thick line). Following instrumentation and 5 min supine rest subjects 

stood up.

Left panel: mean arterial pressure at brain level (MAPbrain), mean middle cerebral artery 

blood flow velocity (Vmean), changes in oxygenated ∆cO2Hb), deoxygenated (∆cHHb) and 

total hemoglobin (∆ctHb) concentration. Right panel: initial postural responses of MAPbrain 

(black line), Vmean (dark gray line) and ∆cO2Hb (light gray line) in OLD (upper panel) vs. 

YNG (lower panel) [from Kim et al., 2011 with permission].
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Table 1

Time of the peaks and nadirs and magnitude of hemodynamic

Hemodynamic event Time Magnitude Recovery/overshoot BP Reference

MAPmin 8 s −23 ± 2 mmHg Around 20 s Sprangers et al., 1991b

9.5 ± 0 s −44 ± 5 mmHg Around 20 s Tanaka et al., 1996

11±0 s −36 ± 2 mmHg Around 20 s Thomas et al., 2009

ABDOMPRESmax 2 s 43 ± 8 mmHg Tanaka et al., 1996

RAP max 3 s 10 mmHg Sprangers et al., 1991b

COmax 6 s 24 ± 6% Sprangers et al., 1991b

9.5 37 ± 9% Tanaka et al., 1996

~8 s 49 ± 5% Thomas et al., 2009

SVRmin 7 (2–13) −36 ± 3% Sprangers et al., 1991b

9.5 s −58 ± 4% Tanaka et al., 1996

– −61 ± 2% Thomas et al., 2009

MAPmin = mean arterial pressure nadir; ABDOMPRESmax = peak abdominal pressure increase; RAPmax = peak right atrial pressure increase; 
COmax = peak cardiac output left ventricle; SVRmin = nadir systemic vascular resistance.
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