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Abstract

Purpose The average adult stands approximately 50-60 times per day. Cardiovascular responses evoked during the first
3 min of active standing provide a simple means to clinically assess short-term neural and cardiovascular function across the
lifespan. Clinically, this response is used to identify the haemodynamic correlates of patient symptoms and attributable causes
of (pre-)syncope, and to detect autonomic dysfunction, variants of orthostatic hypotension, postural orthostatic tachycardia
syndrome and orthostatic hypertension.

Methods This paper provides a set of experience/expertise-based recommendations detailing current state-of-the-art meas-
urement and analysis approaches for the active stand test, focusing on beat-to-beat BP technologies. This information is
targeted at those interested in performing and interpreting the active stand test to current international standards.

Results This paper presents a practical step-by-step guide on (1) how to perform active stand measurements using beat-to-
beat continuous blood pressure measurement technologies, (2) how to conduct an analysis of the active stand response and
(3) how to identify the spectrum of abnormal blood pressure and heart rate responses which are of clinical interest.
Conclusion Impairments in neurocardiovascular control are an attributable cause of falls and syncope across the lifespan.
The simple active stand test provides the clinician with a powerful tool for assessing individuals at risk of such common
disorders. However, its simplicity belies the complexity of its interpretation. Care must therefore be taken in administering
and interpreting the test in order to maximise its clinical benefit and minimise its misinterpretation.

Keywords Active stand - Continuous blood pressure - Orthostatic hypotension - Falls and syncope - Autonomic dysfunction
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Introduction

An average adult stands approximately 50-60 times per
day [1, 2]. Cardiovascular responses evoked during active
standing provide a simple means of assessing short-term
neural and cardiovascular function across the lifespan [3,
4]. While head-up tilt testing (HUT) can also be used to
assess orthostatic responses in the clinic [4, 5], our focus
here is on the first 3 min of the active stand response,
since it is a convenient, provocative test that mimics daily
activities.

The active stand is used clinically to assess the spec-
trum of abnormal cardiovascular responses to standing
[3, 5, 6] and to evaluate variants of orthostatic hypoten-
sion (OH) [7], orthostatic hypertension (OHTN) [8-10],
causes of unsteadiness and orthostatic intolerance [3, 4],
(pre-)syncope [4], autonomic (dys)function [6, 11] and
postural orthostatic tachycardia syndrome (POTS) [12].
Active standing may also be used to evaluate the presence
of POTS or delayed OH. Under that circumstance, the test
duration should be extended to at least 10 minutes.

Emerging research indicates that impaired active stand
responses (asymptomatic or symptomatic) are risk factors
for injurious falls [13—16], depression [17, 18], cognitive
dysfunction [19-23], incident cardiovascular disease, heart
failure [24], stroke and mortality [25-27], underscoring
the importance of the availability of this measure. Taken
together with the growth in the number of methods to
measure continuous beat-to-beat non-invasive blood pres-
sure (BP) and heart rate (HR) in clinical and daily living
conditions [28, 29], it likey that assessment of the hemo-
dynamic response to active standing will be of increasing
importance.

While intermittent auscultatory or oscillometric blood
pressure measurements have been used in screening for
sustained OH, continuous non-invasive measurement
of finger arterial pressure (FinAP) is now the preferred
approach for evaluating the active stand response and iden-
tification of OH and all its variants [3, 4, 6]. However, no
practical guidelines detailing optimal testing protocols and
analysis are available for beat-to-beat approaches in this
field. In particular, explicit protocols, that assist in meas-
urement and analytical steps required to apply beat-to-beat
technologies are lacking. This is reflected in the variability
in testing and analysis approaches reported in the literature
[7, 22,27, 30, 31], hindering the clinical utility of the test,
its standardisation and broader adoption, and the compa-
rability of past and future research.

Our aim here is to present the reader with a practical
guide, based on our combined clinical and research expe-
rience in the evaluation of autonomic disorders, which
details (1) how to perform active stand measurements,
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with a focus on using beat-to-beat BP measurement
approaches, and (2) how to analyse these beat-to-beat
active stand responses. We complement this with back-
ground information to help the reader better understand
the principles of suggested technical approaches so that
they can be applied in an informed manner.

Methods

This paper provides a set of experience/expertise-based rec-
ommendations detailing current state-of-the-art measure-
ment and analysis approaches for the active stand test. This
information is targeted at those interested in performing and
interpreting the active stand test in line with current interna-
tional standards, including geriatricians, neurologists, cardi-
ologists, clinical nurse specialists, allied health professionals
and researchers. Our aim is to foster greater standardisation
across clinical practice (and research), thereby improving
the comparability and clinical utility of this test. To further
assist, we provide detailed supplementary standard operat-
ing procedures to support those individuals carrying out the
specifics of this test.

Traditional arm-cuff and beat-to-beat BP approaches are
complementary, with beat-to-beat approaches providing an
extension of the traditional method of classical OH detec-
tion and enabling the detection of further subtypes of OH.
Both approaches have their advantages and disadvantages
(see Table 1). Traditional arm-cuff-based measurements are
suited to screening for classical OH in the community and/or
non-specialist settings, being simple and relatively low-cost
to administer, but are unsuitable for capturing fast transient
cardiovascular responses which characterise other important
variants of OH and related autonomic disorders. Beat-to-
beat approaches are now the preferred option for evaluating
such conditions. The primary focus here will therefore be
on measurement and analysis of the active stand test using
these modern beat-to-beat BP measurement approaches.
This approach can also be easily adapted for performing a
simplified screening test using traditional arm-cuff methods.

Initially, we provide a high-level overview of the process
of measurement and analysis of the active stand response.
Where appropriate, we then guide the interested reader to
detailed online supplementary information including stand-
ard operating procedures for both beat-to-beat and arm-cuff-
based approaches.

The paper is structured as follows:

1. Overview of the spectrum of haemodynamic responses
to active stand

2. Testing environment, measurement technology, pre-test
setup

3. How to perform an active stand measurement
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Table 1 Comparison of continuous beat-to-beat finger arterial blood pressure (BP) measurements and traditional arm-cuff-based approaches for

capturing the spectrum of active stand responses

Modern continuous beat-to-beat FinAP approach

Traditional arm-cuff approaches

Advantages Advantages

Captures fast transient beat-to-beat information in

real time Simple to perform
Preferred by syncope and autonomic function Easy to interpret
specialists Failure rate is low

Accurately tracks changes in arterial BP

Provides complete information about underlying
haemodynamics (HR, SV, TPR)

Can be used to identify classical OH, initial OH,
delayed recovery, orthostatic hypertension
(OHTN), delayed OH, vasovagal syncope, carotid
sinus syndrome, POTS

Can be used to educate patients about their condi-
tion and teach patients physical counter manoeu-
vres with biofeedback

Can be combined with traditional arm-cuff
approaches, e.g. oscillometric approaches to
calibrate systems

Compensates for hydrostatic errors due to arm
position

New techniques for more convenient measurement
of beat-to-beat BP are continually emerging, with
the size of these devices shrinking

Can be synchronised with other measurements

FinAP pressure levels lie between invasively meas-
ured pressures and auscultatory pressures

FinAP measurements remaining accurate at low
pressures

Portable
Easy to maintain

Disadvantages Disadvantages

Operator training required

BP values with FinAP may deviate from oscil-
lometric values (but beat-to-beat changes in BP
closely follow changes in intra-arterial BP)

Device takes longer to set up and start

Sensitive to movement artefacts

Interpretation and troubleshooting more challeng-
ing with more information to interpret, requiring
experience and training

Device is expensive, larger, non-portable, depend-
ent on electrical power

Significant maintenance required

occur

Relatively low cost
Serial measurements possible

Oscillometric approach is clinical standard worldwide*

Can be used to identify classical OH, orthostatic hypertension (OHTN), delayed OH, POTS

Operator training required

Only suited to steady-state measurements

Takes 30-45 s per measurement

Not suitable for detection of initial OH, delayed recovery, POTs, delayed OH, vasovagal
syncope, carotid sinus syndrome

No information about haemodynamics (HR usually reported)

Inappropriate use and misinterpretation during transient measurement conditions can easily

Arm position- and cuff-size-dependent

Significantly affected by arrhythmias and motion artefacts

Setup crucial for maintaining accuracy

Overall accuracy debated, especially during rapid repeated measurements

Uncomfortable for some patients

Older technology

HR heart rate, SV stroke volume, TPR total peripheral resistance, OH orthostatic hypotension, POTS postural orthostatic tachycardia syndrome

*An upper-arm-cuff and stethoscope blood pressure measurement is rarely used

4. How to analyse and interpret the active stand response

Spectrum of haemodynamic responses
to active standing

Figure 1 depicts a normal BP and HR response to active
stand and its key features. For a comprehensive review of the
underlying physiological mechanisms involved in the active

stand response, please refer to the companion article by van
Wijnen et al. [3]. Here we provide a synopsis only.

On active standing, a characteristic biphasic initial
(first 30 s) HR and BP response is observed. The initial
BP decline, reaching a minimum within 10 s of stand-
ing, is a reflection of a mismatch between an increase in
cardiac output resulting from leg muscle pumping and
abdominal compression, and instantaneous vasodilata-
tion in the active leg muscle [3, 6]. Short-term barore-
flex mechanisms result in quick increases in HR (within

@ Springer
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Active Stand - Key Features Extracted
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Fig.1 Blood pressure (top) and heart rate response (bottom) to
active standing identifying the key features of interest used to derive
clinical definitions in subsequent steps. Refer to Supplementary
Table 1 for full details of how these features are defined and calcu-
lated. a=supine SBP/DBP/HR average 60 to 30 s prior to standing
(see Sect. 2.2 for rationale); b=immediate BP peak; c=BP nadir;
d=BP overshoot; e, = steady-state values at n seconds after standing;

1-3 s), cardiac contractility (within 3-8 s), and peripheral
arterial and venous vasoconstriction (within 10-30 s),
leading to arterial BP recovery. In the majority of healthy
individuals, these compensatory mechanisms result in BP
re-stabilisation to supine values within 20-30 s [3]. The
biphasic BP and HR response on active standing is far less
or absent on passive tilting. At stabilisation approximately
500 ml of blood has been translocated to areas below the
heart and diaphragm [32].

Figure 2 illustrates the spectrum of haemodynamic
responses to active stand with the following abnormal
responses most commonly identified.

e [nitial orthostatic hypotension (IOH): IOH is defined as

a transient decrease in systolic BP (SBP) of >40 mmHg
and/or >20 mmHg in diastolic BP (DBP) within 15 s of

@ Springer

f=maximum HR; g=minimum HR; ASBP =difference between the
SBP/DBP baseline (a) and the nadir (c); HR,,, —HR_. =difference

max min

between maximum and minimum HR; HRR=speed of heart rate
recovery, i.e. HR;q—HR,y; #,=recovery time, i.e. the time taken for
the SBP/DBP to recover back to within a pre-determined fraction of
the baseline. Here it is depicted as the time taken to return to baseline
value

standing in the absence of sustained OH (Fig. 2b) [3, 5,
32].

e Delayed recovery: Delayed recovery has been defined
to date as the inability of SBP to recover to <20 mmHg
of supine baseline values at 3040 s after standing but
not meeting the criteria of classical OH (see below). The
delay can be considerable, but recovery occurs by defini-
tion within 3 min of standing (Fig. 2¢) [3, 7].

e Classical orthostatic hypotension (OH): Classical OH
has been defined as a sustained decrease of >20 mmHg
in SBP (or>30 mmHg in those with baseline hyperten-
sion) or > 10 mmHg (> 15 mmHg in those with baseline
hypertension) in DBP (or SBP <90 mmHg) occurring
between 60 and 180 s of standing (Fig. 2d) [3, 5, 7].

e Orthostatic hypertension (OHTN) This is the converse
of classical OH and is defined as a sustained increase
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of >20 mmHg in SBP or> 10 mmHg (or> 140/90 mmHg
if patient is normotensive supine). Sustained is defined
as occurring at all time points occurring 60—180 s after
the standing (Fig. 2e) [8—10].

e Postural orthostatic tachycardia syndrome (POTS): Sus-
tained tachycardia after standing > 30 bpm (> 40 bpm
in those aged < 18) over baseline or > 120 bpm with-
out concurrent OH. Sustained tachycardia after stand-
ing > 30 bpm (>40 bpm in those aged < 18) over baseline
or> 120 bpm without concurrent OH. A 10 min standing/
upright tilt recording is necessary to confirm and/or rule
out POTS (and delayed OH) definitively (Fig. 2f) [12].

Unsurprisingly given the natural underlying variability
in the autonomic nervous system, active stand HR and BP
responses demonstrate low to moderate test—retest reliabil-
ity (ICC=0.5-0.8), and relatively wide values of minimum
detectable change (25 mmHg SBP; 12-16 bpm HR) [33].
The nadir values (and derived changes from baseline) tend
to be the least reliable (ICC ~0.5), with more reliable val-
ues occurring later in the steady-state period of the stand
(ICC=0.8) [33, 34]. Applying the results of active stand
responses over longitudinal periods, for example in track-
ing treatment changes and/or disease progression, therefore
warrants careful consideration.

Testing environment and measurement
technology

Testing environment

In order to minimise stimuli affecting autonomic nervous
system function, the test should be performed in a quiet,
dimly lit room at a comfortable temperature maintained at
21-23 °C [6]. Higher temperatures can lead to vasodilation,
increasing the probability of OH, with colder temperatures
having the opposite effect.

Measurement technology: the FinAP method

The FinAP method enables continuous non-invasive BP
measurements and is based on pulsatile unloading of the
finger arterial walls using an inflatable finger cuff with
built-in plethysmograph [35]. The plethysmograph meas-
ures changes in arterial blood volume, and the inflatable
cuff pressure is controlled so that a constant arterial blood
volume is maintained (‘volume-clamped’) [29]. Non-inva-
sive continuous FinAP recordings are similar in appearance
to intra-arterial BP recordings and have been validated for
tracking orthostatic changes in BP, but these measurements
are not identical [35]. This is because arterial waveforms in
the finger differ from more central arteries.

@ Springer

Modern devices report the brachial pressure reconstructed
from the finger pressure, and correct for the above effects.
The accuracy of this approach is maintained by a combina-
tion of a dynamic set-point controller (Finometer, Nexfin
[36, 37], ClearSight, Nano systems all use ‘Physiocal’ [38];
Task Force monitor uses ‘VERIFI’ [39]), a height correc-
tion unit which counteracts hydrostatic pressure differences
between finger and heart, and reconstruction filters to trans-
form finger pressure to brachial pressure waveforms. Despite
these systems, systolic BP values in individual patients may
still deviate significantly (underestimate) from the ‘true’
intra-arterial (radial or brachial) values. Recent studies sug-
gest that reconstructed FinAP pressure levels lie between
invasively measured pressures and auscultatory pressures,
with FinAP measurements remaining accurate at low pres-
sures [40]. We therefore use the FinAP approach to measure
changes in BP specifically.

Proper use of the FinAP approach requires attention to a
number of key issues. At regular time intervals, the set-point
controller can lead to brief signal interruptions during criti-
cal time periods, such as nadir. These can be avoided by tem-
porarily switching the set-point controller off. We usually
leave this off for 1 min only, but no more than 3 min, as the
measurements may become unreliable after this period [40].
Peripheral BP is also affected by the vertical distance from
the measurement site to the heart, due to the mid-axillary
line (Fig. 3). The measurement arm is often supported by a
loose sling, which has the added benefit of reducing the like-
lihood of movement artefact contamination of the BP signal.

In patients with extensive vascular disease such as ath-
erosclerosis or systemic vasculitis, or conditions associated
with severe peripheral vasoconstriction (e.g. patients who
feel uncomfortable, feel peripheral cold, are nervous, are
in pain or under light anaesthesia), it is not always possible
to obtain a reliable registration of the continuous BP [35,
41]. Warming the hand with warm water, a warm cloth, or a

Height
Correction Unit
Computer
and Pump

G

Finger cuff at

Wrist worn unit
heart level

Fig.3 Active stand patient setup
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glove or mitten filled with warm water can improve measure-
ments in these situations [36] (see Supplementary Table 1).

Haemodynamic parameters such as stroke volume (SV),
cardiac output (CO), and systemic vascular resistance (SVR)
can also be derived from the measured BP waveforms (sam-
pled at 200 Hz, filtered between 0.01 and 100 Hz) using
mathematical estimates of these parameters [42, 43]. This
approach captures trend variations in CO and SVR, with
absolute values less accurate [37, 44], requiring calibration
with a suitable reference standard CO measurement tech-
nique (e.g. thermodilution, rebreathing, echocardiography,
MRI). All CO methods have large errors (approximately
20% when expressed as standard deviation/mean); however,
the errors in trend variations for Windkessel-based methods
are typically 10-30% [42, 43, 45].

How to perform an active stand
measurement

A graphical description of the protocol timeline typically
employed is shown in Fig. 4. In addition, an active stand
protocol video can be found at: https://youtu.be/NwWFi
el_ddU?t=397 (6:36-7:06). Supplementary Table 1 provides
detailed standard operating procedures to inform testing. See
Supplementary Table 2 detailing standard operating proce-
dures for arm-cuff-based approaches only [46].

Active stand indications

The active stand should be considered in patients with
recurrent symptoms associated with orthostasis, syncope
and pre-syncope [4], falls or unexplained falls [47], in the
investigation of autonomic function in peripheral auto-
nomic neuropathies, e.g. diabeteic neuropathy [48], central
and peripheral neurodegenerative disorders, as well as sus-
pected POTS [12]. It can be performed independently to

Active Stand Test
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Fig.4 Timeline of active stand protocol steps
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evaluate symptom reproduction, or as part of an autonomic
function test battery [6]. Additionally, it can be used to
evaluate the effectiveness of therapeutic interventions (e.g.
medication modifications, lifestyle interventions) when the
repeatability is carefully considered (see previous section
on repeatability) [4, 49] and for biofeedback-based patient
education, i.e. demonstrating the haemodynamic changes
associated with standing and physical counter manoeuvres
[50].

Active stand contraindications

Active stand testing is safe, with no known contraindica-
tions. Assistance with standing should be available for those
who are unsteady or at a risk of falls and should be super-
vised by qualified personnel who have been trained in active
stand procedures and in managing any safety issues/clini-
cal events that arise (e.g. CPR-trained, trained in managing
syncopal events). While very rare in our experience, some
patients may be unable to stand (e.g. due to severe mobility
issues). In these rare situations, a short HUT test (3—5 min)
is used to ascertain HR and BP responses to orthostasis [4,
5]. The HUT response can be used to diagnoses classical
OH since the steady-state BP and HR responses are simi-
lar to the active stand. It can also be used for identification
of POTs, vasovagal syncope and delayed OH. However,
since the initial HR and BP transient is absent and/or much
attenuated [51] during HUT it is not suitable for identifying
initial orthostatic hypotension (IOH), delayed BP recovery
and indices of autonomic dysfunction that rely on the initial
transient HR response to standing (e.g. speed of heart rate
recovery (HRR), HR . — HR ., HR . /HR . Ewing’s
30:15 ratio) [3]. Ultimately these two methods for assess-
ing orthostatic intolerance (or tolerance) can be considered
complimentary.

Patient preparation

Patients are typically required to fast (minimum 2 h after
the last meal) before testing to avoid the confounding effects
of postprandial hypotension [52]. Testing in the morning is
preferable, since test sensitivity is increased, and also vol-
ume depletion-related OH more likely [5] and fasting
more easily achieved. Factor that affect test performance
include time of day [6, 53-55], caffeine, nicotine intake
(withhold for 3—4 h), alcohol, taurine-containing beverages,.
e.g. Red Bull (withhold for 8—12 h) [56]. and vigorous exer-
cise (avoid for 12 h) [57, 58], These should be controlled
where repeatability (see previous section on repeatability) of
testing is of importance, e.g. evaluating the effects of treat-
ment or in research setting.
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Medications

Medications affecting the cardiovascular and autonomic
nervous system, particularly antihypertensive drugs and
those likely to affect intravascular volume, should be noted.
For purposes of initial test interpretation, it is best to con-
tinue the medications that the patient was taking when
symptoms occurred, although modification (withdrawal) of
culprit medications is a frequent intervention for observed
OH, syncope and falls and to assess disease state, and may
be required for specific research protocols [4].

Instructions and setup

Prior to testing, the procedure is explained to the patient.
Particular attention is drawn to instructing participants to
avoid unnecessary movement and talking throughout test-
ing, since changes in intrathoracic pressure or external pres-
sures on the finger cuff or arm movement can influence BP
waveform measurement accuracy. During this setup period,
patient history of orthostatic symptoms can be recorded.

The patient should sit upright on a standard clinical exam-
ination table or tilt-table style bed while the FinAP system
(and traditional arm cuff) is attached as per manufacturer
guidelines. Sitting during setup helps to ensure that the dura-
tion of lying can be maintained to within 5-10 min. Alterna-
tively, some units perform a practice stand for the purposes
of test familiarisation and controlling the duration of lying.
Both of these approaches may not always be possible in a
busy clinical environment, and instrumentation may be more
convenient to perform in the supine position. In this case
duration of lying should be controlled to 5-10 min (see next
section). It is essential that finger cuff (and arm cuff) size
selection is appropriate for each patient to maximise meas-
urement accuracy. The height correction system should be
nulled and securely fastened at heart level (the fifth intercos-
tal space (mid-sternum) in the mid-axillary line) and on the
finger cuff, with the measurement arm supported by a loose
sling (see Fig. 3). The calibrating arm cuff should be placed
above the elbow at the level of the heart (on the contralateral
or ipsilateral side depending on the system employed). A
separate ECG system may then be applied to record leads I,
II and III and derive the RR interval or HR variability.

Supine baseline measurements

After setup, the patient is asked to lie supine for 5-10 min,
with the FinAP system turned on at the beginning of this
supine period. This allows for adequate cardiovascular sta-
bilisation [59]. A 5-min rest period is considered sufficient
to achieve stable baseline BP values, since there is little dif-
ference in the initial nadir after supine rest between 5 and
10 min, while a very short (<5 min) period could lead to
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an unstable baseline, and very long periods of supine rest
(> 10 min) may lead to larger initial BP drops [60].

At this stage, all effort should be made to ensure that
the recorded BP is stable and that the set-point controller
interval reaches > 30 beats and system calibration is per-
formed using arm-cuff BP measurements. This reduces the
likelihood of artefacts during standing. Note that this rest-
ing period can be used to identify supine hypertension and
derive 5-min resting measurements of BP and HR variability
(BPV and HRV), which are markers of global autonomic
(dys)function [61]. From this resting data, it is also possible
to derive spontaneous resting baroreflex sensitivity measures
[62], which are used to indicate the integrity of short-term
baroreflex HR control. Ninety seconds prior to standing,
a standard oscillometric or auscultatory BP measurement
on the contralateral arm should be taken to assess absolute
baseline BP values.

Standing measurements

After rest, patients are asked to stand up as quickly as pos-
sible during inspiration (where possible) to minimise strain-
ing and arm movement, which can be achieved by asking
patients to neither hold their breath or strain. Just prior to
standing (—30 s), the set-point controller should be switched
off to avoid signal interruption/loss during large initial BP
transients. Should signal loss occur it is can be necessary to
repeat the stand.

Some centres pre-empt the stand using a countdown pro-
cedure of 5—4-3-2—-1, while others use a verbal command.
The stand time (i.e. the time at which the patient begins to
move by lifting their torso) must then be accurately marked.
This can be achieved using a manual event mark or an auto-
mated approach such as bed-based pressure sensors. The
stand can be timed with a stopwatch if using a traditional
arm-cuff system for screening. Standing typically takes <3 s
for younger, healthier subjects, while frail adults may take
longer, with assistance often necessary. Individuals are asked
to remain standing unaided for 3 min. After 1 min standing
(and BP has sufficiently stabilised), the set-point controller
should be turned back on. If this results in a significant BP
correction (> 10 mmHg change), the BP values during this
set-point controller ‘off” period should be interpreted with
caution. A repeat measurement may be required to authen-
ticate the quality of the recording in this case. At this time
point (1 min), an arm-cuff measurement should be taken
if a screening test is being performed. After 3 min, a final
brachial arm-cuff BP measurement can be taken. Patients are
then asked to sit or lie down to allow BP to return to baseline
(usually this is for 1 min). In instances where delayed OH
and/or POTs is suspected, the active stand can be prolonged
to 5—-10 min to increase its sensitivity to these conditions.

Timing of the symptoms should be marked in real time
using suitable event markers. Patients are asked to describe
their symptoms using a grading system (mild, moderate,
severe) at 1 and 3 min after standing (see Supplementary
Appendix 1 on Symptom Assessment). All talking by the
patient should be avoided during the testing where possible
especially during the transient changes with symptom cue
cards used to minimise talking (see Supplementary Appen-
dix 2 for sample cue cards). Testing is terminated by the
operator if pre-syncope/syncope ensues or if an individual
cannot stand for the full duration of the test.

Signal quality assessment

A signal quality checklist (see Supplementary Table 1
Sect. 8) can be employed to assist in optimising quality or
in identifying reasons for suboptimal-quality records [46].
Additionally, regular feedback and discussions focused on
signal quality improves knowledge, experience and quality.
Training can also target troubleshooting ‘difficult’ record-
ing situations, e.g. making measurements in those with
poor peripheral circulation due to cold fingers, Raynaud’s
syndrome, heavy smokers, those with exceptionally thin/
short fingers, arthritic fingers, Parkinson’s disease (which
can cause rigidity and/or excessive tremor), or peripheral
artery disease [36, 63]. These patients are of greatest clinical
interest but are also difficult to obtain good-quality record-
ings in, and thus clinicians must be prepared to deal with
these technical challenges. See Supplementary Table 1 for
troubleshooting tips in these challenging cases.

Operator training

Training of operators should be performed under the super-
vision of an experienced operator until proficiency in test-
ing and troubleshooting common problems is achieved. In
our experience, training for 30—50 stands provides sufficient
experience for an operator to work independently.

Of paramount importance is the recognition of common
quality and BP waveforms issues [64]. Continual quality
assessment is a particularly important part of the methodol-
ogy which is often left unaddressed in the literature. During
training, particular attention should be focused on:

1. Identification of stable, high-quality BP records which
are free of artefacts when recording baseline and tran-
sient BP measurements.

2. Ensuring the height correction unit is properly attached
and zeroed before the test commences.

3. Recognising and minimising motion and external pres-
sures being applied to the finger pressure cuff during
standing, as this often leads to over-reading and signifi-
cant artefacts during the active stand.
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Fig.5 Active stand data analysis process

4. Accurate marking of events and recording of symptoms.

How to analyse and interpret the active
stand response

Specific details and standardisation are often lacking in the
literature surrounding active stand data processing using
beat-to-beat responses. This section provides an overview
of this process (see Fig. 5 and [64] for more detail). Ulti-
mately, the goal of this process is to extract features from
the beat-to-beat and filtered responses which are repre-
sentative of the BP and HR patterns of primary clinical
interest.

Analysis requires the following steps: (1) data pre-
processing and filtering, (2) feature extraction and (3)
determining clinical definitions. Each of these steps can
be easily performed in manufacturer-supplied clinical
software such as NOVAScope or Nexfin@PC, or a stand-
ard data analytics package such as MATLAB®. While the
manufacturer software is designed for clinical use, further
expertise in biomedical engineering and/or advanced data
analysis is recommended if analysing very large databases.
These steps are not required if using traditional arm-cuff
measurements, since filtering and analysis is performed
automatically.
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Data preprocessing and filtering

Prior to determining the clinical features of importance, a
number of preprocessing steps must be performed, including
stand time determination, data quality assessment, artefact
rejection and filtering.

Accurate extraction of the stand time is important, since
some clinical features of interest rely on the time after stand
[3, 13, 64]. Stand time is defined as the moment when the
patient lifts their upper torso off the bed and is usually iden-
tified using a manual or automated event mark. Additional
sensor data can also be used to detect the start of the stand
(e.g. height correction unit, bed occupancy pressure sensors,
initiation of HR and BP transients during standing) [64].

The next step is to identify poor-quality waveform data
(similarly to ECG analysis). Recognition of these abnormali-
ties can be performed by scanning baseline and pre-stand,
the transition (first 30 s) and standing steady-state (30—180-
s) periods. Specific noise sources of note include motion
artefacts, calibration artefacts (‘Physiocal’ or brachial-cuff
calibration), the height correction unit has fallen off or is
inappropriately connected, misidentification of beats (e.g.
large reflected waves may be misreported as a beat), pulse
pressure dampening (low pulse pressure <20 mmHg), signal
oscillations (due to inappropriate cuff fit), and indications
of difficulty in finding a set-point like frequent and/or long
staircases in Physiocal. The presence of arrhythmias may
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appear similar to a non-physiological source of artefacts. It
is recommended also to monitor the height correction unit
signal to identify large unwanted motion artefacts/fast arm
movements.

While clinical software does not explicitly allow the
removal of artefact beats, application of basic filtering
approaches is often sufficient to minimise their effects [7,
26, 64]. Shorter time windows (+1-s averages) are recom-
mended if beat-to-beat values are of most interest (e.g. nadir/
peak HRs) [64] in the presence of noise. A +5-s averaging
method as described by van der Velde et al. [65] is appropri-
ate when interested in slower BP recovery patterns, which
are dominated by slower (=10 s) baroreflex-driven sympa-
thetic modulation of arterial [3, 27, 66] BP and venous tone
(~30 s [66]). In more severe cases of artefact, beat removal
and interpolation may be required prior to filtering. This
advanced analysis requires signal processing expertise.

The presence of frequent ectopic beats, atrial fibrilla-
tion or other rhythm disturbances makes interpretation of
the active stand challenging, since it may mask the overall
response pattern (see Fig. 6). These arrhythmias increase the

beat-to-beat variability of the BP and HR signals but reflect
the true physiological state of the patient [67]. In our experi-
ence, applying a 5—7-beat moving average filter can assist in
visually identifying the underlying active stand responses of
interest, i.e. delayed recovery, classical OH, and enables a
full analysis to be completed. However, it should be noted
that measuring specific beat-to-beat changes in HR or BP
(e.g. maximum HR change or nadir) may be underestimated
when filters are applied, and so any analysis should note the
level of filtering incorporated to aid interpretation.

Clinical feature extraction

Since the original definitions of OH were based on the oscil-
lometric approach, beat-to-beat definitions of impaired BP
and HR responses to standing are less standardised in the
literature [5]. Here, to guide this process, we propose to
invoke tools from systems and control theory and analysis
which are suitable for capturing the majority of BP and HR
responses that are of primary clinical interest [68]. This ana-
lytical framework is flexible and can be extended to describe

Active Stand in a Patient with Atrial Fibrillation
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Fig.6 Systolic (red) and diastolic (blue) blood pressure (top) and
heart rate response (bottom) to active standing in an individual with
atrial fibrillation (AF), where the dashed lines indicate the unfiltered
beat-to-beat values, while the solid lines depict the filtered responses
(+2.5-s moving average filter). Arrhythmias such as atrial fibrillation
are physiological noise sources, i.e. the high variability is physiologi-
cal. However, this masks the overall BP and HR response, making it

difficult to identify the blood pressure response pattern, the nadir val-
ues and time to recovery. Applying a +2.5-s moving average window
here clarifies that the blood pressure pattern during active stand looks
to be a borderline case, i.e. a normal initial blood pressure drop, with
normal to mild delay, taking approximately 30 s to recover to base-
line. Despite filtering, it remains difficult to characterise the heart rate
response in those with AF
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further patterns which may be of future clinical interest, such
as increased BP variability during standing [9, 69].

Visual assessment of patterns

Figure 1 describes the key BP and HR patterns of interest.
The first goal of interpretation should be to recognise three
key periods of the response, i.e. baseline, initial transient and
early standing steady-state periods, and how they deviate
from a normal response. This will help prevent misinterpre-
tation of the numerical values extracted at the next stage of
analysis. The presence/absence of significant oscillations/
variability and any periods of artefacts can also be noted
at this stage. If the baseline is normotensive, the initial BP
drop is small, the transient period is complete within 20 s,
and steady-state values are similar to normotensive base-
line, then a normal response is likely. This first ‘eyeballing’
evaluation should then enable an initial classification of the
response as a normal or abnormal response (or other).

BP and HR feature extraction

Figure 1 depicts the key features used to characterise the
beat-to-beat BP and HR responses. Please refer to Supple-
mentary Table 3 for the specific definitions of each of these
points. Firstly, the baseline is derived as the mean of values
occurring 60 to 30 s prior to standing. This value minimises
the influence of the anticipatory rise and movement artefacts
on subsequent drops [3, 64] and is used to identify the pres-
ence of supine hypertension. Secondly, the beat-to-beat val-
ues (used in defining IOH, HR;,, HR,,) which fall within
the first 30 s of standing can be easily measured using the
measurement tool of the manufacturer-supplied software. If
noisy data are present, consider using a +1-s moving aver-
age filter to measure the beat-to-beat parameters. Once these
initial points are measured, turn on the +5-s moving average
filter and record the steady-state values at 30-s intervals.
These can then be used for identifying delayed recovery and/
or sustained OH and the supine baseline values.

These values can also be used to derive other measures
that assess the integrity of the autonomic nervous system
including HR recoverability measures (e.g. speed of heart
rate recovery (HRR), HR, .. — HR;,, HR,,./HR ;, Ewing’s
30:15 ratio) and baroreflex sensitivity measures (e.g. delta
HR/delta SBP). The later may also be useful in differentiat-
ing between neurogenic and non-neurogenic causes of OH
[70].

min

Determining the clinical classification
Once the key features have been calculated from the

response, these values can be used to numerically confirm
the clinical definitions of interest, i.e. normal BP and HR
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recovery, IOH, delayed BP recovery, classical OH and
POTS. Table 2 contains definitions that apply criteria to
beat-to-beat data for commonly identified responses of
clinical interest (Fig. 2). The presence of an impaired HR
response to standing in the presence of OH can also enable
identification of neurogenic OH. Supine baseline BP values
can also be used to identify if the patient has coexisting
supine hypertension. These definitions can also be com-
bined with symptom assessment to identify whether the
active stand response is symptomatic or asymptomatic (see
Supplementary Appendices 1 and 2), with recent evidence
suggesting that symptomatic OH at 30 s after standing has
prognostic value in predicting the development of depression
in older adults [18]. Note that if using a traditional arm-cuff
approach, only the definitions of OH, OHTN and POTs can
be applied (Table 2).

Conclusion

Impairments of neurocardiovascular control are an attributa-
ble cause of instability, falls and syncope across the lifespan.
The simple active stand test coupled with non-invasive beat-
to-beat continuous blood pressure measurement provides
the clinician with a powerful tool for assessing individuals
at risk of such common disorders. However, its simplicity
belies the complexity of the underlying neurocardiovascular
responses observed during standing. Care must therefore be
taken in administering and interpreting the test to maximise
its clinical benefit and minimise its misinterpretation. This
paper presents a clear and concise protocol and analysis
procedure to assist with operationalising procedures for the
active stand test and symptom capture. This should foster
better harmonisation and standardisation of clinical practice
and research studies, and thus improve the comparability and
clinical utility of the test.
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