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Abstract

Orthostatic hypotension (OH), a common, often overlooked, disorder with many causes, is
associated with debilitating symptoms, falls, syncope, cognitive impairment, and risk of death.
Chronic OH, a cardinal sign of autonomic dysfunction, increases with advancing age and is
commonly associated with neurodegenerative and autoimmune diseases, diabetes, hypertension,
heart failure, and kidney failure. Management typically involves a multidisciplinary, patient-
centered, approach to arrive at an appropriate underlying diagnosis that is causing OH,

treating accompanying conditions, and providing individually tailored pharmacologic and non-
pharmacologic treatment. We (i) propose a novel streamlined pathophysiological classification
of OH; (ii) review the relationship between the cardiovascular disease continuum and OH; (iii)
discuss OH-mediated end-organ damage; (iv) provide diagnostic and therapeutic algorithms to
guide clinical decision making and patient care; (v) identify current gaps in knowledge and try to
define future research directions. Using a case-based learning approach, specific clinical scenarios
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are presented highlighting various presentations of OH to provide a practical guide to evaluate and
manage patients who have OH.

Keywords

orthostatic hypotension; cardiovascular autonomic dysfunction; case-based evaluation;
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Introduction

Chronic orthostatic hypotension (OH) is a common, often underdiagnosed, disorder, defined
by an excessive fall in blood pressure (BP) with standing. OH can be associated with
postural lightheadedness, dizziness, fatigue, “coat hanger” pain, and, in extreme situations,
syncope, falls, and injuries. OH is associated with increased risk of cardiovascular (CV) and
total mortalityl=4. Management requires recognition, focused diagnostic testing, treatment
of comorbidities, removal of iatrogenic factors, and initiation of effective therapies®. OH
can be disabling and difficult to treat, especially in elderly patients with concurrent supine
hypertension®>.

In this state-of-the-art review, we (i) consider a novel, streamlined, pathophysiological
classification of OH; (ii) review how cardiovascular disorders interact with and result in

OH; (iii) discuss OH-associated end-organ damage; (iv) provide diagnostic and treatment
algorithms to guide clinical decision making and patient care; (v) identify gaps in knowledge
and define future research directions. Using a case-based approach, we present clinical
scenarios that provide a practical guide for evaluation and management of OH.

Definition
Classical OH is present when a sustained reduction of systolic blood pressure (SBP) =20
mmHg or diastolic blood pressure (DBP) 210 mmHg within 3 minutes of active standing or
on a head-up tilt test >60°6-8. Variants of OH include smaller, but symptomatic, reduction
in SBP when the supine SBP is low (90-100 mm Hg) but drops well below this!. Moreover,
in patients with supine hypertension, higher diagnostic thresholds, i.e. SBP/DBP decline
>30/15 mmHg® may be more appropriate because the magnitude of the orthostatic BP fall
depends upon baseline BP.

Epidemiology

The prevalence of OH in the general population is strongly correlated with age, ranging from
<5% below age 50 to 20% above age 70%19. Comorbidities associated with, or causal of, OH
include neurodegenerative diseases (Parkinson’s disease, pure autonomic failure, multiple
system atrophy and autonomic neuropathies) 2:11-14 hypertension®1516  heart failurel’18,
diabetes1219-22 and renal failure2324, Most patients in population-based and interventional
studies where OH is diagnosed commonly during screening are asymptomatic or have minor
symptoms, as seen, 22-27, The magnitude of the systolic BP fall and the lowest upright
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systolic BP may not correlate with symptoms 28, Differences in symptoms may relate to
cerebral autoregulatory function and rate and degree of BP drop as well as the nadir in BP.

As a neurodegenerative process is often associated with OH, other autonomic abnormalities
may be present (e.g., constipation, sweating abnormalities, erectile dysfunction, urinary
retention). Parkinson’s disease (PD) or diabetes may be obvious and apparent, predating
OH, but, also, only discovered subsequently. However, OH may be the first indicator of a
progressive, otherwise undiagnosed, neurodegenerative process.2°.

Increasing evidence indicates that OH, asymptomatic or not, is associated with increased
risk of death, incident coronary heart disease, heart failure, and stroke30-32, Notably,

OH confers a higher relative risk in younger patients (<65 years) versus older
patients26:30, OH is associated with risk for atrial fibrillation3334 and hypercoagulable
states32:36, both subsequently associated with elevated risk of cardioembolic stroke and
unfavorable structural heart adaptations3”=40 It is an independent risk factor beyond
associated concomitant and/or causal conditions (neurodegenerative diseases, diabetes or
hypertension)3L. (Figure 1)

Aside from increased CV risk, OH in patients with heart failure has a negative impact on
symptoms and activity level and increases risk of falls, cognitive decline and mortality*L.
CV autonomic dysfunction in those with impaired orthostatic BP responses predicts or
is associated with kidney failure2342, chronic obstructive pulmonary disease2:43, falls,
fragility fractures444-46 and dementia?247:48, (Figure 2)

In patients with neurogenic OH, the risk of all-cause mortality is much greater than in those
patients with non-neurogenic OH. A small longitudinal study of patients with neurogenic
OH reported a 44% mortality rate over an average of 30 months of follow up*®. Similarly,

a 10-year follow-up study of patients with predominantly neurogenic OH identified >60%
10-year mortality rates??.

Pathophysiology

Circulatory homeostasis in humans relies on cardiovascular reflexes controlled tightly by
the autonomic nervous system>%. Upon standing, ~500-1000 ml of blood shifts from

the central intravascular compartment to peripheral predominantly venous (*“capacitance”)
vasculature (lower extremities and splanchnic bed) reducing venous returnl. Under normal
conditions, there is a slight increase in heart rate with associated venoconstriction and
arteriolar constriction preserving systolic, but slightly increasing, diastolic BP°1, effective
venous return and maintaining cardiac output. OH reflects failure of the homeostatic reflex
autonomic response to postural change at many potential levels (baroreceptors, autonomic
afferents, central processing, autonomic efferents, and peripheral sympathetic receptors)
1,213 (Figure 3)

With cardiovascular autonomic nervous system dysfunction, BP can decrease upon standing
with resultant hypoperfusion of the upper body and brain®2-3, Autonomic nervous system
dysfunction may be present in patients with PD and other a -synucleinopathies, such

as, dementia with Lewy bodies, multiple system atrophy and pure autonomic failure, in
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which, accumulation of misfolded phosphorylated a-synuclein in neurons and glial cells
may occur®®. In PD, with predominant peripheral noradrenergic sympathetic denervation,
baroreflex dysfunction, chronotropic incompetence, vascular tone dysregulation and altered
inotropic efficiency may ensue.

Relationship of blood pressure to heart rate

The hemodynamic responses to changes in posture result in maintained stable SBP,
accompanied by increased diastolic DBP of 10-15% (i.e., 5-10 mmHg in normotensive
individuals), and increased pulse rate of 15-30 % (i.e., 5-15 beats per minute (bpm)>L. By
measuring change in heart rate (AHR) and change in supine (and/or seated) to standing SBP
can differentiate neurogenic from non-neurogenic OH; neurogenic OH is associated with
blunted compensatory HR increase (AHR <15 bpm)24.

Conversely, individuals with non-neurogenic OH will typically demonstrate AHR =15

bpm within 3 minutes of standing. Monitoring postural AHR for diagnostic purposes
requires consideration of possible confounders, such as, cardioactive medications or intrinsic
cardiac rhythm disturbances (sick sinus syndrome, other bradyarrhythmias, or pacemaker-
dependency) preventing compensatory HR increase during postural change®®.

Neurogenic OH can be diagnosed accurately by measuring the ratio of the HR increase
and dividing it by the fall in SBP (AHR/ASBP) to provide a marker of cardiac baroreflex
gain. A AHR/ASBP ratio <0.5 bpm/mmHg after 3 minutes standing indicates a diagnosis
of neurogenic OH and discriminates neurogenic OH from non-neurogenic OH with
significantly better sensitivity than AHR aloneS.

Clinical Presentation

Symptoms due to drop in SBP are only seen in a fraction of those with OH28, Whether

the patient experiences symptoms is as much dependent on the rate of decrease as upon

the absolute degree of change in cerebral perfusion pressure®3. As cerebral autoregulation
can compensate for wide swings in blood pressure and blood flow, major changes may

be required for symptoms to occur. What has not been carefully evaluated is disruption in
cerebral autoregulatory processes that may be present in those with OH. Further, symptoms
may be due to pulmonary hypoperfusion, causing orthostatic dyspnea, myocardial ischemia
causing orthostatic angina and musculature hypoperfusion distribution of the trapezius
muscle causing “coat-hanger” pain.

Symptoms are more common and severe early after awakening; patients are most
symptomatic at this time because of natriuresis and intravascular volume loss overnight

- and are typically exacerbated by conditions predisposing to peripheral venous pooling

and dehydration, such as, aging, heating, fever, alcohol drinking, urination, post-exercise,
initiation/intensification of antihypertensive treatment, deconditioning and immobilization®”.
Despite this, most remain asymptomatic or have nonspecific symptoms, accounting for the
high rate of unrecognized cases®8. Clinical scores, such as the Orthostatic Hypotension
Questionnaire® (Supplemental Table 1), may help but no scoring approach has been
generally accepted.
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Based on existing definitions of OH, and our real-world experience with patients presenting
with orthostatic intolerance, OH can be classified into 4 functional classes, according to

the severity and frequency of symptoms 1. This functional 4-stage classification is useful
clinically to describe the extent of symptoms and when to start pharmacological treatment,
but it has not yet been shown to relate to prognosis or magnitude of OH.

In functional class I, patients are asymptomatic but occasionally show symptoms of
orthostatic intolerance, including, syncope, and unexplained falls. In functional class I,
symptoms occur weekly or monthly, with overall mild to moderate limitations of daily
living. Functional class Il is characterized by more severe and frequent symptoms with
marked limitation in daily living activities. In functional class 1V, severe symptoms

persist daily, leading to recurrent syncope and disability, if untreated. The pharmacological
treatment is recommended in class I11-1V, whereas non-pharmacological interventions
should be applied earlier (please, see Treatment chapter, page, and Supplemental Figure

).

Classification of Orthostatic Hypotension

We propose a novel classification of OH intended to categorize multiple clinical conditions
into three groups based on the predominant underlying pathophysiological mechanism.
Accordingly, OH can be divided into neurogenic, cardiogenic, and mixed forms. Figure 4
details the etiologies included in each group.

Neurogenic OH

Neurogenic OH can be primarily due to central neurodegenerative disorders, such as,
a-synucleinopathies (multiple system atrophy, PD or dementia with Lewy bodies) or
secondary to peripheral autonomic neurodegeneration (e.g., pure autonomic failure, or
peripheral neuropathies as might be seen in patients with diabetes). Neurogenic OH is
characterized by a failure to release adequate peripheral norepinephrine leading to impaired
systemic vascular tone.

Cardiogenic OH

Mixed OH

Cardiogenic OH, featuring low cardiac output as the underlying predominant mechanism,

is due to conditions affecting, preload (e.g., volume loss, impaired venous return,

venous pooling, left ventricular stiffness, pulmonary hypertension), afterload (hypertension),
contractility (e.g., left ventricular dysfunction, amyloid) and/or chronotropy.

Mixed OH encompasses conditions characterized by low systemic vascular resistance

and low cardiac output. These conditions share common pathways promoting changes
affecting structural and functional components of the autonomic nervous system and the
CV system, eventually compromising orthostatic hemodynamic homeostasis and triggering
compensatory neuroendocrine mechanisms and possibly other biologic effectors.
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Risk modifiers

Clinical factors and conditions modifying risk of onset/recurrence of OH, possibly
enhancing the severity of symptoms, is listed in Figure 4.

OH can be further classified 0

- according to timing of occurrence during orthostatic stress, as /nitial, classic, delayed or
postprandial OH;

- according to BP components, as isolated systolic OH, isolated diastolic OH, or combined
OH;

- according to the clinical course;
- according to symptoms;

- according to the etiology.

OH Variants: initial, delayed, postprandial

Several variations in BP drop can cause symptoms of orthostatic intolerance deserving of
specific notice, including /nitial, and delayed OH and postorandial hypotensior-51-64,

Initial OH features an exaggerated abrupt decrease in BP (>40 mmHg SBP and/or >20
mmHg DBP) occurring within 15-30 seconds upon standing due to transient mismatch
between cardiac output and systemic vascular resistance. It is associated exclusively with
active standing, whereas drop in BP during passive tilting is significantly smaller or, in many
cases, absent. /nitial OH, the most common form of orthostatic intolerance in the young, can
be observed in older patients, in particular, when treated with antihypertensive drugs®4, with
dehydration and/or fluid or blood loss.

In delayed OH, BP drop occurs within 3-minutes of standing or upright tilt-testing®2.
Current evidence suggests that de/ayed OH is an early and milder phenotype of autonomic
dysfunction preceding c/assical OH and presenting at younger age with less severe
abnormalities of both autonomic and neuroendocrine control mechanisms2%:65,

Postprandial hypotension is a BP drop, with or without standing, after eating. Symptoms
appear within 2 hours after food ingestion, particularly, with large and high-carbohydrate
meals or alcohol intake. The pathogenesis appears related to gastric and/or esophageal
distension, release of vasodilatory peptides and splanchnic blood pooling®8. Postorandial
hypotension, more frequently observed in elderly patients with neurologic comorbidities,
can be asymptomatic3.

Phenotypes of delayed OH and postprandial hypotension, however, include older individuals
with unexplained syncope who have a negative initial evaluation including active standing
test and ECG-monitoring. Usually, more advanced tests are required, such as, head-up

tilt (HUT) with beat-to-beat BP monitoring and 24-hour ambulatory BP monitoring with
detailed analysis of individual data, especially in the postprandial period.
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OH with supine hypertension

Neurogenic OH is often associated with, and potentially causally related to, supine
hypertension, sometimes presenting as “reverse dipping” (i.e., supine BP greater during
sleep than when awake as is normally the circumstance). Supine hypertension can be
associated with end-organ damage® and can worsen daytime OH by inducing pressure
diuresis and volume loss during sleep. Mechanisms for this are manifold but possibly due to
alterations in the renin-angiotensin-aldosterone system.

Evaluation

Evaluation of OH begins with a detailed patient history, symptom assessment, consideration
of comorbidities, analysis of testing already performed and decision to pursue the correct
diagnosis using OH-focused examinations, such as, CV autonomic assessment or 24-hour
ambulatory blood pressure monitor. The evaluation of OH may be extensive and must
include investigations into identifiable comorbidities that may exacerbate OH (Figure 5).

In complex cases, further evaluation and autonomic testing may be necessary. In patients
presenting with severe symptoms of OH that are not responsive to treatment or with features
suggesting major neurogenic component or disruption of autonomic cardiovascular control it
may be appropriate to consider a panel of neurological and cardiovascular autonomic tests in
consultation with appropriate experts (Supplemental Figure 11).

Management

Management of OH includes non-pharmacological and pharmacological approaches. Non-
pharmacological measures are the foundation of OH treatment and should be a mandatory
component. As emphasized in Figure 5, addressing possible identifiable and treatable OH
confounders, such as pharmacological drugs compromising CV compensatory reflexes (i.e.
antihypertensive drugs such as beta-blockers and diuretics or antidepressants), should be the
first priority.

Nonpharmacologic Interventions

Non-pharmacologic interventions are listed in an abbreviated Table 1 (Supplemental Table
I with supporting evidence and contextual patient considerations available online). Targeted
clinical outcomes are contextual — these will vary by patient etiology of OH, comorbidities,
and respective goals of treatment. As noted by Arnold and Shibao®’, goals of management
are not targeting arbitrary BP values. Rather, the goals of managing OH should be symptom
reduction and working collaboratively with the patient to increase activity (e.g., safe
ambulation, prevention of falls) and, ultimately, health-related quality-of-life.

Management of OH begins with nonpharmacologic interventions as part of a stepwise
approach®”. However, there are relatively few interventional studies for non-pharmacologic
management of OH and many contain small sample sizes with bundled interventions.
Further, there is lack of clarity for which, and how many, interventions are appropriate
given the context (e.g., etiology of OH, age, goals for activities of daily living).
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The majority of existing studies evaluated BP rather than symptoms, independence, syncope,
falls, or health-related quality-of-life. The most important nonpharmacologic intervention

— patient education — varies widely in content, assessment and availability of resources.
Patient education handouts, then, should ideally contain central/generic messaging with
individualized edits per patient (see: SAFE patient education sample; Supplemental Table

11).

Patient understanding can be encouraged during diagnostic testing with continuous
noninvasive BP monitoring. Patients and caregivers can discuss pre-syncopal symptoms and
patients can be instructed on how to tense muscles or squat to counteract hypotension.8
Physical counter-maneuvers are often helpful.89:70 Further, ambulatory blood-pressure
monitoring with patient activity diary can identify presence of postprandial hypotension

as well as supine hypertension at night®71,

Avoidance of prolonged inactivity, large meals and alcoholic beverages is encouraged’2. For
capable patients (i.e., not on fluid restrictions for heart or kidney failure, without dysphagia),
drinking 500 mL of water quickly before standing in the morning or to prevent OH during
the day (e.g., before activity) is feasible and supported by evidence. 8973

Abdominal compression may offer better efficacy and feasibility than lower limb
compression.’® Compression stockings have low acceptability for daily use among older
patients. Sleeping with the head of the bed elevated several inches has been recommended
to avoid nocturia and supine hypertension’?. However, head-of-bed elevation has not been
shown to treat OH effectively and should be considered only in select patients with marked
nighttime supine hypertension (“reverse dipping”). Head-of-bed elevated sleeping may
increase ankle edema and may not be appropriate for all patients.

Insufficient evidence supports recommendations for knee-length compression stockings
(only encompassing the calves) or for routine unsupervised increase in salt (Supplemental
Table I1). Exercise, tailored to etiology of OH, symptoms, and safety (i.e., reclining
stationary bicycle, rowing, or swimming) may improve OH by activating skeletal muscle
pump’475, Cardiovascular training can increase plasma volume’8. Nonpharmacologic
management of OH should focus on feasible interventions that patients will use and should
take into consideration age, ability, and etiology.

Pharmacological interventions

Pharmacologic interventions are listed in Table 2 (a complete table of proposed
pharmacological approaches to OH - including supporting evidence - is available

as Supplemental Table 1V). Despite optimal non-pharmacological approaches to OH,
debilitating symptoms can require pharmacological intervention as part of a stepwise
approach.

Important caveats for include:

1. Improvement in symptoms and functionality as the goal, rather than correction of
OH.
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Consideration of underlying disease, comorbidities in lieu of beneficial and
adverse effects of pharmacological intervention.

Avoidance of contradictory pharmacological interventions including concomitant
use of fludrocortisone and spironolactone; minimize therapy exacerbating OH.

Need for drug combinations.
Lack of robust long-term data regarding drug therapy benefit.
Uncertainty of synergism between non-pharmacological and drug interventions.

Contradictory goals, such as, treatment of hypertension, with reverse dipping,
and treatment of OH complicates management.

A hierarchical drug approach, i.e., “one-size-fits-all” has not been tested
systematically.

Concerns about cost and adverse drug effects must be considered.

Despite lack of carefully controlled clinical trials, if nonpharmacological approaches are
inadequate, the following approach is reasonable:

1.

Carefully and systematically remove medications exacerbating OH used to
treat underlying conditions, such as, hypertension, ischemia and heart failure.
Consider 24-hour ABPM for more detailed evaluation of circadian BP profile
and nighttime short-acting ARB to treat supine hypertension’2.

The only FDA approved drugs for OH include midodrine’’~7° and droxidopa
(specifically for neurogenic OH)8%-82, While midodrine can raise blood pressure,
it is often not as well-tolerated as droxidopa and less likely to improve
symptoms, perhaps, based on its mechanism of action (Figure 6). The

adverse effect profile varies between the two with midodrine, working mostly
peripherally on a-receptors, causing urinary retention and “goose bumps”,
among other symptoms. Midodrine and droxidopa can cause headache; both can
exacerbate supine hypertension.

Fludrocortisone, to increase intravascular volume and minimally enhance
vasoconstriction, may improve neurogenic OH but controlled trials are not
convincing; there is risk of hypokalemia and peripheral edema83. Fludrocortisone
is contraindicated in heart and kidney failure. Fludrocortisone, in combination
with midodrine or droxidopa, can be effective to manage neurogenic OH.

Pyridostigmine, an acetylcholinesterase inhibitor, affecting nicotinic receptors,
and ganglionic neurotransmission, has been effective in small, controlled trials
to treat OH, particularly, to increase diastolic BP without worsening in supine
hypertension. It may be effective with concomitant use of atomoxetine 84-87

Atomoxetine, blocking the norepinephrine transporter and increasing
norepinephrine availability, may have beneficial effects but is only studied in
small single center trials 890, Some data, however, suggest atomoxetine may be
superior to midodrine8®.
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Yohimbine, recombinant erythropoietin, pseudoephedrine, desmopressin,
octreotide, selective serotonin receptor inhibitors and other therapies have been
tried without carefully controlled results*91:92 (Supplemental Table 1V).

Regarding management of supine hypertension, the goal is to reduce SBP <160
mmHg. That level of BP is sufficient to reduce nocturnal pressure natriuresis

and improve morning orthostasis; not all medications work equally efficaciously.
Short-acting nifedipine, nitroglycerin patches applied at bedtime and removed
with an alcohol swab one hour before rising, and shorter acting angiotensin
receptor blockers (e.g. losartan) have the most utility. ACE-Inhibitors are less
effective based on our experience and, mechanistically, this is supported by the
observation that supine hypertension is a renin activity independent AT1 receptor
mediated event’2.

In mixed OH, volume expanders and vasoconstrictors should be considered

but, special regard to cardiac and renal failure is critical as volume expanders
might be contraindicated. Optimization of cardiac function (revascularization,
arrhythmia treatment, etc.) may substantially improve cardiac output, diminish
orthostatic BP fall and alleviate symptoms. Daytime vasoconstrictor therapy and
nighttime vasodilating drug administration should be considered.

Regarding management of patients with cardiac amyloidosis (xautonomic
neuropathy), CHAD-STOP (Conduction and rhythm disorders prevention, High
heart rate maintenance, Anticoagulation, Diuretic agents, and STOP R-receptor
and calcium-channel blockers, digoxin, RAAS inhibitors) measures should be
considered93. Specific treatments, such as, transthyretin tetramer stabilizers
(i.e. tafamidis, diflunisal) and transthyretin lowering treatments (i.e. patisiran,
inotersen), may affect the natural history of OH, although dedicated studies are
lacking%4.

To manage risk of OH secondary to polypharmacy, especially using drugs
targeting orthostatic BP regulation (i.e. beta-blockers, tricyclic antidepressants,
antipsychotics, alpha-blockers, SGLT-2 inhibitors)%, alternative prescribing,
shorter treatment, postural BP checks and heightened awareness by patient,
family and clinicians (nurses, physical and occupational therapists, pharmacists)
should be considered.

Rate-adaptive pacemaker systems have not been carefully tested, are controversial and, in
fact, may be completely ineffective to treat symptomatic OH. Short and intermediate effects
of atrial pacing on symptoms and BP in severe, drug-refractory OH have been evaluated

in two pilot studies yielding controversial results?6:97. However, among elderly pacemaker
patients with chronotropic incompetence transient pacing upon standing was observed to
prevent OH%.

In the CLEAR study, closed-loop stimulation enabled a more physiological response
during performance of activities of daily living, with remarkable decrease in OH and an
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increase in activities requiring lower energy expenditure in activities more sensitive to
need for chronotropic response®. In symptomatic patients with marked bradycardia and
suspected chronotropic incompetence (i.e., “sinus node dysfunction”) and neurogenic OH,
rate-responsive (particularly, closed loop stimulation) pacing may offset the severity of OH
as supported by recent randomized trials00:101,

Recurrent syncope and unexplained injuries in paced patients are command prompt
assessment. A likely etiology may be non-arrhythmic successfully identified by
cardiovascular autonomic testing102, A common cause is OH (preferentially, in older
subjects).

Clinical Cases

Case #1

Representative cases illustrate the approach to complicated clinical issues.

A 72-year-old man, referred for dizziness and recurrent transient loss of consciousness, had
history of myocardial infarction, New York Heart Association (NYHA) functional class |1
heart failure and insulin-dependent type 2 diabetes complicated by chronic kidney disease,
retinopathy and polyneuropathy. Transient loss of consciousness occurred during daily walks
and activities when standing. The patient reported increasing daily symptoms in upright
position, severely affecting his quality-of-life. During walks, he had to stop frequently due to
sudden dizziness.

Evaluation—Evaluation included: 1. transthoracic echocardiography showing moderately
impaired left ventricular global systolic function (ejection fraction 40%); 2. coronary
angiography demonstrating non-obstructive coronary disease; 3. brain computed
tomography documenting global cortical atrophy grade 11 along with minor white matter
changes; 4. A 3-minute active standing test, revealing SBP decrease from 120 mmHg to
100 mmHg; 5. 24-hour ambulatory BP monitoring, revealing slightly elevated daytime

and similar nighttime BPs indicating a non-dipping pattern. The Valsalva-maneuver was
pathological with a blunted response (Supplemental Figure 111). HUT showed SBP decrease
of 60 mmHg associated with his typical symptoms (dizziness, nausea, headache) consistent
with classic OH. The test was stopped after eight minutes of standing when the SBP reached
80 mmHg (Supplemental Figure 1V).

Interpretation and diagnosis—This patient has c/assical OH (orthostatic symptoms
and BP decrease during 3-minute active standing test) in the setting of several co-existing
chronic conditions (heart failure, ischemic heart disease, cerebrovascular disease, diabetes,
renal failure) consistent with mixed OH (cardiovascular and neuropathic) etiology, likely
aggravated by B-blocker and nitroglycerin use. It is unknown whether the patient had
asymptomatic OH before development of CV disease, or whether progression of CV disease
led to the symptoms of OH.

Management—Management included avoidance of orthostatic intolerance triggers, non-
pharmacological measures such as counterpressure maneuvers while standing, purposeful
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hydration, keeping the head of the bed elevated, withdrawal/reduction of beta-blockers, and
shift to nighttime heart failure medications. Night-time short-acting ACE/ARB inhibitors are
a great choice for heart failure with reverse dipping hypertension in this circumstance.

As angiotensin 11 formation in autonomic failure is independent of plasma renal and activity,
and perhaps angiotensin-converting enzyme, angiotensin Il contributions to the hypertension
and autonomic failure suggests that the use of AT receptor blockers make the most sense’2.
If symptoms persist, further interventions include withdrawal of antihypertensive treatment
and addition of BP elevating drugs during the daytime.

Background—A 69-year-old man with hypertension, hyperlipidemia and renal
insufficiency was referred for episodic dizziness, lightheadedness, “warmth in his head” and
syncope. A 24-hour BP monitor showed mean BP of 155/81, daytime BP 159/84, nighttime
BP 139/70, maximal value BP 211/151 and lowest BP 86/70.

Two years earlier, 24-hour ECG monitoring showed sinus rhythm, mean value 53 bpm
(range: 41-83). Prior orthostatic vital signs showed sitting BP of 154/91 (pulse 44) to 129/94
(pulse 49) after 4 minutes and 144/86, (pulse 48) after 6 minutes of standing. The patient
reported dizziness on rapid standing. Resting ECG showed sinus rhythm, rate 46 and a right
bundle branch block.

Evaluation—An exercise ECG showed exercise capacity 104% (188 W) with maximal
heart rate of 115 bpm (76% of normal value). The resting BP was 185/90 but under
maximal workload was 220/- and 3 minutes after work, 215/65 mmHg. One minute

after test termination, 45-seconds of supraventricular tachycardia was followed by a nodal
rhythm with isolated monomorphic premature ventricular contractions. During an active
standing test, systolic BP fell >50 mmHg within 15 seconds with symptom reproduction
(Supplemental Figure V). Valsalva test was normal.

During carotid sinus massage, a short-lived nodal rhythm 37 bpm (right side), hypotension
and presyncope were observed. During HUT, the supine BP was 160/88 mmHg. The patient
demonstrated classical OH without syncope. During nitroglycerin provocation (starting at
SBP 105 mmHg), no vasovagal reflex was present but pronounced hypotension led to
reproduction of typical symptoms.

Interpretation and diagnosis—The patient had initial (immediate, transient) and
classical OH, bradycardia and carotid sinus hypersensitivity. The patient had normal
Valsalva response and no history of neurodegenerative disease, diabetes, cancer, or
autoimmune disease, which spoke against the possibility of neurogenic OH. The most
plausible etiology was cardiac related to chronotropic incompetence, and impaired venous
return on standing, as demonstrated by progressive BP fall during tilt testing.

Management—Education, including safety measures, such as, walking with another
person, avoidance of orthostatic intolerance triggers, non-pharmacological measures such
water bolus drinking prior to walking and counterpressure maneuvers were recommended.
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As symptoms persisted, a vasoconstrictor during daytime (midodrine) and pacemaker
implantation were considered and applied. During one-year follow-up, the patient remained
symptom free.

Background—A 56-year-old woman was referred for episodes of dizziness,
deconditioning, nausea, weight loss, migraine, chest pain, palpitations, headache and
imminent loss-of-consciousness. She had history of mononucleosis, cholecystectomy,
haemochromatosis, Hashimoto disease, and myalgic encephalitis/chronic fatigue syndrome.

Evaluation—HUT and cardiovascular autonomic testing demonstrated delayed OH
followed by hypotension-evoked vasovagal reflex (Supplemental Figure V1) with good
reproduction of spontaneous attacks. Valsalva test was normal (Supplemental Figure VII).
The average BP was 150/90 mmHg.

Interpretation and diagnosis—The patient had delayed OH and vasovagal reflex
susceptibility. There was a normal Valsalva response and no evidence of neurogenic

OH. The most plausible etiology was cardiac related to impaired venous return, reduced
cardiac output and hypotension. Chronotropic response was adequate. Delayed OH is often
associated with neurodegenerative disease, may be an early manifestation of autonomic
failure, and may convert to classical orthostatic hypotension. Long-term follow up of this
and similar patients is warranted.

Management—Aside from counterpressure maneuvers, avoidance of triggers and non-
pharmacological measures (increased fluid intake and compression stockings), stepwise
pharmacological therapy may help.

Background—A 55-year-old, otherwise healthy, male initially presented after collapsing
briefly while standing following a large dinner. He had intermittent lightheadedness and
blurred vision when walking, but symptoms abated with sitting, squatting or lying. He
reported constipation, erectile dysfunction, and nocturia. Supine BP was 157/92 mmHg
(heart rate 72 bpm). After standing 3 minutes, BP was 141/85 mmHg (heart rate 74

bpm). His gait was broad-based, with a reduced swing in the right arm; rapid alternating
movements were reduced in the right hand.

Evaluation—During Valsalva, there was no BP overshoot after release of strain (i.e.,
phase 1V), indicating impaired baroreflex-mediated sympathetic activation. During tilt
testing (Supplemental Figure VII1I), a slow decline in BP occurred with minimal increase
in heart rate. Supine plasma norepinephrine (271 pg/mL) did not increase substantially
during tilt testing consistent with delayed neurogenic OH. Considerations included:
peripheral neuropathies (e.g., diabetes, amyloidosis) or neurodegenerative causes, such as
synucleinopathies (Parkinson’s disease, multiple system atrophy or dementia with Lewy
bodies)0:%6,
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Non-pharmacologic measures were unsuccessful. Instead, he developed progressive
symptoms including dizziness/lightheadedness and dyspnea with walking or after climbing
stairs. During active standing performed later, supine BP was 159/101 mmHg (heart rate
82 bpm), and after 3 minutes standing, BP was 84/37 mmHg (heart rate 98 bpm) with
symptoms.

He noted “clumsiness”, falls, urinary urgency and frequency, and slurred speech. His wife
noted he “acts out” and speaks during sleep. He developed dysarthric speech, ataxic gait
(with reduced right arm swing), horizontal nystagmus on lateral gaze with broken-up smooth
pursuit. Deep tendon reflexes were brisk and a right Babinski sign developed. He had no
resting tremor. Finger-to-nose and heel-to-shin were inaccurate.

Brain MRI showed cerebellar and pontine atrophy with a “hot-cross bun” sign
(Supplemental Figure 1X). Polysomnography confirmed episodes of motor/behavioral
activity as well as speaking/shouting during rapid eye movement (REM) sleep, consistent
with REM behavior disorder.

Interpretation, diagnosis and management—~Progressive neurogenic OH with
features that include cerebellar (ataxia and dysarthria), parkinsonian (rigidity and
bradykinesia), pyramidal (Babinski sign), and autonomic (neurogenic OH, urinary disorders)
deficits fulfils criteria for multiple system atrophy.193 Supporting this diagnosis was the MRI
showing cerebellar and brainstem atrophy as manifest with a “hot cross bun” sign.

Multiple system atrophy is a rapidly progressive, fatal a-synucleinopathy. Approximately
50% require walking aids within 3 years after onset of motor symptoms, 60% require a
wheelchair after 5 years, and the median time to death is 6-8 years.194 In those patients
presenting with severe OH, there is an urgency to maximize orthostatic tolerance early in the
disease. However, this may increase the risk of supine hypertension with complications
including renal failure, left ventricular hypertrophy, stroke.4® A detailed neurological
examination at initial evaluation in follow-up can identify patients at risk for this debilitating
condition.10°

Background—A 30-year-old mother passed out while caring for her sick child. After
IV hydration in the emergency department, she was discharged. Subsequently, she had
witnessed syncope and was admitted. Testing, including EKG, BP, Holter monitor, and
echocardiogram, were normal. She noted progressive frequent postural lightheadedness with
dyspnea and neck pain and developed constipation and urinary difficulties. Several more
syncopal spells ensued, including an episode with head trauma. During re-evaluation at
the emergency department, right-sided ptosis and bilateral pupil dilation with diminished
pupillary reactivity was noted. Head CT and MRI were normal. Supine BP was 163/94
mmHg (pulse 60) but with standing, her BP decreased to 82/44 mmHg (pulse 60) with
syncope. Intravenous fluids (3 liters), fludrocortisone 0.4 mg daily and midodrine 20 mg
three times a day were without benefit.
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Evaluation—Neurological examination showed bilateral ptosis, pupils not responsive to
light, dry mouth, and dry eyes. CV autonomic testing showed reduced heart rate variability
to paced breathing, sympathetic adrenergic failure with loss of BP recovery and overshoot
on Valsalva maneuver and OH noted on tilt and stand with a drop in systolic BP of

>60 mmHg (Supplemental Figure X). There were mild abnormalities noted on sudomotor
function testing.

Interpretation and diagnosis—The symptoms and test results indicated involvement

of parasympathetic and sympathetic divisions of the autonomic nervous system. Further
work-up involved a malignancy evaluation including paraneoplastic autoantibody panel, CT
of chest, abdomen and pelvis, and mammogram. The paraneoplastic panel identified an
elevated titer of ganglionic acetylcholine receptor (AChR) antibodies (1900 pm/ml; normal
values<5) consistent with autoimmune autonomic neuropathy (AAG). AAG shows unique
clinical features including severe pan-autonomic failure with associated sicca syndrome (dry
mouth and dry eyes). The clinical pearl, ptosis and pupillary responses, help support the
clinical diagnosis, which is confirmed by measurement of AChR antibody titers.106.107

Management—Treatment included aggressive fluid regimen, salt, fludrocortisone (0.2
mg), droxidopa (600 mg three times a day) and polyethylene glycol (for constipation),

but this was largely unsuccessful. The patient was started on a cycle of plasma exchange,
prednisone, and mycophenolate mofetil.108 She had modest benefit but more sustained
improvement in BP with plasma exchange. With reduction in antibody titers, pharmacologic
support for symptoms is reduced (Supplemental Figure XI).

Although symptomatic treatment may be helpful for initial management, long-term
treatment requires immunomodulatory therapies to suppress autoantibody production,

or removal of the underlying malignancy if found.108 Other treatment options include
intravenous immunoglobulins and rituximab.1%9 Some reports have noted an associated of
AChR autoantibodies and malignancy,119 thus there is a need for vigilance in the monitoring
of patients with AAG for the emergence of an underlying oncologic process.

Cardiovascular Autonomic Dysfunction In Post-Covid Syndrome—Recently,
persistent cardiovascular autonomic dysfunction (CVAD) following acute coronavirus
disease 2019 (COVID-19) has been observed!11-113, post-Acute COVID-19 Sequelae
(PACS) or long COVID syndrome, typically presents as a spectrum of symptoms dominated
by fatigue, exercise and orthostatic intolerance, exaggerated sinus tachycardia, chest

pain, headache, sleep disturbances and dyspnea. According to the generally accepted
definition114, PACS stretches over a period exceeding 12 weeks after index infection, even if
mild. Women aged 20-45 are most affected. Besides the two most prevalent forms of CVAD,
postural orthostatic tachycardia syndrome and inappropriate sinus tachycardiall1:113 OH
may occur as the main hemodynamic manifestation of PACS!13115 particularly in patients
over the age of 50. When long COVID syndrome is suspected, the patient should be
evaluated by orthostatic vitals (both blood pressure and heart rate) or head-up tilt testing
optimally with beat-to-beat hemodynamic monitoring. When in doubt, the tests should be
repeated, and symptoms recorded as signs of CVAD may vary temporally depending on
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disease progression, hydration status, medications and application of non-pharmacological
measures.

Future Research—Gaps remain regarding pathophysiology and effective long-term
management of OH. First, identifying a specific cause and the resulting pathophysiology
may direct better pharmacological and non-pharmacological management approaches.
Second, better understanding of pathological mechanisms underlying neurogenic, non-
neurogenic and mixed forms of OH may contribute to more effective therapeutic strategies,
especially for therapy-resistant individuals with comorbidities of heart failure, cardiac
arrhythmia, or kidney failure. Further, long-term management based on pharmacological
or non-pharmacological approaches for most patients remains challenging. Most therapies
that improve OH increase the risk of supine hypertension with concerning consequences.

Similarly, well-powered, multi-site trials to evaluate non-pharmacologic interventions are
needed to show benefit and find ways to avoid harm. These should include further evaluation
of specific protocols for physical counter-pressure maneuvers, compression devices, oral
fluid boluses, and combinations of various therapies. Integrative therapies, used successfully
in other chronic patient populations, may deserve investigation for possible use in the OH
population.

Robust trials with expanded pragmatic outcome measures may facilitate understanding
for which interventions truly improve symptoms to the extent that patients experience
less syncope, fewer falls, more independent activities, and ultimately better health-related
quality-of-life and functionality.

Conclusions

OH is a common, yet, overlooked, condition often associated with, or due to, neurologic and
cardiac diseases. We propose classifying OH into neurogenic, cardiogenic and mixed forms
to guide a pragmatic approach to this potentially complex condition. Actual case studies
presented here address critical evaluation and management strategies in patients with OH.
Without doubt, management of OH optimally involves a multidisciplinary, patient-centered,
often, individualized approach to arrive at an appropriate diagnosis, address underlying
etiologies and accompanying conditions, and to provide tailored and potentially effective
pharmacological and non-pharmacological treatment strategies.
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COVID-19 coronavirus disease 2019

Cv cardiovascular

CVAD cardiovascular autonomic dysfunction
DBP diastolic blood pressure

HR heart rate

HUT head-up tilt

NYHA New York Heart Association
OH orthostatic hypotension

PACS Post-Acute COVID-19 Sequelae
PD Parkinson disease

SBP systolic blood pressure

References:

1. Ricci F, De Caterina R, Fedorowski A. Orthostatic Hypotension: Epidemiology, Prognosis, and
Treatment. J Am Coll Cardiol. 2015;66:848-860. doi: 10.1016/j.jacc.2015.06.1084 [PubMed:
26271068]

2. Freeman R, Abuzinadah AR, Gibbons C, Jones P, Miglis MG, Sinn DI. Orthostatic
Hypotension: JACC State-of-the-Art Review. J Am Coll Cardiol. 2018;72:1294-1309. doi: 10.1016/
j.jacc.2018.05.079 [PubMed: 30190008]

3. Yasa E, Ricci F, Magnusson M, Sutton R, Gallina S, Caterina R, Melander O, Fedorowski A.
Cardiovascular risk after hospitalisation for unexplained syncope and orthostatic hypotension.
Heart. 2018;104:487-493. doi: 10.1136/heartjnl-2017-311857 [PubMed: 28775101]

4. Olshansky B, Muldowney J. Cardiovascular Safety Considerations in the Treatment of Neurogenic
Orthostatic Hypotension. Am J Cardiol. 2020;125:1582-1593. doi: 10.1016/j.amjcard.2020.01.037
[PubMed: 32204870]

5. Fanciulli A, Jordan J, Biaggioni I, Calandra-Buonaura G, Cheshire WP, Cortelli P, Eschlboeck S,
Grassi G, Hilz MJ, Kaufmann H, et al. Consensus statement on the definition of neurogenic supine
hypertension in cardiovascular autonomic failure by the American Autonomic Society (AAS) and
the European Federation of Autonomic Societies (EFAS) : Endorsed by the European Academy of
Neurology (EAN) and the European Society of Hypertension (ESH). Clin Auton Res. 2018;28:355-
362. doi: 10.1007/s10286-018-0529-8 [PubMed: 29766366]

6. Freeman R, Wieling W, Axelrod FB, Benditt DG, Benarroch E, Biaggioni I, Cheshire WP,
Chelimsky T, Cortelli P, Gibbons CH, et al. Consensus statement on the definition of orthostatic
hypotension, neurally mediated syncope and the postural tachycardia syndrome. Clin Auton Res.
2011;21:69-72. doi: 10.1007/s10286-011-0119-5 [PubMed: 21431947]

7. Brignole M, Moya A, de Lange FJ, Deharo JC, Elliott PM, Fanciulli A, Fedorowski A, Furlan R,
Kenny RA, Martin A, et al. 2018 ESC Guidelines for the diagnosis and management of syncope.
Eur Heart J. 2018;39:1883-1948. doi: 10.1093/eurheartj/ehy037 [PubMed: 29562304]

8. Shen WK, Sheldon RS, Benditt DG, Cohen MI, Forman DE, Goldberger ZD, Grubb BP,

Hamdan MH, Krahn AD, Link MS, et al. 2017 ACC/AHA/HRS Guideline for the Evaluation and
Management of Patients With Syncope: Executive Summary: A Report of the American College of
Cardiology/American Heart Association Task Force on Clinical Practice Guidelines and the Heart
Rhythm Society. Circulation. 2017;136:e25-e59. doi: 10.1161/CIR.0000000000000498 [PubMed:
28280232]

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fedorowski et al.

Page 18

9. Rutan GH, Hermanson B, Bild DE, Kittner SJ, LaBaw F, Tell GS. Orthostatic hypotension in

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

older adults. The Cardiovascular Health Study. CHS Collaborative Research Group. Hypertension.
1992;19:508-519. [PubMed: 1592445]

10.

Rose KM, Tyroler HA, Nardo CJ, Arnett DK, Light KC, Rosamond W, Sharrett AR, Szklo M.
Orthostatic hypotension and the incidence of coronary heart disease: the Atherosclerosis Risk in
Communities study. Am J Hypertens. 2000;13:571-578. [PubMed: 10912737]

Goldstein DS, Robertson D, Esler M, Straus SE, Eisenhofer G. Dysautonomias: clinical disorders
of the autonomic nervous system. Ann Intern Med. 2002;137:753-763. [PubMed: 12416949]

Low PA. Prevalence of orthostatic hypotension. Clin Auton Res. 2008;18 Suppl 1:8-13. doi:
10.1007/s10286-007-1001-3 [PubMed: 18368301]

Goldstein DS, Sharabi Y. Neurogenic orthostatic hypotension: a pathophysiological approach.
Circulation. 2009;119:139-146. doi: 119/1/139 [pii] 10.1161/CIRCULATIONAHA.108.805887
[PubMed: 19124673]

Matinolli M, Korpelainen JT, Korpelainen R, Sotaniemi KA, Myllyla VVV. Orthostatic hypotension,
balance and falls in Parkinson’s disease. Mov Disord. 2009;24:745-751. doi: 10.1002/mds.22457
[PubMed: 19133666]

Fedorowski A, Burri P, Melander O. Orthostatic hypotension in genetically related

hypertensive and normotensive individuals. J Hypertens. 2009;27:976-982. doi: 10.1097/
hjh.0b013e3283279860 [PubMed: 19402222]

Wu JS, Yang YC, Lu FH, Wu CH, Chang CJ. Population-based study on the prevalence

and correlates of orthostatic hypotension/hypertension and orthostatic dizziness. Hypertension
research : official journal of the Japanese Society of Hypertension. 2008;31:897-904. doi:
10.1291/hypres.31.897 [PubMed: 18712045]

Benvenuto LJ, Krakoff LR. Morbidity and mortality of orthostatic hypotension: implications for
management of cardiovascular disease. Am J Hypertens. 2011;24:135-144. doi: ajh2010146 [pii]
10.1038/ajh.2010.146 [PubMed: 20814408]

Fedorowski A, Engstrom G, Hedblad B, Melander O. Orthostatic hypotension predicts incidence
of heart failure: the Malmo preventive project. Am J Hypertens. 2010;23:1209-1215. doi: 10.1038/
ajh.2010.150 [PubMed: 20651699]

Krolewski AS, Warram JH, Cupples A, Gorman CK, Szabo AJ, Christlieb AR. Hypertension,
orthostatic hypotension and the microvascular complications of diabetes. Journal of chronic
diseases. 1985;38:319-326. [PubMed: 3998049]

Spallone V, Ziegler D, Freeman R, Bernardi L, Frontoni S, Pop-Busui R, Stevens M, Kempler P,
Hilsted J, Tesfaye S, et al. Cardiovascular autonomic neuropathy in diabetes: clinical impact,
assessment, diagnosis, and management. Diabetes Metab Res Rev. 2011;27:639-653. doi:
10.1002/dmrr.1239 [PubMed: 21695768]

Gaspar L, Kruzliak P, Komornikova A, Celecova Z, Krahulec B, Balaz D, Sabaka P, Caprnda

M, Kucera M, Rodrigo L, et al. Orthostatic hypotension in diabetic patients-10-year follow-up
study. J Diabetes Complications. 2016;30:67—71. doi: 10.1016/j.jdiacomp.2015.08.020 [PubMed:
26412028]

Yoshinari M, Wakisaka M, Nakamura U, Yoshioka M, Uchizono Y, lwase M. Orthostatic
hypertension in patients with type 2 diabetes. Diabetes Care. 2001;24:1783-1786. doi: 10.2337/
diacare.24.10.1783 [PubMed: 11574442]

Franceschini N, Rose KM, Astor BC, Couper D, Vupputuri S. Orthostatic hypotension

and incident chronic kidney disease: the atherosclerosis risk in communities study.

Hypertension. 2010;56:1054-1059. doi: HYPERTENSIONAHA.110.156380 [pii] 10.1161/
HYPERTENSIONAHA.110.156380 [PubMed: 21060003]

Sasaki O, Nakahama H, Nakamura S, Yoshihara F, Inenaga T, Yoshii M, Kohno S, Kawano Y.
Orthostatic hypotension at the introductory phase of haemodialysis predicts all-cause mortality.
Nephrology, dialysis, transplantation : official publication of the European Dialysis and Transplant
Association - European Renal Association. 2005;20:377-381. doi: 10.1093/ndt/gfh614

Fedorowski A, Stavenow L, Hedblad B, Berglund G, Nilsson PM, Melander O. Orthostatic
hypotension predicts all-cause mortality and coronary events in middle-aged individuals (The

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fedorowski et al.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 19

Malmo Preventive Project). Eur Heart J. 2010;31:85-91. doi: ehp329 [pii] 10.1093/eurheartj/
ehp329 [PubMed: 19696189]

Rose KM, Eigenbrodt ML, Biga RL, Couper DJ, Light KC, Sharrett AR, Heiss G. Orthostatic
hypotension predicts mortality in middle-aged adults: the Atherosclerosis Risk In Communities
(ARIC) Study. Circulation. 2006;114:630-636. [PubMed: 16894039]

Townsend RR, Chang TI, Cohen DL, Cushman WC, Evans GW, Glasser SP, Haley WE, Olney
C, Oparil S, Del Pinto R, et al. Orthostatic changes in systolic blood pressure among SPRINT
participants at baseline. J Am Soc Hypertens. 2016;10:847-856. doi: 10.1016/j.jash.2016.08.005
[PubMed: 27665708]

Freeman R, Illigens BMW, Lapusca R, Campagnolo M, Abuzinadah AR, Bonyhay I, Sinn DI,
Miglis M, White J, Gibbons CH. Symptom Recognition Is Impaired in Patients With Orthostatic
Hypotension. Hypertension. 2020;75:1325-1332. doi: 10.1161/HYPERTENSIONAHA.119.13619
[PubMed: 32223377]

Gibbons CH, Freeman R. Clinical implications of delayed orthostatic hypotension: A 10-

year follow-up study. Neurology. 2015;85:1362-1367. doi: 10.1212/WNL.0000000000002030
[PubMed: 26400576]

Ricci F, Fedorowski A, Radico F, Romanello M, Tatasciore A, Di Nicola M, Zimarino M,

De Caterina R. Cardiovascular morbidity and mortality related to orthostatic hypotension: a
meta-analysis of prospective observational studies. Eur Heart J. 2015;36:1609-1617. doi: 10.1093/
eurheartj/ehv093 [PubMed: 25852216]

Fedorowski A, Ricci F, Sutton R. Orthostatic hypotension and cardiovascular risk. Kardiol Pol.
2019;77:1020-1027. doi: 10.33963/KP.15055 [PubMed: 31713533]

Angelousi A, Girerd N, Benetos A, Frimat L, Gautier S, Weryha G, Boivin JM. Association
between orthostatic hypotension and cardiovascular risk, cerebrovascular risk, cognitive
decline and falls as well as overall mortality: a systematic review and meta-analysis.

J Hypertens. 2014;32:1562-1571; discussion 1571. doi: 10.1097/HJH.0000000000000235
[PubMed: 24879490]

Fedorowski A, Hedblad B, Engstrom G, Gustav Smith J, Melander O. Orthostatic hypotension
and long-term incidence of atrial fibrillation: the Malmo Preventive Project. J Intern Med.
2010;268:383-389. doi: 10.1111/j.1365-2796.2010.02261.x [PubMed: 20698925]

Ko D, Preis SR, Lubitz SA, McManus DD, Vasan RS, Hamburg NM, Benjamin EJ, Mitchell GF.
Relation of Orthostatic Hypotension With New-Onset Atrial Fibrillation (From the Framingham
Heart Study). Am J Cardiol. 2018;121:596-601. doi: 10.1016/j.amjcard.2017.11.036 [PubMed:

29290367]

Isma N, Sutton R, Hillarp A, Strandberg K, Melander O, Fedorowski A. Higher levels of
von Willebrand factor in patients with syncope due to orthostatic hypotension. J Hypertens.
2015;33:1594-1601. doi: 10.1097/HJH.0000000000000595 [PubMed: 26136066]

Hamrefors V, Fedorowski A, Strandberg K, Sutton R, Isma N. Procoagulatory changes induced

by head-up tilt test in patients with syncope: observational study. Thromb J. 2017;15:16. doi:
10.1186/s12959-017-0139-z [PubMed: 28649180]

Magnusson M, Holm H, Bachus E, Nilsson P, Leosdottir M, Melander O, Jujic A, Fedorowski

A. Orthostatic Hypotension and Cardiac Changes After Long-Term Follow-Up. Am J Hypertens.
2016;29:847-852. doi: 10.1093/ajh/hpv187 [PubMed: 26643688]

Ali A, Holm H, Molvin J, Bachus E, Tasevska-Dinevska G, Fedorowski A, Jujic A, Magnusson M.
Autonomic dysfunction is associated with cardiac remodelling in heart failure patients. ESC Heart
Fail. 2018;5:46-52. doi: 10.1002/ehf2.12223 [PubMed: 28960944]

Fan XH, Wang Y, Sun K, Zhang W, Wang H, Wu H, Zhang H, Zhou X, Hui R. Disorders of
orthostatic blood pressure response are associated with cardiovascular disease and target organ
damage in hypertensive patients. Am J Hypertens. 2010;23:829-837. doi: 10.1038/ajh.2010.76
[PubMed: 20414196]

Maule S, Milan A, Grosso T, Veglio F. Left ventricular hypertrophy in patients with autonomic
failure. Am J Hypertens. 2006;19:1049-1054. doi: 10.1016/j.amjhyper.2006.02.016 [PubMed:
17027826]

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fedorowski et al.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

Page 20

Soloveva A, Fedorova D, Villevalde S, Zvartau N, Mareev Y, Sitnikova M, Shlyakhto E, Fudim
M. Addressing Orthostatic Hypotension in Heart Failure: Pathophysiology, Clinical Implications
and Perspectives. J Cardiovasc Transl Res. 2020;13:549-569. doi: 10.1007/s12265-020-10044-1
[PubMed: 32748206]

Ricci F, Manzoli L, Sutton R, Melander O, Flacco ME, Gallina S, De Caterina R, Fedorowski

A. Hospital admissions for orthostatic hypotension and syncope in later life: insights from the
Malmo Preventive Project. J Hypertens. 2017;35:776-783. doi: 10.1097/HJH.0000000000001215
[PubMed: 28009704]

Ricci F, Wollmer P, Engstrom G, Fedorowski A, Hamrefors V. Markers of cardiovascular
autonomic dysfunction predict COPD in middle-aged subjects. Eur Respir J. 2018. doi:
10.1183/13993003.02481-2017

Hamrefors V, Harstedt M, Holmberg A, Rogmark C, Sutton R, Melander O, Fedorowski A.
Orthostatic Hypotension and Elevated Resting Heart Rate Predict Low-Energy Fractures in

the Population: The Malmo Preventive Project. PLoS One. 2016;11:e0154249. doi: 10.1371/
journal.pone.0154249 [PubMed: 27124658]

Juraschek SP, Daya N, Rawlings AM, Appel LJ, Miller ER 3rd, Windham BG, Griswold ME,
Heiss G, Selvin E. Association of History of Dizziness and Long-term Adverse Outcomes With
Early vs Later Orthostatic Hypotension Assessment Times in Middle-aged Adults. JAMA Intern
Med. 2017;177:1316-1323. doi: 10.1001/jamainternmed.2017.2937 [PubMed: 28738139]

Finucane C, O’Connell MD, Donoghue O, Richardson K, Savva GM, Kenny RA. Impaired
Orthostatic Blood Pressure Recovery Is Associated with Unexplained and Injurious Falls. J Am
Geriatr Soc. 2017;65:474-482. doi: 10.1111/jgs.14563 [PubMed: 28295143]

Holm H, Nagga K, Nilsson ED, Melander O, Minthon L, Bachus E, Fedorowski A,

Magnusson M. Longitudinal and postural changes of blood pressure predict dementia: the

Malmo Preventive Project. Eur J Epidemiol. 2017;32:327-336. doi: 10.1007/s10654-017-0228-0
[PubMed: 28190139]

Elmstahl S, Widerstrom E. Orthostatic intolerance predicts mild cognitive impairment: incidence of
mild cognitive impairment and dementia from the Swedish general population cohort Good Aging
in Skane. Clinical interventions in aging. 2014;9:1993-2002. doi: 10.2147/CIA.S72316 [PubMed:
25429211]

Palma JA, Redel-Traub G, Porciuncula A, Samaniego-Toro D, Millar Vernetti P, Lui YW,
Norcliffe-Kaufmann L, Kaufmann H. The impact of supine hypertension on target organ

damage and survival in patients with synucleinopathies and neurogenic orthostatic hypotension.
Parkinsonism Relat Disord. 2020;75:97-104. doi: 10.1016/j.parkreldis.2020.04.011 [PubMed:
32516630]

Kaufmann H, Norcliffe-Kaufmann L, Palma JA. Baroreflex Dysfunction. N Engl J Med.
2020;382:163-178. doi: 10.1056/NEJMral509723 [PubMed: 31914243]

Smith JJ, Porth CM, Erickson M. Hemodynamic response to the upright posture. Journal of clinical
pharmacology. 1994;34:375-386. [PubMed: 8089249]

Romero-Ortuno R, Cogan L, O’Shea D, Lawlor BA, Kenny RA. Orthostatic haemodynamics

may be impaired in frailty. Age Ageing. 2011;40:576-583. doi: 10.1093/ageing/afr076 [PubMed:
21749997]

Bachus E, Holm H, Hamrefors V, Melander O, Sutton R, Magnusson M, Fedorowski A.
Monitoring of cerebral oximetry during head-up tilt test in adults with history of syncope and
orthostatic intolerance. Europace. 2018;20:1535-1542. doi: 10.1093/europace/eux298 [PubMed:
29036615]

Palma JA, Kaufmann H. Treatment of autonomic dysfunction in Parkinson disease and other
synucleinopathies. Mov Disord. 2018;33:372-390. doi: 10.1002/mds.27344 [PubMed: 29508455]
Gibbons CH, Schmidt P, Biaggioni I, Frazier-Mills C, Freeman R, Isaacson S, Karabin B, Kuritzky
L, Lew M, Low P, et al. The recommendations of a consensus panel for the screening, diagnosis,
and treatment of neurogenic orthostatic hypotension and associated supine hypertension. J Neurol.
2017;264:1567-1582. doi: 10.1007/s00415-016-8375-x [PubMed: 28050656]
Norcliffe-Kaufmann L, Kaufmann H, Palma JA, Shibao CA, Biaggioni I, Peltier AC, Singer

W, Low PA, Goldstein DS, Gibbons CH, et al. Orthostatic heart rate changes in patients with

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fedorowski et al.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Page 21

autonomic failure caused by neurodegenerative synucleinopathies. Ann Neurol. 2018;83:522-531.
doi: 10.1002/ana.25170 [PubMed: 29405350]

Arnold AC, Raj SR. Orthostatic Hypotension: A Practical Approach to Investigation and
Management. Can J Cardiol. 2017;33:1725-1728. doi: 10.1016/j.cjca.2017.05.007 [PubMed:
28807522]

Shibao C, Biaggioni I. Orthostatic hypotension and cardiovascular risk. Hypertension.
2010;56:1042-1044. doi: 10.1161/HYPERTENSIONAHA.110.162768 [PubMed: 21059992]

Kaufmann H, Malamut R, Norcliffe-Kaufmann L, Rosa K, Freeman R. The Orthostatic
Hypotension Questionnaire (OHQ): validation of a novel symptom assessment scale. Clin Auton
Res. 2012;22:79-90. doi: 10.1007/s10286-011-0146-2 [PubMed: 22045363]

Tzur 1, I1zhakian S, Gorelik O. Orthostatic hypotension: definition, classification and evaluation.
Blood Press. 2019;28:146-156. doi: 10.1080/08037051.2019.1604067 [PubMed: 30982364]

Gibbons CH, Freeman R. Delayed orthostatic hypotension: a frequent cause of orthostatic
intolerance. Neurology. 2006;67:28-32. [PubMed: 16832073]

van Wijnen VK, Harms MP, Go-Schon IK, Westerhof BE, Krediet CT, Stewart J, Wieling W. Initial
orthostatic hypotension in teenagers and young adults. Clin Auton Res. 2016;26:441-449. doi:
10.1007/s10286-016-0382-6 [PubMed: 27637670]

Shibao CA, Biaggioni I. Management of Orthostatic Hypotension, Postprandial Hypotension, and
Supine Hypertension. Semin Neurol. 2020;40:515-522. doi: 10.1055/s-0040-1713886 [PubMed:
33058087]

Fedorowski A, Melander O. Syndromes of orthostatic intolerance: a hidden danger. J Intern Med.
2013;273:322-335. doi: 10.1111/joim.12021 [PubMed: 23216860]

Torabi P, Ricci F, Hamrefors V, Sutton R, Fedorowski A. Classical and Delayed Orthostatic
Hypotension in Patients With Unexplained Syncope and Severe Orthostatic Intolerance. Front
Cardiovasc Med. 2020;7:21. doi: 10.3389/fcvm.2020.00021 [PubMed: 32154270]

Trahair LG, Horowitz M, Jones KL. Postprandial hypotension: a systematic review. J Am Med Dir
Assoc. 2014;15:394-409. doi: 10.1016/j.jamda.2014.01.011 [PubMed: 24630686]

Arnold AC, Shibao C. Current concepts in orthostatic hypotension management. Curr Hypertens
Rep. 2013;15:304-312. doi: 10.1007/s11906-013-0362-3 [PubMed: 23832761]

Robinson LJ, Pearce RM, Frith J. Acceptability of non-drug therapies in older people

with orthostatic hypotension: a qualitative study. BMC Geriatr. 2018;18:315. doi: 10.1186/
§12877-018-0999-5 [PubMed: 30558552]

Frith J, Newton JL. Combination non-pharmacologic intervention for orthostatic hypotension

in older people: a phase 2 study. Age Ageing. 2020;49:253-257. doi: 10.1093/ageing/afz173
[PubMed: 31868889]

Logan A, Freeman J, Pooler J, Kent B, Gunn H, Billings S, Cork E, Marsden J. Effectiveness of
non-pharmacological interventions to treat orthostatic hypotension in elderly people and people
with a neurological condition: a systematic review. JBI Evid Synth. 2020;18:2556-2617. doi:
10.11124/JBISRIR-D-18-00005 [PubMed: 32773495]

Norcliffe-Kaufmann L, Kaufmann H. Is ambulatory blood pressure monitoring useful in

patients with chronic autonomic failure? Clin Auton Res. 2014;24:189-192. doi: 10.1007/
$10286-014-0229-y [PubMed: 24710680]

Arnold AC, Okamoto LE, Gamboa A, Shibao C, Raj SR, Robertson D, Biaggioni |. Angiotensin
I1, independent of plasma renin activity, contributes to the hypertension of autonomic failure.
Hypertension. 2013;61:701-706. doi: 10.1161/HYPERTENSIONAHA.111.00377 [PubMed:
23266540]

Jordan J, Shannon JR, Black BK, Ali Y, Farley M, Costa F, Diedrich A, Robertson RM,
Biaggioni I, Robertson D. The pressor response to water drinking in humans : a sympathetic
reflex? Circulation. 2000;101:504-509. doi: 10.1161/01.cir.101.5.504 [PubMed: 10662747]
Mills PB, Fung CK, Travlos A, Krassioukov A. Nonpharmacologic management of orthostatic
hypotension: a systematic review. Arch Phys Med Rehabil. 2015;96:366—375 e366. doi: 10.1016/
j.apmr.2014.09.028 [PubMed: 25449193]

Subbarayan S, Myint PK, Martin KR, Abraha I, Devkota S, O’Mahony D, Cruz-Jentoft

AJ, Cherubini A, Soiza RL. Nonpharmacologic Management of Orthostatic Hypotension in

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fedorowski et al.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Page 22

Older People: A Systematic Review. The SENATOR ONTOP Series. J Am Med Dir Assoc.
2019;20:1065-1073 €1063. doi: 10.1016/j.jamda.2019.03.032 [PubMed: 31109911]

Carroll JF, Convertino VA, Wood CE, Graves JE, Lowenthal DT, Pollock ML. Effect of training

on blood volume and plasma hormone concentrations in the elderly. Med Sci Sports Exerc.
1995;27:79-84. [PubMed: 7898342]

Jankovic J, Gilden JL, Hiner BC, Kaufmann H, Brown DC, Coghlan CH, Rubin M, Fouad-Tarazi
FM. Neurogenic orthostatic hypotension: a double-blind, placebo-controlled study with midodrine.
Am J Med. 1993;95:38-48. doi: 10.1016/0002-9343(93)90230-m [PubMed: 7687093]

Low PA, Gilden JL, Freeman R, Sheng KN, McElligott MA. Efficacy of midodrine vs placebo
in neurogenic orthostatic hypotension. A randomized, double-blind multicenter study. Midodrine
Study Group. JAMA. 1997;277:1046-1051. [PubMed: 9091692]

Wright RA, Kaufmann HC, Perera R, Opfer-Gehrking TL, McElligott MA, Sheng KN, Low PA. A
double-blind, dose-response study of midodrine in neurogenic orthostatic hypotension. Neurology.
1998;51:120-124. doi: 10.1212/wnl.51.1.120 [PubMed: 9674789]

Biaggioni I, Freeman R, Mathias CJ, Low P, Hewitt LA, Kaufmann H, Droxidopa |. Randomized
withdrawal study of patients with symptomatic neurogenic orthostatic hypotension responsive

to droxidopa. Hypertension. 2015;65:101-107. doi: 10.1161/HYPERTENSIONAHA.114.04035
[PubMed: 25350981]

Freeman R, Landsberg L, Young J. The treatment of neurogenic orthostatic hypotension with 3,4-
DL-threo-dihydroxyphenylserine: a randomized, placebo-controlled, crossover trial. Neurology.
1999;53:2151-2157. doi: 10.1212/wnl.53.9.2151 [PubMed: 10599797]

Kaufmann H, Norcliffe-Kaufmann L, Hewitt LA, Rowse GJ, White WB. Effects of the novel
norepinephrine prodrug, droxidopa, on ambulatory blood pressure in patients with neurogenic
orthostatic hypotension. J Am Soc Hypertens. 2016;10:819-826. doi: 10.1016/j.jash.2016.07.009
[PubMed: 27622314]

Chobanian AV, Wolicer L, Tifft CP, Gavras H, Liang CS, Faxon D. Mineralocorticoid-induced
hypertension in patients with orthostatic hypotension. N Engl J Med. 1979;301:68-73. doi:
10.1056/NEJM197907123010202 [PubMed: 449947]

Low PA, Singer W. Management of neurogenic orthostatic hypotension: an update. Lancet Neurol.
2008;7:451-458. doi: 10.1016/S1474-4422(08)70088-7 [PubMed: 18420158]

Okamoto LE, Shibao CA, Gamboa A, Diedrich A, Raj SR, Black BK, Robertson D,

Biaggioni I. Synergistic Pressor Effect of Atomoxetine and Pyridostigmine in Patients

With Neurogenic Orthostatic Hypotension. Hypertension. 2019;73:235-241. doi: 10.1161/
HYPERTENSIONAHA.118.11790 [PubMed: 30571543]

Singer W, Opfer-Gehrking TL, McPhee BR, Hilz MJ, Bharucha AE, Low PA. Acetylcholinesterase
inhibition: a novel approach in the treatment of neurogenic orthostatic hypotension. J Neurol
Neurosurg Psychiatry. 2003;74:1294-1298. doi: 10.1136/jnnp.74.9.1294 [PubMed: 12933939]

Singer W, Opfer-Gehrking TL, Nickander KK, Hines SM, Low PA. Acetylcholinesterase
inhibition in patients with orthostatic intolerance. J Clin Neurophysiol. 2006;23:476-481. doi:
10.1097/01.wnp.0000229946.01494.4c [PubMed: 17016160]

Byun JI, Kim DY, Moon J, Shin HR, Sunwoo JS, Lee WJ, Lee HS, Park KI, Lee ST, Jung KH,
et al. Efficacy of atomoxetine versus midodrine for neurogenic orthostatic hypotension. Ann Clin
Transl Neurol. 2020;7:112-120. doi: 10.1002/acn3.50968 [PubMed: 31856425]

Ramirez CE, Okamoto LE, Arnold AC, Gamboa A, Diedrich A, Choi L, Raj SR, Robertson

D, Biaggioni I, Shibao CA. Efficacy of atomoxetine versus midodrine for the treatment of
orthostatic hypotension in autonomic failure. Hypertension. 2014;64:1235-1240. doi: 10.1161/
HYPERTENSIONAHA.114.04225 [PubMed: 25185131]

Shibao C, Raj SR, Gamboa A, Diedrich A, Choi L, Black BK, Robertson D,

Biaggioni I. Norepinephrine transporter blockade with atomoxetine induces hypertension

in patients with impaired autonomic function. Hypertension. 2007;50:47-53. doi: 10.1161/
HYPERTENSIONAHA.107.089961 [PubMed: 17515448]

Lamarre-Cliche M Drug treatment of orthostatic hypotension because of autonomic

failure or neurocardiogenic syncope. Am J Cardiovasc Drugs. 2002;2:23-35. doi:
10.2165/00129784-200202010-00004 [PubMed: 14727996]

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fedorowski et al.

92.

93.

94.

95.

96.

97.

98.

99.

100

101.

102.

Page 23

Eschlbock S, Wenning G, Fanciulli A. Evidence-based treatment of neurogenic orthostatic
hypotension and related symptoms. J Neural Transm (Vienna). 2017;124:1567-1605. doi:
10.1007/s00702-017-1791-y [PubMed: 29058089]

Ternacle J, Krapf L, Mohty D, Magne J, Nguyen A, Galat A, Gallet R, Teiger E, Cote N, Clavel
MA, et al. Aortic Stenosis and Cardiac Amyloidosis: JACC Review Topic of the Week. J Am Coll
Cardiol. 2019;74:2638-2651. doi: 10.1016/j.jacc.2019.09.056 [PubMed: 31753206]

Palma JA, Gonzalez-Duarte A, Kaufmann H. Orthostatic hypotension in hereditary transthyretin
amyloidosis: epidemiology, diagnosis and management. Clin Auton Res. 2019;29:33-44. doi:
10.1007/s10286-019-00623-x [PubMed: 31452021]

Bhanu C, Nimmons D, Petersen I, Orlu M, Davis D, Hussain H, Magammanage S, Walters

K. Drug-induced orthostatic hypotension: A systematic review and meta-analysis of randomised
controlled trials. PLoS Med. 2021;18:€1003821. doi: 10.1371/journal.pmed.1003821 [PubMed:
34752479]

Sahul ZH, Trusty JM, Erickson M, Low PA, Shen WK. Pacing does not improve hypotension in
patients with severe orthostatic hypotension--a prospective randomized cross-over pilot study. Clin
Auton Res. 2004;14:255-258. doi: 10.1007/s10286-004-0202-2 [PubMed: 15316843]

Kohno R, Abe H, Oginosawa Y, Nagatomo T, Otsuji Y. Effects of atrial tachypacing on symptoms
and blood pressure in severe orthostatic hypotension. Pacing Clin Electrophysiol. 2007;30 Suppl
1:5203-206. doi: 10.1111/j.1540-8159.2007.00638.x [PubMed: 17302707]

Tse HF, Lau CP, Park E, Bornzin GA, Yu C, Benser ME, Bloomfield DM, Padeletti L. Transient
overdrive pacing upon standing prevents orthostatic hypotension in elderly pacemaker patients
with chronotropic incompetence. Pacing Clin Electrophysiol. 2007;30:188-192. doi: 10.1111/
J.1540-8159.2007.00648.x [PubMed: 17338714]

Abi-Samra FM, Singh N, Rosin BL, Dwyer JV, Miller CD, Investigators CS. Effect of rate-
adaptive pacing on performance and physiological parameters during activities of daily living in
the elderly: results from the CLEAR (Cylos Responds with Physiologic Rate Changes during
Daily Activities) study. Europace. 2013;15:849-856. doi: 10.1093/europace/eus425 [PubMed:
23419655]
. Fedorowski A, van Wijnen VK, Wieling W. Delayed orthostatic hypotension and
vasovagal syncope: a diagnostic dilemma. Clin Auton Res. 2017;27:289-291. doi: 10.1007/
$10286-017-0424-8 [PubMed: 28550504]

Brignole M, Sutton R, Fedorowski A. Are convictions more dangerous enemies of truth than lies?
Eur Heart J. 2021;42:1711-1712. doi: 10.1093/eurheartj/ehab164 [PubMed: 33734355]

Yasa E, Ricci F, Holm H, Persson T, Melander O, Sutton R, Fedorowski A, Hamrefors

V. Cardiovascular Autonomic Dysfunction Is the Most Common Cause of Syncope in

Paced Patients. Front Cardiovasc Med. 2019;6:154. doi: 10.3389/fcvm.2019.00154 [PubMed:
31709267]

103. Gilman S, Wenning GK, Low PA, Brooks DJ, Mathias CJ, Trojanowski JQ, Wood NW, Colosimo

C, Durr A, Fowler CJ, et al. Second consensus statement on the diagnosis of multiple system
atrophy. Neurology. 2008;71:670-676. doi: 10.1212/01.wnl.0000324625.00404.15 [PubMed:
18725592]

104. Fanciulli A, Wenning GK. Multiple-system atrophy. N Engl J Med. 2015;372:249-263. doi:

10.1056/NEJMra1311488 [PubMed: 25587949]

105. Kaufmann H, Norcliffe-Kaufmann L, Palma JA, Biaggioni I, Low PA, Singer W, Goldstein DS,

Peltier AC, Shibao CA, Gibbons CH, et al. Natural history of pure autonomic failure: A United
States prospective cohort. Ann Neurol. 2017;81:287-297. doi: 10.1002/ana.24877 [PubMed:
28093795]

106. Muppidi S, Scribner M, Gibbons CH, Adams-Huet B, Spaeth EB, Vernino S. A Unique

Manifestation of Pupillary Fatigue in Autoimmune Autonomic Ganglionopathy. Arch Neurol.
2012;69:644-648. doi: 10.1001/archneurol.2011.2143 [PubMed: 22232207]

107. Gibbons CH, Vernino SA, Kaufmann H, Freeman R. L-DOPS therapy for refractory orthostatic

hypotension in autoimmune autonomic neuropathy. Neurology. 2005;65:1104-1106. doi:
10.1212/01.wnl.0000178980.83477.14 [PubMed: 16217067]

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fedorowski et al.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Page 24

Gibbons CH, Vernino SA, Freeman R. Combined immunomodulatory therapy in autoimmune
autonomic ganglionopathy. Arch Neurol. 2008;65:213-217. doi: 10.1001/archneurol.2007.60
[PubMed: 18268189]

Schroeder C, Vernino S, Birkenfeld AL, Tank J, Heusser K, Lipp A, Benter T, Lindschau

C, Kettritz R, Luft FC, et al. Plasma exchange for primary autoimmune autonomic failure.
NEnglIMed. 2005;353:1585-1590.

McKeon A, Lennon VA, Lachance DH, Fealey RD, Pittock SJ. Ganglionic acetylcholine
receptor autoantibody: oncological, neurological, and serological accompaniments. ArchNeurol.
2009;66:735-741. doi: 66/6/735 [pii];10.1001/archneurol.2009.78 [doi]

Johansson M, Stahlberg M, Runold M, Nygren-Bonnier M, Nilsson J, Olshansky B, Bruchfeld

J, Fedorowski A. Long-Haul Post-COVID-19 Symptoms Presenting as a Variant of Postural
Orthostatic Tachycardia Syndrome: The Swedish Experience. JACC Case Rep. 2021;3:573-580.
doi: 10.1016/j.jaccas.2021.01.009 [PubMed: 33723532]

Desai AD, Boursiquot BC, Moore CJ, Gopinathannair R, Waase MP, Rubin GA, Wan EY.
Autonomic dysfunction post-acute COVID-19 infection. Heart Rhythm Case Rep. 2021. doi:
10.1016/j.hrcr.2021.11.019

Bisaccia G, Ricci F, Recce V, Serio A, lannetti G, Chahal AA, Stahlberg M, Khanji MY,
Fedorowski A, Gallina S. Post-Acute Sequelae of COVID-19 and Cardiovascular Autonomic
Dysfunction: What Do We Know? J Cardiovasc Dev Dis. 2021;8. doi: 10.3390/jcdd8110156

Nalbandian A, Sehgal K, Gupta A, Madhavan MV, McGroder C, Stevens JS, Cook JR, Nordvig
AS, Shalev D, Sehrawat TS, et al. Post-acute COVID-19 syndrome. Nat Med. 2021;27:601-615.
doi: 10.1038/s41591-021-01283-z [PubMed: 33753937]

Shouman K, Vanichkachorn G, Cheshire WP, Suarez MD, Shelly S, Lamotte GJ, Sandroni

P, Benarroch EE, Berini SE, Cutsforth-Gregory JK, et al. Autonomic dysfunction following
COVID-19 infection: an early experience. Clin Auton Res. 2021;31:385-394. doi: 10.1007/
$10286-021-00803-8 [PubMed: 33860871]

Shannon JR, Diedrich A, Biaggioni I, Tank J, Robertson RM, Robertson D, Jordan J. Water
drinking as a treatment for orthostatic syndromes. Am J Med. 2002;112:355-360. doi: 10.1016/
50002-9343(02)01025-2 [PubMed: 11904109]

Newton JL, Frith J. The efficacy of nonpharmacologic intervention for orthostatic hypotension
associated with aging. Neurology. 2018;91:e652—e656. doi: 10.1212/WNL.0000000000005994
[PubMed: 30006412]

Puvi-Rajasingham S, Mathias CJ. Effect of meal size on post-prandial blood pressure and

on postural hypotension in primary autonomic failure. Clin Auton Res. 1996;6:111-114. doi:
10.1007/BF02291232 [PubMed: 8726096]

Freedenberg VA, Hinds PS, Friedmann E. Mindfulness-Based Stress Reduction and Group
Support Decrease Stress in Adolescents with Cardiac Diagnoses: A Randomized Two-

Group Study. Pediatr Cardiol. 2017;38:1415-1425. doi: 10.1007/s00246-017-1679-5 [PubMed:
28702717]

Ramachandran A, Karuppiah A. A Survey on Recent Advances in Wearable Fall Detection
Systems. Biomed Res Int. 2020;2020:2167160. doi: 10.1155/2020/2167160 [PubMed: 32420327]

Okamoto LE, Celedonio JE, Smith EC, Gamboa A, Shibao CA, Diedrich A, Paranjape SY, Black
BK, Muldowney JAS 3rd, Peltier AC, et al. Local Passive Heat for the Treatment of Hypertension
in Autonomic Failure. J Am Heart Assoc. 2021;10:018979. doi: 10.1161/JAHA.120.018979
[PubMed: 33739123]

Fan CW, Walsh C, Cunningham CJ. The effect of sleeping with the head of the bed elevated six
inches on elderly patients with orthostatic hypotension: an open randomised controlled trial. Age
Ageing. 2011;40:187-192. doi: 10.1093/ageing/afql176 [PubMed: 21233091]

Hoeldtke RD, Cilmi KM, Mattis-Graves K. DL-Threo-3,4-dihydroxyphenylserine does not exert
a pressor effect in orthostatic hypotension. Clin Pharmacol Ther. 1984;36:302-306. doi: 10.1038/
clpt.1984.179 [PubMed: 6432398]

Kaufmann H, Saadia D, Voustianiouk A, Goldstein DS, Holmes C, Yahr MD, Nardin R,

Freeman R. Norepinephrine precursor therapy in neurogenic orthostatic hypotension. Circulation.
2003;108:724-728. doi: 10.1161/01.CIR.0000083721.49847.D7 [PubMed: 12885750]

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fedorowski et al.

125.

126.

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139

140.

141.

Page 25

Kaufmann H, Freeman R, Biaggioni I, Low P, Pedder S, Hewitt LA, Mauney J, Feirtag

M, Mathias CJ, Investigators NOH. Droxidopa for neurogenic orthostatic hypotension: a
randomized, placebo-controlled, phase 3 trial. Neurology. 2014;83:328-335. doi: 10.1212/
WNL.0000000000000615 [PubMed: 24944260]

Hauser RA, Hewitt LA, Isaacson S. Droxidopa in patients with neurogenic orthostatic
hypotension associated with Parkinson’s disease (NOH306A). J Parkinsons Dis. 2014;4:57—-65.
doi: 10.3233/JPD-130259 [PubMed: 24326693]

Hauser RA, Isaacson S, Lisk JP, Hewitt LA, Rowse G. Droxidopa for the short-term treatment
of symptomatic neurogenic orthostatic hypotension in Parkinson’s disease (hnOH306B). Mov
Disord. 2015;30:646-654. doi: 10.1002/mds.26086 [PubMed: 25487613]

Isaacson S, Shill HA, Vernino S, Ziemann A, Rowse GJ. Safety and Durability of

Effect with Long-Term, Open-Label Droxidopa Treatment in Patients with Symptomatic
Neurogenic Orthostatic Hypotension (NOH303). J Parkinsons Dis. 2016;6:751-759. doi:
10.3233/JPD-160860 [PubMed: 27636856]

Isaacson S, Vernino S, Ziemann A, Rowse GJ, Kalu U, White WB. Long-term safety

of droxidopa in patients with symptomatic neurogenic orthostatic hypotension. J Am Soc
Hypertens. 2016;10:755-762. doi: 10.1016/j.jash.2016.07.010 [PubMed: 27614923]

Smith W, Wan H, Much D, Robinson AG, Martin P. Clinical benefit of midodrine

hydrochloride in symptomatic orthostatic hypotension: a phase 4, double-blind, placebo-
controlled, randomized, tilt-table study. Clin Auton Res. 2016;26:269-277. doi: 10.1007/
510286-016-0363-9 [PubMed: 27372462]

Campbell IW, Ewing DJ, Clarke BF. 9-Alpha-fluorohydrocortisone in the treatment of postural
hypotension in diabetic autonomic neuropathy. Diabetes. 1975;24:381-384. doi: 10.2337/
diab.24.4.381 [PubMed: 1094320]

Hoehn MM. Levodopa-induced postural hypotension. Treatment with fludrocortisone. Arch
Neurol. 1975;32:50-51. doi: 10.1001/archneur.1975.00490430072013 [PubMed: 1115660]
Campbell IW, Ewing DJ, Clarke BF. Therapeutic experience with fludrocortisone in diabetic
postural hypotension. Br Med J. 1976;1:872-874. doi: 10.1136/bmj.1.6014.872 [PubMed:
769906]

Hussain RM, Mclntosh SJ, Lawson J, Kenny RA. Fludrocortisone in the treatment of hypotensive
disorders in the elderly. Heart. 1996;76:507-509. doi: 10.1136/hrt.76.6.507 [PubMed: 9014799]
Grijalva CG, Biaggioni I, Griffin MR, Shibao CA. Fludrocortisone Is Associated With a Higher
Risk of All-Cause Hospitalizations Compared With Midodrine in Patients With Orthostatic
Hypotension. J Am Heart Assoc. 2017;6. doi: 10.1161/JAHA.117.006848

Hoeldtke RD, O’Dorisio TM, Boden G. Treatment of autonomic neuropathy with a somatostatin
analogue SMS-201-995. Lancet. 1986;2:602-605. doi: 10.1016/s0140-6736(86)92428-1
[PubMed: 2875321]

Hoeldtke RD, Dworkin GE, Gaspar SR, Israel BC, Boden G. Effect of the somatostatin analogue
SMS-201-995 on the adrenergic response to glucose ingestion in patients with postprandial
hypotension. Am J Med. 1989;86:673-677. doi: 10.1016/0002-9343(89)90442-7 [PubMed:
2658575]

Hoeldtke RD, Israel BC. Treatment of orthostatic hypotension with octreotide. J Clin Endocrinol
Metab. 1989;68:1051-1059. doi: 10.1210/jcem-68-6-1051 [PubMed: 2723026]

. Alam M, Smith G, Bleasdale-Barr K, Pavitt DV, Mathias CJ. Effects of the peptide release
inhibitor, octreotide, on daytime hypotension and on nocturnal hypertension in primary
autonomic failure. J Hypertens. 1995;13:1664-1669. [PubMed: 8903629]

Bordet R, Benhadjali J, Destee A, Belabbas A, Libersa C. Octreotide effects on orthostatic
hypotension in patients with multiple system atrophy: a controlled study of acute administration.
Clin Neuropharmacol. 1995;18:83-89. doi: 10.1097/00002826-199502000-00012 [PubMed:
8665540]

Onrot J, Goldberg MR, Biaggioni I, Wiley RG, Hollister AS, Robertson D. Oral yohimbine in
human autonomic failure. Neurology. 1987;37:215-220. doi: 10.1212/wnl.37.2.215 [PubMed:
3808301]

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fedorowski et al.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Page 26

Jordan J, Shannon JR, Biaggioni I, Norman R, Black BK, Robertson D. Contrasting actions
of pressor agents in severe autonomic failure. Am J Med. 1998;105:116-124. doi: 10.1016/
50002-9343(98)00193-4 [PubMed: 9727818]

Shibao C, Okamoto LE, Gamboa A, Yu C, Diedrich A, Raj SR, Robertson D,

Biaggioni I. Comparative efficacy of yohimbine against pyridostigmine for the treatment of
orthostatic hypotension in autonomic failure. Hypertension. 2010;56:847-851. doi: 10.1161/
HYPERTENSIONAHA.110.154898 [PubMed: 20837887]

Okamoto LE, Shibao C, Gamboa A, Choi L, Diedrich A, Raj SR, Black BK, Robertson

D, Biaggioni I. Synergistic effect of norepinephrine transporter blockade and alpha-2

antagonism on blood pressure in autonomic failure. Hypertension. 2012;59:650-656. doi:
10.1161/HYPERTENSIONAHA.111.184812 [PubMed: 22311903]

Hoeldtke RD, Streeten DH. Treatment of orthostatic hypotension with erythropoietin. N Engl J
Med. 1993;329:611-615. doi: 10.1056/NEJM199308263290904 [PubMed: 8341335]

Biaggioni I, Robertson D, Krantz S, Jones M, Haile V. The anemia of primary autonomic

failure and its reversal with recombinant erythropoietin. Ann Intern Med. 1994;121:181-186. doi:
10.7326/0003-4819-121-3-199408010-00004 [PubMed: 8017744]

Jordan J, Shannon JR, Diedrich A, Black B, Robertson D, Biaggioni I. Water

potentiates the pressor effect of ephedra alkaloids. Circulation. 2004;109:1823-1825. doi:
10.1161/01.CIR.0000126283.99195.37 [PubMed: 15066944]

Singer W, Sandroni P, Opfer-Gehrking TL, Suarez GA, Klein CM, Hines S, O’Brien PC, Slezak
J, Low PA. Pyridostigmine treatment trial in neurogenic orthostatic hypotension. Arch Neurol.
2006;63:513-518. doi: 10.1001/archneur.63.4.n0c50340 [PubMed: 16476804]

Fouad-Tarazi FM, Okabe M, Goren H. Alpha sympathomimetic treatment of autonomic
insufficiency with orthostatic hypotension. Am J Med. 1995;99:604-610. doi: 10.1016/
50002-9343(99)80246-0 [PubMed: 7503082]

Mathias CJ, Fosbraey P, da Costa DF, Thornley A, Bannister R. The effect of desmopressin on
nocturnal polyuria, overnight weight loss, and morning postural hypotension in patients with
autonomic failure. Br Med J (Clin Res Ed). 1986;293:353-354. doi: 10.1136/bm;j.293.6543.353
Sakakibara R, Matsuda S, Uchiyama T, Yoshiyama M, Yamanishi T, Hattori T. The effect of
intranasal desmopressin on nocturnal waking in urination in multiple system atrophy patients
with nocturnal polyuria. Clin Auton Res. 2003;13:106-108. doi: 10.1007/s10286-003-0052-3
[PubMed: 12720096]

Hoeldtke RD, Cavanaugh ST, Hughes JD, Polansky M. Treatment of orthostatic

hypotension with dihydroergotamine and caffeine. Ann Intern Med. 1986;105:168-173. doi:
10.7326/0003-4819-105-2-168 [PubMed: 3729199]

Belz GG, Butzer R, Gaus W, Loew D. Camphor-Crataegus berry extract combination dose-
dependently reduces tilt induced fall in blood pressure in orthostatic hypotension. Phytomedicine.
2002;9:581-588. doi: 10.1078/094471102321616382 [PubMed: 12487321]

Abate G, Polimeni RM, Cuccurullo F, Puddu P, Lenzi S. Effects of indomethacin on postural
hypotension in Parkinsonism. Br Med J. 1979;2:1466-1468. doi: 10.1136/bmj.2.6203.1466
[PubMed: 393356]

Nanda RN, Johnson RH, Keogh HJ. Treatment of neurogenic orthostatic hypotension

with a monoamine oxidase inhibitor and tyramine. Lancet. 1976;2:1164-1167. doi: 10.1016/
50140-6736(76)91681-0 [PubMed: 62995]

Kita K, Hirayama K. Treatment of neurogenic orthostatic hypotension with amezinium
metilsulfate, a new indirect sympathomimetic drug. Neurology. 1988;38:1095-1099. doi:
10.1212/wnl.38.7.1095 [PubMed: 3386828]

Shibao C, Gamboa A, Abraham R, Raj SR, Diedrich A, Black B, Robertson D, Biaggioni

1. Clonidine for the treatment of supine hypertension and pressure natriuresis in autonomic
failure. Hypertension. 2006;47:522-526. doi: 10.1161/01.HYP.0000199982.71858.11 [PubMed:
16391172]

Pohl K, Kriech W. [Therapy of orthostatic disorders of cardiovascular regulation. Placebo
controlled double-blind study with oxilofrine]. Fortschr Med. 1991;109:685-688. [PubMed:
1769643]

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2023 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fedorowski et al.

Atrial Fibrillation

Arrhythmias

Myocardial Infarction
Stroke

Figure 1.

End-stage Heart Disease
CV Death

Orthostatic
Hypotension
(CV Autonomic
Failure)

Atherothrombosis and
Inflammation

Page 27

Cardiovascular Risk Factors

(Diabetes/Hypertension)

BP surges

Heart Rate Variability

Left Ventricular Hypertrophy

Diastolic Dysfunction

Cardiovascular disease cascade and autonomic dysfunction. Orthostatic hypotension has
been associated with different mechanisms involved in cardiovascular disease progression,
from a strong relationship with traditional cardiovascular risk factors and subclinical

changes on functional level to increased risk of cardiovascular death.
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Cardiac and extracardiac disorders associated with cardiovascular autonomic dysfunction as

represented by orthostatic hypotension.
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Figure 3.
Global blood pressure control and mechanisms of orthostatic hypotension. The etiology of

orthostatic hypotension (OH) is heterogenous and spans neurodegenerative diseases (e.g.,
Parkinson’s disease), diabetes, renal failure, inflammatory states, autoimmune diseases
(e.g., Sjogren’s disease), and cardiovascular conditions (e.g., essential hypertension and
heart failure). Disorders that directly affect central and periphery autonomic neural input
are traditionally termed “neurogenic OH”. Two major types of cardiovascular autonomic
dysfunction, i.e., cardiac and vascular dysfunction may overlap and interact.
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Figure 4.
Proposed classification of orthostatic hypotension based on interaction between autonomic

nervous system and cardiovascular system. Mixed etiology affects both the autonomic
nervous system and cardiovascular organs, the heart and the vessel.
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BOX 1 - Class of medications that may cause or exacerbate the symptoms of OH

*  Dopaminergh agents: dopamine antagonists, levodopa

atropine,

= Antihypertensive agents

= Preboad reducers: divretis, nitrates, PDES inhibiters.
s, minoxidil

gativ ‘blockers, verapamil, diltiazem
CR nts: clonbdine,
= RAS antagonksts: ACE inhibitors, ARBs

BOX 2 - First-tier diagnostic tests

*  Basic metabolic profile (BUN, ini Hbale,

depletion, adrenal diabetes

*  Complete blood count: infection, sepsis, anemia, hemorrhage, sepsis, alechol abuse
= T5H: thyvoid dysfunction
* By level, methylmalonic acid: neurcpathy from By, deficency

. ECG: schemia, di

Consider neuralogical ¢ cardiovascular
testing' d-th
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| Treatment availabie?

BOX 3 - Second-tier ancillary tests (selected patients)

*  Cardievascular sutonomsc testing

S5H/OH syndrome ot
= Echo, Cardiac MR: cardiac amyloidosis, heart fallure
= 24-hour Holter ECG: arrhythmias, heart rate variability

crtisol bevel:
- Albumin, utrition, chrontc Ilin
or syndrome
Sery i AL
£CT: i

= Genetics: hereditary-TTR amyloidasis.

Proposed orthostatic hypotension evaluation algorithm. Go to Supplemental Figure 11 for

further details.
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NEUROVASCULAR JUNCTION

Figure®6.
Sites of action and mechanisms of therapeutic agents used for the treatment of neurogenic

orthostatic hypotension. Modified from Palma et al >
(Created with BioRender.com).
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Table 1.

Non-pharmacologic interventions for OH

Intervention

Patient and family education for:

Reasons for symptoms

Safety measures to avoid OH-related falls

Recognition of pre-syncopal symptoms

Avoidance of triggers (i.e. heat exposure, over-exertion, alcohol, hot tubs, dehydration)
Caution with Valsalva-like maneuvers (avoiding strain with defecation, urination)

identify presence of postprandial hypotension as well as supine hypertension at night

Counter pressure maneuver s for preventing symptoms and/or emergency management of symptoms

. crossing legs upon standing,

. abdominal & leg muscle pumping/contractions,

. and bending forward or squatting.

Activity & positioning

. Avoid prolonged sitting or standing. If prolonged inactivity, do ankle pumps & cross/uncross legs

. Avoid abrupt change from lying to standing (i.e., sit at the edge of the bed for a minute before standing) or sitting to standing
. Rise gradually from sitting to standing (i.e., after being inactive or sitting on the toilet)

Sit after eating or exercise (i.e., for 20 minutes); record symptoms related to meals or exercise

Drinking fluids to ensure hydration

. Additional oral water bolus (i.e., about 400-500 mL within 5 minutes) may help when symptomatic, before arising in the morning,
before exercise or after eating (if not contraindicated due to co-morbidities)

. Bolus drinking may not be appropriate for patients at risk for fluid overload (i.e., heart failure, end-stage kidney disease)
Compression gar ments if properly fit and patient is able to apply, remove, and tolerate

. Abdominal binder may reduce symptoms for patients prior to an outing or event

. Full leg compression stockings (e.g., ankle to hips compression stockings at 22-32 mmHg, not just calves or thighs)

Coping, support, and integrative ther apies, such as, cognitive behavior strategies, support groups, and mindfulness stress reduction
techniques, have been effective in similar populations and anecdotally recommended by clinicians

Patient diary to record physical activity and meals; further ambulatory blood-pressure monitoring (with patient activity diary) can help

Dueto limited evidence, negative studies, and/or potential side effects, avoid indiscriminate recommendation for:

Lower limb compression stockings

Sleeping with head of bed elevated

Increasing salt in diet

Note: For expanded table with references, please see Supplemental Table II.
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Main drugs used for treatment of symptomatic patients with orthostatic hypotension

Drugs

M echanism(s)

Adver se events

Droxidopa (100-600 mg tid)

Norepinephrine precursor

Headache, nausea, supine
hypertension

Midodrine (2.5-10 mg bid or tid) *

Direct alphal-adrenoreceptor agonist

Goose bumps, paresthesia, pruritus,
supine hypertension, urinary urgency

Fludrocortisone (0.05-0.3 mg qd)

Mineralocorticoid (volume expander), increases
sodium reabsorption and enhances sensitivity of
alpha-adrenoreceptors

Supine hypertension and
hypokalemia

Pyridostigmine (30-60 mg bid or tid)

Acetylcholinesterase inhibitor

Gastrointestinal symptoms, urinary
urgency

Atomoxetine (18 mg qd)

Norepinephrine reuptake inhibitor

Supine hypertension, urinary urgency

Octreotide (0.2-1.6 mg/kg qd,
subcutaneous)

Somatostatin analog reducing postprandial splanchnic
hyperemia induced by gastrointestinal vasodilatory
peptides

Injection site discomfort,
erythema, gastrointestinal
disturbances, flushing, cholelithiasis,
hyperglycemia, supine hypertension

Desmopressin (nasal spray, 5-40 mg qd;
oral, 100-800 mg qd)

V1a (vascular smooth muscle) and V2 (distal
convoluted tubule and collecting ducts of the kidney)
receptor agonist. Vasopressin analogue (volume
expander), increases water reabsorption and reduces
nocturia

Limited data, safety issues unclear

Ephedrine/pseudoephedrine (25/30 - 50/60

mg 3 times per day)

Direct and indirect alphal-adrenoreceptor agonist

Nausea, supine hypertension

FDA approved.

Note: for expanded table with references and complete list of proposed pharmacological interventions for treatment of OH, please see

Supplemental Table 1V.
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