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Cerebral Blood Flow in Orthostatic 
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ABSTRACT: Cerebral blood flow (CBF) is vital for delivering oxygen and nutrients to the brain. Many forms of orthostatic intoler-
ance (OI) involve impaired regulation of CBF in the upright posture, which results in disabling symptoms that decrease quality 
of life. Because CBF is not easy to measure, rises in heart rate or drops in blood pressure are used as proxies for abnormal 
CBF. These result in diagnoses such as postural orthostatic tachycardia syndrome and orthostatic hypotension. However, in 
many other OI syndromes such as myalgic encephalomyelitis/chronic fatigue syndrome and long COVID, heart rate and blood 
pressure are frequently normal despite significant drops in CBF. This often leads to the incorrect conclusion that there is nothing 
hemodynamically abnormal in these patients and thus no explanation or treatment is needed. There is a need to measure CBF, 
as orthostatic hypoperfusion is the shared pathophysiology for all forms of OI. In this review, we examine the literature studying 
CBF dysfunction in various syndromes with OI and evaluate methods of measuring CBF including transcranial Doppler ultra-
sound, extracranial cerebral blood flow ultrasound, near infrared spectroscopy, and wearable devices.
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Orthostatic intolerance (OI) is a set of chronic syn-
dromes linked to dysfunction of the autonomic 
nervous system or dysautonomia. OI includes 

several syndromes such as postural orthostatic tachy-
cardia syndrome (POTS), syncope, and orthostatic 
hypotension (OH).1 There is a large overlap between 
OI and myalgic encephalomyelitis/chronic fatigue syn-
drome (ME/CFS).2 While the pathophysiology is not 
well understood, all these syndromes experience ex-
cessive drops in cerebral blood flow (CBF) leading to 
symptoms including lightheadedness, fatigue, brain 
fog, and syncope.3 Because of the debilitating nature 
of the symptoms, OI puts financial strain on economies 
by decreasing the workforce and increasing health care 
costs.4 For example, the quality of life for people with OI 

is similar to that of people with congestive heart failure 
and chronic obstructive pulmonary disease.5

Most people with OI develop symptoms after an 
acute viral illness or injury.1,4 Since viral illnesses are the 
leading trigger of OI, it is unsurprising to the autonomic 
field that the COVID-19 pandemic has caused an in-
crease in cases of OI.6,7 Long COVID, or the postacute 
sequelae of SARS-CoV-2 infection, describes people 
with chronic symptoms that persist following an acute 
infection of SARS-CoV-2.8 Symptoms of long COVID 
that overlap with OI include fatigue, dyspnea, headache, 
palpitations, and brain fog.9 According to the National 
Center for Health Statistics, the US Census Bureau, and 
the CDC, 6.8% of American adults are currently experi-
encing long COVID as of February 2024.10
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Two thirds of people with long COVID have symp-
toms of OI and moderate to severe autonomic dys-
function.11,12 OI has been labeled an epidemic since 
the mid-1990s and yet is still not well understood.13 
Given the burden long COVID places on economies 
as a mass-disabling event with high health care usage 
well beyond the acute illness phase,14 it is press-
ing now more than ever to understand physiological 
mechanisms that contribute to OI. Long COVID is a 
multisystem disorder with various manifestations in 

the immune, cardiopulmonary, and nervous systems.7 
One finding is that OI and long COVID share similar 
dysregulation in CBF, which may point to a shared 
pathogenesis.15

In this review, we evaluate the use of CBF and its 
surrogates as a diagnostic metric for the evaluation of 
symptoms in OI and explore available measurement 
techniques. We focus on techniques that have been 
evaluated during orthostatic testing, including tran-
scranial Doppler (TCD) ultrasound, extracranial carotid 
ultrasound, near-infrared spectroscopy (NIRS), and 
new wearable devices.

IMPORTANCE OF CBF REGULATION
Despite weighing <2% of an individual’s total body 
weight, the human brain uses 20% of the body’s oxy-
gen due to remarkably active cerebral metabolism.16,17 
Energy production in the brain, which is primarily driven 
by ATP, relies on the oxidative metabolism of glucose 
in resting states.18 Since the brain cannot significantly 
increase oxygen extraction from blood, oxygen delivery 
via CBF must be maintained to meet these high oxygen 
demands and ensure normal brain function.16,18

PHYSIOLOGY OF CBF REGULATION
CBF regulation is primarily mediated by the autonomic 
nervous system, which is responsible for maintaining 
stable cardiac output (CO), by means of baroreceptors 

Nonstandard Abbreviations and Acronyms

CBF	 cerebral blood flow
CBv	 cerebral blood velocity
CO	 cardiac output
CPP	 cerebral perfusion pressure
MCA	 middle cerebral artery
ME/CFS	 myalgic encephalomyelitis/chronic 

fatigue syndrome
NIRS	 near-infrared spectroscopy
OCHOS	 orthostatic cerebral hypoperfusion 

syndrome
OH	 orthostatic hypotension
OI	 orthostatic intolerance
POTS	 postural orthostatic tachycardia 

syndrome
TCD	 transcranial Doppler

Figure 1.  Physiological mechanisms involved in regulating blood flow with orthostasis (left) and order of 
activation of physiological changes that occur with standing (right).
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located in the aortic arch and carotid sinuses.17 Changes 
in blood flow regulation with orthostasis are summa-
rized in Figure 1. In healthy humans, upon orthostasis, 
gravity pulls blood into the lower body, causing an in-
stantaneous drop in preload, which then drops CO and 
thus CBF.17 This causes the brief dizziness many people 
feel immediately upon standing. The drops in CO and 
CBF are detected by the baroreceptors, which respond 
by activating the sympathetic nervous system to trig-
ger vasoconstriction and an increase in heart rate to 
bring CO back to supine values in healthy humans.17,19 
Dysfunction of various parts of the autonomic nervous 
system is the disease process that causes the symp-
tomology of OI.20 More specifically, in OI, venous pool-
ing increases due to impairment of the skeletal muscle 
pump21 and decreased splanchnic vasoconstriction.22 
Central blood volume, CO, and stroke volume decrease 
when upright in OI, which increases sympathetic nerv-
ous system activation and manifests as tachycardia and 
increased catecholamine release.22,23

CO is then reflected in cerebral perfusion pressure 
(CPP). CPP is the pressure gradient present at the 
hydrostatic level of the head that propels blood flow 
into the brain.24 CPP is traditionally thought of as the 
difference between mean arterial pressure and intra-
cranial pressure (CPP=mean arterial pressure – intra-
cranial pressure).24 However, the CPP=mean arterial 
pressure – intracranial pressure equation only holds 
true in the supine posture when the head is not higher 
than the heart. The blood pressure (BP) that reaches 
the level of the head declines in an upright posture be-
cause hydrostatic pressure increases intracranial pres-
sure and in turn lowers CPP.25 If a person is upright, 
the brain is materially higher than the heart, and the 
hydrostatic effects of gravity on intracranial CPP must 
be considered as well.25 The Bernoulli equation is key 
to understanding vascular physiology by connecting a 
loss of kinetic energy to a reduction in BP measured 
at the level of the brain compared with BP at the level 
of the heart.25,26 Assuming the average distance be-
tween the brain and heart is 29 cm, the decrease in 
BP at the head in the upright posture can be calcu-
lated as ∆pressure=density of blood×force of gravity 
(as a constant)×∆height of column=(1000 kg/m3) (9.81 
m/s2) (0.29 m)=11 960 Pa=21.4 mm Hg.26 This is a ma-
terial pressure difference that is often incorrectly unac-
counted for on the basis of posture.25

Assuming stable CO and central perfusion pressure, 
an additional factor affecting CBF is cerebrovascular 
resistance, which describes the degree of resistance 
by the blood vessels in the brain through modulating 
vessel diameters. An increase in cerebrovascular re-
sistance results in a decrease in CBF, and a decrease 
in cerebrovascular resistance leads to an increase in 
CBF. To maintain a normal CBF despite vastly varying 
CO and central perfusion pressure, the body adjusts 

cerebrovascular resistance as necessary.19 The pre-
cise interplay between these mechanisms is critical for 
ensuring adequate blood supply to the brain, which 
is essential for normal brain function. The relationship 
between these variables can be expressed using the 
following equation:19

Secondarily, the brain’s own homeostatic mech-
anism of local cerebral autoregulation ensures that 
an increase or decrease in mean arterial pressure is 
directly met with consequential vasoconstriction or 
vasodilation of small cerebral arteries, respectively.17 
Through the regulation of cerebrovascular resistance, 
constant CBF is maintained. Dysfunction in autonomic 
control of central blood flow leads to many symptoms 
of orthostatic intolerance.27

Cerebral Autoregulation
Cerebral autoregulation is the brain’s ability to main-
tain constant CBF despite fluctuations in BP. Cerebral 
autoregulation occurs over a range of CPPs through 
adjustments in cerebrovascular resistance.28 Factors 
influencing autoregulation include BP fluctuations, CO2 
levels, cerebrovascular tone, and metabolic demands 
of the brain.17

Cerebral autoregulation can be divided into 2 sub-
types: static and dynamic. Static cerebral autoregulation 
defines the ability of the cerebral vasculature to main-
tain CBF within the normal range of 60 and 160 mm Hg 
mean BP, regardless of steady-state changes in BP.29 
Cerebral autoregulation is typically assessed by mea-
suring the relationship between changes in TCD-derived 
cerebral blood velocity (CBv) and changes in arterial BP 
during steady-state conditions. For evaluation of static 
cerebral autoregulation, baseline measurements of CBv 
and BP are recorded in the supine position over at least 
10-minute-long time intervals. Next, sustained alter-
ations in BP are achieved through the administration of 
vasoconstrictors or vasodilators, and the subsequent 
effect on CBv is monitored. Despite steady changes in 
BP, if CBF remains stable, then static cerebral autoreg-
ulation is deemed intact.

Dynamic autoregulation describes the CBv changes 
with rapid fluctuations in BP that occur with physio-
logical changes such as posture or breathing manip-
ulation or pharmacological intervention.17 The latency 
of autoregulatory action, or how quickly the brain re-
sponds to changes in BP, can then be measured, in 
addition to its efficiency.29 The cerebral autoregulation 
index, the slope of the linear regression between CBv 
and BP changes over time can be used to calculate 
the efficiency of cerebral autoregulation.29 This factor 

CBF=(central perfusion pressure−Δpressure)∕

cerebrovascular resistance.
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is particularly relevant in clinical conditions like OI, in 
which static cerebral autoregulation is intact, but they 
are unable to compensate for dynamic mean BP 
changes within the 60 to 160 mm Hg range (eg, drop 
from 100 mm Hg to 80 mm Hg) leading to presyncope 
or syncope.30

Recent analyses indicate that autoregulation is ef-
fective over a narrow range of BP changes (≈10%), 
with a more effective buffering of BP increases com-
pared with decreases.17 This autoregulatory process is 
often seen as static, but it is actually dynamic, with 
CBF rapidly adjusting to changes in central perfusion 
pressure.29,31 This dynamic response is evident when 
CBF returns to baseline before BP does. If dynamic 
autoregulation is impaired, CBF changes align closely 
with BP changes.17 This is particularly relevant for OI 
when BP and central blood volume are unstable and 
most commonly drop with orthostasis.23 If autoregula-
tion is impaired, as evidenced in OI, CBF can change 
rapidly with changes in BP, which leads to neurological 
symptoms.32

CBF IN OI
CBF in Syncope
CBF dysregulation can cause syncope, a transient loss 
of consciousness when there is significantly decreased 
blood flow to the brain.33 OH is a diagnosis that com-
monly experiences CBF dysregulation resulting in 
syncope. Possible causes of OH include dehydration, 
medications, or health conditions with secondary dys-
function of the autonomic nervous system.1 As the au-
tonomic nervous system regulates the subconscious 

process of vasoconstriction, autonomic dysfunction 
hampers the body’s ability to vasoconstrict to prevent 
venous pooling in the lower extremities in the upright po-
sition, resulting in low BP and CBF drops.34

A head-up tilt table test is often used by electrophysiolo-
gists to test a patient’s likelihood of syncope. The test 
induces orthostatic stress with passive upright posture 
during which vital signs such as BP and heart rate are 
monitored, ideally continuously, throughout the test. 
Since all types of syncope are essentially caused by a 
rapid drop in CBF, it is clinically relevant to measure CBv 
in syncope to reach an accurate diagnosis.1 Figure  2 
shows the BP and CBv patterns of a 20-year-old woman 
with mixed syncope.3 The onset of syncope coincides 
with a drop in CBF, followed by a delayed decline in BP.3 
Evidence suggests that CBF drops before the fall in BP 
in syncope contributing to a syncopal event.34 Cerebral 
autoregulation, however, does not appear to be affected 
in syncope during head-up tilt.17,35 Some people with 
syncope have a paradoxical increase in cerebrovascu-
lar resistance that proceeds the drop in BP.34,36 There 
are surprisingly limited studies addressing CBF in syn-
cope and CBF regulation may differ depending on the 
pathogenesis and pathophysiology of the disorder.36 
For instance, people with neurally mediated syncope 
or hypotension may develop an altered BP range for 
autoregulation and baroreflex buffering compared with 
otherwise healthy people with the occasional vasovagal 
episodes.17,35,36

CBF in POTS
Several studies have evaluated cardiovascular and 
CBv patterns in POTS. Novak et al3 studied diagnostic 

Figure 2.  BP and CBF patterns in mixed syncope.
The figure depicts CBF drops being consistent with syncope, whereas BP drops only correlate in some cases (eg, orthostatic 
hypotension). Charts reproduced from Novak under the terms and conditions of the Creative Commons Attribution Non-
Commercial-NoDerivatives license (https://​creat​iveco​mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/​). BP indicates blood pressure; and 
CBF, cerebral blood flow.

https://creativecommons.org/licenses/by-nc-nd/4.0/
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metrics for assessing multiple forms of OI during head-
up tilt and outlined the crucial importance of measuring 
TCD in conditions with OI. CBv, measured in the mid-
dle cerebral artery (MCA), served as a more accurate 
tool in differentiating POTS from other forms of tachy-
cardia.37 While heart rate was significantly elevated in 
all conditions, CBv was considerably low in POTS, and 
either normal or transiently increased in supraventricu-
lar tachycardias.3 More than 50% of POTS participants 
presented with central hypovolemia, resulting primarily 
from blood sequestration within the splanchnic vas-
culature, leading to reduced upright cerebral blood 
volume.38 A series of intricate physiology studies by 
Stewart and colleagues demonstrated CBv abnormali-
ties with head-up tilt in small samples (9–25 participants 
per study) of adolescent participants with POTS.32,38–41 
First, they showed that POTS participants had twice 
the drop in CBv on head-up tilt compared with controls 
even though BP remained stable.38 In addition, CBv 
oscillated significantly more in POTS compared with 
controls during head-up tilt.32,40 Together these data 
suggest impaired cerebral autoregulation in POTS. 
Furthermore, Stewart et al demonstrated that the drop 
in CBv with head-up tilt in POTS occurs before orthos-
tatic tachycardia and hyperpnea, which suggests that 
CBv may be driving POTS pathophysiology.39 In addi-
tion, this group has found associations between CBv 
drops on tilt and difficulty with working memory, which 
may account for brain fog experienced by people with 
POTS.38,41

There is also evidence that the drop in CBv with 
orthostasis drives other POTS symptoms, including 
postural tachycardia and hyperventilation.42 Stewart 
et  al39 investigated the time course of physiological 
changes in POTS. They demonstrated that CBv drops 
before the rise in HR or end-tidal CO2 in POTS.39 A 
recent study by Baker et  al confirmed that reduced 
stroke volume and CBv drive postural hyperventila-
tion.43 Regardless of POTS subtype (hyperadrenergic, 
neuropathic, hypovolemic, etc), an excessive decrease 
in orthostatic CBv is a consistent pathophysiological 
mechanism.3,41 Whether the CBF also drops exces-
sively in POTS with orthostatic hypertension has not 
been studied except for 1 case study3 but deserves 
further investigation.

CBF in ME/CFS
ME/CFS is a challenging diagnosis due to a lack of 
specific biomarkers or diagnostic tests.44 Clinical pres-
entations include persistent fatigue for ≥6 months, 
postexertional malaise, and related deterioration in 
physical and mental health.44 People with ME/CFS 
report symptoms that overlap with several other 
syndromes including fibromyalgia and POTS.45 Two 
thirds of people with ME/CFS experience symptoms 

of autonomic dysfunction with 20% to 30% meeting 
POTS criteria.3,45

Using an extracranial CBv ultrasound technique of 
the carotid and vertebral arteries, van Campen et  al. 
observed CBF changes during head-up tilt in partici-
pants with ME/CFS.46–48 The authors found a 26% re-
duction in CBF at end-tilt in participants with ME/CFS, 
compared with a 7% decrease in healthy controls.46 
Notably, 90% of participants with ME/CFS exhibited a 
>13% reduction in CBv, a threshold set 2 SDs below 
the average drop in CBF in healthy subjects.46 Under 
these definitions, an abnormal CBF drop at the end of 
head-up tilt was seen in 82% of participants with ME/
CFS and normal heart rate and BP, in 98% of ME/CFS 
with delayed OH, and in 100% of ME/CFS with POTS.46 
Even more surprising was that 247 of 429 (58%) of the 
participants with ME/CFS who experienced orthostatic 
symptoms, had normal heart rate and BP.46 Without 
measuring CBF, traditional vital signs appear normal 
in a majority of people with ME/CFS. Linear regression 
analysis demonstrated that the extent of CBF reduc-
tion was directly correlated with orthostatic symptoms 
during head-up tilt (P<0.0005).46 Furthermore, CBF re-
mained reduced in ME/CFS following head-up tilt, sug-
gesting slower recovery of blood flow to the brain in this 
population.47 Another analysis by this group revealed 
that participants with ME/CFS who were previously 
mislabeled as having psychogenic pseudosyncope to 
explain their frequent syncopal episodes had a more 
significant decline in CBv compared with participants 
with ME/CFS without a psychogenic pseudosyncope 
diagnosis.48 This suggests that syncope in ME/CFS 
may be neurally mediated rather than psychogenic.

Novak and colleagues observed the same phe-
nomenon in which many patients with ME/CFS ex-
perienced significant CBv reductions despite normal 
heart rate and BP when evaluating patients complain-
ing of OI on head-up tilt.49 Instead of using the ME/
CFS diagnostic framework, they referred to this group 
of people as having orthostatic cerebral hypoperfusion 
syndrome (OCHOS). People with OCHOS have lower-
than-normal orthostatic CBv despite normal changes 
in heart rate and BP.3,50 Mechanisms behind cerebral 
hypoperfusion in OCHOS include cerebral autoregula-
tion failure and poor central blood volume compensa-
tion to orthostatic provocation.42,50 Both OCHOS and 
POTS experience an orthostatic drop of CBv without 
OH. However, unlike people with POTS, people with 
OCHOS do not experience excessive tachycardia.3,50 
A study conducted in 2016 investigated the hemody-
namic mechanisms leading to orthostatic dizziness 
in OCHOS and found that participants with OCHOS 
experienced stable orthostatic BP, normal heart rate, 
and reduced CBv during head-up tilt. Mean CBv was 
significantly reduced (>20%) in the OCHOS group 
as compared with the control group. Both groups 
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reported no difference in heart rate, BP, and end-tidal 
CO2 during head-up tilt. Subjects with hypocapnic ce-
rebral hypoperfusion also had normal heart rate and 
BP responses, but alarmingly low end-tidal CO2.

51 
Reduction in end-tidal CO2 is directly correlated with 
a consequential decrease in CBF velocity due to cere-
bral vasoconstriction.51 These results further reinforce 
the importance of CBF velocity as a crucial biomarker 
for more accurate evaluation of orthostatic symptoms. 
Both OCHOS and ME/CFS have very similar hemo-
dynamic patterns.46 Therefore, we hypothesize that 
they have been diagnosed with different conditions 
only because that is what their physicians were familiar 
with.3,52

Given the insensitivity of current biomarkers includ-
ing heart rate and BP for evaluating OI in ME/CFS, 
many with orthostatic symptoms are misdiagnosed as 
healthy. CBF monitoring is vital for proper and com-
passionate care. In addition, the pathophysiology of 
ME/CFS appears nearly identical to that of the OCHOS 
population on which Novak et  al reported.46,50 Both 
populations experience drops in CBF despite normal 
BP and heart rate, which can finally explain their sig-
nificant orthostatic symptom complaints. It can be ar-
gued that the ME/CFS and OCHOS populations are 
effectively the same population and that they are both 
severely misdiagnosed as being “objectively normal” if 
CBF is not monitored.

CBF in Long COVID
People with long COVID also have abnormalities in 
CBsF. Novak et  al demonstrated that long COVID 
symptomology may be primarily explained by CBF 
dysregulation and neuropathic changes.9,53 A small 
study comparing 9 participants with long COVID, 10 
participants with POTS, and 15 healthy controls dem-
onstrated a 20% CBF drop in participants with long 
COVID during head-up tilt compasred with a 3% drop 
in healthy controls.9 Moreover, 89% of participants 
with long COVID had small-fiber neuropathy, which 
compromises vasoconstriction, resulting in reduced 
preload, CO, and ultimately impaired CBF.9,53 Of note 
is that 67% of patients with symptomatic long COVID 
did not exhibit orthostatic tachycardia or hypotension, 
again demonstrating the need to measure CBF or risk 
misdiagnosis.9

Van Campen et  al reported similar findings when 
comparing 10 patients with long COVID against 20 pa-
tients with ME/CFS and 10 healthy controls using the 
extracranial ultrasound.54 Participants with long COVID 
experienced a 33% decrease in CBF on head-up tilt, 
compared with a 4% CBF drop in healthy controls. 
However, unlike the study by Novak et al,53 in which a 
majority of participants with long COVID did not have 
orthostatic tachycardia, in the study by van Campen 

et  al,54 all participants with long COVID experienced 
orthostatic tachycardia on head-up tilt. The symptoms 
experienced by individuals with long COVID closely 
resembled those reported in ME/CFS, as observed in 
their response to head-up tilt. The impairments of CBF 
and cardiac index during tilt were more severe in many 
participants with long COVID compared with other ME/
CFS participants.54 These findings show that the or-
thostatic physiology of long COVID strongly overlaps 
with those of POTS and ME/CFS. Moreover, these 
findings are in close concordance with a Swedish case 
series by Johansson et al in which patients with long 
COVID presented with clinical symptoms consistent 
with POTS.6 In all these cases, monitoring CBF was 
the most sensitive and specific biomarker of disease. 
Table 1 describes major studies of clinical conditions 
reporting orthostatic symptoms. Despite different di-
agnostic criteria, all of the syndromes in Table  1 are 
associated with abnormal CBF or CBF regulation when 
upright. However, CBF is inconsistently assessed and 
not clinically recognized as a biomarker in OI.

NEED FOR CBF MONITORING IN OI
For conditions associated with OI, monitoring a vali-
dated proxy of CBF is essential. TCD-derived CBF 
velocity has been the primary method used in spe-
cialty autonomic centers. However, TCD equipment 
and training are not widely available. Currently, BP and 
heart rate are used as surrogates of CBF to assess OI; 
however, the accuracy of diagnosing conditions with 
CBF dysregulation using BP and heart rate alone has 
been shown to have poor sensitivity.3,9

Approximately half (22%–58%) of patients who meet 
the symptomatic criteria for OI do not meet heart rate 
and BP criteria for POTS or OH during head-up tilt.3,46 
Without monitoring a proxy for CBF, many of these pa-
tients would be labeled as objectively normal, and their 
symptoms could be incorrectly attributed to psycho-
logical causes. In OCHOS, BP remains normal, heart 
rate shows normal increments (≥10 and <30 beats/min), 
and CBF drops (Figure 3). In the absence of CBF ve-
locity monitoring, people with OCHOS would pass as 
having normal head-up tilt results, and hence run the 
risk of being misdiagnosed with psychogenic or vestib-
ular disorders on the basis of orthostatic symptoms. In 
addition, patients with primary cerebral autoregulatory 
failure who have characteristically low supine and up-
right CBv will remain undiagnosed if CBv is not used.3 
People with ME/CFS can have normal heart rate and 
BP but reduced CBF.46 Similarly, in participants with 
long COVID, a decline in orthostatic CBF velocity was 
observed, while heart rate and BP remained stable.54 
The lack of proper diagnosis of OI stems from the 
unmet need to provide bedside CBF evaluation.
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Since measuring CBF is time and labor consuming and 
technically complex to measure, BP and heart rate are 
routinely measured instead, resulting in misdiagnoses. 
Therefore, it is critical to start measuring CBF more directly, 
instead of relying on inferences from secondary metrics.

METHODS FOR CBF MEASUREMENT
An overview of common methods for orthostatic CBF 
measurement is shown in Figure 4. Comparison of the 
advantages and disadvantages of these systems for 
measuring CBF is summarized in Table 2.

Transcranial Doppler
TCD is one method of measuring a proxy of CBF that 
can be used for noninvasive in-clinic monitoring both 
at the bedside or during head-up tilt.49 TCD does not 
measure total CBF but looks at changes in CBF ve-
locity in the MCA. Sonographers insonate the MCA 
using a low-frequency transducer probe at a depth of 
45 to 56 mm. The Doppler probe transmits ultrasound 
beams at a frequency of ≤2 MHz through thin cranial 
bone windows. The beams are reflected and Doppler 
shifted as they encounter moving red blood cells. 
Spectral analysis of the TCD signal at a given time 

Table 1.  Large Studies Reporting CBv in Orthostatic Intolerance

Study Year Design Diagnosis No.

Age, y, 
mean 
(SD)

Tilt

OutcomeHR MAP

Systolic 
MCA 
Velocity

Diastolic 
MCA 
Velocity

Mean 
MCA 
Velocity/
CBF

Albina 
et al55

2004 Prospective 
OS

History of 
Syncope or 
Presyncope

206 40 (22) ↓ ↓ ↓ ↓ ↓ Drop in CBF during 
neurocardiogenic syncope

Novak 
et. al56

1998 Prospective 
OS

OI 30 31.3 (1.2) ↑ ↔ ↓ ↓ ↓ In OI, orthostatic stress 
triggers hyperventilation, 
leading to hypocapnia and 
cerebral hypoperfusion

Del Pozzi 
et al39

2014 Prospective 
OS

POTS 11 19 (3) ↑ ↓ NA NA ↓ Initial orthostatic 
hypotension in POTS 
results in reduced cerebral 
blood flow velocity, and 
postural hypocapnic 
hyperpnea, which 
exacerbates cerebral 
ischemia

Novak, 
et al50

2016 Retrospective 
OS

OCHOS 102 51.1 (14.9) ↔ ↔ ↓ ↓ ↓ Orthostatic cerebral 
hypoperfusion exists 
without orthostatic 
hypotension in patients 
with orthostatic symptoms

Novak3 2016 Retrospective 
OS

OH, OCHOS, 
POTS, Syncope, 
Pseudosyncope

744 NA ↔↕ ↔↕ NA NA ↔↕ Orthostatic syndromes 
have variable changes in 
cerebral blood flow and 
cardiovascular patterns 
upon TCD monitoring

Novak42 2018 Retrospective 
OS

OI 16 38.6 (8.1) ↔ ↔ NA NA ↓ Cerebral hypoperfusion 
due to hypocapnia can 
be an objective biomarker 
of OI patients without 
tachycardia

Van 
Campen 
et al46

2020 Prospective 
OS

ME/CFS 429 39.0 (12) ↔↑ ↔↓ NA NA ↓ CBF is reduced in ME/
CFS patients

Van 
Campen 
et al47

2021 Case–control 
OS

ME/CFS 60 39.0 (12) ↔↑ ↔↓ NA NA ↓ ME/CFS patients show 
a large decline in CBF 
following head-up tilt

Novak 
et al9

2022 Retrospective 
OS

PASC 34 35.8 (7.3) ↑↔ ↔ NA NA ↓ Long-COVID is associated 
with cerebrovascular 
dysregulation with 
cerebral arteriolar 
vasoconstriction

CBF indicates cerebral blood flow; ME/CFS, myalgic encephalomyelitis/chronic fatigue syndrome; OI, orthostatic intolerance; OS, observational study; 
POTS, postural orthostatic tachycardia syndrome; and TCD, transcranial Doppler. ↑, increased; ↓, decreased; ↔, normal; ↔↑, normal or increased; and ↕, any.
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point reveals a wide spread of frequencies due to vari-
able blood flow velocities through the arterial cross-
section. This frequency spread can be calculated at 
each time point as a peak velocity value representing 
the fastest-moving red blood cells at the center of the 
sampled cross-section, or an intensity-weighted mean 
that represents an average velocity of the blood cells in 
the sampled cross-section.

The transtemporal window is used to insonate the 
MCA. However, it can be difficult to acquire an ade-
quate signal in some individuals, as ≈10% to 20% of 
participants do not have a thin enough transtemporal 
acoustic window to get a reliable TCD signal.60 To as-
sume that TCD-derived CBF velocity represents total 
CBF, there are 3 primary assumptions: (1) the diame-
ter of the insonated vessel remains unchanged; (2) the 
angle of insonation remains fixed in position; (3) flow 
through a single MCA is representative of all 4 cerebral 
arteries. Despite these major assumptions, TCD has 
been demonstrated to still be able to differentiate be-
tween normal perfusion and hypoperfusion in multiple 
patient populations.

A unique advantage to TCD is the ability to mea-
sure CBF velocity with high time resolution, due to the 
existence of mounting headgear that can continually 
hold the ultrasound probe against the transtemporal 
window. This headgear can help ensure that the angle 
of insonation remains fixed. This also allows monitoring 
of a patient through a postural change, allowing the 
ability to see a continuous drop in flow leading to a 
syncopal event.

Extracranial CBF Ultrasound
Extracranial CBF ultrasound is another method of 
measuring CBF with significantly fewer assump-
tions compared with TCD.52 Unlike TCD’s approach 
of trying to measure a single cerebral artery through 
the cranium, extracranial CBF ultrasound measures 
all 4 cerebral arteries before they enter the skull, 
thus avoiding the difficulty of measuring through 
the skull.52 This allows sonographers to take a ca-
rotid duplex scan using simultaneous B-mode and 
pulsed-wave Doppler to capture flow velocities and 
artery diameters for all the internal carotid and verte-
bral arteries.61 Flow velocities are multiplied against 
their respective artery diameter to get a volume flow 
(mL/min) measurement. Then, volume flow of all 4 
cerebral arteries is added together to get total CBF. 
This method arguably measures true CBF without re-
quiring any of the significant assumptions needed for 
TCD ultrasound measurements.

In exchange for the higher-quality CBF mea-
surement, the extracranial CBF technique loses the 
continuous monitoring nature of TCD ultrasound. 
Extracranial CBF ultrasound takes snapshots of CBF 
where the sampling rate is limited to the time it takes to 
make duplex measurements of all 4 cerebral arteries, 
which typically takes 1 to 2 minutes for a trained so-
nographer. It also requires a nontrivial amount of post-
processing including diameter measurements, losing 
some of the real-time nature. However, the sampling 
frequency trade-off does support a more sensitive, 
specific, and theoretically sound measurement of true 

Figure 3.  HR, BP, and CBF velocity patterns in example participants with orthostatic hypotension, orthostatic cerebral 
hypoperfusion syndrome, and POTS during supine (gray) and head-up tilt (white) compared with a healthy control on the 
left.
Despite different changes or no change in BP and HR during head-up tilt, participants with orthostatic intolerance experience a 
similar and excessive decline in cerebral blood velocity. Charts reproduced from Novak3 under the terms and conditions of the 
Creative Commons Attribution Non-Commercial-NoDerivatives license (https://​creat​iveco​mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/​). BP 
indicates blood pressure; CBF, cerebral blood flow; HR, heart rate; and POTS, postural orthostatic tachycardia syndrome.

https://creativecommons.org/licenses/by-nc-nd/4.0/
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CBF. Extracranial ultrasound has not been studied as 
frequently and across as many different clinics and 
laboratories as TCD has in orthostatic populations. 

However, in the studies in which extracranial CBF 
ultrasound has been used, it has thus far had more 
consistently repeatable measurements compared 

Figure 4.  Methods for CBF measurement.
Ultrasound is used to assess blood flow velocity to the head either at the middle cerebral artery 
using TCD ultrasound or at the external carotid artery via extracranial ultrasound. NIRS supplies 
an index of oxygen saturation of the frontal lobe with oximetry by shining near-infrared light at the 
forehead. In-ear pulse-wave analysis is an emerging technique to remotely measure blood flow to 
the head using infrared light to the posterior auricular branch of the external carotid artery. CBF 
indicates cerebral blood flow; NIRS, near-infrared spectroscopy; and TCD, transcranial Doppler.

Table 2.  Comparison of Methods for Detecting Orthostatic CBF Changes

Cerebral blood 
flow measurement 
method Advantages Disadvantages Access Cost

Transcranial 
ultrasound

Able to use at bedside and during 
head-up tilt
Headgear allows hands-free 
continuous monitoring
High temporal resolution can catch 
transient events like syncope

Only a velocity measurement, not true 
cerebral flow. Relying on assumptions 
that were proven to be problematic
Variability in data quality based on 
sonographer skill
≈10% of skulls are impenetrable

Need TCD ultrasound 
machine and specially 
trained sonographer, 
headband holder

$20k–$50k 
device cost + 
highly specialized 
technician time

Extracranial 
ultrasound

True CBF measurement without 
significant assumptions. Most 
sensitive way to measure CBF drops 
in OI

Low temporal resolution (2+ min per 
sample) misses transient events

Need ultrasound machine 
and specially trained 
sonographer

$20k–$50k 
device cost + 
highly specialized 
technician time

NIRS Easy to use and stick onto a patient’s 
forehead. No trained technician 
required

Depends on skull thickness and 
spacing from frontal lobe
Has failed to discriminate orthostatic 
hypoperfusion in patients with OI

Just need NIRS device $5k–$20k device 
cost

In-ear pulse-wave 
analysis

Scalable, remote monitoring
Tracks postural changes in real-life 
settings

New technology, not a direct CBF 
measurement. Fewer validation data 
available

Can be mailed to patients 
and supported via 
telehealth

≈$500 device cost

CBF indicates cerebral blood flow; NsIRS, near-infrared spectroscopy; OI, orthostatic intolerance; and TCD, transcranial Doppler.
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with TCD, which has had problems with interlabratory 
repeatability.35,46

Near-Infrared Spectroscopy
NIRS, also known as cerebral oximetry, offers another 
proxy for CBF by using near-infrared light into the fore-
head to measure the oxygen saturation of the frontal 
lobe similar to finger pulse oximetry.57,58 If CBF drops, 
cerebral oxygenation should also drop in theory. Like 
pulse oximetry, wavelengths of light are differentially 
affected by oxyhemoglobin or deoxyhemoglobin and 
total hemoglobin, and the amount of reflected light at 
each wavelength can be used to infer cerebral oxy-
genation.58 NIRS has been tested in OI populations 
compared against healthy controls; however, both par-
ticipants with OI and healthy control experience similar 
reductions in oxyhemoglobin.57,59,62,63 Significant re-
ductions in oxyhemoglobin may be related to the fact 
that NIRS partially samples superficial scalp blood ox-
ygen, as well as shifting tissue within the optical sam-
pling volume upon orthostasis. Slightly larger drops in 
oxyhemoglobin have been shown in patients with OI 
compared with healthy controls, but these differences 
are small, resulting in poor diagnostic specificity.63,64 
Instead of focusing on relative drops in oxyhemoglobin, 
NIRS research has focused more on the time it takes 
for cerebral oxygenation to recover from the initial drop 
during upright periods, where recovery takes longer in 
orthostatic populations.63,65 As the discriminative ability 
of NIRS to differentiate people with orthostatic intoler-
ance from healthy controls is much weaker than more 
direct measures of CBF, this review will not cover NIRS 
at length. There is also a different variant of NIRS that 
uses coherent hemodynamics spectroscopy, which 
relies on fundamentally different physics principles to 
attain proxies for CBF.66 These have shown promise 
in measuring CBF trends in supine patients; however, 
these have not been tested in orthostatic populations 
and are thus out of scope for this review.

Wearable Pulse-Wave Analysis
New wearables that measure correlates of CBF via 
pulse-wave analysis have been developed in recent 
years. These devices will have the advantage of being 
more affordable and widely available to both medical 
providers and patients. These devices are portable and 
can capture real-world data and provide feedback to 
clinicians and patients. The goal of wearable CBF moni-
toring is to correlate CBF to symptoms, triggers, and 
treatments patients experience in their daily lives and be 
able to evaluate the effects of activities and treatments 
on their CBF. The ease of deployment of wearable CBF 
monitors could be similar to a Holter monitor that pro-
vides feedback to patients and clinicians.

The Lumia (Lumia Health, Boston, MA) is an in-ear 
wearable device that has been clinically validated and 
is being marketed to people with OI for them to track 
their own trends in blood flow to the head as a proxy 
for CBF.67 The Lumia uses infrared light to interrogate 
the posterior auricular artery, which branches off the 
external carotid artery. It does not measure true flow 
but instead analyzes the pulse waveform’s fullness to 
generate a relative flow index they call external carotid 
blood flow. It has been demonstrated to see significant 
blood flow drops preceding syncope during head-up 
tilt.68 Fudim, an author of this paper, tested this device 
against TCD ultrasound during head-up tilt and has 
shared preliminary prepublished data demonstrating 
reasonable correlation.67

Another potentially relevant wearable is the Flosonics 
carotid ultrasound patch wearable (Flosonics Medical, 
Sudbury, Ontario, Canada), which targets monitor-
ing the common carotid artery with continuous-wave 
Doppler. This also primarily targets a form of pulse-
wave analysis, specifically looking at the corrected ca-
rotid artery flow time as a proxy for preload and volume 
status. There has been some promise of sensitivity to 
preload modifying maneuvers,69 but the device has not 
been tested or validated in patients who are orthostatic 
intolerant to our knowledge.

LIMITATIONS OF EXISTING 
TECHNIQUES
Both TCD and extracranial ultrasound methods of meas-
uring CBF are limited by the lack of trained sonographers, 
varying sonography skills, likelihood of sonographer 
mistakes, and a limited ability to retrospectively identify 
sonographer mistakes, which can result in inadequate 
measurement quality passing as good signal.70,71 In addi-
tion, there can be significant pulsed-wave Doppler meas-
urement variability between different ultrasound systems, 
which introduces further interlaboratory repeatability chal-
lenges.70,72,73 Having a well-trained sonographer with a 
validated ultrasound system are vital prerequisites for 
these techniques to be used successfully.

In addition to the above limitations, which are com-
mon to ultrasound in general, TCD monitoring of CBv 
has its own unique limitations.37 TCD-derived CBv is an 
imperfect proxy for total CBF that relies on several sig-
nificant aforementioned assumptions such as constant 
MCA diameter, which have been shown to be problem-
atic.70,74,75 Specifically, 10% to 20% of patients cannot 
be insonated due to inadequate acoustic windows in the 
skull, and multiple laboratories have not been able to re-
produce CBv measurements likely due to the described 
limitations.45,60,70,76

The extracranial ultrasound method addresses many 
of the assumptions that TCD operates under and does 
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not have the issue of thick skulls preventing signal acqui-
sition in 10% to 20% of subjects.61 However, extracra-
nial ultrasound is a more advanced technique than TCD 
with more steps required of sonographers, increasing 
the existing susceptibility to sonographer error and 
skill variability.70,71 In addition, we were unable to find 
commercially available ultrasound systems that can au-
tomate diameter measurements and volume flow calcu-
lations, thus requiring nontrivial manual postprocessing, 
which may make it more difficult to increase clinician 
adoption. In addition, the extracranial ultrasound tech-
nique loses the continuous monitoring nature of TCD, 
as it only takes snapshots limited to a 1- to 2-minute 
sampling period for a fast sonographer.

Due to the issues of ultrasound variability mentioned 
above,37 developing quality standards to ensure that 
sonographers have proper technique in ultrasound 
measurement of CBF will be key to wider adoption 
and repeatability. Like TCD, the in-ear optical wear-
able devices have similar assumptions as they mea-
sure branches of the external carotid artery. External 
carotid artery flow is known to deviate from internal 
carotid artery flow specifically when there is local intra-
cranial vasoconstriction caused by hyperventilation.77 
External carotid flow is not a true measure of CBF, and 
as such the clinical implementation of such a device 
will be limited to situations in which total CBF reduction 
is caused by fluctuations in CO. In addition, notable 
challenges include that up to 10% of ears may not be 
compatible with these devices.

CONCLUSIONS
CBF is a critical biomarker for OI and related disorders. 
CBF is measurably and considerably reduced in a vast 
majority of patients with OI, often despite normal heart 
rate and BP. Moreover, studies have found that 22% 
to 58% of patients with OI can have normal heart rate 
and BP readings despite abnormal CBF, often result-
ing in misdiagnoses.52 Because of the poor sensitivity 
of diagnostic criteria relying on heart rate and BP such 
as that of POTS and OH, we recommend the incor-
poration of CBF monitoring as the core diagnostic cri-
teria of cerebral autoregulatory abnormality. However, 
further validation of CBF monitoring techniques must 
be conducted before unified diagnostic criteria can be 
defined and recommended.

TCD ultrasound and extracranial ultrasound offer 
viable ways to measure CBF that have been tested 
in thousands of patients undergoing orthostasis. 
However, scalability and interlaboratory repeatabil-
ity are known problems with existing CBF monitoring 
methods. There are not enough testing facilities to meet 
the current patient demand; for example, wait time for 
tilt table testing even without ultrasound can be years. 
CBF measurements are mainly used in research and 

specialty centers, and methods are not standardized 
for OI. TCD has had multiple reports of interlaboratory 
repeatability issues,76 and the extracranial CBF ultra-
sound method has not yet demonstrated interlabo-
ratory repeatability.61 Both techniques require highly 
skilled sonographers, which may be a barrier to wider 
clinical adoption. Both ultrasound techniques must de-
fine more standardized monitoring techniques, such 
as mandating the use of time-averaged mean instead 
of time-averaged maximum velocities. Both methods 
must also find ways to verify sonographer quality to 
ensure interlaboratory repeatability.

New techniques and wearable devices on the hori-
zon plan to address these challenges and make CBF 
monitoring more accessible in OI. However, these have 
significant fundamental assumptions, similar to TCD, 
so further validation is required before they can be in-
corporated into clinical practice.
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