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BRIEF COMMUNICATION

Real- Time Magnetic Resonance Imaging to 
Study Orthostatic Intolerance Mechanisms 
in Human Beings: Proof of Concept
Darius A. Gerlach , PhD*; Andrea Maier , MD*; Jorge Manuel , PhD; Anja Bach; Alex Hoff , MSc;  
Jan- Niklas Hönemann , MD; Karsten Heusser , MD; Dirk Voit, PhD; Jens Frahm , PhD; Jens Jordan , MD*; 
Jens Tank , MD* 

BACKGROUND: Discerning the mechanisms driving orthostatic symptoms in human beings remains challenging. Therefore, 
we developed a novel approach combining cardiac and cerebral real- time magnetic resonance imaging, beat- to- beat physi-
ological monitoring, and orthostatic stress testing through lower- body negative pressure (LBNP). We conducted a proof- of- 
concept study in a patient with severe orthostatic hypotension.

METHODS AND RESULTS: We included a 46- year- old man with pure autonomic failure. Without and during −30 mmHg LBNP, 
we obtained 3T real- time magnetic resonance imaging of the cardiac short axis and quantitative flow measurements in the 
pulmonary trunk and middle cerebral artery. Blood pressure was 118/74 mmHg during supine rest and 58/35 mmHg with 
LBNP. With LBNP, left ventricular stroke volume decreased by 44.6%, absolute middle cerebral artery flow by 37.6%, and 
pulmonary trunk flow by 40%.

CONCLUSIONS: Combination of real- time magnetic resonance imaging, LBNP, and continuous blood pressure monitoring pro-
vides a promising new approach to study orthostatic intolerance mechanisms in human beings.

REGISTRATION: URL: https://www.clini caltr ials.gov; Unique Identifier: NCT04310644.
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Orthostatic intolerance, which encompasses or-
thostatic hypotension, postural tachycardia 
syndrome, and neurally mediated (vasovagal) 

syncope, may result from changes in systemic he-
modynamics, altered cerebrovascular control, or both 
mechanisms combined. In a patient with low blood 
volume or cardiac deconditioning, systemic hemody-
namics while standing may be maintained through in-
creased heart rate, resulting in palpitations, shortness 
of breath, and exercise intolerance. Symptoms of cere-
bral hypoperfusion or overt syncope may occur when 
systemic blood pressure decreases below the auto-
regulatory range of the cerebral circulation or during 

rapid blood pressure drops.1 Cerebral vasoconstriction 
can also elicit orthostatic symptoms in the absence of 
critical systemic blood pressure reductions.2 However, 
discerning mechanisms driving orthostatic symptoms 
in an individual patient, which could guide clinical man-
agement, remains difficult with current diagnostic mo-
dalities. We developed a novel approach combining 
cardiac and cerebral real- time magnetic resonance 
imaging (MRI),3,4 beat- to- beat physiological monitor-
ing, and orthostatic stress testing through lower- body 
negative pressure (LBNP) (Figure  1A). We tested the 
approach in a patient with severe orthostatic hypoten-
sion caused by pure autonomic failure.
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METHODS
Anonymized data and materials have been made 
publicly available at Zenodo and can be accessed at: 
https://doi.org/10.5281/zenodo.7066641. We studied 
a 46- year- old man with a 7- year history of orthostatic 
dizziness and syncope, bladder dysfunction, erectile 
dysfunction, and impaired night vision. Following re-
current orthostatic syncope resulting in injuries, he 
presented to the autonomic nervous system unit at 
Aachen University Hospital in 2020. Autonomic testing 
revealed severe orthostatic hypotension and cardiova-
gal, adrenergic, and sudomotor dysfunction. Supine 
and upright plasma norepinephrine concentrations 
were profoundly reduced. The study was approved by 
the North Rhine ethics committee and conducted ac-
cording to the Declaration of Helsinki after obtaining 
written informed consent.

In a 3T scanner (Biograph mMR; Siemens), we 
recorded beat- to- beat finger blood pressure using a 
customized device (NOVA; Finapres Measurement 
Systems), ECG, and respiration. We have modified the 
finger blood pressure system for MRI through mu- metal 

shielding of the electrical parts.5 We also applied lon-
ger than usual tubing between the finger cuff and the 
device to further limit magnetic field influences on the 
device.5 Furthermore, we applied an MRI- compatible 
LBNP chamber, which was sealed at the level of the 
iliac crest and fitted into the scanner bore (Figure 1A).

We used real- time MRI to obtain cardiac left short- axis 
slices with 300 images each at 33- ms time resolution 
without breath- holding (Figure 1B). We quantified pulmo-
nary trunk blood flow for 30 s, with 33- ms temporal and 
1.5×1.5×6- mm3 spatial resolution. The measurement po-
sition was above the pulmonary valve and proximal to the 
pulmonary artery bifurcation. Furthermore, we measured 
the middle cerebral artery (MCA) for 32 s, with 80- ms 
temporal and 0.75×0.75×6- mm3 spatial resolution with 
100- cm/s velocity encoding. Positioning was according 
to previous studies.6 We obtained measurements after 
20- minutes supine rest and during −30- mmHg LBNP 
providing modest orthostatic stress.

Statistical Analysis
Data were analyzed with Cafur (Fraunhofer MEVIS).

Figure 1. Real- time magnetic resonance imaging during orthostatic challenge in a human.
A, Schematic drawing of the cardiac real- time magnetic resonance imaging (MRI) setup with 
lower- body negative pressure (LBNP) and physiological monitoring including ECG, noninvasive 
beat- to- beat blood pressure (NIBP), and respiration. B, Midventricular MRI short- axis view during 
diastole before (left) and during (right) LBNP. Blood filling is visually reduced during LBNP.
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RESULTS
Blood pressure was 118/74 mmHg at baseline and 

58/35 mmHg during LBNP, which was associated with 
moderate symptoms. Despite the hypotension, heart 
rate only changed from 67 to 72 bpm (Figure 2A). At 
baseline, left ventricular end- systolic volume was 
24±4 mL, end- diastolic volume was 98±5 mL, and ejec-
tion fraction was 76%. During LBNP, end- systolic vol-
ume was 26±4 mL, end- diastolic volume was 67±4 mL, 
and ejection fraction was 62%. Left ventricular stroke 
volume decreased from 74±6 mL at baseline to 41±6 mL 
during LBNP and cardiac output decreased from 4.96 
L/min to 2.95 L/min, whereas systemic vascular re-
sistance failed to increase. Pulmonary trunk blood 
flow decreased from 4.5±0.5 to 2.7±1.5 L/min with 
LBNP (Figure 2B). Respiration rate was 15.5±3.9 min−1 
without and 16.4±2.2 min−1 with LBNP. Left MCA 
blood flow decreased from 0.17±0.01 L/min at base-
line to 0.11±0.01 L/min during LBNP (Figure 2C), and 

peak blood flow velocity decreased from 38.1±1.5 to 
21.1±1.9 cm/s. Left MCA area increased with LBNP 
from 15.4±0.5 to 18.6±0.7 mm2. The right MCA showed 
an overall qualitatively similar response with a reduc-
tion in blood flow from 0.1±0.01 L/min at baseline to 
0.06±0.01 L/min during LBNP, peak blood flow velocity 
decreased from 31.4±1.4 to 18.7±2.2 cm/s, and artery 
area increased slightly from 7.1±0.5 to 7.5±0.4 mm2. 
Assuming 70% brain tissue perfusion by the MCA, 
the brain volume measured 932.3 mL, and using a 
1.04- g tissue factor, we arrived at a brain perfusion of 
39.8 mL/min per 100 g at baseline and 25.0 mL/min per 
100 g during LBNP.

DISCUSSION
Combination of real- time MRI, physiological profil-
ing, and LBNP can be used to assess orthostatic 
intolerance mechanisms in patients. In our patient, 

Figure 2. Cardiovascular and cerebrovascular reaction to lower- body negative pressure (LBNP).
A, Systolic blood pressure, diastolic blood pressure (black line), and heart rate (red line) responses to −30- mmHg LBNP. The 
vertical line indicates LBNP start. B, Ten seconds continuous pulmonary trunk blood flow and finger beat- to- beat blood pressure 
during free breathing at baseline (left) and during LBNP (right). The dark blue bar indicates expiration (Ex), and the light blue bar 
indicates inspiration (In). Bar plot in the middle depicts mean blood flow (left baseline and right LBNP) in liters per minute with 
standard deviation. C, Left middle cerebral artery blood flow and blood pressure at baseline (left) and during LBNP (right) with 
concomitant beat- to- beat blood pressure.
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orthostatic stress led to profound hypotension primar-
ily via reduction in cardiac output. Given the autonomic 
impairment, compensatory changes in heart rate and 
vascular tone through baroreflex mechanisms were 
insufficient.7 Orthostatic hypotension produced sub-
stantially reduced cerebral perfusion, which likely ex-
plains symptoms during LBNP.

Currently, MRI- compatible finger blood pressure de-
vices, LBNP, and real- time MRI are not widely available. 
However, the approach may have distinct advantages. 
Changes in the breathing pattern or breath- holding, 
which are required for echocardiography, conventional 
ECG- synchronized cardiac MRI, or inert gas rebreath-
ing methods, profoundly confound systemic and ce-
rebral hemodynamic measurements, particularly in 
patients with autonomic failure.8 Previous studies either 
relying on indirect hemodynamic measurements9 or on 
static measurements through radionuclide ventriculog-
raphy10 suggested complex hemodynamic abnormal-
ities in patients with pure autonomic failure, resulting 
in orthostatic hypotension with markedly elevated 
blood pressure in the supine position. One potential 
advantage of our approach is that reliable hemody-
namic measurements can be obtained in a dynamic 
fashion. Moreover, cerebral blood flow velocity mea-
surements via transcranial Doppler sonography may 
be misleading when cerebral artery diameter changes 
with orthostatic stress, as shown in our patient and 
in previous investigations.11 Had we taken only MCA 
blood flow velocity into account, we would have arrived 
at a 42.5% reduction in cerebral blood flow. Absolute 
MCA flow, derived from real- time MRI flow velocities 
and vessel diameters, revealed a total blood flow re-
duction of 37.6% with LBNP. The potential of real- time 
MRI in measuring absolute MCA flow may be particu-
larly relevant when studying patients with orthostatic 
symptoms associated with cerebral vasoconstriction 
rather than systemic hypotension.2

LIMITATIONS
An important limitation of our study is that we did not 
measure end- tidal carbon dioxide, which can pro-
foundly affect cerebral perfusion. Hyperventilation- 
induced cerebral vasoconstriction may contribute 
to orthostatic symptoms.12 Furthermore, we did not 
conduct transcranial Doppler sonography for a di-
rect comparison between methods. Future studies 
comparing both methodologies during physiological 
challenges are required. Furthermore, this is a proof- 
of- concept study, demonstrating the feasibility of a 
novel approach in assessing orthostatic cardiovascu-
lar responses in a patient with rare pure autonomic 
failure. Additional studies are required before more 
widespread use in research studies or in the clinic 
could be considered.

CONCLUSIONS
Our study suggests that combination of real- time MRI, 
LBNP, and continuous blood pressure monitoring may 
provide a promising new approach to study orthos-
tatic intolerance mechanisms in human beings. In our 
patient with pure autonomic failure, severe orthostatic 
hypotension elicited through LBNP was associated 
with reductions in cardiac stroke volume by 44.6%, in 
MCA flow by 37.6%, and in pulmonary trunk flow by 
40%. Real- time MRI permits dynamic functional car-
diovascular examinations without breath- holding and 
can be combined with structural investigations of the 
heart and brain.
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