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Changes in systemic and pulmonary blood flow distribution
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a phase contrast magnetic resonance imaging study
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Abstract Hemodynamics are usually evaluated in the

supine position at rest. This is only a snapshot of an indi-

vidual’s daily activities. This study describes circulatory

adaptation, as assessed by magnetic resonance imaging, to

changes in position and exercise. Phase contrast magnetic

resonance imaging of blood flow within systemic and

pulmonary arteries and veins was performed in 24 healthy

volunteers at rest in the prone and supine position and with

bicycle exercise in the supine position. No change was seen

in systemic blood flow when moving from prone to supine.

Exercise resulted in an increased percentage of cardiac

output towards the lower body. Changes in position

resulted in a redistribution of blood flow within the left

lung—supine positioning resulted in decreased blood flow

to the left lower pulmonary vein. With exercise, both the

right and left lower lobes received increased blood flow,

while the upper lobes received less.
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Introduction

When subjects are evaluated with regards to their hemo-

dynamics in the clinical setting, they are traditionally

assessed in the supine position at rest. However, this con-

dition is only a snapshot of an individual’s daily activities.

Routine exercise physiology studies typically focus on

measures of global cardiorespiratory reserve (i.e. oxygen

consumption) [1–9]. Both invasive (right heart catheteri-

zation) and non-invasive (echocardiography) techniques

have been used, but they only describe changes in gross

measures of cardiac performance in response to exercise

(i.e. stroke volume and cardiac output) [3–7, 10]. Little is

known about how cardiac output is distributed to specific

organ territories within the systemic and pulmonary vas-

culature, or how regional blood flow distributions are

affected by changes in position and with exercise.

Phase contrast magnetic resonance imaging (PCMRI) is

the gold standard for measurements of flow and cardiac

output, and is not limited by acoustic windows. This

technique is, therefore, able to measure blood flow in any

vessel.

Typically, flow assessments by MRI studies are per-

formed in the supine position, and at rest. Very few MRI

based reports are available measuring cardiac output in

different body positions, and at exercise. Furthermore,

most studies concentrate on systemic blood flow and not

pulmonary blood flow [11, 12]. The aim of this study was

to examine how body position and exercise change the

distribution of blood flow throughout the systemic and

pulmonary vasculature in healthy adult individuals.

D. T. H. Wong � K.-J. Lee � S.-J. Yoo � L. Grosse-Wortmann

The Labatt Family Heart Centre at the Hospital for Sick

Children, Department of Paediatrics, University of Toronto,

Ontario, Canada

D. T. H. Wong (&)

Department of Pediatric Cardiology, Children’s Hospital of

Eastern Ontario, University of Ottawa, 401 Smyth Road, Ottawa,

ON K1H 8L1, Canada

e-mail: drwong2002@hotmail.com; dwong@cheo.on.ca

S.-J. Yoo � L. Grosse-Wortmann

Department of Diagnostic Imaging, Hospital for Sick Children,

University of Toronto, Ontario, Canada

G. Tomlinson

Division of Clinical Decision-Making and Health Care, Toronto

General Research Institute, University of Toronto, Ontario,

Canada

123

J Physiol Sci (2014) 64:105–112

DOI 10.1007/s12576-013-0298-z



Materials and methods

Volunteer population

Following approval by the institutional research ethics

board, and written informed consent, healthy volunteers

who participated in the study were screened for any history

of underlying acute or chronic cardiac or respiratory con-

ditions and for contraindications to MRI—including

metallic implants, pacemakers, or internal cardiac defi-

brillators. Those with known cardiac or respiratory abnor-

malities were excluded from the study. Individuals with

more than four pulmonary veins draining back to the left

atrium were excluded, due to the variability in the pul-

monary venous drainage patterns seen in subjects with

more than four pulmonary veins.

MRI protocol

All examinations were performed with a 1.5-Tesla MR

scanner (Avanto; Siemens Medical Solutions, Erlangen,

Germany). The first part of the examination was carried out

with the subject in the prone position. Following the initial

scout images, ECG-gated balanced steady-state free pre-

cession localizer images were obtained in axial, sagittal,

and coronal orientations during free breathing.

Using these ECG-gated reference images, PCMRI

measurements were acquired during free breathing, using

the following settings: inplane spatial resolution of

1.0 9 1.0 mm, slice thickness 5.0 mm, minimal echo and

repetition times, 2 averages, bandwidth 391 Hz/Px, and 25

true phases per cardiac cycle. The velocity encoding limit

(VENC) was initially set to 150 cm/s for arteries and

120 cm/s for veins. If aliasing was noted, the sequence was

repeated with an increased VENC. The PCMRI sequences

were performed with retrospective ECG gating.

The following vessels were imaged: ascending aorta

(AAO) at the level of the right pulmonary artery, superior

vena cava (SVC) at the level of the right pulmonary artery,

descending aorta at the level of the diaphragm (DAO), both

proximal pulmonary arteries, and all pulmonary veins. For

the pulmonary veins, the imaging plane was prescribed

such that neither the left atrium nor any of the branch

pulmonary veins were included in the imaging plane

(Fig. 1). Upon completion of the study in the prone posi-

tion, the volunteers assumed a supine position, and the

same sequences were then applied in the supine position at

rest.

Once the acquisitions at rest were completed, the vol-

unteers were asked to exercise in the supine position, using

an MRI compatible bicycle ergometer (MRI cardiac

ergometer; Lode, Groningen, The Netherlands) [12–17].

The ergometer was mounted onto the MRI table and the

torque controlled from the MRI control room. Thigh

lengths, position of the table, and scanner bore diameter did

not permit cycling with the subject’s thorax at the isocen-

ter. Therefore, the participants were outside the bore of the

magnet while cycling, and were moved into the bore only

for scanning. Volunteers were asked to cycle against a

variable resistance to achieve a submaximal heart rate that

was at least 60 % of their target aerobic heart rate [(220 -

subject age) 9 0.60]. This level of exercise was chosen to

enable the volunteers to cycle intermittently until all vessel

measurements (a total of seven acquisitions) were achieved

Fig. 1 Balanced steady state free precession imaging in the coronal

and axial planes with the yellow line outlining the prescriptions for the

various phase contrast imaging planes of the right upper pulmonary

vein (RUPV), right lower pulmonary vein (RLPV), left upper

pulmonary vein (LUPV) and left lower pulmonary vein (LLPV)

(color figure online)
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and in order to decrease the amount of heart rate decline

after exercise. The latter would have been greater with

higher target heart rates. Upon achieving the desired heart

rate, volunteers were asked to stop cycling and to remove

their feet from the pedals while the table was moved to the

isocenter of the bore. Without further delay, PCMRI was

performed for each of the above-mentioned vessels during

free breathing. In order to maintain the heart rate at

approximately 60 % of their target aerobic heart rate,

volunteers cycled intermittently between PCMRI sequen-

ces, with imaging commencing once 60 % of their target

heart rate was once again achieved.

In order to complete the PCMRI acquisition after

exercise as rapidly as possible, parallel imaging with a

factor of 2, and decreased spatial resolution without vio-

lating the minimum spatial resolution needed for accurate

flow measurements, were used [18].

Post processing

Flow analysis was performed in the usual fashion, using

commercially available software (QFlow v.5.1; MEDIS

Medical Imaging Systems, Leiden, The Netherlands).

Regions of interest were drawn around the vessel of

interest. Contours were drawn off the velocity-encoded

portion of the PCMRI sequence. During periods of no flow,

the magnitude portion of the PCMRI was used to produce

the contours for the region of interest. Flows in each vessel

were indexed to body surface area (mL/min/m2).

Statistical analysis

Statistical analysis was performed using InStat (Graphpad

Software, La Jolla, USA) and R v.2.15.1 (R Core Team,

Vienna, Austria). The descriptive data for continuous

variables are presented as means (±standard deviations) or

medians and ranges if applicable. To allow comparisons of

blood flow (actual values or percentages of total) across the

three conditions (i.e. supine, prone, or exercise) in which

each subject was measured, a mixed effects model was

used, with a random intercept for each subject and fixed

effects for the conditions being compared. The overall

effect of condition on blood flow in a vessel was evaluated

with an F test and differences between flow in pairs of

conditions (e.g., prone vs. exercise) were calculated and

tested using linear contrasts. The lme4 library in R was

used and p values of less than 0.05 were considered

significant.

Results

Twenty-four healthy volunteers participated in the study.

Two individuals had a separate right middle pulmonary

vein to the left atrium and were excluded. In the 22

remaining volunteers (9 males and 13 females), the mean

age was 35.2 ± 11.4 years (range 17–59 years), with a

mean weight of 72 ± 14 kg (range 50–106 kg) and height

of 168.2 ± 8.5 cm (range 152–185 cm). The mean body

surface area was 1.81 ± 0.2 m2 (range 1.47–2.13 m2).

Of the 22 volunteers, 18 were able to complete the entire

protocol. Four subjects were unable to complete the exer-

cise portion of the protocol, but were able to complete the

resting examinations in prone and supine positions. Their

data were included for this part of the analysis. Reasons for

not being able to complete the exercise portion included

leg fatigue, resulting in an inability to complete the cycling

in three participants, and claustrophobia in the bore

immediately after completing the first step of exercise in

one.

Systemic blood vessels

The phase contrast data for the systemic blood vessels—

AAO, SVC, and DAO—are shown in Table 1 under all

three conditions.

When changing from prone to supine, there was no

significant change in the blood flow to the systemic blood

vessels (AAO, DAO, and SVC). With exercise, there was

an expected increase in AAO, SVC, and DAO flows, when

compared to at rest in either the supine or prone conditions.

However, the blood flow in the SVC did not increase to the

same degree as it did in the AAO and DAO. The SVC only

had an additional 39.6 % increase in blood flow compared

Table 1 Systemic blood vessel phase contrast data

Prone ± SD

(mL/min/m2)

Supine ± SD

(mL/min/m2)

Percentage change

between prone and supine

Exercise ± SD

(mL/min/m2)

Percentage change between

exercise and supine at rest

AAO 3506 ± 580 3208 ± 500 -9.3 (p = 0.16) 6005 ± 773 85.7 (p \ 0.0001)

SVC 1234 ± 279 1106 ± 189 -11.6 (p = 0.10) 1548 ± 336 39.6 (p \ 0.0001)

DAO 2524 ± 403 2294 ± 443 -10.0 (p = 0.30) 5027 ± 805 117.7 (p \ 0.0001)

Blood flow indexed to body surface area under the three conditions—supine at rest, prone at rest, and supine under exercise

AAO ascending aorta, SVC superior vena cava, DAO mid-thoracic descending aorta
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with the AAO (85.7 % increase in blood flow, p = 0.003)

and the DAO (117.7 % increase in blood flow,

p \ 0.0001). In other words, there was a significant dif-

ference in the distribution of the total cardiac output (as

measured by AAO flow) between the upper (as measured

by SVC flow) and lower body (as measured by DAO flow)

between the rest and exercise conditions (Table 3). With

exercise, there was a redistribution of blood flow to the

lower body, with an increased percentage of the total car-

diac output through the DAO and a concomitant decrease

in SVC flow.

Pulmonary blood vessels

The phase contrast data for the pulmonary arteries and

veins under all three conditions are shown in Table 2.

Between the different conditions at rest and at exercise,

the distribution of blood flow between the right and left

lung, based on pulmonary artery flow remained constant

with both the right and left pulmonary arteries receiving

nearly equal amounts of blood flow (Table 3). Both the

RPA and LPA showed a significant increase in blood flow

with exercise (Table 2).

Table 4 displays the percentage of total pulmonary

blood flow that each pulmonary vein carried, in comparison

to the total amount of blood received by the ipsilateral lung

[i.e. right upper pulmonary vein (RUPV) flow versus total

right lung flow]. There was a near equal distribution of

pulmonary blood flow between the RUPV and right lower

pulmonary vein (RLPV) in both the prone and supine

positions at rest. With exercise, there was a redistribution

of blood flow, with an increase in blood flow to the right

lower lobe (from 50.7 % at rest to 58.1 % at exercise,

p \ 0.0001) and resultant decrease in relative blood flow to

the right upper lobe (from 49.3 to 41.9 %). In contrast,

when looking at left pulmonary venous flow, when moving

from the prone to supine position, there was also redistri-

bution of blood to the upper lobes with the left upper

pulmonary vein (LUPV) receiving 54.3 % (up from 46.7 %

in the prone position, p = 0.002) and the left lower pul-

monary vein (LLPV) receiving 43.7 % (down from

53.3 %) of total left lung blood flow. With exercise, a

response similar to that noted in the right lung was seen—

with increased blood flow from the LLPV (from 45.7 % at

rest to 53.3 % at exercise) and decreased flow from the

LUPV (from 54.3 to 46.7 %, p = 0.0005).

Table 2 Pulmonary blood vessel phase contrast data

Prone ± SD

(mL/min/m2)

Supine ± SD

(mL/min/m2)

Percentage change

between prone

and supine (p)

Exercise ± SD

(mL/min/m2)

Percentage change

between exercise

and supine at rest (p)

RPA 1855 ± 304 1,996 ± 274 6.8 (0.37) 3,691 ± 554 84.1 (\0.0001)

LPA 1,687 ± 283 1,592 ± 266 -6.0 (0.43) 3,248 ± 463 102.4 (\0.0001)

RUPV 968 ± 211 932 ± 185 -3.8 (0.83) 1,516 ± 326 61.6 (\0.0001)

RLPV 1,071 ± 217 917 ± 196 -16.8 (0.08) 2,157 ± 394 133.9 (\0.0001)

LUPV 868 ± 188 1,089 ± 153 20.3 (0.002) 1,842 ± 394 68.6 (\0.0001)

LLPV 970 ± 203 973 ± 315 0.003 (1.00) 2,094 ± 340 115 (\0.0001)

Blood flow indexed to body surface area under the three conditions—supine at rest, prone at rest, and supine under exercise. For individuals who

had a separate insertion of the right middle pulmonary vein (RMPV) to the left atrium, the flow volume calculated was incorporated into the total

volume of the RLPV

RPA right pulmonary artery, LPA left pulmonary artery, RUPV right upper pulmonary vein, RLPV right lower pulmonary vein, LUPV left upper

pulmonary vein, LLPV left lower pulmonary vein

Table 3 Percentage of cardiac output to the various vessels

Prone % ± SD Supine % ± SD Significant

difference between

prone and supine (p)

Exercise % ± SD Significant difference

between exercise

and supine (p)

SVC 25.2 ± 5.9 24.7 ± 4.8 0.71 16.3 ± 5.5 \0.001

DAO 72.2 ± 4.6 71.3 ± 5.2 0.61 83.7 ± 7.9 \0.001

RPA 52.4 ± 3.6 53.1 ± 12.4 0.47 50.0 ± 12.7 0.63

LPA 47.6 ± 3.7 46.8 ± 12.4 0.47 50.0 ± 12.7 0.63

The percentage of blood flow, expressed as a percentage of the ascending aortic blood flow, that is distributed to the various systemic blood

vessels

SVC superior vena cava, DAO mid-thoracic descending aorta
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Discussion

Routinely, hemodynamic evaluations are performed in the

supine position, at rest. Arguably, when resting in the MRI

magnet, or within the cardiac catheterization or echocar-

diography laboratory, the circulation is under the least

amount of strain and least likely to reveal abnormalities

that may be unmasked by exercise. This state mirrors the

physiology only during a portion of the subject’s daily

routine and is not representative of the activity during most

of the waking hours. Limited information is available about

the body’s circulatory adaptation to changes in body

position and in response to exercise.

Previous MRI-based studies of normal volunteers and in

patients with congenital heart disease focused on changes

in stroke volume and ventricular function [12, 14, 15, 19–

21]. PCMRI is a technique that directly measures blood

flow volume within specific vessels and, as such, allows

one not only to measure cardiac output but also to assess

regional blood flow distribution [10, 22–24]. It has been

well validated both in terms of accuracy and reproduc-

ibility for the assessment of blood flow, including the

pulmonary veins [10, 22, 25–29].

Effects of exercise on systemic blood flow

In this cohort of healthy adult volunteers, we found that,

within the systemic vessels (i.e. AAO, SVC, DAO), there

was no change in flow between the supine and prone

position. With exercise, there was a 1.9-fold increase in

cardiac output, resulting in a 1.5-fold increase in perfusion

to the upper body (as seen by SVC flow) compared to a 2.3-

fold increase in flow to the lower body (as seen by DAO

flow).

Three other studies have utilized PCMRI during exer-

cise in healthy volunteers, all focusing on biventricular

cardiac output and/or systemic blood flows [11, 20, 21].

Weber et al. [20] examined the changes in flow volume,

velocity, and flow patterns within the aorta and main pul-

monary artery of normal subjects during physical exertion.

Corresponding to our findings, they found a 1.7-fold

increase in cardiac output with exercise.

Cheng et al. [11] examined regional changes in blood

flow distribution between rest and exercise in ten healthy

10- to 14-year-old children, using a 0.5-T open bore

magnet with an MRI compatible ergometer in the upright

position. Comparable to our results, the authors found a

threefold increase in lower body flow.

With exercise, relative lower body perfusion increased

from 71 % of total cardiac output at rest to 84 % with

exercise. The disproportionate increase in blood to the

lower body during exercise, which was also observed by

Cheng et al., is thought to be related to the decrease in

systemic vascular resistance within the exercising muscle

group. Systemic vasodilatation is a well-described mech-

anism to promote blood flow [30–33]. This hypothesis is

supported by a study by Steeden et al. who examined 20

healthy volunteers during exercise, measuring blood flow

with real-time spiral PCMRI. They used blood pressure

measurements to calculate systemic vascular resistance.

The authors found that, with increasing exercise, there was

a decrease in systemic vascular resistance [21]. The cel-

lular molecular mechanisms for local vasodilatation are

unclear, but it has been suggested that local mediators (i.e.

nitric oxide, prostaglandins, and nucleotides like adenosine

tri-phosphate), signals from the sympathetic nervous sys-

tem, as well as muscular contraction and expansion,

all combine to facilitate blood flow to exercising muscle

[30–33].

Effects of position on pulmonary blood flow

In the past, most studies on the distribution of pulmonary

blood flow relied on nuclear medicine imaging [34–36].

These studies focused on the distribution of pulmonary

blood flow examining regional differences, either semi-

quantitatively or in terms of lung perfusion in milliliters per

gram of lung tissue. However, due to their use of a radio-

labeled tracer, studying the same subject under different

conditions, particularly with exercise, was not feasible, at

Table 4 Percentage of blood flow carried by each pulmonary vein as a percentage of ipsilateral pulmonary flow

Prone % ± SD Supine % ± SD Significant

difference between

prone and supine (p)

Exercise % ± SD Significant difference

between exercise

and supine (p)

RUPV 48.3 ± 5.5 49.3 ± 6.3 0.526 41.9 ± 5.5 B0.0001

RLPV 51.6 ± 5.5 50.7 ± 6.3 0.526 58.1 ± 5.5 B0.0001

LUPV 46.7 ± 6.7 54.3 ± 6.9 0.002 46.7 ± 6.0 0.0005

LLPV 53.3 ± 6.7 45.7 ± 6.9 0.002 53.3 ± 6.0 0.0005

The percentage of blood flow carried from each pulmonary vein in comparison to the total amount of blood flow to the ipsilateral lung

RUPV right upper pulmonary vein, RLPV right lower pulmonary vein, LUPV left upper pulmonary vein, LLPV left lower pulmonary vein
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least not in humans. MRI allows for the same subject to be

tested sequentially under different conditions within the

same setting.

The distribution of pulmonary arterial blood flow to the

right and left lung did not differ between prone, supine at

rest, and supine during exercise (Table 3), similar to pre-

vious reports [11].

When shifting from the prone to the supine position, the

proportion of right pulmonary flow received by the right

pulmonary veins remained constant with near equal

amounts of blood passing through the RUPV and RLPV.

However, there was an increase in the proportion of left

pulmonary blood flow received by the LUPV, and a

resultant decrease in relative blood flow through the LLPV.

The upper pulmonary veins drain a larger portion of the

ventral lung fields, while the lower pulmonary veins mainly

drain the dorsal lung segments. We hypothesize that the

changes in left pulmonary blood flow distribution are

related to the position of the heart within the left hemi-

thorax—in the supine position, the heart exerts a mild mass

effect on the lower segments of the left lung. This mass

effect may cause decreased aeration of the lower segments

and a resultant decrease in flow. In addition, while in the

supine position, the heart may also mildly compress the left

lower pulmonary vein as the vessel passes between the

descending aorta and the left atrium (see Fig. 1). In con-

trast, while in the prone position, the heart ‘‘falls’’ anteri-

orly and away from the lung and the left lower pulmonary

vein. While well tolerated by adult volunteers with normal

cardiac anatomy, this mechanism of pulmonary venous

compression may be significant in patients with cardio-

megaly, as is occasionally observed in clinical practice. In

fact, pseudostenosis of the pulmonary vein and compres-

sion of the pulmonary veins between the left atrium and

descending aorta are recognized phenomena [37]. This

study is the first that we are aware of that has shown a

possible functional implication of this pseudostenosis in

healthy volunteers. Many studies have shown the appear-

ance of anatomical narrowing of the left lower pulmonary

vein using computerized tomographic (CT) imaging or

MRI. Yamaji et al. [38] found that, in 11 out of 116

patients undergoing pulmonary vein isolation therapy for

atrial fibrillation, CT imaging demonstrated a greater than

50 % reduction in left lower pulmonary vein diameter in

the supine position. However, when imaged in the prone

position, none of the 11 patients appeared to have left

lower pulmonary vein stenosis. However, we feel that, in

order to diagnose pulmonary vein stenosis, pulmonary vein

size may not be a robust measure of functional stenosis.

Based on echocardiographic data, we know that pulmonary

vein flow occurs throughout the entire cardiac cycle. As a

result, the pulmonary vein cross-sectional area changes

throughout the cardiac cycle, and this leads to uncertainty

concerning which point in the cardiac cycle a cross-sec-

tional measurement should be made to assess for narrow-

ing. We feel that total amounts of flow measured

throughout the cardiac cycle would be a more robust

measure. Our study is the first to show how this pseudos-

tenosis functionally impacts normal volunteers. The relief

of this mechanism of compression may also contribute to

the not infrequently improved hemodynamic situation in

critically ill patients when they are positioned prone [38].

Pulmonary blood flow distribution with exercise

Compared to the resting state, the relative perfusion of the

upper lobes decreased during exercise, with a resultant

increase in relative blood flow to the lower lobes. We

believe that this observation may be a function of the

changes in blood flow within the lung to maintain venti-

lation–perfusion (VQ) matching. At rest in the supine

position, the dependent portions of the lung (primarily right

and left lower lungs) are recruited for gas exchange to a

lesser extent. With exercise, tidal volume increases, and

those dependent segments of lung become ventilated and

expand, recruiting additional alveolae for gas exchange.

We speculate that the increased ventilation to the more

dependent portions results in a redistribution of blood flow

to these now better ventilated segments, maintaining opti-

mal VQ matching via the Euler–Liljestrand reflex [39]. As

a result, the proportion of blood flow to these segments of

the lung will be increased with a resulting relative decrease

in flow from the other segments.

These findings highlight that hemodynamic information

on regional pulmonary blood flow acquired at rest and in

the supine position cannot necessarily be extrapolated to a

scenario during which the subject is vertical and active.

Limitations

As the bore diameter and ergometer geometry did not

permit cycling while scanning, PCMRI measurements were

obtained immediately after cessation of pedaling. Between

that time point and the end of the acquisition (\20 s in

duration), the heart rate typically dropped between 10 and

20 % of what had been achieved during the exercise.

However, this study was not designed to investigate the

physiology at maximal or even submaximal exercise.

Rather, we were interested in the changes of blood flow

distribution between different body positions and exer-

tional states.

Changes in heart rate also affect the absolute flow

measured by the PCMRI sequences, as minute flow volume

is the product of heart rate and stroke volume. Conse-

quently, physiological variations in heart rate between

110 J Physiol Sci (2014) 64:105–112
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sequences may well have led to differences between pul-

monary arterial and pulmonary venous flow. As a result,

there was incomplete agreement between the venous blood

flow and the arterial blood flow for either the total amount

of pulmonary blood flow, or the amount of blood to a

particular lung (right or left), particularly during exercise.

Additionally, bronchial arterial blood flow, which consti-

tutes approximately 5 % of pulmonary venous flow but is

not included in pulmonary arterial flow, is also a potential

source for the discrepancy.

Finally, while we hypothesized that the resulting chan-

ges in lung perfusion during exercise were related to the

physiological response of optimizing VQ matching, and

that changes in lung perfusion related to changes in posi-

tion were related to the position of the heart within the left

hemithorax, we were unable to test this as MR does not

provide delineation of lung segments. We would assert that

further experimentation is needed to confirm our findings.

Conclusions

The increase in blood flow to activated muscle groups during

exercise is accomplished not only by an increase in stroke

volume and heart rate but also by a redistribution of blood

flow, presumably through decrease in vascular resistance

within exercising muscle groups. Within the pulmonary

vasculature, regional pulmonary perfusion is dependent on

subject position. When assessing the hemodynamics in a

clinical setting, it must be considered that blood flow dis-

tribution data acquired supine and at rest are not represen-

tative of the subject’s physiology when upright and active.

Differences in aeration are thought to result in a physiologic

response to maintain an optimal ventilation/perfusion match

through redistribution of pulmonary blood flow.
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