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Chapter 2.3

Continuous stroke volume monitoring by modelling flow 
from non-invasive measurement of arterial pressure in 
humans under orthostatic stress

M.P.M. Harms, K. H. Wesseling, F. Pott, M. Jenstrup, J van Goudoever, N. H. Secher,

J.J. van Lieshout

Clinical Science 1999; 97: 291-301

Introduction

In order to evaluate the mechanisms leading to syncope, a continuous recording of blood 

pressure and ideally also stroke volume is required because the events proceed rapidly (60, 

118, 209). Invasive procedures themselves induce a neurally mediated syncope, and therefore, 

blood pressure is preferably recorded non-invasively (11, 262). The least intrusive technique 

available that adequately monitors changes in the arterial pressure is the fi nger volume clamp 

method (11).

Application of pulse wave analysis to the arterial fi nger pressure (FINAP) offers a non-invasive 

and continuous recording of stroke volume. The analysis is based on models of the arterial 

system assuming that the aortic dimension and also elastic properties remain constant (34, 74) 

although they are known to change when the distending pressure of the aorta is changed (302). 

A three-element model of the arterial input impedance (Modelfl ow) is advanced that takes into 

account the non-linear aortic pressure-area relationship (138). Modelfl ow computes a fl ow wave 

from the arterial pressure wave that is integrated to obtain the stroke volume of the heart. 

Head-up tilt testing is used for the evaluation of patients with neurally mediated syncope (11, 

57). A change in body position infl uences the effect of gravity on the cardiovascular system, 

hereby changing the sympathetic tone to the heart and blood vessels (228). In response to 

assumption of the upright position, either actively by standing up or passively by head-up tilt, 

sympathetic outfl ow increases (182), whereas in the head-down position sympathetic tone 

decreases (177). Also, the upright position raises the hydrostatic pressure in the arteries below the 

hydrostatic indifference point which is located approximately at the level of the left ventricle and 

therefore reduces the pressure in arteries above that level (21, 228). Both head-up and head-down 

tilt may change the arterial input impedance by modulating sympathetic tone and transmural 

vascular pressures. The Modelfl ow computation of stroke volume is, however, based on a supine 

model of the arterial hemodynamic characteristics and it is unclear if under the condition of 

orthostatic stress, stroke volume can be derived from the arterial pressure wave. We addressed if 

the model approach, validated for supine intra-arterial pressure (303), is applicable also during 
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orthostatic stress. The study in awake healthy subjects under varying degrees of active or passive 

orthostatic stress was designed to compare a thermodilution determined stroke volume (TDSV) 

with Modelfl ow stroke volume (MFSV) obtained from brachial intra-arterial pressure (IAP) and 

from non-invasively determined FINAP.

Methods

Subjects

Ten healthy subjects (nine males) were studied after informed consent as approved by the 

Ethical Committee of Copenhagen. Their mean age was 29 (range 20-39) years, height 183 

(170-191) cm, and weight 74 (68-82) kg (Table 1). All subjects had normal physical fi tness 

without sports training. They had no history of orthostatic fainting and used no medication.

 
Table 1. 
Subjects and the calibration factor, K, for MFSV

IAP
 and MFSV

FINAP

Subject Gender   Age   Height  Weight   MFSVIAP MFSVFINAP

   (yr)    (cm)    (kg)          K        K

      S1      M     32      183      78       1.33       1.02

      S2      M     34      191      80       0.95       0.85

      S3      F     39      170      71       1.32       1.13

      S4      M     30      181      78       1.25       0.98

      S5      M     20      178      68        —        —

      S6      M     34      179      68       1.16       1.09

      S7      M     26      188      74       1.19       1.17

      S8      M     25      190      82       1.14       1.99

      S9      M     22      182      70       1.16       1.24

      S10      M     23      187      72       1.34       1.19

 Mean±SD   29±6   183±6    74±5  1.20±0.12  1.18±0.32

In subject S8, the difference between mean K for IAP vs. FINAP 
 
was related to cuff malpositioning on the finger. 

Pressure Measurements

Under local anaesthesia (2% lidocaine), a catheter (20 G; internal diameter:1.0 mm) 

was placed in the brachial artery (radial artery in subject S2) of the non-dominant arm 

and a balloon-tipped thermodilution catheter (model 93A-831H-7.5F, Baxter Healthcare 

Corporation, Irvine, CA) was introduced percutaneously through the left basilic vein under 

continuous ECG recording. Correct catheter positioning was confi rmed by monitoring the 

pressure waveform. Intra-arterial, pulmonary artery and right atrial pressures were measured 

with Baxter disposable transducers. To minimize hydrostatic errors during changes in body 
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position, the transducers  were fi xed to the left upper arm at the level of the right atrium. 

Catheter lumens were fl ushed continuously.

Good quality of the intra-arterial pressure signal is a prerequisite for proper computation 

of MFSV. The tubing of the catheter-manometer system has to be non-compliant and the 

catheter system free of clots and air bubbles. Suffi cient signal quality should be assessed by 

checking the dynamic performance of the arterial pressure measurement system. Maintenance 

of an adequate resonance frequency (range 12-25 Hz) (64) was confi rmed before and after 

completion of the protocol. FINAP was measured non-invasively with a Finapres model 

5 (Netherlands Organization for Applied Scientifi c Research, Biomedical Instrumentation 

(BMI-TNO)). The Finapres is based on the volume clamp technique of Peñáz (203) and the 

Physiocal criteria of Wesseling (301). In order to avoid hydrostatic level errors, the cuff was 

applied to the mid-phalanx of the third fi nger of the hand contra-lateral to the cannulated 

arm and held at right atrial level in the mid-axillary line. The positions of the fi nger cuff 

and pressure transducer were checked for possible hydrostatic level errors and occasionally 

readjusted. In the Finapres device, the Physiocal expert system was in operation to establish 

and maintain a proper volume clamp set-point (301). Mean arterial pressure (FINAP and IAP) 

was obtained as the integral of pressure over each beat divided by the corresponding beat 

interval.

Thermodilution

The thermodilution catheter was connected to a Baxter COM-2 cardiac output computer 

(Baxter-Edwards). A 10 ml sample of iced glucose solution (5%) was drawn from a CO-SET 

cooling unit (Baxter) and injected by a pneumatic power injector (Broszeit Medizintechnik) 

over ~ 3 seconds (114). Following the passage of the thermodilution curve and after at least 

18 seconds, the syringe was refi lled automatically. Each thermodilution curve was checked 

visually for shape and appearance time before acceptance. One thermodilution cardiac output 

estimate was taken as the average of four random injections. In all subjects (except S10), 

each series of four TD injections was preceded by one manual injection to prime the syringe 

and the catheter with cold liquid. 

Modelflow Stroke Volume

Beat-to-beat stroke volume was estimated with the Modelfl ow method (Figure 3 in Chapter 

2.2). The method uses a non-linear, three-element model of the aortic input impedance to 

compute an aortic fl ow waveform from the arterial pressure wave. The fl ow waveform is 

integrated per beat to yield stroke volume (see Chapter 2.2).

Experimental Protocol

After an overnight fast, the subjects were attached to instruments at 09.00 hours in a room 

with an ambient temperature of 22� C and a test run was performed to familiarize the subject 
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with the protocol. The protocol started with a period of supine rest after which periods of 

standing and tilt at various degrees were interspaced with further periods of supine rest to 

re-establish baseline (Figure 1). In each position, one or more series of four thermodilution 

cardiac output estimates were performed. All subjects were observed by the same physician. 

The prolonged orthostatic stress was terminated by returning the subject to the horizontal 

position either after 60 min head-up tilt or 10 min in the active standing position, or earlier at 

the subject’s request, or when blood pressure decreased more than 20 mmHg for systolic or 

more than 5 mmHg for diastolic blood pressure (271). Consequently, the full protocol could 

not always be completed. 

Figure 1.

Experimental protocol. Thermodilution estimates were taken 10 min after the start of each supine rest period, after 5 and 10 min after active standing, 

after 5 min of HDT5, HDT10, HDT20 and HUT30 positions, and every 10 min during sustained HUT70. A maximum of six cardiac output estimates were 

obtained during one hour of HUT70. Arrow indicates the times of the thermodilution measurement.

Data Acquisition and Analysis

A PC-based system was used to control and mark the thermodilution injections, to start 

the COM-2, and to read its output via the serial port. An event marker was used to identify 

the onset of changes in posture. The IAP, pulmonary arterial pressure, right atrial pressure, 

FINAP, and marker signals were sampled at 100 Hz, stored on disk and also recorded on a 

polygraph (Graphtec) for on-line inspection. Signals to and from the computer were routed 

through an interface providing electrical isolation. Signals requiring offset and sensitivity 

adjustments went through additional variable offset and gain amplifi ers. 

For determination of cardiac output by averaging series of four thermodilution estimates, 

hemodynamic variables must remain relatively stable (86, 113). The stability of the signals 

was verifi ed by examining heart rate, systolic, mean and diastolic arterial pressures, mean 

pulmonary arterial and mean right atrial pressures over the episodes of each individual 

thermodilution estimate (Figure 2). If any variable differed more than 10% from the mean of 

the series, the series was rejected (115). To obtain unbiased averages of the thermodilution 

determined cardiac output, injections are executed at random phases of the respiratory cycle. 

In this study, injections were at regular intervals of 36 seconds, and since respiration was 

spontaneous and irregular, the injection moment was assumed to be ‘random’. This was tested 

for each subject by two-way analysis of variance.

Stroke volume was calculated from the IAP and FINAP waves, giving two estimates of arterial-

pressure-derived stroke volume: MFSV
IAP

 and MFSV
FINAP

. The average of a series of four 

thermodilution cardiac output estimates was divided by heart rate over the corresponding
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Figure 2.

Stable (left panels) and unstable (right panels) hemodynamic states in a series of four thermodilution (TD) estimates.

A: Intra-arterial pressure (IAP), pulmonary artery pressure (PAP), and right atrial pressure (RAP). Rectangles indicate the duration of one TD series.

B: Detail of A showing the plotted signals of systolic (SAP), mean (MAP), diastolic (DAP), mean pulmonary (MPAP) arterial pressures, mean right atrial 

pressure (MRAP), and heart rate (HR) during TD1-TD4. One TD measurement takes 18 s. Note the difference in the variability of the signals between a 

stable and an unstable hemodynamic state.

period to obtain the average TDSV. Thus, three simultaneous stroke volume estimates were 

available for analysis for each series. The supine average TDSV was used to calibrate the 

pressure-derived stroke volumes by multiplying uncalibrated model stroke volume by the 

ratio (calibration factor K) of TDSV to either MFSV
IAP 

 and MFSV
FINAP

.

The pooled data and stroke volume during HUT70 (head-up tilt at 70º) were not normally 

distributed and are expressed as mean with ranges. The data obtained for the HDT20 (head-
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down tilt at 20º), HUT30 (head-up tilt at 30º) and standing were normally distributed and 

are expressed as mean ± SD. For the supine position, six to seven values were available; in 

the standing position two to four values, and in HUT70 position one to seven values. One 

value was available for each of the HUT30 and HDT20 positions. TDSV was compared 

to MFSV
IAP 

 and MFSV
FINAP

 for all body positions by linear regression. The distribution 

of changes with body position was examined by repeated measures analysis of variance 

on ranks. Signifi cant differences were located by subsequent multiple comparison testing 

(Student-Neuman-Keuls). Differences between MFSV
IAP 

and MFSV
FINAP

 and deviations from 

TDSV were evaluated with parametric or non-parametric tests. A P value of < 0.05 was 

considered to indicate a statistically signifi cant difference.

Results

In subject S5, thermodilution injections required as much as 10 s rather than the usual 3 s, 

and errors and alerts were frequently noted. An analysis of variance showed systematic 

differences in stroke volume within a series of four injections but not between the 

manoeuvres, while in all other subjects the signifi cant variation was between manoeuvres 

and not within the series of four injections; therefore this subject was excluded from the 

analysis. In two subjects, active standing had to be terminated after four and fi ve minutes, 

respectively because they experienced pre-syncopal symptoms with a fall in blood pressure. 

In four subjects, HUT70 was terminated after 9, 9.5, 28 and 34 min respectively because 

of near-fainting; three of the subjects had a fall in blood pressure and one subject was tilted 

back on his own request.

A total of 160 TDSV series were therefore available in the nine remaining subjects. The 

10% criterium for hemodynamic stability was not fulfi lled in two series (in two subjects). 

Due to an unnoticed displacement of the fi nger cuff, three series in subject S8 in the HUT70 

position were rejected. Thus, 155 series (97%) of MFSV
IAP

 and MFSV
FINAP

 remained 

available for comparison. For both pressure sites, the calibration value (K) is listed in 

Table 1. In six of the nine subjects the fi nger cuff was repositioned to another fi nger of the 

same hand because of discomfort in the cuffed fi nger, usually after 2 hours of continuous 

monitoring. After repositioning of the cuff to another fi nger, the study was continued, usually 

within 5 min, when a reliable stable FINAP was confi rmed by checking waveform and 

blood pressure level. Repositioning of the cuff did not affect the FINAP or calculated stroke 

volume. Differences between TDSV and stroke volume from respectively IAP and FINAP 

did not dependent on blood pressure or heart rate.
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Stroke Volume

TDSV ranged from 33 to 137 ml (Table 2). The difference between TDSV and MFSV
FINAP

, 

(range -16 to 33 ml; not signifi cant) was smaller than that between TDSV and MFSV
IAP

 (range 

-16 to 51 ml; p<0.01) (Table 3 and Figure 3).

Table 2. 

TDSV, mean IAP, mean FINAP, heart rate (HR), mean pulmonary artery pressure (PAP) and mean right atrial pressure (RAP) in each subject

Subject   TDSV         IAP        FINAP        HR       PAP        RAP

   (ml)      (mmHg)       (mmHg)       (bpm)     (mmHg)     (mmHg)

    S1 45-120       84-110         88-117       62-116       7-21         0-8

    S2 33-105       86-96         73-90       46-86       6-18         0-5

    S3 45-102       93-113         84-111       52-114       5-16         0-6

    S4 41-128       86-97         94-112       62-108     10-18         1-5

    S6 51-112       68-83         69-99       54-81       4-18        -1-3

    S7 63-136       82-89         73-91       48-88     10-18         3-6

    S8 54-137       78-105         69-107       48-87     10-16        -1-4

    S9 73-121       82-95       113-137       44-82       9-19         0-6

    S10 44-121       85-104         96-127       44-72       3-12         0-6

Table 3. 

Group-average values for correlation r and offset for MFSV from IAP and FINAP

MFSV

FINAP IAP

    Offset r Offset r

  All  1   (-16 - 33)   0.97**     4  (-16 - 51)‡        0.94**

  HDT20 -4 �   7 0.87*    -6    ±    6†        0.90**

  Standing  3     ±   9  0.78**   12    �    9‡        0.84**

  HUT30  5     ±   2  0.98**     6    ±    3        0.99**

  HUT70  3   (-6 - 33)  0.87**    11  (-1 - 51)‡        0.83**

Data were obtained for the various body positions. All: pooled data from all manoeuvres.

Significance of correlations: * p<0.01; ** p<0.001.

Significance of offset from TDSV values: † p<0.05; ‡ p<0.01.
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Figure 3.

Pooled data for the two pressure sites.

Left panels: regression of pooled data for TDSV against MFSV

Right panels: scatter diagrams of the differences between TDSV
 
and MFSV against their mean. Horizontal lines indicate mean ± 1.96 SD. IAP: intra-

arterial pressure; FINAP: finger arterial pressure.

Supine Position and Head-down Tilt

TDSV did not change signifi cantly from the supine to the head-down tilt position ((values of 

113±12 ml (range 81-137ml) and 114±13 ml (range 94-133 ml) respectively). Both indices 

of MFSV tended to underestimate TDSV during HDT20, but the offset was signifi cant only 

for MFSV
IAP

 (-6�6 ml, compared with -4�7 ml for MFSV
FINAP

) (Table 3 and Figure 4).

Head-up Tilt and Standing

On moving from the supine position to HUT30 position, TDSV decreased 24% to 86±12 

ml (range 60-103 ml) (Figure 4). In the upright body position, MFSV overestimated TDSV. 

The difference from TDSV was similar for MFSV
FINAP

 (5±2 ml) and MFSV
IAP

 (6�3 ml; 

not signifi cant) (Table 3). In the HUT70 position, TDSV dropped 51% to 55 ml (range 

33-83 ml); the offset of MFSV
FINAP

 from TDSV was not signifi cant (3(-6-33ml)), unlike 

that of MFSV
IAP

 from TDSV (11(-1-51 ml; p<0.01)). During head-up tilt, there was no 

systematic trend in the difference between FINAP and IAP (Table 4). On moving from the 
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supine position to standing, TDSV decreased by 40% to 68 ml (range 41-94 ml) (Figure 4). 

For MFSV
FINAP

 the offset induced by standing (3�9 ml) was not signifi cant, unlike that for 

MFSV
IAP

 (12�9 ml; p<0.01) (Table 3).

Figure 4. 

Stroke volume for different body positions.

TD: thermodilution stroke volume; MFfin: model stroke volume from finger arterial pressure; MFiap: model stroke volume from intra-arterial pressure.

Table 4. 

Individual changes in mean FINAP and mean IAP during HUT70

Subject Tilt duration

(min)
� IAP

(mmHg)

� FINAP

(mmHg)

� (IAP-FINAP)

(mmHg)

S1 30 14.7 20.4 -5.7

S2 22 -12.9 -9.1 -3.8

S3 50 8.8 16.3 -7.5

S4 50 9.3 4.2 5.1

S6 8 1.7 10.2 -8.5

S7 49 11.2 9.4 1.8

S8 bs 14 -1.2 8.1 -9.3

S8 as 23 1.9 9.0 -7.1

S9 30 -1.5 -1.7 0.2

S10 8 -13.2 -5.4 -7.8

Mean±SD 28.4±16.6 1.9±9.6 6.1±9.3 -4.3±5.0

In subject S8, the finger cuff was switched to another position during tilt-up; bs: before switch, as: after switch.

Tracking of Stroke Volume

In all subjects except one, MFSV
FINAP

 tracked TDSV in all body positions, including HUT 70 for 

one hour (Figure 5). In subject S10, MFSV
FINAP

 deviated from TDSV during orthostatic stress, 

giving an underestimate of the orthostatic fall in TDSV.
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Figure 5.

TDSV and MFSV
FINAP

 values in the individual subjects.

Solid line: TDSV. Broken line: MFSV
FINAP

. Changes in stroke volume are shown as elicited by active standing and passive changes in body position between 

HDT20 and HUT70.

Discussion

The present study investigated whether the decrease in cardiac stroke volume evoked by 

orthostatic stress can be derived from a non-invasive arterial pressure waveform using a model 

based on hemodynamic characteristics of the human aorta in the supine position. In young 
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adults it was demonstrated that stroke volume as obtained by simulation of this model using 

a non-invasively determined arterial pressure refl ects the TDSV, with a non-signifi cant offset 

over the full range of stroke volume changes observed during postural changes.

Body Position and Model Stroke Volume

Under varying degrees of active and passive orthostatic stress in humans, an accepted 

method for computing stroke volume from arterial pressure is not available. We compared a 

beat-by-beat determination of stroke volume with a determination based on thermodilution, 

i.e. a discontinuous method integrating over several heart beats. The Modelfl ow method uses 

a three-element model of the aortic input impedance to compute fl ow from the pulsation of 

the arterial pressure (303). The mechanical properties of the aorta dominate the impedance 

to outfl ow that is presented to the left ventricle in systole, which depend in turn on the 

difference between the intra-arterial pressure and the tissue pressure exerted on the outside of 

the aortic and arterial wall, i.e. the transmural pressure.

On moving from the supine to the upright position, the intra-arterial pressure below the level 

of the heart increases in proportion to the hydrostatic height, but it is unknown to what extent 

this rise in pressure is counterbalanced by an increased tissue pressure, and the respiratory 

movement-related abdomino-thoracic pump may also be of importance. Therefore it is 

unclear whether the orthostatic increment in intravascular pressures is translated into an 

increase in transmural pressure in the descending thoracic and abdominal aorta (21, 65, 228, 

229).

Assumption of the upright position, either as a voluntary effort during standing or as a 

passive movement during head-up tilt, might increase aortic transmural pressure below heart 

level and consequently reduce its compliance. A reduction in compliance of the aorta implies 

that, for a given pressure, the actual volume of blood stored in the aorta becomes less than 

the computed volume from the three-element model of the aortic input impedance (303) 

which mimics the impedance of the aorta in the supine position. This view is supported by 

the fi nding that, in comparison with the TDSV estimate, the computed MFSV was greater 

in the upright body position and smaller in the head-down position, but only so when the 

MFSV based on an intra-arterial reading of blood pressure.

The cardiovascular stress is intensifi ed during maintained head-up tilt, with amplifi cation 

of refl ex vasoconstriction (308). Maintaining the HUT70 for one hour, however, did not 

infl uence the offset of the MFSV, and we take this to imply that the estimate of peripheral 

vascular resistance included in the model (303) is simulated appropriately. 

Accuracy of Thermodilution Method 

We attributed the differences between MFSV (303) and TDSV estimates entirely to the 

model. The thermodilution method is based on the law of conservation of energy, i.e. that the 

temperature at the site of injection is the same as that at the site of detection, that mixing of 
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the indicator and blood is complete, that the induced temperature change can be discriminated 

accurately from the fl uctuations in baseline temperature, and that blood fl ow remains constant 

while the measurement is made (113). In the present study, the temperature of the indicator 

was measured at the entrance of the catheter lumen and corrected for. Iced injection fl uid 

yields a greater signal-to-noise ratio of the thermodilution signal and a lower variance of 

consecutive measurements than an equivalent volume of injection fl uid at room temperature 

(113). The addition of heat to the syringe by direct hand-contact (145) was avoided by using 

an automatic injector in combination with a closed delivery system that also reduces injection 

time and improves consistency in injected volume and linearity of injection rate (179). The 

Stewart-Hamilton equation used to calculate the area under the thermodilution curve is valid for 

constant blood fl ow only (86, 113). Prolonged orthostatic stress elicits central hypovolemia by 

continued pooling of fl uid in the legs and splanchnic venous beds, and amplifi cation of refl ex 

vasoconstriction (167, 270). This introduces oscillations in the central and arterial pressures, as 

well as in cardiac output; these are amplifi ed further by respiration (Figure 2), which inevitably 

increases the scatter of thermodilution estimates. 

We restricted the infl uence of the respiratory oscillations in cardiac output in two ways. First, by 

distributing four injections randomly through the respiratory cycle, the accuracy of the series-

average cardiac output improves with the square root of the number of observations (114). 

Secondly, we excluded from the analysis the cardiac output series obtained under conditions 

when pressures and heart rate deviated by more than 10% from the their average values 

(Figure 2). Nevertheless, in awake subjects the prerequisite of constancy of blood fl ow during 

the period of the dilution curve may not be fully established during orthostasis, with an ongoing 

accumulation of blood in the legs and the occurrence of cardiovascular refl ex responses to it.

Absolute values for stroke volume are preferred, and model calibration against a standard 

is recommended, for both non-invasive and invasive arterial pressure measurements. On the 

other hand, for purposes of orthostatic stress testing and in ambulant patients, a continuous 

measure of stroke volume is preferably non-invasive, and absolute values of stroke volume are 

less relevant (11, 262).

Site of Pressure Measurement

In the head-down position the offset of the MFSV obtained from both pressure sites was 

small. After transition to the upright position, the increase in the offset was signifi cant only 

for MFSV based on IAP, and not for that based on FINAP. A change in arterial pressure 

by a hydrostatic level error of the pressure transducer introduced by the change in body 

position is a possibility, although we attempted to minimize changes in height of the arterial 

pressure transducer with respect to the level of the heart. In addition, an orthostasis-related 

downward shift of the heart might have introduced a hydrostatic error in measurement of 

arterial pressure. Since no systematic trend was found in the difference between FINAP and 

IAP (Table 4), we consider that the contribution of possible hydrostatic level errors in arterial 
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pressure to the offset of MFSV to be small.

Changes in the aortic transmural pressure due to orthostasis may lead to an offset in stroke 

volume derived from IAP that is not accounted for by the model. During postural changes, 

an offset in MFSV as obtained from IAP, but not from FINAP, is remarkable. In the upright 

position, FINAP readings differ from those of IAP (103). Apparently the hypothesised 

changes in arterial compliance due to orthostasis not accounted for by the model were 

compensated for by the level of arterial pressure as measured in the fi nger. 
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