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Abstract International guidelines highlight the impor-
tance of blood pressure (BP) in patients with atrial fibrilla-
tion (AF). However, BP measurement in AF is complicated
by beat-to-beat fluctuation. Automated BP measurement
devices are not validated for patients with AF and no
consensus exists on how to measure BP in AF manually.
Beat-to-beat BP measurement using the volume-clamp
method (VCM) could represent a non-invasive method to
accurately assess BP, but has not been validated in AF. 31
admitted patients with sustained AF and 10 control patients
with sinus rhythm underwent simultaneous intra-arterial
and non-invasive BP measurement using a VCM monitor
(Nexﬁn®, BMEYE, Amsterdam, The Netherlands). Patients
with compromised peripheral perfusion, high doses of
vasopressor drugs or peripheral edema were excluded.
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Differences in systolic, diastolic and mean BP of 5 (stand-
ard deviation; SD 8) mmHg (accuracy and precision)
between both methods were considered acceptable. Addi-
tionally, the magnitude of beat-to-beat fluctuations in sys-
tolic BP of both methods was compared. In AF, the differ-
ences between noninvasive and invasive BP were —4 (SD
12), +1 (SD 7) and 0 (SD 8) mmHg for systolic, diastolic
and mean BP respectively. Absolute differences in beat-
to-beat BP fluctuations were 1.5 (IQR 0.8-3.8) mmHg.
Accuracy of VCM in AF was similar to sinus rhythm. In
conclusion, in patients with AF, accurate and precise meas-
urement of non-invasive beat-to-beat BP measurement
using the VCM is possible, the one exception being the pre-
cision of systolic BP. Beat-to-beat variability can be accu-
rately reproduced.

Keywords Atrial fibrillation - Blood pressure -
Noninvasive measurement - Validation - Volume clamp
method

1 Introduction

Atrial fibrillation (AF) is the most common arrhyth-
mia with an incidence of 60 per 100,000 person-years in
women and 78 per 100,000 person-years in men. The prev-
alence increases with age from 0.1% among adults younger
than 55 years to 9.0% in persons aged 80 years or older
[1] and the life-time risk of AF is ~16%. AF is associated
with an increased risk of death and cardiovascular disease
[2]. Reduction of cardiovascular risk thus has priority in
patients with AF.

Globally, elevated blood pressure (BP) is the leading risk
factor for death and disability-adjusted life-years lost [3],
but is also an important risk factor for AF [4]. In patients
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with AF, hypertension is prognostically relevant [5], affect-
ing both thromboembolic and bleeding risk [6, 7]. Assess-
ment of BP in AF is, however, complicated due to varia-
tion in BP with each heartbeat. Scarce data indicate that
BP measurements in patients with AF is associated with a
greater variability compared to sinus rhythm (SR) [8].

Given the importance of BP in patients with AF, the
subject of accurate measurement receives surprisingly little
attention in the international literature. Current AF guide-
lines do not provide clear or uniform recommendations on
how to measure BP in AF [9, 10]. No consensus method
exists for manual BP measurement in patients with AF, and
manual methods have not been compared to a reference
method, such as intra-arterial measurement [11]. Auto-
matic oscillometry, the most commonly used method of BP
assessment in routine clinical care, is not validated for BP
measurement in AF according to international standards. In
a few studies, automatic oscillometers have been compared
to conventional manual auscultatory measurements [12, 13]
which, as just mentioned, are themselves inaccurate and not
validated for AF.

Taken together, BP monitoring in patients with AF
remains problematic. Intra-arterial measurements reliably
follow rapid changes in BP, even on a beat-to-beat basis,
and are the preferred reference method for BP measure-
ment in AF. However, this is obviously unfeasible in daily
clinical practice given the invasive nature of the procedure.
Reliable non-invasive beat-to-beat BP measurement would
be ideal to serve as either a routine clinical method, or as
a reference method for comparison of other non-invasive
methods, such as manual or oscillometric measurements.

The volume-clamp method (VCM) is a non-invasive
technique that has been validated in several different popu-
lations and conditions (subjects with a wide range of BPs
from hypotensive to hypertensive, cardiothoracic surgery
patients and children) [14-20]. Arterial blood volume
of the finger is measured by an optical plethysmograph,
mounted in an inflatable finger cuff, and clamped by a fast
control system [21, 22]. To date, the VCM method has
not been tested in patients with AF. Conceivably, it may
be less reliable in AF due to substantial beat-to-beat vari-
ability. We performed this study to assess the accuracy of
non-invasive beat-to-beat BP measurement with the VCM
method by comparing it to intra-arterial measurement as
the reference method.

2 Methods
2.1 Study population

For this study, the need to obtain informed consent of the
participating patients was waived by the Medical Ethical
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Committee. Patients with AF who had an intra-arterial
catheter in the radial artery for BP monitoring on the
intensive care unit, medium care unit or coronary care
unit were eligible for this study. Patients with reduced
peripheral perfusion as assessed by clinical features
(cold, pale hands and fingers), high-dose vasopressor
drugs (>0.24 pg/kg/min norepinephrine) and/or moder-
ate or more severe peripheral edema [21] were excluded,
as well as agitated patients (VCM is affected by rapid
movement of the hand). For comparison, similar data and
analyses were obtained from ten patients from the same
departments with SR.

2.2 Procedures

A finger cuff was applied to the mid-phalanx of the sec-
ond, middle or fourth finger ipsilateral to the arm with the
intra-arterial catheter. The “finger side” of the heart refer-
ence system (HRS) was fixed next to the finger on which
the cuff was applied. The “heart side” of the HRS was fixed
at right atrial level on the patient’s gown. The level of the
right atrium was assumed to be located at the fourth inter-
costal space at the mid-anterior—posterior diameter of the
chest wall. At the same height, the pressure transducer was
positioned on a pole next to the patient’s bed, preventing
errors in BP due to difference in height [21, 22].

All patients included had an intra-arterial line for BP
monitoring as part of usual care. The arterial line was
placed in the radial artery (left or right) with a 20 gauge
cannula. The catheter was connected to a monitor of Philips
IntelliVue MX800 (Philips, Eindhoven, The Netherlands).
The catheter—manometer system was flushed with 0.9%
saline to minimize air in the line from catheter to moni-
tor before measurements would be used in the comparison
with VCM pressures.

Continuous finger arterial and intra-arterial pressures
were measured simultaneously. In the first minutes of
measurement the positions of the finger cuff and pressure
transducer were checked for possible hydrostatic level
errors and, if necessary, readjusted. Subsequently, BP was
measured for 15 min. During the BP measurement, no ther-
apeutic changes were made. The non-invasive and invasive
arterial blood pressure curves of all patients were A/D con-
verted at 200 Hz and stored for off-line analysis [15-20].

2.3 Study endpoints

The main study parameters were the differences in systolic,
diastolic and mean BP between VCM and intra-arterial
measurements. Additionally, beat-to-beat variability was
quantified.
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2.4 Data analyses

Data of all patients were analyzed by comparing each
single-beat BP curve of the VCM with the correspond-
ing curve obtained from intra-arterial measurement. Data
were discarded if the intra-arterial BP signal was visually
damped or when the automatic calibration of the Nexfin
(Physiocal®) occurred more often than once every 30 heart-
beats. The VCM device automatically translates BP to cor-
responding brachial artery levels. Since systolic BP is phys-
iologically amplified between the brachial and radial artery,
comparing VCM directly to radial intra-arterial pressures
would lead to underestimation. Therefore, the intra-arterial
radial artery pressure was corrected for (age-adjusted) BP
amplification to reconstruct brachial artery pressures (Beat-
scope 1.1, TNO-BMI, Amsterdam, The Netherlands).

For each patient, the first 150 technically success-
ful single-beat BPs (Physiocal >30) were selected. Data
analyses (all data collectively) was performed using linear
regression analysis, intra-class correlation and Bland Alt-
man plotting for systolic, diastolic and mean BP. A mean
difference of 5 (SD 8) mmHg (accuracy and precision) was
considered acceptable as proposed by the Association for
the Advancement of Medical Instrumentation American
National Standard ANSI/AAMI/ISO 2009 guidelines [23].
However, the proposed “zero-zone method”, which is less
suitable for fluctuating BPs or continuous measurements,
was not applied [24]. Intra-individual beat-to-beat differ-
ences (absolute difference with the previous beat) of sys-
tolic BP (Fig. 1) of the VCM and intra-arterial measure-
ments were compared to analyze whether the VCM device
was able to accurately track beat-to-beat changes of systolic

Fig. 1 Measurement of blood 160

pressure by VCM (continues Systolic blood pressure

BP in patients with AF. We also performed a 4-quadrant
plot analysis and concordance analysis on the percentage of
change in systolic BP over time between VCM and intra-
arterial measurements. An exclusion zone of 5% has been
used, since intra-arterial systolic blood pressure measure-
ments in patients with sinus rhythm showed variability
between 5 and 10% [25]. The variability within this range
is not solely due to the presence of atrial fibrillation but
also due to spontaneous (e.g., respiration related) variabil-
ity. Beat-to-beat fluctuations in diastolic BP were negligible
compared to systolic fluctuations.

Data analyses of all single-beat BP measurements (more
than first 150 technically successful measurements per
patient) were similarly performed for each patient sepa-
rately. The mean of the individual SDs was calculated as a
measure of individual consistency (“Within-subject preci-
sion”) [18].

The statistical software package SPSS was used for sta-
tistical analyses (IBM Corp. Released 2011. IBM SPSS
Statistics for Windows, Version 20.0. Armonk, NY: IBM
Corp).

3 Results

We included 31 patients with AF and 10 with SR between
June 2013 and January 2014. Clinical characteristics are
displayed in Table 1. Most patients were post-operative
after cardiac surgery or carotid endarterectomy, others were
recovering from sepsis or respiratory failure.

Accuracy data are listed in Table 2. Overall (analyzing
all data collectively), VCM underestimated systolic BP
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Table 1 Characteristics of the
study population

Atrial fibrillation (n=31) Sinus rhythm (n=10) p-value
Age (years) 74 (9) 64 (17) 0.01
Male sex 19 (61%) 6 (60%) 0.94
Heart rate (bpm) 94 (18) 81 (17) 0.06
Noradrenaline (ug/kg/min) 0.04 (0-0.20) 0.01 (0-0.05) 0.58
Systolic blood pressure (mmHg) 122 (22) 126 (24) 0.55
Diastolic blood pressure (mmHg) 64 (11) 63 (10) 0.78
Mean blood pressure (mmHg) 82 (14) 83 (14) 0.63

All data are displayed as mean+ SD or n (%), noradrenaline is displayed as mean (total range); blood pres-

sure measurements are intra-arteria

Bpm beats per minute, pg/kg/min microgram per kilogram per minute

Table 2 VCM versus intra-arterial blood pressure measurements

VCM (mmHg) Intra-arterial (mmHg) Mean differ- Limits of agreement  Percentage 12 (p-value) ICC
ence (mmHg) (bias+2 SD; mmHg) error (%)
Atrial fibrillation (n=31)
Systolic blood pressure 111 (22) 115 (20) —4(12) —28 1020 21 0.70 (<0.01) 0.82
Diastolic blood pressure 65 (10) 64 (11) 1(7) —13to 15 22 0.61 (<0.01) 0.77
Mean blood pressure 81 (13) 81 (13) 0(8) —15t0 15 18 0.70 (<0.01) 0.84
Absolute beat-to-beat 4.5(1.8-10.5) 5.0 (2.0-11.3) 1.5(0.5-3.8) -11to11 NA 0.81 (<0.01) 0.89
systolic blood pressure
difference
Sinus rhythm (n=10)
Systolic blood pressure 110 (22) 116 (22) -6 (10) —26to 15 18 0.78 (<0.01) 0.85
Diastolic blood pressure 67 (9) 62 (10) 4(6) —7to 16 19 0.67 (<0.01) 0.73
Mean blood pressure 82 (12) 81 (14) 1(5) —10to 11 13 0.87 (<0.01) 0.92
Absolute beat-to-beat 2.0(0.75-4.3) 2.5(1.0-5.3) 1.0(0.5-1.8) —4to7 NA 0.71 (<0.01) 0.82

systolic blood pressure
difference

All data are displayed as mean (SD) or median (interquartile range)

VCM volume-clamp method, SD standard deviation, r correlation coefficient, /CC intra-class correlation

by a mean of 4 mmHg (SD 12) compared to intra-arterial
measurement. For diastolic BP and mean BP, the results
were comparable for both methods. The accuracy and pre-
cision of VCM in patients with AF corresponded to that
in patients with SR. Absolute beat-to-beat differences of
systolic BP were also accurately measured by VCM com-
pared to intra-arterial measurements, indicating that pulse
inequality can be accurately tracked by VCM. Intra-class
correlations were high for both AF and SR patients. Cor-
relation plots are presented for AF in Fig. 2.

Bland Altman plots and analyses for systolic, diastolic
and mean BP, as well as for beat-to-beat difference are dis-
played in Fig. 3 and Table 2. 4-quadrant plot analysis for
beat-to-beat systolic blood pressure differences with an
exclusion zone of 5% showed a concordance rate of 96%
(Fig. 4).

Data analyses of data on patient level are listed in sup-
plemental Table 1. Within-subject precision of systolic BP
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was accurate with a mean SD of 5.1 (SD 2.6). As expected,
within-subject precision for systolic BP was better than
group level precision (SD 12).

Notably, in one-third of the patients (10/31 patients)
with AF and SR (3/10 patients; supplemental Table 2)
there was a substantial difference of >10 mmHg between
VCM and intra-arterial systolic BP measurements. In these
13 patients, the VCM was not accurate and precise com-
pared to the intra-arterial BP. The most plausible explana-
tion in all patients with AF and SR can be found in their
baseline characteristics. Most patients used low-dose
noradrenaline and/or had somewhat pale and cold hands or
minor edema, but none severe enough for exclusion (sup-
plemental Table 3). A regression model between the bias
of systolic BP measurements (VCM minus intra-arterial
measurements) and low-dose noradrenaline, minor edema,
and minor paleness and cold hands, showed no signifi-
cant relation between the bias and low-dose noradrenaline



J Clin Monit Comput (2018) 32:439-446

443

Systolic blood pressure

200

150 4

100 +

VCM blood pressure (mmHg)

50 -
r?:0.70 (95% Cl 0.68-0.71)
ICC: 0.82
0 T T T T
0 50 100 150 200
Intra-arterial blood pressure (mmHg)
Mean arterial blood pressure
200
=)
I
£
£ 150 1
g
3
@
3 100 -
o
°
o
o
2 50
g r?:0.70 (95% Cl 0.69-0.72)
= ICC: 0.84
0+ T T T T
0 50 100 150 200

Intra-arterial blood pressure (mmHg)

Fig. 2 Regression analysis of VCM versus reconstructed arterial bra-
chialis artery blood pressure in patients with atrial fibrillation. Each
point represents a paired blood pressure measurement per beat. VCM

or pale cold hands (p-values: 0.66 and 0.26 respectively),
however, there was a significant relation between bias and
minor edema (p-value: 0.04) with an estimated 7.7 mmHg
lower measurement with VCM compared to intra-arterial
BP measurements. Absolute beat-to-beat differences of sys-
tolic BP were accurate (median absolute beat-to-beat differ-
ence <4.0 mmHg) in virtually all patients with AF except
for patient 5.

Analyses of data that are first aggregated to individual
patient level (average values of patients mean differences
and ICC; supplemental Table 4) yield virtually equal
results compared to collective data analyses (all single-beat
BP analyzed together, without prior aggregation to patient
level).

4 Discussion

The most important finding in this study is that the non-
invasive VCM method is accurate in measuring beat-to-
beat BP in patients with AF. The VCM method could thus
provide an easy, reliable and accessible method for clini-
cal use, as well as for epidemiological studies of BP in AF,

Diastolic blood pressure

200
°
I
IS
£ 150
o
>
@
® 100 -
o
©
o
o
o 50
g r:0.61 (95% Cl 0.59-0.62)
> - ICC: 0.77
0 = T T T T
0 50 100 150 200
Intra-arterial blood pressure (mmHg)
Beat-to-beat difference in systolic blood pressure
100
=)
£ 50 -
E
[0
o
§ 0 - BRI
£ S
© S A
g -50
s r?:0.81 (95% Cl 0.80-0.82)
ICC: 0.89
-100 T T T T
-100 -50 0 50 100

Intra-arterial difference (mmHg)

volume-clamp method, r correlation coefficient, CI confidence inter-
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and validation studies for other BP monitoring methods and
systems in AF.

Mean values of systolic BP measurements were accurate
with the VCM method (<5 mmHg), but the standard devia-
tion for systolic BP (12 mmHg) is above the limit proposed
by the Association for the Advancement of Medical Instru-
mentation American National Standard ANSI/AAMI/ISO
2009 guidelines (mean difference of maximum 5 mmHg;
SD 8 mmHg) [23]. For diastolic and mean BP measure-
ments, the VCM does meet the ANSI/AAMI/ISO criteria.

However, whether this standard benchmark for valida-
tion is appropriate for AF is questionable, since a “zero-
zone method” [25] is proposed in the AAMI guidelines [23,
24], which is less suitable for fluctuating BPs or continu-
ous measurements. Applying a zero-zone method instead
of a direct comparison of methods to such measurements
attenuates mean differences and standard deviations, caus-
ing bias of the accuracy data towards meeting the AAMI
criteria [24].

Our results indicate that the VCM method is appropriate
for the validation of other BP measurements methods and
devices in patients with AF. Although VCM is currently
recommended for non-invasive hemodynamic monitoring
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Fig. 3 Bland Altman plots of blood pressure measurements per beat; VCM versus reconstructed brachial artery blood pressure in patients with
atrial fibrillation. VCM volume-clamp method, r correlation coefficient, CI Confidence interval
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in some critical ill patients, these studies did not investi-
gate the validity in patients with AF solely [26]. As men-
tioned, in patients with AF, the beat-to-beat variation in
blood pressure is substantially larger than in patients with
SR. Therefore, validation studies in patients with AF are
of major importance to provide tools for blood pressure
monitoring not only in postoperative patients. Our study
specifically addresses these patients in order to allow for
extrapolation of our findings to even less ill AF patients, for
example in the clinical ward or outpatient clinic. Such stud-
ies have rarely been performed. One example is a recent
study of 135 patients with arrhythmia (including 88% of
the patients with AF) and an intra-arterial line, in which
measurement of arterial BP with an oscillometric device
fulfilled the ISO criteria for mean and diastolic BP. Sys-
tolic BP was accurate, but not precise for both patients with
arrhythmia or regular rhythm (mean bias —1.6 mmHg; SD
10.4 mmHg) [27]. It is important to stress, however, that no
oscillometric device is the same in term of device technol-
ogy and computational algorithm, and separate validation
in AF is thus required for each system. Finally, oscillomet-
ric devices or in fact any other method not registering beat-
to-beat BP cannot address BP fluctuations between heart
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beats, which may confer clinically relevant information [28,
29].

Some limitations of this study should be considered.
First, this is a validation study in patients that were hos-
pitalized and either post-operative or critically ill patients.
However, since intra-arterial measurements in stable out-
patients are ethically problematic, this type of study may
simply be unfeasible in outpatients.

In addition, BP measurement with VCM was inaccurate
in one-third of all patients. However, results where simi-
lar for patient with SR. In most cases where VCM differed
substantially from intra-arterial measurement, vasopressors
and/or peripheral edema provided a plausible explanation
for this. Also, the small within-subject variability indicates
that the differences remain stable. It has been described
previously that in patients with critical illness the signal
of the systolic BP is damped [30]. It thus seems prudent
to trust the VCM method only in patients with adequate
peripheral perfusion in non-edematous fingers.

Finally, the validation study required adjustment of
radial intra-arterial BP values to corresponding brachial
levels, which were the basis of the original VCM validation
studies. Intra-arterial measurements of BP in the brachial
artery could be more accurate as a reference method.

In conclusion, VCM can measure BP, including its beat-
to-beat fluctuations, accurately in patients with AF. This
result enables a range of future studies addressing both
measurement techniques as well as the clinical importance
of BP (fluctuations) in patients with AF.
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