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Abstract
Background In morbidly obese patients, oscillometric blood
pressure measurements with an upper-arm cuff are often
difficult to perform. The alternative method, invasive blood
pressure monitoring, can be difficult to place and is

associated with risks. A wrist-mounted blood pressure-
monitoring device, the Vasotrac, provides accurate blood
pressure measurements in lean patients. Even in the
obese, wrist morphology remains relatively unchanged.
We thus assessed the degree to which blood pressure
measurements with the Vasotrac on the wrist and cuff
measurements agree with invasive arterial blood pressure
monitoring.
Methods We evaluated 22 morbidly obese patients under-
going bariatric surgery lasting 3.8±1.1 h. Intraoperative
blood pressure was simultaneously measured using the
Vasotrac mounted on one wrist; an arterial catheter was
inserted in the opposite radial artery, and an oscillometric
cuff was positioned on the upper arm. Preoperative
patient comfort was evaluated on a scale from 1 to 10,
with 10 being most uncomfortable, just after the first
oscillometric cuff inflation. Values from the Vasotrac and
arterial catheter were recorded at 5-s intervals. Bias,
precision, and clinically acceptable agreement were
calculated between the two continuous monitoring devices
and between the arterial catheter and the cuff measure-
ments, with the arterial catheter providing the reference
value.
Results The patients’ age was 44.3±9.5 years (mean±SD),
body mass index was 66.7±13.8 kg/m2, and arm circum-
ference was 48.6±7.5 cm. Patients found the Vasotrac more
comfortable than the oscillometric device [1.7±1.8 vs 5.3±
0.5 (P=0.009)]. A total of 40,411 pairs of values from the
Vasotrac and arterial catheter were recorded. Lin’s concor-
dance correlation coefficient (95% CI) for mean arterial
blood pressure measured between the arterial line and the
Vasotrac was 0.74 (0.67, 0.82). The bias (mean error) was
−0.25 mmHg; however, the Bland–Altman limits where
95% of individual pressure differences are expected to fall
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was (−20, 20) mmHg. The precisions for diastolic and
systolic pressures were even worse.
Conclusion The Vasotrac was more comfortable than an
oscillometric device. Although the average accuracy was
good, individual mean Vasotrac and noninvasive blood
pressure pressures often differed considerably from arterial
values. These results suggest that the Vasotrac monitor
should not be substituted for an arterial catheter in super-
obese patients.

Keywords Anesthesia . Vasotrac . Blood pressure
Bariatric surgery

Introduction

Obesity represents a rapidly growing threat to the health
of the population of an increasing number of countries
[1]. Obesity is accompanied by severe health problems
like impaired glucose tolerance [2], nonalcoholic fat liver
disease [3], sleep apnea [4], and increased risk for heart
failure [5]. Accordingly, obese patients are at increased
risk for pulmonary and cardiac problems during anesthe-
sia. Thus, accurate hemodynamic monitoring is important
and might improve postoperative outcome in these
patients.

Oscillometric blood pressure measurement with a re-
peatedly inflated cuff is inaccurate on large upper-arm
circumferences [6–9]; in many cases, it is even impossible
to attach the blood pressure cuff to the upper arm. Blood
pressure measurement via a radial artery catheter is the gold
standard for blood pressure reading. However, placement of
a radial artery catheter is often technically difficult in obese
patients. Furthermore, it is costly and accompanied with
several complications.

A new device, Vasotrac (Medwave, Arden Hills, MN,
USA), measures blood pressure noninvasively on the wrist.
It utilizes frequent, gentle compressions of the radial artery
to determine arterial pressure and the arterial waveform
every 12 to 15 beats. It is approved by the US Food and
Drug Administration and correlates well with direct arterial
blood pressure measurements in lean patients and in
children [10, 11].

Continuous Vasotrac measurements on the wrist may be
more comfortable than oscillometric upper-arm measure-
ments and might be as accurate as invasive arterial line
measurements. We therefore compared measurements
obtained with the Vasotrac blood pressure monitor with
those obtained simultaneously from a radial–arterial cath-
eter in morbidly obese patients. Specifically, we tested the
hypothesis that the Vasotrac system correlates well with the
arterial line in the obese and that the system is reliable and
comfortable.

Materials and Methods

The Institutional Ethics Committee at Washington Univer-
sity at St. Louis approved the study; all participants
provided written informed consent. Patients with a body
mass index (BMI) exceeding 40 kg/m2 were eligible to
participate. Exclusion criteria included a blood pressure
difference between the arms exceeding 5 mmHg, deter-
mined oscillometrically. Patients were also excluded if they
had a history of Raynaud’s syndrome or other perfusion
difficulties in the arms or hands.

We estimated that each surgery would last more than 3 h.
Blood pressure measurements were collected every 5 s.
Thus, 20 patients would provide sufficient power to show
that Vasotrac and arterial line blood pressure measures
correlate well in obese patients.

As per routine for major bariatric surgery at our
institution, a catheter was inserted into the radial artery at
the wrist. The catheter was inserted before or after induction
of anesthesia, as deemed necessary by the attending
anesthesiologist. The catheters were 20-gauge and 4.45 cm
long (Arrow International, Reading, CA, USA). The pres-
sure monitoring tubing was 210 cm long and the pressure
transducers (both from Edwards Lifescience, Irvine, CA,
USA) were positioned at the level of the heart.

The Vasotrac system was mounted on the contralateral
wrist preoperatively. The system consists of a monitor and a
wrist-mounted sensing unit. It applies increasing pressure
on the radial artery until a sufficient number of heartbeats
are recorded to calculate the systolic, diastolic, and mean
arterial pressure (MAP), usually 12 to 15 beats. Measure-
ments from the Vasotrac and the arterial line were obtained
every 5 s. The Vasotrac is subject to motion artifact; it was,
thus, well secured as per the manufacturer’s instructions
and the arm kept still. Index fingertip blood flow was
estimated on the same hand using the perfusion index (PI)
[12], as calculated from a Masimo Radical (Masimo, Irvine,
CA, USA) pulse oximeter, to document any decline in
perfusion caused by pressure on the radial artery.

Oscillometric noninvasive blood pressure (NIBP)
(Datex-Ohmeda, Madison, WI, USA) was monitored on
the arm contralateral to the Vasotrac. The correct cuff size
for each patient was determined before the start of the study
following the manufacturer’s recommendations.

Morphometric and demographic characteristics of the
participating patients were recorded, along with the
circumference of their upper arms. Before any sedation
was administered, patients were asked to rate the comfort of
the oscillometric device, as well as that of the Vasotrac
system on a 10-cm-long visual analog scale, with 10 cm
representing greatest discomfort.

After induction of anesthesia and throughout the surgical
procedure, blood pressures were simultaneously recorded
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continuously (every 5 s) from the Vasotrac and from the
arterial catheter. Results were recorded by a computer
connected to each monitor using Bedmaster Software
(Excel Medical Electronics, West Palm Beach, FL, USA).

Statistical Analysis

Outcome variables were systolic, diastolic, and mean BP,
each measured using arterial line, Vasotrac, and NIBP (i.e.,
cuff) during each surgery. Arterial and Vasotrac measure-
ments were taken every 5 s, and NIBP every 15 min.
Vasotrac was compared to arterial line using all measure-
ments, and also using only measurements temporally
coinciding with NIBP measurements, allowing direct
comparison between Vasotrac and NIBP. Arterial and
Vasotrac outcomes coinciding with NIBP were calculated
as the within-patient mean of each method (arterial, Vaso-
trac) for the 30 s after the start of NIBP inflation.

Analysis

Within each method, we first used Spearman correlation to
assess whether patient standard deviation (across all
measurements for a patient) changed with increasing patient
mean (over all measurements for patient), to determine
whether a transformation of the raw data was needed before
agreement could be assessed between methods. Patient
standard deviation was plotted against patient mean.

Bias, defined as Vasotrac minus arterial or NIBP minus
arterial, was calculated for each outcome at each time
point, along with the mean bias across all pairs of mea-
surements. A Bland–Altman [13] plot of bias vs the average
of each pair of measurements was created for each method
(Vasotrac and NIBP) to allow visual observation of
agreement with arterial line as a function of the range of
pressures. Statistically, mixed effects modeling and Pearson
correlation (with 95% CI adjusted for within-subject
correlation) were used to assess change in bias as a function
of increasing pressure (average of method and arterial).

Bland–Altman limits of agreement for repeated measures
data [14] were used to estimate where 95% of future
differences from the arterial line are expected to fall. These
limits adjust for the correlation among repeated measure-
ments within patient. The simple Bland–Altman limits of
agreement [13] (calculated as mean bias ±1.96 SD) are not
appropriate here because our data pairs within subjects are
correlated.

Clinically acceptable agreement was summarized for
each outcome for each patient as the percent of differences
vs the arterial line that were less than 10 mmHg or less than
20 mmHg for Vasotrac and NIBP. Median and quartiles

(25th and 75th percentiles) of these percentages across
patients were reported.

A single-number agreement summary between each of
Vasotrac and NIBP vs arterial line was obtained using Lin’s
concordance correlation coefficient [15] (LCCC). The LCCC
is a function of both the bias from the 45-degree line of
agreement and the correlation between measurements, and is,
thus, much preferred over Pearson correlation, which ignores
the bias [15]. Confidence intervals for the LCCC were
estimated using bootstrap resampling [16] (2.5th and 97.5th
percentiles of the LCCC from 10,000 resamples with
replacement—where the entire subject’s data were resampled
together) to account for the correlation within subject. LCCC
for Vasotrac and the NIBP vs arterial lines were compared
statistically with a z test, using the standard deviation across
the bootstrap samples as the standard error.

We analyzed data at all measurement points, as well as at
the NIBP time points only. The significance level was 0.05
for each hypothesis. No adjustment was made for multiple
comparisons. R 2.6.0 (R Project for Statistical Computing)
or SAS statistical software version 9.1, Carey, NC, USA,
was used for all analyses.

Results

We screened 29 morbidly obese patients (BMI≥40 kg/m2)
scheduled for surgery (mainly gastric bypass or repair of
gastric bypass) and enrolled 22 of them. Among the seven
patients not enrolled, one had a history of perfusion prob-
lems in the fingers of one hand, one had a BP difference
between the arms of greater than 5 mmHg, one surgery was
cancelled, and four were not enrolled due to organizational
difficulties. The BMI of our 22 patients was 66.7±13.8 kg/m2,
while the arm circumference was 48.6±7.5 cm. Patients
were 44.3±9.5 years old. The duration of surgery averaged
3.8±1.1 h. Patients reported significantly better comfort
with the Vasotrac device (1.7±1.8) than with the upper arm
cuff (5.3±0.5, P=0.009).

Arterial line measurements were not available for one
patient, and NIBP was not reported on three patients.
Twenty-four observations were deleted from the analysis
because they were identified as reporting or device errors.
On average, the arterial line failed to produce a measure-
ment 2.8% (SD=1.3%) of the time for each patient, the
Vasotrac failed 3.4% (0.7%) of the time, and the NIBP
failed 3.4% (0.6%) of the time.

Within-patient standard deviation of raw measurements
did not appear to change systematically with the patient
mean (Fig. 1, Table 1) for any method; only one of nine
correlations is above 0.40. We thus concluded that differ-
ences of either method vs the arterial line could be
calculated without requiring a transformation of the data.

OBES SURG



Within-patient distribution of bias from the arterial
line by patient (x-axis) for each method and outcome is
displayed in the boxplots in Fig. 2. The plots (of median,
quartiles and outlying points) indicate substantial differ-
ences among the patients on both the average bias and the
amount of within-patient variability. Because a within-
patient average of measurements for 30 s was used for
Vasotrac (second column in Fig. 2) vs a single NIBP
measurement at the start of the 30-s period, one might
expect larger within-patient variability for the NIBP. This
might well mimic practice, as Vasotrac measurements over

a short period of time would likely be visualized by a
clinician and summarized before making a conclusion.

Using all measurements, mean bias (i.e., difference)
between the Vasotrac and arterial line was low, ranging
from −2.8 mmHg for systolic pressure to 0.25 for MAP.
Using only the NIBP times, mean bias vs arterial line was
close to zero for Vasotrac and ranged from 1.7 (MAP) to
−7.6 (diastolic) for NIBP (Table 2). Figure 3 plots bias vs
the mean of each pair of measurements for each method for
each outcome (Bland–Altman plot). Bias and mean for
pairs are slightly negatively correlated for most outcomes,

Table 1 Spearman correlation (rho) between patient mean and SD by method

Arterial line Vasotrac NIBP (Cuff)

rho 95% CI P rho 95% CI P rho 95% CI P

Systolic −0.20 (−0.65,0.29) 0.37 0.41 (−0.01,0.72) 0.062 0.17 (−0.30,0.62) 0.48
Diastolic 0.34 (−0.2,0.79) 0.13 0.18 (−0.29,0.62) 0.42 0.55 (0.12,0.84) 0.016
MAP 0.21 (−0.31,0.68) 0.35 0.35 (−0.16,0.77) 0.11 0.38 (−0.09,0.73) 0.11

Fig. 1 For each method,
within-patient standard
deviation of raw values is
plotted against within-patient
mean. No clear pattern emerges,
suggesting it is reasonable to
assess differences from the
arterial line without
transformation of the data
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giving evidence that bias tends to become more negative
(from overestimating to underestimating the arterial) as the
true pressure increases (Table 3). However, although the
correlations are statistically significant, their magnitude is
moderate to weak in most cases.

Limits of agreement (Fig. 3, Table 2), which indicate
where 95% of individual biases (differences from arterial
line) are likely to fall, are quite wide for every method and
outcome, but especially so for the NIBP, which appears
worse than Vasotrac. For example, when using the NIBP

Table 2 Mean difference (bias) with 95% lower and upper “limits of agreement”

All measurements Measurements at NIBP (Cuff) times

Arterial line—Vasotrac Arterial line—Vasotrac NIBP (Cuff)—Arterial

Mean (Lower Upper) Mean (Lower Upper) Mean (Lower Upper)

Systolic −2.8 (−33.3 27.7) −1.5 (−33.1 30.2) −3.6 (−46.7 39.6)
Diastolic 2.4 (−20.2 25.0) 0.82 (−25.5 27.1) −7.6 (−38.1 23.0)
MAP 0.25 (−20.6 21.1) −1.5 (−28.7 25.8) 1.7 (−28.8 32.1)

Ninety five percent of future differences from arterial are expected to fall within limits of agreement. Limits are adjusted for within-subject
correlation

Fig. 2 Boxplots of differences
between methods for systolic,
diastolic, and MAP show con-
siderable differences among
patients in the mean bias from
arterial line, as well as in the
amount of within-patient vari-
ability. One data point from each
of plots 2 and 3 in row 1 did not
fit on the figure
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measurement times, systolic limits are (−33, 30) for
Vasotrac compared to (−47, 40) for NIBP. Limits of
agreement were consistently a few millimeters of mercury
narrower, as expected, in a separate analysis done ignoring
the within-subject correlation.

Bias from the arterial line was summarized for each
patient as percent of differences within predefined clinically
acceptable agreement ranges (±10, ±15 and ±20 mmHg).
These percentages are summarized across patients in
Table 4. For example, the median (quartiles) across patients
in percent of MAP differences from arterial line within

15 mmHg of arterial is 91 (74, 100) for Vasotrac (Table 4B)
and 84 (64, 91) for NIBP (Table 4C). In general, clinical
agreement with arterial seems better for Vasotrac than NIBP
and better for diastolic and MAP compared to systolic.
However, even for Vasotrac, excellent percentages were
only achieved consistently at ±20 mmHg, which is not as
precise as clinicians might hope.

LCCCs between the Vasotrac and arterial line measure-
ments were moderate to good at 0.75 (0.69, 0.82) for sys-
tolic, 0.66 (0.56, 0.76) for diastolic, and 0.77 (0.72, 0.84)
for mean arterial blood pressures, respectively, using all

Table 3 Correlation (95% CI) between bias and average

All measurements Measurements at NIBP (Cuff) times

Vasotrac vs arterial Vasotrac vs arterial NIBP (Cuff) vs arterial

Systolic pressure −0.46 (−0.25, −0.63) −0.42 (−0.17, −0.61) −0.39 (−0.11, −0.59)
Diastolic pressure −0.27 (−0.10, −0.44) −0.31 (−0.09, −0.47) −0.27 (−0.03, −0.49)
MAP −0.18 (0.02, −0.38) −0.20 (−0.06, −0.33) −0.13 (0.07, −0.34)

Zero correlation would indicate consistent bias across range of severity
Ninety five percent CI adjusted for within-subject correlation via bootstrapping
Average of each pair

Fig. 3 Bland–Altman plots
of difference (bias) vs mean
of each pair. Horizontal lines
indicate limits of agreement,
where 95% of differences are
expected to fall
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available measurements. Using measurements at NIBP
times only, no difference in agreement with the arterial line
measured by LCCCwas detected between Vasotrac and NIBP
on systolic [0.73 (0.63, 0.82) vs 0.63 (0.47, 0.75), P=0.21],
diastolic [0.54 (0.32, 0.75) vs 0.47 (0.24, 0.70), P=0.58],
or mean arterial blood pressures [0.62 (0.52, 0.76) vs 0.63
(0.48, 0.74), P=0.84]. Fingertip perfusion on the hand with
the Vasotrac did not decrease significantly during the mea-
surement period. At the end of surgery, the average PI was
3.7±3.4, with a minimum of 0.7 in one patient, indicating
sufficient perfusion.

Discussion

Tight perioperative blood pressure monitoring is important
in critical patient populations, such as the morbidly obese
or patients undergoing major surgery. Invasive arterial
blood pressure monitoring is the standard for direct arterial
blood pressure measurement, enabling beat-to-beat moni-
toring and access for blood sampling. Direct arterial
catheters can be difficult to place in awake or anesthetized
morbidly obese patients and may cause pain and discom-
fort. Furthermore, arterial monitoring may lead to signifi-
cant known complications including vascular trauma, distal
embolization, thrombosis and ischemia of distal extremities,
bleeding at the site of insertion, patient discomfort, and
nosocomial infection [17, 18]. Thus, the search for a
noninvasive continuous blood pressure monitoring system
is ongoing.

The Vasotrac appears to be a valuable tool for monitor-
ing perioperative blood pressure of morbidly obese and
normal-weight patients without the possible negative con-
sequences of arterial cannulation [18]. In fact, a number of

recent studies demonstrated the ease of use and reliability in
a wide range of BP values with the Vasotrac system in
patients with normal weight and body physiology [19–21].
It was even shown in pediatric patients that the Vasotrac
correlates very well with invasive arterial blood pressure
measurements [11]. In volunteers, the Vasotrac provided
greater comfort than the upper-arm cuff. The placement on
the wrist was easier than inserting an arterial catheter [22].
Even those volunteers in whom it was not possible to place
a radial artery catheter, the Vasotrac produced reliable
results. Recently, the Vasotrac demonstrated a fairly good
correlation to the arterial line in patients undergoing liver
transplantation [17]. However, the Vasotrac-measured
blood pressures had limits of agreement that the authors
considered too wide to allow the substitution of Vasotrac
blood pressure measurements for direct arterial measure-
ments during liver transplantation. During liver transplan-
tation, rapid hemodynamic changes are common and
influence the accuracy of the Vasotrac. Furthermore, large
volumes of fluid might effect peripheral perfusion and,
thus, influence the device.

Our study is the first study in a bariatric patient
population. Bariatric surgery is nowadays mainly per-
formed laparoscopically with little blood loss. Thus, many
anesthesiologists find an arterial line too invasive for this
type of surgery. However, the morbidly obese are a patient
population with comorbidities who would benefit from
continuous blood pressure measurements as provided by
the Vasotrac. In our current study, mean bias for mean,
systolic, and diastolic blood pressure between arterial line
and Vasotrac was acceptable, as was the precision.
However, the within-patient correlations, as well as the
correlations for the whole group, were fairly wide.
Nevertheless, 94% of all mean and diastolic measurements
and 75% of systolic blood pressure measurements fell
within a range of ±15 mmHg. Furthermore, our data
confirm the well-documented differences between oscillo-
metric and invasive arterial blood pressure measurements
[23, 24]. Only approximately 84% of MAP 74% of
diastolic pressure, and 61% of systolic pressure measured
with NIBP fell within the range of ±15 mmHg. In general,
clinical agreement with the arterial line seems better for
Vasotrac than NIBP, although not statistically significant.
Furthermore, agreements were better for diastolic and MAP
compared to systolic pressure.

Blood pressure measurements with the NIBP in morbid-
ly obese patients are often associated with difficulties in
regards to proper oscillometric upper arm cuff fit and
placement. Often, the arm cuff has to be mounted at the
patient’s wrist or ankle due to the relatively short and cone-
shaped upper arm. In these instances, the Vasotrac might be
a good replacement for the NIBP. Furthermore, patients
considered the Vasotrac to be almost three times more

Table 4 Clinically acceptable disagreement

Median (quartiles) of percentages of bias within given range

Percentage within

10 15 20

A. Vasotrac minus arterial: all times
Systolic 62 (24, 74) 75 (50, 93) 88 (71, 97)
Diastolic 76 (45, 87) 94 (74, 97) 98 (96, 98)
MAP 79 (50, 94) 94 (82, 98) 98 (97, 99)

B. Vasotrac minus arterial: NIBP (cuff) times
Systolic 50 (27, 79) 76 (50, 91) 94 (74, 100)
Diastolic 71 (55, 82) 91 (72, 100) 100 (92, 100)
MAP 71 (43, 94) 91 (74, 100) 96 (90, 100)

C. NIBP (cuff) minus arterial
Systolic 40 (29, 56) 61 (56, 75) 74 (68, 85)
Diastolic 50 (25, 71) 74 (45, 90) 90 (74, 94)
MAP 57 (26, 80) 84 (64, 91) 92 (76, 96)
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comfortable than the upper arm cuff. This is important, as
many procedures, especially in morbidly obese patients, are
performed under regional anesthesia or with the patients
awake.

We measured the PI on the index finger of the hand on
which the Vasotrac was mounted. The Vasotrac system did
not influence the PI. In fact, the values were in an expected
range and did not show declines due to the oscillating
pressure on the radial artery. Also, during the measurement
periods, the peripheral oxygen saturation on the index
finger was comparable to oxygen saturation measured on
the ear lobe. This demonstrates that the pressure applied
with the Vasotrac system is not high enough to cause any
relevant decrease in blood flow to the hand in our patient
population.

One limitation of our study is that we tested the device
under fairly stable perioperative conditions. It might very
well be that the device performs poorer during rapid blood
pressure changes. As the Vasotrac measurements are
averaged over 12 beats, it might not exactly correlate with
the arterial catheter during rapid perturbations. However,
such rapid changes are rare during bariatric surgery. We
even included obvious artifacts in our analysis, which
makes the results look somewhat worse than otherwise.

The Vasotrac was more comfortable for the patients than
the oscillometric upper arm cuff. However, it only showed
moderate agreement to invasive arterial blood pressure
measurements and, thus, cannot replace invasive arterial
blood pressure when continuous blood pressure measure-
ments are vital. The agreement between the Vasotrac and
the arterial line appeared somewhat better as compared to
the agreement between NIPB and arterial line. Thus, the
Vasotrac might be an interesting alternative in morbidly
obese patients in whom a normal arm cuff cannot be used.
However, in patients in whom an arterial line is vital, it
does not replace the invasive blood pressure monitoring.
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