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a b s t r a c t
Purpose: The aim was to compare non-invasive blood pressure measurements with invasive blood pressure measurements in critically ill patients.
Methods: Non-invasive blood pressure was measured via automated brachial cuff oscillometry, and simultaneously the radial arterial catheter-derived measurement was recorded as part of a prospective observational
study. Measurements of systolic arterial pressure (SAP), diastolic arterial pressure (DAP), and mean arterial pressure (MAP) were compared using Bland-Altman and error grid analyses.
Results: Paired measurements of blood pressure were available for 736 patients. Observed mean difference (±SD,
95% limits of agreement) between oscillometrically and invasively measured blood pressure was 0.8 mmHg (±
15.7 mmHg, −30.2 to 31.7 mmHg) for SAP, −2.9 mmHg (±11.0 mmHg, −24.5 to 18.6 mmHg) for DAP, and
−1.0 mmHg (±10.2 mmHg, −21.0 to 18.9 mmHg) for MAP. Error grid analysis showed that the proportions
of measurements in risk zones A to E were 78.3%, 20.7%, 1.0%, 0%, and 0.1% for MAP.
Conclusion: Non-invasive blood pressure measurements using brachial cuff oscillometry showed large limits of
agreement compared to invasive measurements in critically ill patients. Error grid analysis showed that measurement differences between oscillometry and the arterial catheter would potentially have triggered at least lowrisk treatment decisions in one in ﬁve patients.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
Blood pressure is one of the most frequently measured vital signs
and can be measured non-invasively or invasively [1]. Measurements
of blood pressure are commonly used as triggers and targets to guide
hemodynamic interventions, especially in critically ill patients treated
in the intensive care unit (ICU) [2]. Circulatory shock is a common condition in critically ill patients, affecting about one-third of all admitted
ICU patients [3]. Systemic arterial hypotension is typically present in circulatory shock with associated tachycardia and signs of altered tissue
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perfusion [4]. Guidelines on hemodynamic monitoring and circulatory
shock advocate initially targeting a mean arterial pressure (MAP)
above 65 mmHg [2]. Therefore, clinicians need to have quick, reliable,
and accurate measurements of blood pressure available at the bedside.
Invasive arterial blood pressure monitoring using an arterial catheter is considered the clinical reference method in critically ill patients.
In situ arterial catheters also facilitate drawing blood for laboratory testing and blood gas analysis. Even though the guidelines recommend the
placement of an arterial catheter for invasive monitoring in patients
with suspected circulatory shock [2], non-invasive oscillometric blood
pressure measurements using an upper-arm cuff are a widely used alternative [5]. This automated method allows for intermittent, quick,
and convenient blood pressure measurements.
Several prospective studies showed an acceptable agreement of
non-invasive oscillometric blood pressure measurements with invasive
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reference measurements in critically ill patients [6,7]. Some say that intermittent non-invasive oscillometric blood pressure measurements
may even safely replace invasive measurements [8]. Other studies
showed an unacceptable measurement performance of oscillometry in
critically ill patients with circulatory shock, demonstrating a possible inﬂuence of the shock state and the use of vasoactive medication on the
measurement performance [9,10].
This study aimed to compare blood pressure measurements obtained using upper-arm cuff oscillometry with arterial catheterderived blood pressure measurements in a large prospective cohort of
critically ill patients with and without receiving norepinephrine.
2. Material and methods
2.1. Design and setting
This study was part of the Simple Intensive Care Studies-I (SICS-I), a
prospective single-center observational cohort study designed to evaluate the diagnostic and prognostic value of combinations of clinical and
hemodynamic variables in critically ill patients [11]. We performed
the study between 27 March 2015 and 22 July 2017. The local institutional review board approved the study (M15.168207).
2.2. Participants and study size
In SICS-I, all acutely admitted patients of 18 years and older with an
expected ICU stay of at least 24 h were eligible for inclusion. Exclusion
criteria were planned admission, inability to acquire research data due
to interference with clinical care, and absence of informed consent. Patients without either invasive blood pressure or non-invasive blood
pressure measurement were excluded from this analysis.
2.3. Objectives
The primary objective of this study was to evaluate the agreement
between blood pressure measurements obtained with non-invasive
oscillometry (test method) and arterial catheter-derived measurements
(reference method) using Bland-Altman and error-grid analyses. The
agreement between measurements was deﬁned according to the Association for the Advancement of Medical Instrumentation (AAMI) standards for non-invasive arterial pressure measurement [12]. The AAMI
deﬁnition of an acceptable agreement in adults between the test and
reference method is a mean of the differences of ≤5 mmHg with a SD
of ≤8 mmHg [12].
The secondary objective was to analyze the differences between the
two methods separately in patients with and without receiving
norepinephrine.
2.4. Variables
For the SICS-I study, clinical and hemodynamic variables were collected during a one-time clinical examination in the ﬁrst 24 h of patient
admission. Study procedures were only performed when there was no
interference with clinical care. Complete data management was described in the design paper of the SICS-I [13]. Reference blood pressure
was measured invasively using an indwelling arterial catheter placed in
the radial artery. Non-invasive oscillometric blood pressure measurements were performed using an upper-arm cuff placed on the arm contralateral to the arm with the arterial catheter. The correct cuff size was
estimated for each patient by the nurse, and the arterial catheter transducer was zeroed and leveled. Blood pressure data were recorded simultaneously from the display of the bedside monitor IntelliVue MP70
(Philips, Eindhoven, The Netherlands). The dose of norepinephrine infusion was documented at the time of the blood pressure measurements.
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2.5. Statistical analysis
Data are presented as means with standard deviations (SD), medians with 25th and 75th percentile, or absolute numbers (with percentages). Student's t-test, Mann-Whitney U test, or the Chi-square
tests were used as appropriate. Correlations between non-invasive
and invasive blood pressure measurements are illustrated using scatter
plots. The agreement was assessed using Bland-Altman plots, by plotting the mean of the two measurements against their difference and
95% limits of agreement (LOA) (= mean difference ± 1.96 × SD of the
difference) [14].
Error grid analysis was used to assess the clinical relevance of differences between the two methods [15]. Error grid analysis assigns a speciﬁc risk level value to each pair of measured arterial pressures. Risk
levels range from zones A to E with A representing no risk (i.e., no difference in clinical action between the reference and test method), B
representing low-risk (i.e., test method values that deviate from the reference but would probably lead to benign or no treatment), C
representing moderate risk (i.e., test method values that differ from
the reference and would eventually lead to unnecessary treatment
with potential moderate non-life-threatening consequences for the patient), D representing signiﬁcant risk (i.e., test method values that deviate from the reference and would lead to unnecessary treatment with
potential severe non-life-threatening consequences for the patient),
and E representing dangerous risks (i.e., test method values deviate
from the reference method and would lead to unnecessary treatment
with potentially life-threatening consequences for the patient) [15].
The clinical relevance of the difference between two methods is
reﬂected by the proportion of measurements in each risk level;
i.e., higher proportions in the low-risk level indicate a lower clinical relevance of the difference. The risk levels were quantiﬁed for systolic arterial pressure (SAP) and mean arterial pressure (MAP) by consensus
among 25 international experts in anesthesiology and intensive care
medicine [15]. No consensus error grid for diastolic arterial pressure
(DAP) was quantiﬁed by experts due to its limited use in anesthesiology
and critical care as an isolated value. The proportions of measurements
in the ﬁve risk levels were calculated and were visualized in a grid in
which the consensus risk assessment is converted into a continuous
risk level ranging from 0% to 100% [16]. The Chi-square test was used
to compare the proportions of measurements in risk zone A versus
risk zone B-E between patients with and without norepinephrine.
For statistical analysis, Microsoft Ofﬁce Excel 2010 (Microsoft Corp,
Redmond, WA, USA) and Stata version 15 (StataCorp, College Station,
TX, USA) were used. Continuous error grids were constructed using a
computer program written for MATLAB version 2018b (The MathWorks
Inc., Natick, MA, USA) [16].

3. Results
Overall, 1075 patients were included in the SICS-I study [11]. Of
these, 1052 patients (98%) had an invasive arterial pressure measurement, and 757 patients (70%) had a non-invasive arterial pressure measurement. Seven hundred thirty-six patients (68%) had
paired blood pressure measurements, i.e., simultaneously measured
using oscillometry and an arterial catheter (Fig. 1). Of 736 patients
with a paired measurement, 352 patients (48%) received norepinephrine during the blood pressure measurements. Table 1 presents
the characteristics of the 736 included patients, and the 339 excluded patients for this study based on the availability of paired
blood pressure measurement.
Patients without a paired measurement of invasive and noninvasive blood pressure had a higher body mass index (BMI), were
more often admitted for a cardiovascular reason, and were more critically ill as reﬂected by a higher APACHE-IV score at admission and increased 90-day mortality (Table 1).
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Fig. 1. Flowchart. Flowchart showing patient inclusion in this study.

The distribution and relation of arterial pressure data obtained noninvasively and invasively is illustrated in scatter plots (Supplementary
Fig. 1 in Supplementary Material).
Bland-Altman analysis of all paired measurements revealed a mean
difference (±SD, 95% limits of agreement) of 0.8 mmHg (±
15.7 mmHg, −30.2 to 31.7 mmHg) for SAP, −2.9 mmHg
(±11.0 mmHg, −24.5 to 18.6 mmHg) for DAP, and −1.0 mmHg (±
10.2 mmHg, −21.0 to 18.9 mmHg) for MAP (Table 2; Fig. 2).
Bland-Altman analysis of paired measurements in patients receiving
norepinephrine and patients not receiving norepinephrine showed similar results. In patients receiving norepinephrine, Bland-Altman analysis
showed a mean difference (±SD, 95% LOA) of −1.1 mmHg (±
16.1 mmHg, −32.8 to 30.6 mmHg) for SAP, −1.9 mmHg
(±10.0 mmHg, −21.5 to 17.7 mmHg) for DAP, and −1.0 mmHg (±
9.9 mmHg, −20.4 to 18.5 mmHg) for MAP (Table 2; Supplementary
Fig. 2 in Supplementary Material).
In patients not receiving norepinephrine, Bland-Altman analysis
showed a mean difference (±SD, 95% LOA) of 2.4 mmHg (±

15.2 mmHg, −27.5 to 32.4 mmHg) for SAP, −3.9 mmHg (±
11.8 mmHg, −27.0 to 19.3 mmHg) for DAP, and −1.1 mmHg (±
10.4 mmHg, −21.5 to 19.4 mmHg) for MAP (Table 2; Supplementary
Fig. 3 in Supplementary Material).
In all patients with a paired measurement of blood pressure, error
grid analysis showed that the proportions of measurements in risk
zones A to E were 82.3%, 13.2%, 4.2%, 0.3%, and 0% for SAP and 78.3%,
20.7%, 1.0%, 0%, and 0.1% for MAP. Continuous error grids for SAP and
MAP are shown in Fig. 3.
In patients receiving norepinephrine, error grid analysis showed
that the proportions of measurements in risk zones A to E were 75.6%,
17.6%, 6.5%, 0.3%, and 0% for SAP and 74.7%, 23.6%, 1.7%, 0%, and 0% for
MAP (Supplementary Fig. 4 in Supplementary Material).
In patients not receiving norepinephrine, error grid analysis showed
that the proportions of measurements in risk zones A to E were 88.5%,
9.1%, 2.1%, 0.3%, and 0% for SAP and 81.5%, 18.0%, 0.3%, 0%, and 0.3% for
MAP (Supplementary Fig. 5 in Supplementary Material).
Patients receiving norepinephrine had more paired measurements
in risk zones B to E compared to patients not receiving norepinephrine
(p b .001 for SAP, and p = .03 for MAP).
4. Discussion
In this study, non-invasive blood pressure measurements using
upper-arm cuff oscillometry showed a low mean difference but large
limits of agreement compared to direct invasive measurements in critically ill patients. Precision and accuracy of non-invasive SAP, DAP, and
MAP measurements determined by Bland-Altman analysis failed the
AAMI standards for non-invasive arterial pressure measurement [12].
Estimations of precision and accuracy obtained by Bland-Altman
analysis provide information about the overall statistical agreement
but do not offer the clinical relevance of differences between paired

Table 1
Patient characteristics.
Variable
Age (years)
Male gender
Body Mass Index (kg m−2)
Mechanical ventilation
Sedation
Heart rate (bpm)
Atrial ﬁbrillation
Norepinephrine use
Norepinephrine dose (μg kg−1 min−1)
Admission type

Admission diagnosis by organ system

Time to inclusion (hours)
Circulatory shock

APACHE-IV score
SAPS-II
90-day mortality

Type

SICS-I cohort, n = 1075

Without paired measurement,
n = 339

With paired measurement,
n = 736

P

Medical
Acute surgery
Planned surgery
Cardiovascular
Gastrointestinal
Genito-urinary
Hematological
Metabolic
Musculoskeletal/skin
Neurological
Respiratory
Transplant
Trauma

62 (15)
674 (63%)
26.9 (5.5)
632 (59%)
430 (40%)
87.7 (21.2)
78 (7%)
529 (49%)
0.13 [0.06, 0.27]
713 (66%)
316 (29%)
46 (4%)
318 (30%)
167 (16%)
23 (2%)
19 (2%)
22 (2%)
13 (1%)
143 (13%)
229 (21%)
58 (5%)
82 (8%)
15 [8, 20]
540 (50%)
140 (13%)
327 (30%)
120 (11%)
25 (2%)
76.1 (29.3)
46.4 (16.8)
297 (28%)

62 (14)
206 (61%)
27.4 (6.2)
195 (58%)
134 (40%)
86.8 (21.8)
24 (7%)
177 (52%)
0.12 [0.07, 0.21]
212 (63%)
113 (33%)
14 (4%)
118 (35%)
49 (14%)
11 (3%)
8 (2%)
3 (1%)
5 (1%)
31 (9%)
60 (18%)
19 (6%)
35 (10%)
15 [8, 19]
183 (54%)
52 (15%)
107 (32%)
48 (14%)
12 (4%)
79.1 (31.0)
47.3 (16.8)
108 (32%)

62 (15)
468 (64%)
26.7 (5.1)
437 (59%)
296 (40%)
88.1 (21.0)
54 (7%)
352 (48%)
0.14 [0.06, 0.29]
501 (68%)
203 (28%)
32 (4%)
200 (27%)
118 (16%)
12 (2%)
11 (1%)
19 (3%)
8 (1%)
112 (15%)
169 (23%)
39 (5%)
47 (6%)
15 [8, 20]
357 (49%)
88 (12%)
220 (30%)
72 (10%)
13 (2%)
74.7 (28.4)
46.0 (16.8)
189 (26%)

0.30
0.37
0.038
0.57
0.83
0.35
0.88
0.18
0.38
0.16

Totala
Cardiogenic
Distributive
Hypovolemic
Obstructive

0.002

0.39
0.095

0.031
0.22
0.035

Signiﬁcant differences of patient characteristics between patients with and without a paired measurement of blood pressure are shown in bold.
a
Multiple types of circulatory shock may be diagnosed in a patient. SICS-I = Simple Intensive Care Studies-I, APACHE-IV = Acute Physiology and Chronic Health Evaluation-IV,
SAPS-II = Simpliﬁed Acute Physiology Score-II.
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Table 2
Arterial pressure values determined by non-invasive oscillometric cuff and arterial catheter.
Variable

Invasive arterial
catheter (mmHg)

Non-invasive
oscillometric
cuff (mmHg)

Mean difference (CI)

SD of the
Mean difference
(mmHg)

Lower 95%
Limit of
Agreement (CI)

Upper 95%
Limit of
Agreement (CI)

Percentage
error (CI)

118.8 ± 24.8

117.9 ± 25.2

0.8 mmHg (−0.4 to 1.9)

± 15.7

59.9 ± 11.4

62.8 ± 14.6

−2.9 mmHg (−3.7 to −2.1)

± 11.0

Mean arterial pressure

78.7 ± 14.3

79.7 ± 16.5

−1.0 mmHg (−1.7 to −0.3)

± 10.2

31.7 mmHg
(29.7 to 33.6)
18.6 mmHg
(17.2 to 20.0)
18.9 mmHg
(17.7 to 20.2)

26.1% (24.5 to 27.8)

Diastolic arterial pressure

−30.2 mmHg
(−32.1 to −28.2)
−24.5 mmHg
(−25.9 to −23.1)
−21.0 mmHg
(−22.2 to −19.7)

108.9 ± 21.3

−1.1 mmHg (−2.8 to 0.6)

± 16.1

−32.8 mmHg
(−35.7 to −29.9)
−21.5 mmHg
(−23.3 to −19.7)
−20.4 mmHg
(−22.2 to −18.6)

30.6 mmHg
(27.7 to 33.5)
17.7 mmHg
(15.9 to 19.5)
18.5 mmHg
(16.7 to 20.3)

29.3% (26.6 to 32.0)

−27.5 mmHg
(−30.1 to −24.8)
−27.0 mmHg
(−29.1 to −25.0)
−21.5 mmHg
(−23.3 to −19.7)

32.4 mmHg
(29.7 to 35.0)
19.3 mmHg
(17.2 to 21.3)
19.4 mmHg
(17.6 to 21.2)

All patients (n = 736)
Systolic arterial pressure

Patients on norepinephrine (n = 352)
Systolic arterial pressure 107.8 ± 20.7
Diastolic arterial pressure

56.5 ± 9.4

58.4 ± 11.9

−1.9 mmHg (−2.9 to −0.9)

± 10.0

Mean arterial pressure

72.7 ± 11.1

73.7 ± 12.9

−1.0 mmHg (−2.0 to 0.1)

± 9.9

126.1 ± 25.8

2.4 mmHg (0.9 to 4.0)

± 15.2

Patients not on norepinephrine (n = 384)
Systolic arterial pressure 128.6 ± 24.2
Diastolic arterial pressure

63.0 ± 12.2

66.9 ± 15.7

−3.9 mmHg (−5.1 to −2.7)

± 11.8

Mean arterial pressure

84.2 ± 14.6

85.3 ± 17.5

−1.1 mmHg (−2.1 to 0.0)

± 10.4

35.1% (32.9 to 37.4)
25.2% (23.6 to 26.8)

34.1% (31.0 to 37.2)
26.6% (24.2 to 29.0)

23.5% (21.4 to 25.6)
35.6% (32.5 to 38.8)
24.1% (22.0 to 26.2)

Fig. 2. Bland-Altman plots. A. Bland-Altman plot for systolic arterial pressure. Comparison between measurements of non-invasive oscillometric cuff (SAPNi) and invasive arterial catheter
(SAPi) is illustrated. B. Bland-Altman plot for diastolic arterial pressure. Comparison between measurements of non-invasive oscillometric cuff (DAPNi) and invasive arterial catheter (DAPi)
is illustrated. C. Bland-Altman plot for mean arterial pressure. Comparison between measurements of non-invasive oscillometric cuff (MAPNi) and invasive arterial catheter (MAPi) is
illustrated. In each plot, the continuous horizontal line represents the mean difference, and the upper and lower dashed lines represent the 95% limits of agreement.

measurements. Error grid analysis enables quantiﬁcation and illustration of the clinical signiﬁcance of observed differences between two
blood pressure measurement methods [15]. This novel method is
based on expert opinion and has yet to be externally validated using
outcome data. In this study, error grid analysis showed that for all included patients, the majority of measurements were situated in the
no-risk zone A, i.e., 82% for SAP and 78% for MAP. However, in approximately one in ﬁve patients, i.e., 18% for SAP and 22% for MAP, the paired
measurements were positioned in risk zones B to E, which implies a potential risk of at least low-risk treatment decisions if treatment was
based on the test method.
In patients receiving norepinephrine, there were more paired measurements, 24% for SAP and 25% for MAP, in the risk zones B to E compared to patients not receiving norepinephrine, which implies a
higher potential risk of at least low-risk treatment differences. These results suggest that in approximately one in four patients receiving norepinephrine in this cohort, the measured difference could potentially
have triggered at least low-risk treatment decisions if treatment was
based on the test method. The distribution difference in the error grid
risk zones for patients receiving norepinephrine may be explained by
the reduced performance of the oscillometric blood pressure method
with lower blood pressures [17].
Data used in this study were obtained as part of the SICS-I prospective observational cohort study, which evaluated clinical and

hemodynamic variables obtained as a one-time clinical examination
within the ﬁrst 24 h of ICU admission to diagnose a low cardiac index
[11] and to build a prognostic model for 90-day mortality [18]. Not
all variables could be obtained in case of life-threatening disease,
which could explain why patients without a paired measurement
of blood pressure had a higher APACHE-IV score and increased mortality. Furthermore, the adequate size oscillometric cuff was not always directly available when study procedures were performed,
which could explain why patients with a higher BMI had fewer
paired measurements.
Our results on measurement agreement are in line with other studies comparing non-invasive oscillometric and invasive arterial blood
pressure in critically ill patients. A poor statistical agreement was
found in two retrospective observational studies of large ICU databases
[17,19]. Similar to our study, MAP measurements were less inaccurate
than SAP and DAP measurements.
Subgroup analysis according to the administration of norepinephrine showed similar results in both subgroups. Results we observed in
patients treated with norepinephrine are comparable to results from
previous studies. One study compared non-invasive oscillometric and
invasive radial arterial blood pressure measurements in critically ill patients receiving norepinephrine [9]. A comparison between measurements of MAP showed a mean difference of 6.6 mmHg (95% CI 5.3 to
7.9) [9] in this study. In another study, non-invasive and invasive
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Fig. 3. Error-grid plots. A. Error-grid plot for mean arterial pressure. This ﬁgure illustrates the error grid for the test method (upper-arm cuff oscillometry) in comparison with the reference
method (arterial catheter) for the 736 patients regarding mean arterial pressure. B. Error-grid plot for systolic arterial pressure. This ﬁgure illustrates the error grid for the test method
(upper-arm cuff oscillometry) in comparison with the reference method (arterial catheter) for the 736 patients regarding systolic arterial pressure. In each plot, the background colors
correspond to the risk level for each pair of measurements. The risk ranges from 0% to 100%, as shown below the plots. A risk level between 0% and 100% is assigned to each
combination of measurement and true value (test device versus gold standard).

blood pressure measurements were prospectively compared in adult
patients with septic shock in the ICU [10]. Similar to our study, noninvasive blood pressure monitoring showed poor statistical agreement
with invasive measurements [10].
Currently, the invasive blood pressure measurement using an arterial catheter remains the clinical reference method in critically ill patients. Despite the widespread use of arterial catheters, there is no
evidence suggesting that the outcomes of critically ill patients improve
with continuous invasive compared to intermittent non-invasive
blood pressure monitoring. Arterial catheters are associated with rare
but serious complications such as infections, bleeding, thrombosis, and
pseudoaneurysm formation [20], and placement of the catheters may
be difﬁcult and time-consuming in some patients. One retrospective cohort study showed an association between the use of arterial catheters
and an increase in mortality in critically ill patients receiving vasopressors for shock [21]. Furthermore, invasive arterial pressure monitoring
can be inaccurate because of underdamping and resonance phenomena
[22]. Finally, a different blood pressure measurement may be obtained
depending on the artery the catheter is placed in. Some evidence suggests that measurements obtained in the radial artery underestimates
central blood pressure in septic shock patients receiving vasopressors
and that femoral arterial pressure monitoring may be more appropriate
in these patients [23].
Alternatively, frequent oscillometric cuff inﬂation is associated with
patient discomfort and pressure bruises. Patient discomfort is increased
if repeated percutaneous vascular punctures are needed for laboratory
testing. Patient movement may also inﬂuence the performance of the
oscillometric blood pressure method [24]. In addition, clinically relevant
hypotensive episodes might be missed or detected late by intermittent
measurements. Multiple manufacturers have developed appropriate
devices, and each makes use of proprietary algorithms that have not always been reliably validated against invasive direct blood pressure
measurements with an arterial catheter [25]. Although a structured
method comparison study may better reveal the agreement between
these two methods of blood pressure measurement, these data obtained

as part of a prospective study may reﬂect clinical practice and therefore
our results potentially have better generalizability. It is recommended
to be cautious in clinical practice on the interchangeability of blood
pressure measurement methods as the presented analyses do not provide information on individual measurement differences and preferences may vary for individual patients.
There are several limitations to this study. First, this study was a post
hoc analysis of a single-center prospective observational study as this
research question was not speciﬁed a priori [11]. Due to the study design there was no formal power calculation and the results are exploratory. These ﬁndings have to be used with caution and have to be
validated in other cohorts. Second, not all patients included in the cohort had a paired measurement of blood pressure. Acquiring an
oscillometric blood pressure measurement was not a primary aim of
the SICS-I study, and the measurement was not always performed,
most often if this would have led to interference with clinical care.
Third, we only performed a single paired measurement during the
ﬁrst 24 h of patient admission. Fourth, we did not compare the noninvasive blood pressure measurements on both arms before performing
a measurement.

5. Conclusions
Non-invasive blood pressure measurements using upper-arm cuff
oscillometry showed a low mean difference but large limits of agreement compared to direct invasive measurements in critically ill patients.
Error grid analysis showed that measurement differences between
oscillometry and the arterial catheter would potentially have triggered
at least low-risk treatment decisions in one in ﬁve critically ill patients,
and in one in four patients on norepinephrine if treatment was based on
oscillometry. It is recommended to be cautious in clinical practice on the
interchangeability of blood pressure measurement methods as these
analyses do not provide information on individual measurement differences and preferences may vary for individual patients.

T. Kaufmann et al. / Journal of Critical Care 57 (2020) 118–123

Funding
This research did not receive any speciﬁc grant from funding agencies in the public, commercial, or not-for-proﬁt sectors.
Funding
Departmental funding only.
Declaration of Competing Interest
None.
Acknowledgements
We would like to thank the SICS Study Group for their devoted involvement with patient inclusions.
SICS Study Group information: The SICS Study Group members include the following: project leaders: Geert Koster, MD; Frederik Keus,
MD, PhD; Iwan CC van der Horst, MD, PhD. Research coordinator: Willem
Dieperink, PhD. Researchers who conducted patient inclusions: Roos
Bleijendaal, MD; Yasmin F. Cawale, MD; Ramon P. Clement, MD; Devon
Dijkhuizen, BSc; Ruben J Eck, MD; Bart Hiemstra, MD, PhD; Anja Haker,
BSc; Casper D.H. Hilbink, MD; Thomas Kaufmann, MD; Martiene Klasen;
MD, Manon Klaver, MD; Laura J. Schokking, BSc; Victor W. Sikkens, MD;
Madelon Vos, MD; Justin Woerlee, MD and Renske Wiersema, BSc.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jcrc.2020.02.013.
References
[1] Saugel B, Dueck R, Wagner JY. Measurement of blood pressure. Best Pract Res Clin
Anaesthesiol 2014;28:309–22. https://doi.org/10.1016/j.bpa.2014.08.001.
[2] Cecconi M, De Backer D, Antonelli M, Beale R, Bakker J, Hofer C, et al. Consensus on
circulatory shock and hemodynamic monitoring. Task force of the European Society
of Intensive Care Medicine. Intensive Care Med 2014;40:1795–815. https://doi.org/
10.1007/s00134-014-3525-z.
[3] Sakr Y, Reinhart K, Vincent J-L, Sprung CL, Moreno R, Ranieri VM, et al. Does dopamine administration in shock inﬂuence outcome? Results of the sepsis occurrence
in acutely ill patients (SOAP) study. Crit Care Med 2006;34:589–97. https://doi.
org/10.1097/01.CCM.0000201896.45809.E3.
[4] Vincent J-L, De Backer D. Circulatory shock. N Engl J Med 2013;369:1726–34. https://
doi.org/10.1056/NEJMra1208943.
[5] Chatterjee A, Depriest K, Blair R, Bowton D, Chin R. Results of a survey of blood pressure monitoring by intensivists in critically ill patients: a preliminary study. Crit Care
Med 2010;38:2335–8. https://doi.org/10.1097/CCM.0b013e3181fa057f.
[6] Lakhal K, MacQ C, Ehrmann S, Boulain T, Capdevila X. Noninvasive monitoring of
blood pressure in the critically ill: reliability according to the cuff site (arm, thigh,
or ankle). Crit Care Med 2012;40:1207–13. https://doi.org/10.1097/CCM.
0b013e31823dae42.

123

[7] Lakhal K, Ehrmann S, Martin M, Faiz S, Rignminiac F, Cinotti R, et al. Blood pressure
monitoring during arrhythmia: agreement between automated brachial cuff and
intra-arterial measurements. Br J Anaesth 2015;115:540–9. https://doi.org/10.
1093/bja/aev304.
[8] Lakhal K, Ehrmann S, Boulain T. Noninvasive BP monitoring in the critically ill: time
to abandon the arterial catheter? Chest 2018;153:1023–39. https://doi.org/10.1016/
j.chest.2017.10.030.
[9] Pytte M, Dybwik K, Sexton J, Straume B, Waage NE. Oscillometric brachial mean artery pressures are higher than intra-radial mean artery pressures in intensive care
unit patients receiving norepinephrine. Acta Anaesthesiol Scand 2006;50:718–21.
https://doi.org/10.1111/j.1399-6576.2006.01045.x.
[10] Riley LE, Chen GJ, Latham HE. Comparison of noninvasive blood pressure monitoring
with invasive arterial pressure monitoring in medical ICU patients with septic shock.
Blood
Press
Monit
2017;22:202–7.
https://doi.org/10.1097/MBP.
0000000000000258.
[11] Hiemstra B, Koster G, Wiersema R, Hummel YM, van der Harst P, Snieder H, et al. The
diagnostic accuracy of clinical examination for estimating cardiac index in critically
ill patients: the simple intensive care studies-I. Intensive Care Med 2019;45:
190–200. https://doi.org/10.1007/s00134-019-05527-y.
[12] American National Standard/Association for the Advancement of Medical Instrumentation. ANSI/AAMI SP10: 2002. Manual Electronic, or Automated Sphygmomanometers. Arlington, VA: Association for the Advancement of Medical
Instrumentation; 2003.
[13] Hiemstra B, Eck RJ, Koster G, Wetterslev J, Perner A, Pettilä V, et al. Clinical examination, critical care ultrasonography and outcomes in the critically ill: cohort proﬁle of
the simple intensive care studies-I. BMJ Open 2017;7:e017170. https://doi.org/10.
1136/bmjopen-2017-017170.
[14] Bland JM, Altman DG. Measuring agreement in method comparison studies. Stat
Methods Med Res 1999;8:135–60. https://doi.org/10.1177/096228029900800204.
[15] Saugel B, Grothe O, Nicklas JY. Error grid analysis for arterial pressure method comparison studies. Anesth Analg 2018;126:1177–85. https://doi.org/10.1213/ANE.
0000000000002585.
[16] Grothe O, Kaplan A, Kouz K, Saugel B. Computer program for error grid analysis in
arterial blood pressure method comparison studies. Anesth Analg 2019;1. https://
doi.org/10.1213/ANE.0000000000004584.
[17] Wax DB, Lin H-M, Leibowitz AB. Invasive and concomitant noninvasive intraoperative blood pressure monitoring. Anesthesiology 2011;115:973–8. https://doi.org/
10.1097/aln.0b013e3182330286.
[18] Hiemstra B, Eck RJ, Wiersema R, Kaufmann T, Koster G, Scheeren TWL, et al. Clinical
examination for the prediction of mortality in the critically ill. Crit Care Med 2019;
47:1301–9. https://doi.org/10.1097/CCM.0000000000003897.
[19] Lehman LWH, Saeed M, Talmor D, Mark R, Malhotra A. Methods of blood pressure
measurement in the ICU. Crit Care Med 2013;41:34–40. https://doi.org/10.1097/
CCM.0b013e318265ea46.
[20] Scheer B, Perel A, Pfeiffer UJ. Clinical review: complications and risk factors of peripheral arterial catheters used for haemodynamic monitoring in anaesthesia and
intensive care medicine. Crit Care 2002;6:199–204. https://doi.org/10.1186/cc1489.
[21] Gershengorn HB, Wunsch H, Scales DC, Zarychanski R, Rubenfeld G, Garland A. Association between arterial catheter use and hospital mortality in intensive care units.
JAMA Intern Med 2014;174:1746–54. https://doi.org/10.1001/jamainternmed.
2014.3297.
[22] Romagnoli S, Ricci Z, Quattrone D, Tofani L, Tujjar O, Villa G, et al. Accuracy of invasive arterial pressure monitoring in cardiovascular patients: an observational study.
Crit Care 2014;18:644. https://doi.org/10.1186/s13054-014-0644-4.
[23] Kim WY, Jun JH, Huh JW, Hong SB, Lim CM, Koh Y. Radial to femoral arterial blood
pressure differences in septic shock patients receiving high-dose norepinephrine
therapy. Shock 2013;40:527–31. https://doi.org/10.1097/SHK.0000000000000064.
[24] Alpert BS, Quinn D, Gallick D. Oscillometric blood pressure: a review for clinicians. J
Am Soc Hypertens 2014;8:930–8. https://doi.org/10.1016/j.jash.2014.08.014.
[25] Smulyan H, Safar ME. Blood pressure measurement: retrospective and prospective
views. Am J Hypertens 2011;24:628–34. https://doi.org/10.1038/ajh.2011.22.

