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Obesity and hypertension are major global health and economic 
burdens.[1-3] These conditions frequently coexist, which compounds 
the sequelae of each condition.[1] Blood pressure (BP) measurement is 
a fundamental aspect of patient monitoring, as recommended by the 
South African Society of Anaesthesiologists.[4,5] Ensuring the accuracy 
of BP measurements is crucial for identifying hypo- and hypertensive 
episodes perioperatively, as both conditions can have detrimental 
consequences if not promptly identified and managed.[1,2] Uncontrolled 
hypertension significantly increases cardiovascular morbidity and 
mortality, including conditions such as stroke, myocardial infarction, 
heart failure and dysrhythmias.[4,6,7] Intraoperative BP fluctuations 
are associated with similar adverse outcomes, with intraoperative 
hypotension linked to myocardial injury after non-cardiac surgery, 
renal impairment, stroke and death.[4,7,8] Hypotension is generally 
defined as a mean arterial pressure (MAP) <20% of baseline, or 
<60 - 70 mmHg.[7] 

While upper arm BP measurement is generally reliable in non-
obese patients,[9,10] it is less dependable in obese individuals owing to 
the arm’s conical shape and increased circumference, leading to poor 
cuff fitment.[11-13] Studies show that a high body mass index (BMI) 
correlates well with  the arm conicity index (CI), further affecting 
accuracy.[11,12,14] A  lack of appropriately sized cuffs in resource-

limited settings  further exacerbates this issue. Although forearm 
and ankle sites are considered alternative BP measurement sites, 
studies show inconsistent reliability in obese populations, making 
interpretation difficult.[11,13,14] These alternative sites pose various 
physiological challenges: ankle BP tends to be higher than upper arm 
BP due to pulse pressure amplification (PPA) in peripheral arteries, 
a phenomenon influenced by arterial wall stiffening with an increase 
in distance from the heart.[15,16] Additionally, obesity exacerbates 
PPA, thus increasing the discrepancy between ankle and upper arm 
BP measurements.[15,16] The presence of two bony elements in the 
forearm and leg (ulna/radius and tibia/fibula, respectively), and 
increased soft-tissue mass in obese patients, may impede accurate BP 
measurement, leading to falsely elevated/overestimated values.[13,14,17]

The sphygmomanometer, first developed in the 19th century, 
has evolved through technological advancements into widely used 
electronic and digital oscillometric devices.[18] Invasive arterial 
monitoring remains the gold standard for BP measurement.[5,9,19] 
However, this method may not be readily available in resource-scarce 
settings. Furthermore, inserting an invasive BP monitoring line is 
not justifiable in all cases. The 1980s introduced the Finapres finger 
cuff device, which utilises plethysmography to measure BP,[20,21] 
paving the way for modern non-invasive finger cuff systems. These 
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devices, including the Caretaker Medical VitalStream, employ pulse 
decomposition analysis to estimate BP, which correlates well with 
intra-arterial pressure and reduces the incidence of wide BP swings 
perioperatively.[22-24] However, accuracy declines at extreme BP values 
(systolic BP (SBP) <60 or >180 mmHg).[19,25,26] The present study 
aimed to identify the most accurate non-invasive BP (NIBP) site in 
obese patients (BMI 35 - 40 kg/m2, aged 20 - 60 years). The primary 
objective was to determine statistical agreement between the various 
NIBP sites (upper arm, forearm and ankle), BMI, upper arm CI and 
the VitalStream control. The secondary objective was to develop a 
BP correction formula using various regression models based on 
collected anthropometric and BP data.

Methods
Findings are reported following the STROBE guidelines.[27]

We conducted a prospective, analytical observational cross-
sectional study. A non-probability convenience sampling method 
was used based on phenotypic eligibility.

Inclusion criteria were adults aged 20  -  60 years with a BMI 
35  - 40  g/m2. Exclusion criteria were a systolic BP difference of 
>10  mmHg between upper and lower limbs, respectively; systolic 
BP >160  mmHg or <90  mmHg; and history of cancer or vascular 
diseases (stroke, myocardial infarction, peripheral vascular disease, 
or atrial fibrillation).

After consent was obtained, participants would lie supine for 
5  minutes to minimise movement-induced haemodynamic 
variation.[28] Screening BP measurements were taken from 
contralateral upper and lower limbs to confirm <10% SBP difference 
bilaterally. These measurements were taken with the Carescape 
Dinamap V100 NIBP machine.

Each participant’s mid-upper arm circumference (MUAC), forearm 
and ankle circumferences were recorded to select correctly sized BP 
cuffs. Each cuff ’s circumference range was as per the manufacturer 
guidelines.

Measurement procedures 
•	 Upper arm: with the participant lying flat, the arm was extended 

90° above horizontal. MUAC was measured midway between 
the olecranon and acromioclavicular joint. Proximal and distal 
circumferences were measured just distal to the axilla and just 
proximal to the elbow crease, respectively. A suitable cuff was 
applied with two-thirds overlap and midpoint aligned to the arm’s 
midpoint. NIBP readings were taken with the arm relaxed beside 
the body.

•	 Forearm: circumference was measured halfway between the 
olecranon and ulnar styloid. A correctly sized cuff was centred 
over this midpoint. NIBP readings were recorded with the arm flat 
and relaxed, with all limbs remaining flat.

•	 Ankle: The cuff ’s distal edge was placed 3  cm proximal to the 
medial malleolus. Circumference at cuff midpoint guided cuff 
selection. NIBP readings were taken with all limbs flat.

The arm CI was calculated using following formula:[12] 
(proximal arm diameter – distal arm diameter)/arm length × 100 

Where:
•	 proximal diameter = proximal circumference ÷ π 
•	 distal diameter = distal circumference ÷ π
•	 arm length = distance from acromion to olecranon.

The Carescape Dinamap V100 (Little Chalfont, UK), a validated 
NIBP device,[29,30] was used in the study. The same device and cuffs 
were used on all participants. A distributor representative calibrated 

the device 2 weeks before the study began, and it was used exclusively 
for the study thereafter.

Non-invasive continuous BP (NCBP) monitoring was performed 
using the VitalStream (Caretaker Medical LLC, Charlottesville, 
USA), with disposable finger cuffs. Calibration was performed before 
each use as per the manufacturer’s protocol. A validation study 
showed that when the VitalStream device is compared to the gold 
standard intra-arterial monitoring, the mean (standard deviation 
(SD)) difference for systolic pressures was 1.14 (13.82) mmHg).[31]

The VitalStream device was placed on the right wrist, contralateral 
to the NIBP cuffs to prevent interference during inflation. Continuous 
recording began with the first NIBP measurement (upper arm), and 
ended after the last NIBP measurement (ankle). Time-weighted 
averages were calculated from continuous readings, and documented 
against NIBP values. 

NIBP measurement sequence: four NIBP measurements were 
taken at each site (upper arm, forearm, ankle). After the first 
two, participants briefly stood and then returned to a supine 
position to introduce cardiovascular variability and minimise 
value clustering.[28] The final two measurements were taken once 
the participant had returned to rest.

This sequence resulted in 12 NIBP measurements per participant, 
and three time-weighted VitalStream readings (one per site). 
Measurement time per participant was approximately 30  minutes, 
yielding 600 total NIBP readings and 50 time-weighted VitalStream 
recordings.

Results
Data collection took place from 1 May to 31 July 2024. Sixty-four 
participants were approached. Twelve did not meet the inclusion/

Table 1. Participant demographics (N=50)
Characteristic n (%)
Sex

Male 8 (16)
Female 42 (84)

Age, years
18 - 35 22 (44)
36 - 45 10 (20)
46 - 60 18 (36)

BMI, kg/m2

35 - 37 16 (32)
38 - 40 34 (68)

Comorbidities
Hypertension 25 (50)
Diabetes mellitus 5 (10)
HIV 3 (6)
Other 7 (14)

Mid upper arm circumference, cm
30 - 35 25 (50)
36 - 40 18 (36)
41 - 45 6 (12)
46 - 50 1 (2)

Upper arm conicity index
0 - 5 2 (4)
6 - 10 23 (46)
11 - 15 23 (46)
16 - 20 2 (4)

BMI = body mass index.
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exclusion criteria: one had atrial fibrillation, four had BMI <35 kg/m2, 
four had SBP >160 mmHg and three had BMI >40 kg/m2.

Fifty participants (8 males, 42 females) met the inclusion/exclusion 
criteria (Appendix Fig. S1). Table  1 summarises their demographic 
data. Additional comorbidities not listed in Table 1 included epilepsy 
(n=3; 6%), hypercholesterolaemia (n=2; 4%) and candidates for 
bariatric surgery (n=2; 4%). Hypertension was the most common 
comorbidity, followed by diabetes mellitus (Fig.  1). Less frequent 
conditions (one case each) included uterine fibroids, gout, chronic 
obstructive pulmonary disease, renal calculi, a malunited distal 
radius fracture, megaloblastic anaemia and asthma.

Although the sample size calculation specified a priori that 
114 observation pairs were required from at least 30 participants, 
50  participants were enrolled. Each participant contributed two 
independent mean BP readings (NIBP and control) per site, which 
exceeded the required sample size. The 600 NIBP measurements 
resulted in 200 readings per anatomical site.

All sample parameters were normally distributed, allowing for the 
calculation of means. The mean (SD) values were: age 40 (11) years, 
weight 106 (11) kg, height 1.66 (0.07) m, BMI 38 (2.14) kg/m2, left 
MUAC 37 (3.47) cm, arm CI 10.65 (2.68), forearm circumference 
26 (2.77) cm and ankle circumference 28 (3.53) cm.

The analysis of the results mainly focuses on upper arm BP 
readings (SBP, DBP, MAP), as the upper arm proved to be the most 
statistically significant NIBP measurement site. 

A Bland-Altman analysis was performed to evaluate the agreement 
between control and measured BP values, as shown in Fig. 2.

Fig. 3 is a scatter plot that visually represents the differences in the 
means between the VitalStream and measured BP. Both Figs 2 and 3 
show a wide spread/dispersion between the mean values for SBP, DBP 
and MAP when compared with the VitalStream values. Appendix 
Figs S2  -  S5 represent left ankle and forearm Bland-Altman and 
scatter plots, respectively.

Using univariate and multivariate regression analyses, we further 
investigate the potential influence that certain variables might have 
on the agreement between the control and measured BP. Table  2 
outlines the variables used and their estimates of the coefficients 
calculated during the multivariable regression analysis. It is important 
to note that the added variables (MUAC and CI) are exploratory and 
not definitive.

Among the multivariable regressions, the most clinically relevant 
was the one for left upper arm MAP, which had two statistically 
significant predictors. Given that MAP is a key indicator of organ 
perfusion,[6,8] this analysis focused on deriving a correction formula 
for left upper arm MAP in patients who matched our sample 

demographic. Appendix Tables S1  -  S4 illustrate left ankle and 
forearm multivariate and univariate regressions, respectively.

The formula format is presented as a mathematical formula of a 
straight line, i.e. y = mx with no intercept (c). This can be translated 
practically as follows when using the values in Table 2:

Corrected blood pressure (MAP) = 
	 0.741 (left upper arm MAP) + 0.419 (MUAC)
	 + 0.683 (left arm CI) – 0.069 (BMI)

The interpretation of the formula is as follows: the sum of the four 
calculated variables will each affect the corrected blood pressure in 
the following manner:

For each 1 mmHg increase in left upper arm MAP, corrected BP 
increases by 0.741, holding other variables constant. Similarly, each 
1 cm increase in MUAC raises corrected BP by 0.419, and each unit 
increase in the arm CI raises corrected BP by 0.683. Conversely, 
each unit increase in BMI decreases corrected BP by 0.069. This 
formula indicates that these four variables adjust BP to a fraction 
of the predictors. Alternatively, it can be interpreted that the NIBP 
measured in the participant sample was higher than that of the 
control group (overestimated).

The formula is cumbersome and not easily applied clinically. 
Furthermore, three of the variables used are not considered significant 
predictors, as the estimates’ 95% confidence intervals included zero, 
and each had a p-value of >0.05. By employing a univariate regression 
analysis to upper arm MAP, a correction coefficient for MAP is 
obtained with a p-value of <0.001, as seen in Table 3.

The formula’s interpretation is as follows: Every one mmHg 
increase in the left upper arm MAP will decrease the corrected BP 
by a factor of 0.95.

When comparing the two formulas derived by entering the 
variables of all participants in our sample size into each formula, only 
a 3% difference was observed in the corrected BP values. However, 
since the univariate regression includes only one variable coefficient 
with a p-value of <0.001, it makes it the correction formula of choice.

Appendix Figs 6  -  8 visually represent the correlation between 
MUAC and CI, BMI and MUAC, and BMI and CI. These figures 
illustrate the Pearson correlation coefficient (R), which measures 
the linear dependence between two variables with their respective 
p-values.

A weak positive[32] correlation exists between MUAC and CI, 
R=0.29 (p=0.044). A very weak correlation exists between BMI and 
MUAC, R=0.19 (p=0.19). Lastly, there is a very weak correlation 
between BMI and CI (R=0.059; p=0.69) (Appendix Fig. S8).

Discussion
Studies report conflicting findings on BP agreement at alternative 
sites in obese patients compared with invasive BP. [11-13] Our results 
support this, with bias varying by site: ankle SBP showed the highest 
absolute bias, averaging 14.44  mmHg above the control, which is 
consistent with previous studies.[19,33] In contrast, the left upper arm 
SBP had a lower average bias of 3.92 mmHg, consistent with findings 
by Graettinger,[9] who reported that upper arm BP closely matched 
intra-arterial values in non-obese individuals.

Forearm DBP showed a bias of 7.06 mmHg (LOA −17.13 - +31.24) 
higher than the control, aligning with findings by Leblanc et  al.[11] 
and Schumann et  al.[34] However, other studies reported significant 
variability between forearm BP and their respective controls.[5,13,14] 
While some found acceptable agreement with upper arm readings, 
others noted significant differences, underscoring the conflicting 
evidence. This reinforces the need for clinicians to recognise that BP 
readings across sites are not interchangeable. Fig. 3 illustrates that as Fig. 1. Sample comorbidities.

Hypertension 
50%

No comorbidities 
20%

Other 
14%

Diabetes mellitus 
10%

HIV 6%
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NIBP measurements deviate from the sample mean, their accuracy in 
predicting true BP declines.

A Bland-Altman analysis of SBP, DBP and MAP at the left 
upper arm, forearm and ankle revealed varying levels of agreement 

with VitalStream control measurements. Comparisons (Appendix 1) 
showed substantial differences in bias across sites. Significant 
deviations were found in left upper arm DBP (p=0.009), forearm 
DBP (p<0.001) and ankle SBP (p<0.001), indicating that these values 
do not reliably reflect control BP. These differences are statistically 
significant.

In contrast, left upper arm SBP (p=0.079) and ankle DBP (p=0.113) 
did not demonstrate any statistically significant bias from control 
values. Fig. 3 illustrates a broad range of measurements around the 
mean for all BP components, indicating considerable variability 
between NIBP and control values in this sample.

Multivariate and univariate regression analyses examined how 
variables influenced BP agreement with the control. Multivariable 
analysis revealed no clear correlation between BMI, MUAC, CI and 

Table 2. Multivariable regression analysis left upper arm
Independent variable Coefficient 95% CI p-value
Mean left upper arm SBP 0.690 0.439 - 0.941 <0.001

BMI –0.282 –1.552 - 0.988 0.657
Left MUAC 1.081 –0.117 - 2.279 0.076
Left arm CI 0.743 –0.860 - 2.346 0.654

Mean left upper arm DBP 0.733 0.482 - 0.983 <0.001
BMI 0.123 –0.796 - 1.043 0.788
Left MUAC 0.108 –0.760 - 0.976 0.804
Left arm CI 0.654 –0.522 - 1.831 0.269

Mean left upper arm MAP 0.741 0.496 - 0.987 <0.001
BMI –0.069 –1.061 - 0.923 0.890
Left MUAC 0.419 –0.506 - 1.344 0.367
Left arm CI 0.683 –0.567 - 1.934 0.277

CI = confidence interval; SBP = systolic blood pressure; BMI = body mass index;  
MUAC = mid-upper arm circumference; CI = conicity index;  
DBP = diastolic blood pressure; MAP = mean arterial pressure. 

Table 3. Univariate regression analysis left upper arm
Independent variable Coefficient 95% CI p-value
Mean left upper arm SBP 0.965 0.932 - 0.997 <0.001 
Mean left upper arm DBP 0.937 0.897 - 0.977 <0.001 
Mean left upper arm MAP 0.951 0.916 - 0.985 <0.001

CI = confidence interval; SBP = systolic blood pressure; DBP = diastolic blood pressure; 
MAP = mean arterial pressure.

 
 
Figure 2 - Bland-Altman plot upper limb and VitalStream 
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Fig. 3. Scatter plot upper limb v. VitalStream. 
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BP in this sample. Wide limits of agreement and high p-values (>0.05) 
suggest that these variables, when combined, do not significantly 
affect BP measurements.

While the combined effect of these variables on BP remains 
underexplored, their individual relationships have been studied. 
Lim et  al.[12] found that BMI correlates better with CI than 
MUAC or weight. A positive correlation between BP and BMI 
has also been reported.[1,3,35] In our study, BMI showed weak, 
non-significant correlations with MUAC (R=0.19, p=0.19) and CI 
(R=0.059, p=0.60). However, MUAC and CI demonstrated a weak 
but statistically significant positive correlation (R=0.059, p=0.044), 
suggesting that higher MUAC may be associated with a more 
conical upper arm.

Statistical analyses revealed substantial variability in biases across 
measurement sites. CIs confirmed that several findings were not 
statistically significant. Despite these findings, the results remain 
clinically significant. Broad limits of agreement indicate that some 
sites lack reliability for substitution. Most NIBP readings were 
overestimated, as reflected in all correction formulae adjusting BP 
downward. Notably, ankle SBP was overestimated by an average of 
14.44 mmHg, and forearm DBP by 7.055 mmHg.

Upper arm BP measurements proved more reliable than forearm 
or ankle readings in this population, with an average abstract bias 
of 3.92  mmHg above the control SBP, consistent with Graettinger’s 
study.[9] However, conclusions should be drawn cautiously. Factors 
such as forearm and ankle conicity, as well as cuff design, require 
further exploration. Conical NIBP cuffs improve accuracy over 
standard rectangular cuffs in obese patients.[36,37] Lawrence[38] found 
that conical cuffs also provide accurate forearm readings. Their use 
on the ankle remains untested. The timing of measurements relative 
to physiological shifts must also be considered.

A recent study[10] found that a Bland-Altman analysis between two 
upper arm NIBP devices and invasive BP monitoring demonstrated 
wide limits of agreement, despite minor mean biases. Their error 
grid analysis revealed that all their measurements fell into ‘no risk’ 
(85%) or ‘low risk’ (15%) zones, suggesting upper arm NIBP poses 
minimal risk as a substitute for invasive monitoring.[10] Based on 
this, a decision was made that SBP readings >15 mmHg above the 
control should not be considered reliable. In such cases, validated 
alternatives should be used. In our study, ankle SBP exhibited a 
significant absolute bias of 14.44 mmHg, which being very close to 
15 mmHg indicates that it is not a safe substitute. The forearm and 
especially the upper arm remain the preferred NIBP sites in this 
population.

It remains advisable for clinicians to ensure the proper placement 
and size of cuffs for the obese population. Physiological changes, limb 
positioning relative to the heart and site-specific factors (such as limb 
circumference, conicity and possible mean BP bias from the control) 
should guide clinicians in selecting the appropriate mode and site for 
BP measurement.

Study limitations
The limitations of the study are as follows: 
•	 A limited sample size may not represent the full diversity of the 

obese population.
•	 Most participants were female, which may skew findings due to 

physiological and anatomical differences between the sexes.
•	 Measurements were taken under controlled conditions (supine) 

after a fixed rest period, potentially minimising physiological 
variations. This might limit ecological validity.

•	 This was a single-centre study, which limits the patient 
demographic.

•	 Convenience sampling was employed. Future studies could 
aggregate more than the necessary sample size, and randomly 
select participants to minimise bias.

•	 Standard rectangular cuffs were used for NIBP measurements, 
which may not accommodate conically shaped upper arms, 
forearms and ankles in obese patients.

Conclusion
The wide limits of agreement between various NIBP sites and our 
control suggest caution when interpreting BP at these sites. This is 
particularly important for patients requiring strict BP control, such 
as those with high cardiovascular risk. 

The upper arm remains the BP measuring site of choice in this 
population, followed by the forearm and then the ankle. Ankle blood 
pressure is considered a potentially unsafe alternative as the absolute 
measured bias is close to the suggested maximum SBP of 15 mmHg 
(14.44  mmHg) to be considered a safe measuring method.[10] In 
cases where standard upper arm NIBP cuffs do not fit, invasive 
or validated non-invasive BP devices are recommended. It cannot 
be categorically stated that the forearm is a proven safe alternative 
NIBP site. The absolute bias for forearm DBP was 7.05 mmHg, but 
multilinear regression analyses showed an inconclusive agreement 
with our control BP.

This study emphasises the importance of considering anatomical 
variation when selecting BP measurement sites for obese patients. 
Larger studies are needed to validate the developed correction 
formula and address this study’s limitations. Further research should 
focus on refining measurement protocols, including the use of 
conically shaped BP cuffs, to improve accuracy. These efforts 
are especially critical in resource-limited settings where access to 
specialised equipment may be constrained.

The wide limits of agreement between various NIBP sites and 
the control highlight the need for caution when interpreting BP 
measurements, especially in patients requiring strict BP control. 
In this population, the upper arm remains the preferred site, 
followed by the forearm and then the ankle. Ankle BP appears to 
be unsafe, with an absolute SBP bias of 14.44 mmHg, close to the 
15  mmHg threshold considered acceptable.[10] The forearm also 
shows questionable reliability, with a DBP bias of 7.05 mmHg and 
inconclusive agreement in regression analyses. When standard 
upper arm cuffs are unsuitable, invasive or validated non-invasive 
devices should be used. These findings underscore the importance 
of accounting for anatomical variation in obese patients. Larger 
studies are needed to validate the correction formula and explore 
improvements, such as conically shaped cuffs, particularly in 
resource-limited settings.
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