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AUTHOR'S SUMMARY

Auscultatory sphygmomanometers are recommended for diagnosing hypertension in
children. However, due to environmental concerns, mercury sphygmomanometers (MSs)
have been banned, and finding an accurate replacement is necessary. The authors studied
the differences and accuracies between MS and mercury-free sphygmomanometers.

The mercury-free auscultatory device (AD) measured similar systolic and diastolic blood
pressures (DBP) as MS. However, DBP differed between the oscillometric device (OD) and
the MS; its absolute error was beyond the acceptable range. The frequency of hypertension
also differed between groups. Differences in BP were associated with arm circumference.
Therefore, ADs are superior to ODs.

ABSTRACT

Background and Objectives: Blood pressure (BP) measurement using an auscultatory
sphygmomanometer is recommended for diagnosing hypertension in children. As mercury
sphygmomanometers (MSs) are banned owing to environmental concerns, it is crucial to
determine the accuracy of mercury-free sphygmomanometers to replace them. We analyzed
the accuracy of these devices to guide the National Survey selection.

Methods: BP was measured thrice each with MS, auscultatory device (AD), and oscillometric
device (OD) in 104 participants aged 10-18 using the National Survey data. The difference

in BP was defined as the difference between MS and other devices. The BP differences,
correlations, and influencing factors were analyzed. The frequencies of hypertension were
also compared.
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Results: Systolic BP (SBP) and diastolic BP (DBP) differences between MS and AD were
0.88+3.36 mmHg and 0.63+3.95 mmHg, and those between MS and OD were 0.43+5.83 mmHg
and 4.57+6.89 mmHg, respectively. The absolute error of <10 mmHg for DBP between MS and
OD was 76%. The concordance correlation coefficient between MS and AD was 0.94 for SBP
and 0.90 for DBP, and 0.81 and 0.67, respectively for MS and OD. Arm circumference negatively
correlated with BP differences except for SBP between the MS and OD. The frequency of
hypertension was not different between MS and AD but was underestimated by OD.
Conclusions: AD correlated well with MS, while OD did not, especially for DBP. The
superiority of AD over OD suggests AD as a possible alternative for MS in the National Survey.

Keywords: Health surveys; Hypertension; Mercury; Sphygmomanometers; Children

INTRODUCTION

Hypertension is a critical health condition associated with severe cardiovascular
complications worldwide. Previously, secondary hypertension was regarded as the primary
cause in children; however, the incidence of pediatric essential hypertension has increased,
and it has become a crucial health issue with an increasing number of children and
adolescents with overweight and obesity.” Globally, approximately 4.0% of children aged 19
years and younger have blood pressure (BP) measurements categorized as hypertension, and
10% of them have prehypertension.? Childhood BP is known to be related to hypertension
and metabolic syndrome in adulthood.>® Additionally, cardiovascular complications

such as heart failure, stroke, and mortality are associated with both systolic and diastolic
hypertension in adults,®” which makes accurate measurement and diagnosis of childhood BP
essential. For this reason, recent American and European guidelines recommend routine BP
measurement from 3 years of age.®”

Unlike hypertension in adulthood, hypertension and elevated BP in children and adolescents
are defined as BP above the 95th percentile and between the 90th and 95th percentile,
respectively, based on the normative BP reference.®'” The normative BP reference values

in the Forth Report were established, comprising the BP data derived from approximately
60,000 children using mercury sphygmomanometers (MSs),'” and were updated as the
normative BP references by excluding data from children and adolescents with obesity or
overweight.® According to these guidelines, the initial BP measurement may be oscillometric
or auscultatory (using a mercury or aneroid sphygmomanometer) but should be confirmed
by an auscultatory device.?

MS was previously the basis of auscultation for BP measurements; however, owing to
environmental concerns and the Minamata Convention on Mercury,"V it has been banned

for medical uses. Technological advances have led to the development of mercury-free
sphygmomanometers, and the accuracy and replaceability of these devices compared to MS is
an important issue. The choice of BP measurement method is especially decisive in the National
Survey, which is the basis for hypertension policies for screening, diagnosis, and management.

Korea National Health and Nutritional Examination Survey (KNHANES) has collected BP
measurement data using MS in children and adolescents aged ten years and older since
1998. However, since MS was banned in Korea in 2020, mercury-free auscultatory (AD)
or oscillometric devices (ODs) for BP measurement have been considered as substitutes.
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Because the choice of BP measurement device is essential in a national survey, evaluating
the accuracy of potential devices is required. Several studies have assessed the validity
and accuracy of mercury-free devices, mainly among adults,* but few have evaluated
these devices in children and adolescents, and no study has evaluated the differences and
correlations between the 3 types of devices simultaneously.

The investigators sought to evaluate the differences between MS and mercury-free
sphygmomanometers. In addition, we aimed to analyze the risk factors for BP differences and
identify changes in the frequency of hypertension according to the devices used, which would
help in choosing a more appropriate apparatus to maintain accuracy in the National Survey.

METHODS

Ethical statement
This study was approved by the Institutional Review Board of the Korea Disease Control and
Prevention Agency (KDCA) (2018-01-03-P-A).

Study participants

The Association for the Advancement of Medical Instrumentation (AAMI) standards and

A Universal Standard for the Validation of Blood Pressure Measuring Devices were used to
compare and verify the accuracy of the device.*™ According to AAMI in the United States, data
measured 3 times for 85 subjects are accepted as the primary data for validation.” When applied
to children, 35 subjects from 3 to 12 years of age and 50 subjects aged >12 years are required”;
however, in the KNHANES, BP is measured only after age 10. Therefore, to collect a total of 225
(3x85) error values with 3 measurements, 100 subjects were planned to be measured 3 times in
consideration of technical issues during measurement owing to patient characteristics.

We consecutively enrolled 104 subjects aged 10-18 years from among those invited to
participate in the KNHANES between May and October 2018. These participants met the
inclusion criteria, a regular pulse rate during a 15-second examination. Written informed
consent for this study was obtained from legal guardians and representatives. Participants
who refused to undergo 3 measurements per device were excluded. Data on age, height,
weight, arm circumference (AC), and BP were collected.

Device calibration before and after use

The mercury-free electronic sphygmomanometers, including Greenlight 300TM (AD,
Accoson, Essex, United Kingdom), and Omron HEM-907 (OD, Omron, Kyoto, Japan), were
validated according to the European Society of Hypertension Protocol 2002.% To ensure
accuracy before and after use, we conducted calibration procedures on 4 ADs and 4 ODs,
comparing them against an MS within a pressure range of 20270 mmHg. These procedures
were carried out in accordance with the British Hypertension Society protocol for evaluating
BP measuring devices.'” The calibration process was the same as that in other studies
published by the researchers.'?

Blood pressure measurements

BP was measured by 4 trained nurses and verified as professional data collectors for the
KNHANES. BP was measured according to previously published standardized KDCA
guidelines.'?" Briefly, BP was measured at intervals of at least 30s, 3 times per device, after
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5 minutes of rest between measurements. The participants were seated in a chair with back
support and feet flat on the floor, and BP was measured with the right upper arm supported
at heart level. The choice of cuff size, arm level, deflation speed, and other quality control
issues have been described in a previous study.'” The choice of cuff size was based on the
manufacturer’s guidelines for each device. For BP measurement using AD, systolic BP (SBP)
was determined by the first Korotkoff sound and diastolic BP (DBP) by the fifth Korotkoff
sound (K-5), rounded to the nearest 2 mmHg. The Korotkoff sounds are a series of 5 sounds
heard during the measurement of BP. The first sound is a faint, repetitive, sharp tapping
sound that is heard 2 or more times in a row and gradually increases in intensity. The fourth
Korotkoff sound (K-4) is characterized by a sudden crushing of the sound, and the fifth sound
is the point at which all sound disappears. The order of the MS, AD, and OD measurements
was randomized to reduce measurement bias. Additionally, the observer was not blinded

to the OD readings to facilitate interpretation. All observers in examination centers must
undergo the regular “Quality Control and Assurance of Blood Pressure Measurement
Program” to minimize inter-observer or intra-observer BP variabilities.?” The detailed
description of this has been reported in another report.*”

Blood pressure differences, absolute errors, and blood pressure classification
Based on the recommendation of the KDCA guidelines, the first reading was discarded,

and the average value of the 2nd and 3rd measurements was used for the analysis. Thus,

the SBP measurement difference (D-SBP) was defined as the average of the 2nd and 3rd

SBP measurements obtained from the MS minus the average of the 2nd and 3rd SBP
measurements obtained from the AD or OD. The DBP measurement difference (D-DBP) was
defined as the average of the 2nd and 3rd DBP measurements obtained from MS minus the
average of the 2nd and 3rd DBP measurements from the AD or OD. The absolute error was
defined as the absolute value of the difference between MS and other devices in SBP (A-SBP)
or DBP (A-DBP). According to the AAMI standards and A Universal Standards, the mean
differences and standard deviation of the differences should be 58 mmHg (criterion 1),*
and an absolute error (<10 mmHg) should be at least 85%.%V

According to the reference values for Korean children and adolescents,?? BP classification
was categorized as normal, elevated BP, and hypertension. Elevated BP was defined as

BP between the 90th percentile and 95th percentile by sex, age, and height percentile;
hypertension was defined as over the 95th percentile.”” Hypertension was defined based on
BP level, without information regarding antihypertensive medication status.

Statistical analysis

The analysis was conducted separately for ages 10-12 (elementary school age, Group 1)

and 13-18 (junior to high school age, Group 2) according to A Universal Standard." For
participant characteristics, categorical variables were summarized as frequencies and
percentages, and continuous variables were summarized as means + standard deviations or
as medians and interquartile ranges.

Scatterplots and Bland-Altman plots were drawn for MS and AD, as well as for MS and OD.
The differences between MS and AD and between MS and OD were calculated, and their
linear relationships were examined using Pearson correlation coefficients (CC). Agreement
between MS and AD, as well as between MS and OD, was assessed using Lin’s concordance
correlation coefficient (CCC) and Bland—Altman limits of agreement (LOA), which represent
the range in which 95% of the measurement differences lie. The percent agreement and
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kappa values were calculated to assess the level of agreement in the BP classification.
Multiple linear regression analysis was performed to determine the factors associated with
the BP differences between the devices. To investigate the relationship between AC and BP,
participants were categorized into quartiles (Q1-Q4) according to their AC (cm), and the
linear trends were tested by applying the contrast of the regression (Q1: 17.3-22.0 cm, Q2:
22.1-24.1cm, Q3: 24.2-26.5 cm, Q4: 26.6-32.3 cm).

All analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC, USA). Statistical
significance was set at p<0.05.

RESULTS

Baseline characteristics

A total 0104 children participated in the study. The order of BP devices was MS-AD-OD,
MS-OD-AD, and OD-MS-AD with 19.2% respectively, followed by AD-OD-MS with 17.3%,
AD-MS-OD with 14.4%, and OD-AD-MS with 10.6%. The randomization protocol was
implemented with a ratio of 1:2 stratified by age group and 1:1 for sex distribution. Although
the OD-AD-MS group was underrepresented, this discrepancy was not statistically
significant (Table 1).

Of the 36 participants aged 10-12 (Group 1), 19 (52.8%) were boys, and of the 68 participants
aged 13-18 (Group 2), 34 (50.0%) were boys (Table 1). Height, weight, and AC were greater
in Group 2 than in Group 1. When we analyzed AC by sex, we found that the average AC for
girls was significantly smaller than for boys in Group 1 (21.743.1 vs. 23.8+3.0 cm, p=0.0307).
In Group 2, girls had an AC 1.6 cm smaller than that of boys, but the difference was not
significant (p=0.0871).

For all 3 devices, the SBP and DBP of Group 2 were greater than those of Group 1 except

for the DBP measured using OD (Table 1). The difference in SBP between the groups was

2.8 mmHg when measured using MS, 3.6 mmHg using AD, and 6.1 mmHg using OD.
However, the differences between the age groups were not statistically significant except

for OD (p=0.0021). Likewise, the average difference in DBP between Groups 1 and 2 was
insignificant (Table 1). Regarding BP differences between sexes, SBP was significantly higher
in boys with MS (p=0.0088) or AD (p=0.0188), but not statistically significant with OD
(p=0.1214). As for DBP, there was no significant difference between the sexes (Table 1).

Blood pressure differences and absolute errors between mercury
sphygmomanometer and electric devices

Overall, the SBP and DBP measured by MS were the highest among the 3 devices. The D-SBP
and D-DBP between MS and AD were 0.88+3.36 mmHg and 0.63+3.95 mmHg, and those
between MS and OD were 0.43%5.83 mmHg and 4.57+6.89 mmHg, respectively, which meet
AAMI standards (Table 2). When compared by age, the D-SBP or D-DBP between MS and
AD or MS and OD were more prominent in Group 1 than in Group 2, except for the D-DBP
between MS and OD.

The cumulative percentages of A-SBP and A-DBP <5 mmHg between the MS and AD were 79.8%

and 84.6%, respectively, and those of A-SBP <10 mmHg were 99.0% and 96.1%, respectively
(Figure 1). In contrast, the A-SBP and A-DBP <5 mmHg between MS and OD were 63.5% and
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Table 2. Differences and correlations between MS and electronic devices

MS-AD MS-0D
Number BP Difference cc ccc Difference cc CcCcC
Mean + SD r p value p (95% ClI) Mean + SD r p value p (95% CI)
Overall 104 SBP 0.88+3.36 0.94 <0.001 0.93 (0.90-0.95) 0.43+5.83 0.81 <0.001 0.81 (0.73-0.87)
DBP 0.63+3.95 0.90 <0.001 0.90 (0.85-0.93) 4.57+6.89 0.67 <0.001 0.57 (0.44-0.67)
Sex
Boy 53 SBP 1.02+3.02 0.96 <0.001 0.95 (0.91-0.97) 1.28+6.46 0.79 <0.001 0.79 (0.66-0.87)
DBP  0.62:3.82 0.91 <0.001 0.91(0.85-0.95)  4.81%6.53 0.71 <0.001 0.60 (0.43-0.73)
Girl 51 SBP 0.73+£3.71 0.91 <0.001 0.90 (0.83-0.94) —-0.46+5.01 0.83 <0.001 0.83 (0.71-0.90)
DBP 0.64+4.11 0.89 <0.001 0.89 (0.81-0.93) 4.31+£7.30 0.62 <0.001 0.53(0.33-0.58)
Age group
Group 1 36 SBP 1.47+4.03 0.91 <0.001 0.90 (0.81-0.95) 2.6+£6.51 0.75 <0.001 0.72 (0.51-0.84)
DBP  1.53:4.55 0.83 <0.001 0.81(0.66-0.90)  3.76:5.53 0.74 <0.001 0.65 (0.44-0.79)
Group 2 68 SBP 0.56+2.93 0.95 <0.001 0.95 (0.92-0.97) -0.72+5.13 0.85 <0.001 0.85 (0.76-0.90)

DBP 0,153,638 0.93 <0.001 0.93 (0.89-0.96) 4.99+7.51 0.64 <0.001 0.54(0.37-0.67)

Group 1: 10-12 years old; Group 2: 13-18 years old.

AD = auscultatory device (Greenlight 300TM); BP = blood pressure; CC = Pearson’s correlation coefficient; CCC = Lin’s concordance correlation coefficient;

Cl = confidence interval; DBP = diastolic blood pressure; MS = mercury sphygmomanometer; OD = oscillometric device (Omron HEM-907); SBP = systolic blood
pressure; SD = standard deviation.
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Figure 1. Distribution of the absolute error. The graphs display the number of patients. Group 1: 10-12 years old; Group 2: 13-18 years old.
AD = auscultatory device (Greenlight 300TM); DBP = diastolic blood pressure; MS = mercury sphygmomanometer; OD = oscillometric device (Omron HEM-907);
SBP = systolic blood pressure.

https://e-kcj.org

45.2%, respectively, and those of <10 mmHg were 89.5% and 76.0%, respectively, which are
below the AAMI standards for A-DBP. However, A-SBP and A-DBP <10 mmHg between MS and
OD in Group 1 were 83.3% and 86.1%, respectively, and those <10 mmHg in Group 2 were 92.7%
and 70.6%, respectively, showing different distributions according to age group.

Correlation of blood pressure between mercury sphygmomanometer and
electric devices

The CC for SBP was 0.94 between MS and AD, and 0.81 between MS and OD, and CCC was
0.93 and 0.81, respectively, indicating a better correlation between MS and AD than MS and
OD (Table 2). The correlation of DBP between MS and OD was significantly lower. The CC

https://doi.org/10.4070/kcj.2023.0274 977



C

Mercury vs. Mercury-Free Sphygmomanometers Korean Circulation Journal

and CCC for DBP were 0.90 and 0.90 between MS and AD, and 0.67 and 0.57 between MS
and OD. In the subgroup analysis, the correlation between MS and OD was weaker than that
between MS and AD in all subgroups. Additionally, compared with SBP, CC and CCC were
much lower in DBP in all subgroups, especially in DBP between MS and OD.

The scatter plots, CC, and CCC values between MS and AD and between MS and OD for SBP
and DBP are shown in Figure 2. Subgroup analysis by age and sex were performed and are
shown separately in each figure (Supplementary Figure 1). Compared to CC and CCC in SBP
or DBP between MS and AD, those between MS and OD were lower for every age and sex
subgroup. The differences between MS and OD were more pronounced in the DBP of girls
than in boys, and this trend, according to CCC, was found to be consistent among younger
age groups relative to adolescents (Group 1 boys vs. gitls, 0.79 vs. 0.48; Group 2 boys vs. girls,
0.54 vs. 0.54). However, despite this decrease, a moderate to good linear relationship and
reproducibility were still observed.

A SBP, MS and AD B SBP, MS and OD
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Figure 2. The scatter plots and correlations between MS and AD, as well as between MS and OD for SBP and DBP according to sex.
AD = auscultatory device (Greenlight 300TM); CCC = Lin’s concordance correlation coefficient; DBP = diastolic blood pressure; MS = mercury
sphygmomanometer; OD = oscillometric device (Omron HEM-907); SBP = systolic blood pressure.
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Figure 3 shows the Bland-Altman plot depicting the agreement between MS and AD, as well
as between MS and OD. The plots were stratified according to age and sex. The LOA between
MS and AD, encompassing 95% of the observations, was determined to be -5.7 mmHg to 7.5
mmHg for SBP and -7.1 mmHg to 8.4 mmHg for DBP among the overall study population.

In the MS and OD comparison case, the LOA was observed to be -11.0 mmHg to 11.9 mmHg
for SBP and -8.9 mmHg to 18.1 mmHg for DBP. Consistent with the CC and CCC analysis
findings, the LOA width was more significant when comparing MS and OD than when
comparing MS and AD. Furthermore, the LOA was generally wider for DBP than for SBP and
wider in Group 1 than in Group 2.

Risk factors for blood pressure differences and absolute errors

Among age, sex, height, and AC, AC was found to have a negative correlation with D-SBP
(B=-0.37, p=0.0047) and D-DBP ($=-0.29, p=0.0298) between MS and AD. Likewise, AC was
negatively associated with D-DBP between MS and OD (=-0.65, p=0.0010); however, no
factors were related to D-SBP between MS and OD (Table 3). Only the MS-OD-AD sequence
had a significant effect on the D-DBP between MS and OD in the BP sequences, while the
other sequences did not show any statistical significance.

Table 3. Beta coefficients for a multivariate analysis that takes into account the order of blood pressure
measurements

MS-AD MS-0OD
§ p value B p value
Systolic blood pressure
Intercept 1.96 0.7390 -4.36 0.6580
MS (mmHg) 0.08 0.0831 0.13 0.0830
Age (year) 0.08 0.6616 -0.45 0.1679
Boys 0.63 0.4138 1.07 0.4047
Height (cm) -0.01 0.8537 -0.08 0.2962
AC (cm) -0.37 0.0047 0.33 0.1329
Measurement order
AD-MS-0OD -0.80 0.4864 0.12 0.9505
AD-OD-MS -0.59 0.5941 3.07 0.0969
MS-AD-OD -0.30 0.7775 0.23 0.8977
MS-OD-AD -0.13 0.9038 1.83 0.3204
OD-AD-MS -0.43 0.7337 -0.30 0.8891
OD-MS-AD Ref. Ref.
R square 0.10 0.17
Diastolic blood pressure
Intercept -3.08 0.6069 -26.78 0.0025
MS (mmHg) 0.16 0.0002 0.49 <0.001
Age (year) -0.39 0.0614 0.19 0.5171
Boys 0.03 0.9744 0.73 0.5410
Height (cm) 0.03 0.5523 0.07 0.3082
AC (cm) -0.29 0.0298 -0.65 0.0010
Measurement order
AD-MS-0D 0.37 0.7689 -0.18 0.9184
AD-OD-MS 1.26 0.2966 2.53 0.1490
MS-AD-OD 0.98 0.3963 -1.03 0.5389
MS-OD-AD 2.06 0.0803 3.46 0.0430
OD-AD-MS 1.03 0.4536 -0.03 0.9896
OD-MS-AD Ref. Ref.
R square 0.2335 0.4759

All models were adjusted for measurement order.
AC = arm circumference; AD = auscultatory device (Greenlight 300TM); MS = mercury sphygmomanometer;
0D = oscillometric device (Omron HEM-907).
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Figure 3. The Bland-Altman plots between MS and AD, as well as between MS and OD for SBP and DBP according to sex and age groups. Group 1: 10-12 years old;

Group 2: 13-18 years old.

AD = auscultatory device (Greenlight 300TM); DBP = diastolic blood pressure; MS = mercury sphygmomanometer; OD = oscillometric device (Omron HEM-907);

SBP = systolic blood pressure.
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Figure 3. (Continued) The Bland-Altman plots between MS and AD, as well as between MS and OD for SBP and DBP according to sex and age groups. Group 1:
10-12 years old; Group 2: 13-18 years old.

AD = auscultatory device (Greenlight 300TM); DBP = diastolic blood pressure; MS = mercury sphygmomanometer; OD = oscillometric device (Omron HEM-907);
SBP = systolic blood pressure.
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The correlation between blood pressure difference and arm circumference
To investigate the relationship between AC and BP, we divided the participants into 4 groups
according to their AC (Table 4). Overall, when looking at the difference between MS and AD,
the differences in both SBP and DBP were the largest in the group with the lowest AC (Q1),
and they were found to decrease as AC increased, without statistical significance for DBP.

In contrast, when looking at the difference between MS and OD, both SBP and DBP showed
the highest difference in Q3 and the smallest difference in Q4. However, in sub-analysis
according to sex, there were no consistent pattern differences.

Difference in hypertension prevalence

Among the 104 children who participated in the study, 5 (4.8%) were diagnosed with
hypertension, while 14 (13.5%) had elevated BP or hypertension (EBP + HTN) under MS BP
measurement. The prevalence of hypertension remained unchanged when measured using the
AD, and the number of individuals classified as having EBP + HTN decreased to 11 (10.6%).
When measured using OD, the number of hypertension diagnoses decreased to 2 (1.9%), and
that of EBP + HTN decreased to nine (8.7%), without statistical significance (Table 5).

The percent agreement between MS and AD was 95.2%, which was higher than that between
MS and OD (89.4%) (Supplementary Table 1). Within the same age and sex groups, the
percent agreement between MS and AD was superior to that between MS and OD. Across all
age and sex groups, the percent agreement between MS and AD was strong, exceeding 90%.
The values were lower among girls (98.1% for boys and 92.2% for girls) and younger age
groups (91.7% for Group 1 and 97.1% for Group 2). Among boys, agreement increased with

Table 4. Distributions of blood pressure difference according to the arm circumference quartile

AC quartile
o1 Q2 Q3 Q4 p for trend ”
AC (cm) 17.3-22.0(20.14+1.45)  22.1-24.1(22.87+1.05)  24.2-26.5 (25.42+1.08)  26.6-32.3 (28.70+2.01)
BP difference Mean SD Mean SD Mean SD Mean SD
Overall
MS-AD
SBP (mmHg) 1.94 (2.97) 1.50 (4.20) 0.73 (2.99) -0.56 (2.65) 0.0257
DBP (mmHg) 1.33 (2.96) 1.26 (4.76) 1.12 (4.55) -1.09 (2.67) 0.1811
MS-0D
SBP (mmHg) -0.92 (4.59) 1.15 (6.02) 1.60 (5.34) -0.26 (6.98) 0.7342
DBP (mmHg) 4.94 (7.03) 5.20 (5.80) 5.29 (7.30) 2.91 (7.44) 0.3124
Boys
MS-AD
SBP (mmHg) 1.67 (2.93) 3.00 (2.94) -0.57 (2.98) -0.08 (1.93) 0.3062
DBP (mmHg) 1.75 (2.22) 0.57 (2.38) 1.79 (5.82) -1.62 (2.75) 0.2820
MS-0OD
SBP (mmHg) -0.63 (5.58) 3.11 (5.18) 1.36 (5.69) 0.92 (9.02) 0.7566
DBP (mmHg) 6.08 (6.91) 5.64 (4.58) 4.64 (7.98) 2.92 (6.54) 0.0354
Girls
MS-AD
SBP (mmHg) 2.91 (3.11) -0.12 (4.85) 2.95 (2.26) -1.00 (3.19) 0.4321
DBP (mmHg) 0.92 (3.60) 2.00 (6.47) 0.33 (2.42) -0.61 (2.59) 0.2607
MS-0D
SBP (MmHg) -1.21 (3.56) -0.96 (6.35) 1.88 (5.14) -1.36 (4.43) 0.7993
DBP (mmHg) 3.79 (7.27) 4.73 (7.05) 6.04 (6.68) 2.89 (8.43) 0.8668

Arm circumferences are presented as (range, mean=SD).

AC = arm circumference; AD = auscultatory device (Greenlight 300TM); BP=blood pressure; DBP = diastolic blood pressure; MS = mercury sphygmomanometer;
OD = oscillometric device (Omron HEM-907); SBP = systolic blood pressure; SD = standard deviation.

"The linear trend was tested by applying the contrast of the regression.
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Table 5. Prevalences of elevated blood pressure and hypertension by different devices

Total Boy Girl
Subtotal Group 1 Group 2 Subtotal Group 1 Group 2 Subtotal Group 1 Group 2
(n=104) (n=36) (n=68) (n=53) (n=19) (n=34) (n=51) (n=17) (n=34)
MS
EBP + HTN 14 (13.5) 7 (19.4) 7 (10.3) 8(15.1) 5 (26.3) 3(8.8) 6(11.8) 2 (11.8) 4(11.8)
HTN 5 (4.8) 3(8.3) 2(2.9) 3(5.7) 2 (10.5) 1(2.9) 2(3.9) 1(5.9) 1(2.9)
AD
EBP + HTN 11 (10.6) 4(11.1) 7 (10.3) 7(13.2) 4(21.1) 3(8.8) 4(7.8) 0(0.0) 4(11.8)
HTN 5 (4.8) 1(2.8) 4(5.9) 2(3.8) 1(5.3) 1(2.9) 3(5.9) 0(0.0) 3(8.8)
oD
EBP + HTN 9(8.7) 1(2.8) 8 (11.8) 4(7.6) 1(5.3) 3(8.8) 5(9.8) 0(0.0) 5 (14.7)
HTN 2 (1.9) 0(0.0) 2(2.9) 0(0.0) 0(0.0) 0(0.0) 2(3.9) 0(0.0) 2(5.9)
Differences in hypertension
prevalence
MS vs. AD
EBP + HTN
Difference (%) 2.9 8.3 0.0 1.9 5.3 0.0 3.9 11.8 0.0
p value 0.1797 0.0833 1.0000 0.3173 0.3173 1.0000 0.3173 1.0000
HTN
Difference (%) 0.0 5.6 -2.9 1.9 5.3 0.0 -2.0 5.9 -5.9
p value 1.0000 0.1573 0.1573 0.3173 0.3173 1.0000 0.5637 0.1573
MSvs. OD
EBP + HTN
Difference (%) 4.8 16.7 -1.5 7.5 21.1 0.0 2.0 11.8 -2.9
p value 0.1317 0.0143 0.6547 0.1025 0.0455 1.0000 0.6547 0.5637
HTN
Difference (%) 2.9 8.3 0.0 5.7 10.5 2.9 0.0 5.9 -2.9
p value 0.1797 1.0000 - 1.0000 0.3173

Values are presented as number (%). Group 1: 10-12 years old; Group 2: 13-18 years old.
AD = auscultatory device (Greenlight 300TM); EBP = elevated blood pressure; HTN = hypertension; MS = mercury sphygmomanometer; OD = oscillometric device

(Omron HEM-907).

age (94.7% for Group 1 and 100.0% for Group 2), and the same trend was observed among
girls. The percent agreement between MS and OD was particularly low in the younger age
groups of boys (78.9%) and girls (88.2%) in Group 1 (Supplementary Table 1).

The kappa index, which considers chance agreement, revealed moderate agreement between
MS and AD, whereas the agreement between MS and OD was weak (0.77 for MS-AD, 0.47

for MS-OD). The kappa values between MS and AD were higher among boys than girls and
in Group 2 than in Group 1. The kappa indices between MS and OD generally showed lower
values than AD across age and sex groups. Among the kappa values between MS and OD,

Group 1, the younger group, had a particularly low value of 0.21 (Supplementary Table 1).

DISCUSSION

In this study, we performed BP measurements concurrently in children and adolescents in
the KNHANES to evaluate the BP differences between MS and AD (Greenlight 300TM) or
between MS and OD (Omron HEM-907), which could replace MS in future surveys. Through
this study, we identified the following points: the MS group had the highest BP values,
followed by the AD and OD groups. There were no significant differences in the SBP or DBP
between the MS and AD groups. In the case of MS and OD, D-SBP was insignificant, whereas
D-DBP was substantial. Regarding the correlation between devices, MS and AD showed

a good correlation, while MS and OD were relatively low, especially DBP, which was the

lowest in girls in Group 1, and girls and boys in Group 2, showing a moderate correlation.
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Similarly, the absolute error was tolerable for AD and SBP of OD, but not for DBP of OD,
according to the AAMI standards. In multivariate analysis, AC was negatively correlated with
BP differences in both AD and OD, except for D-SBP in OD. The prevalence of hypertension
measured by AD was the same as that measured by MS; however, the prevalence measured
by OD decreased. When BP was measured using OD, hypertension and EBP + HTN were
underestimated, especially in Group 1.

In this study, MS correlated better with AD, and OD differed remarkably from MS in DBP. In
particular, OD did not meet the AAMI standards and recently published A Universal Standards
for Validation of the Blood Pressure Measuring Device in 2018 (criterion 1); a tolerable error

of 10 mmHg or less and an estimated probability of that error of at least 85% is acceptable.”
Therefore, AD seems more suitable as a device to replace MS. Similar results were announced
in the studies comparing BP devices conducted on adults in Korea.'?™® In a study in which Choi
etal.”” compared MS vs. AD and MS vs. OD, respectively, there was no significant difference

in BP between MS and AD (MS-AD, SBP -0.52+4.12 mmHg, DBP -0.78+3.23 mmHg) with
high correlation. But, differences in DBP were measured between MS and OD (MS-OD, SBP
-0.62+5.62 mmHg, DBP 6.23+5.62 mmHg) with significant differences in hypertension
prevalence (MS vs. OD, 12.5% vs. 11.2%, p=0.03). A comparative study of devices based on
data from the National Health and Nutrition Examination Survey (NHANES) in the United
States showed a difference in DBP between MS and OD, similar to the results of our study.
Ostchega et al.? compared MS and OD (Omron HEM-907XL) in subjects aged 13 years and
older and showed good correlation and satisfied the AAMI standards except for DBP measured
in participants aged 13-19 years (MS-OD, 1.77+8.65 mmHg). However, in the comparative
study with MS and AD, SBP difference was contrasted from the results of our study in subjects
between the ages of 8 and 17 years (MS-AD, -1.10+4.87 mmHg).? Using a different device

in this study (Welch Allyn 767) may have contributed to the difference from our results.
Nonetheless, there was no significant difference in the prevalence of hypertension.

Studies comparing BP devices in the pediatric age group often have relatively small sample
sizes and are rarely well-designed, resulting in mixed results. In a meta-analysis of 29
articles with 26,879 children, the pooled studies varied widely depending on the instrument
manufacturer, study setting, and recorder.” OD showed higher SBP values than MS (pooled
effect estimate of MS-OD -2.53 mmHg; 95% confidence interval [CI], 0.57-4.50). The
difference was exceptionally high when the Dinamap 8100 model devices were used, high
for school-based studies, and reduced when the validated devices were used. There was

no significant difference for DBP (pooled effect estimate of MS-OD -1.55 mmHg; 95% CI,
-0.2-3.31); however, there was heterogeneity between studies. Additionally, if DBP was
defined as only K-4 or K-4 (or K-5) using MS, OD-measured DBP was significantly lower
than MS measurements (pooled effect estimate of MS-OD, 5.74 mmHg; 95% CI, 2.98-8.51).
In contrast, in our study, despite defining K-5 as DBP,® it was lower in OD than in MS,
which may be because the BP readers in our study were well-trained and measured BP more
accurately. If DBP was defined as K-4, the difference in DBP between the MS and OD groups
would have been greater. In another meta-analysis of 28 articles, ODs overestimated SBP

in 1.17 mmHg on average compared to MS, but the difference in DBP was insignificant;
however, there was also heterogeneity in the device model, study environment and observer
training,?® implying that there are the limitations in reliability.

When analyzing the factors influencing the BP differences between MS and AD, both D-SBP
and D-DBP had a negative correlation with AC, and MS measurement was also associated
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with D-DBP. This may be influenced by the difficulty in checking pulses in children with
small AC, which makes auscultation difficult to measure BP. When analyzed by arm quartiles,
we found that the BP difference between the MS and AD groups increased as AC decreased.
Similarly, it was found that AC was negatively correlated with BP differences between MS and
AD in adult studies.”?® Conversely, no factors were associated with MS and OD in D-SBP, but
D-DBP was related to MS and AC, similar to adult studies.’?" The thinner the arm, the more
difficult it was to detect the vibration of the blood vessels in the ODs, which is especially
noticeable for DBP. Even when viewed by quartile for AC, there was a significant difference
from Q1 to Q3; the smallest difference was observed in Q4. Other factors such as age and sex
do not appear to be meaningful, indicating that the accuracy of BP measurement in children
seems to be highly related to AC; therefore, it is crucial to accurately measure the AC and
select the appropriate BP cuff when measuring BP in the future, and further studies with
larger sample size are needed. However, caution should be exercised when interpreting the
statistical significance of this pediatric study due to multiple comparisons.

Since the prevalence of hypertension is lower in children than in adults, and because of the
small number of participants in this study, it was difficult to analyze the difference in the
frequency of hypertension according to the device, and the analysis of subgroups by age and
sex was unreliable. In addition, since the definition of hypertension differs according to the
guidelines in children, it is possible that the frequency of hypertension would have been
different if hypertension had been defined according to other guidelines that used the same
criteria as adults, such as those aged 13 years and older or 16 years and older.?* However,

in the frequency of EBP + HTN, MS and AD had a high concordance rate compared to MS
and OD, confirming the superiority of AD. The overall prevalence difference between MS
and OD was more significant than that between MS and AD, particularly for EBP + HTN in
Group 1 (p=0.0143). In a study of adults in Korea, there was no difference in the frequency
of hypertension between MS and AD, but there was a significant difference between MS and
OD (MS vs. AD,10.3% vs. 10.5%; MS vs. OD, 10.4% vs. 9.4%).'? On the other hand, a study
conducted on 4,689 people over the age 0f 18 years based on the NHANES in the United
States reported that there was no difference in the frequency of hypertension or stage 2
hypertension in BP measured by HEM-908XL and mercury BP monitors, indicating that there
are differences between devices.””

Our study had some limitations. First, AD showed superiority over OD but did not compare
all ODs, and Omron HEM-907 did not represent OD. In addition, although the number of
subjects was determined based on the AAMI criteria, the number of subjects was small, and
a more extensive study is required. Third, the definition of hypertension in children is BP
measured over 3 visits, but in this study, it was defined as 3 measurements at one visit, which
may differ from actual hypertension. Nevertheless, it is significant that this study measured
the 3 types of devices at once and compared them simultaneously and obtained relatively
reliable results by randomizing the measurement order in a well-organized setting.

In conclusion, MS and AD had no significant difference for BP values and a good correlation.
The difference in SBP was not significant; however, DBP was lower in OD and showed a
moderate correlation. The absolute error distribution was also lower than the standards

for DBP in OD. BP difference was negatively correlated with AC, except for D-SBP in OD.

The prevalence of hypertension was similar in MS and AD but underestimated in OD.

The superiority of AD over OD in children and adolescents suggests that AD is a possible
alternative in the National Survey.
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SUPPLEMENTARY MATERIALS

Supplementary Table 1
Percent agreements and kappa indices for the prevalence of elevated blood pressure and
hypertension according to sex and age

Supplementary Figure 1
The scatter plots and correlations between MS and AD, as well as between MS and OD for SBP
and DBP according to sex and age groups. Group 1: 10-12 years old; Group 2: 13-18 years old.
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