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Abstract
The random-zero sphygmomanometer has been widely used in observational studies and clinical
trials for blood pressure measurement. We examined the agreement of blood pressure measurements
between random-zero and standard mercury sphygmomanometers among 2,007 Chinese study
participants aged 15–60 years. Three blood pressure readings were obtained by trained observers
using random-zero and standard mercury sphygmomanometers, respectively, in a random order.
Overall, blood pressure readings obtained using the random-zero device were significantly lower
than those obtained with the standard mercury sphygmomanometer, with a mean difference ranging
from −3.0 to −2.7 mm Hg for systolic and −1.4 to −0.9 mm Hg for diastolic blood pressure (all p
<0.01). Correlation coefficients between mean blood pressure measurements obtained using the
random-zero and standard mercury sphygmomanometers were high (0.90 for systolic and 0.85 for
diastolic blood pressure, both p< 0.0001). In conclusion, our study indicated that there was strong
agreement between blood pressure measurements obtained using the random-zero and standard
mercury sphygmomanometers although blood pressure values were on average lower with the
random-zero sphygmomanometer.
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INTRODUCTION
Accurate measurement of blood pressure (BP) is crucially important to classify individuals, to
ascertain BP-related risk, and to guide management. The classic approach to BP measurement
is based on use of the standard mercury sphygmomanometer, which has long been regarded as
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the gold standard for BP measurements in clinical practice since its first description in 1896
(1–3). The two most common sources of inter-observer variation in the measurement of BP
using the standard mercury sphygmomanometer are measurement bias and digit preference
(1,4–6). The random-zero sphygmomanometer was introduced as a modified instrument to
improve the quality of BP measurement by reducing observer bias (7,8). It has been widely
used in BP clinical trials and observational epidemiologic studies.

Some initial studies assured the accuracy of the random-zero sphygmomanometer and
documented that it reduced observer bias and digit preference (9,10). Lately, clinical studies
have reported significant underestimation of both systolic and diastolic BP by the random-zero
sphygmomanometer (4,11–14). Compared with the standard mercury sphygmomanometer, the
random-zero sphygmomanometer has been reported to underestimate systolic BP by 0.9 to 3.8
mm Hg, and diastolic BP by 0.7 to 7.5 mm Hg (4,11,15–19). Previous studies, however, have
had small sample sizes. In addition, no study has examined the agreement between BPs
measured by the random-zero and standard mercury sphygmomanometer in an Asian-
population. We examined the agreement of BP measurements by the random-zero
sphygmomanometer and the standard mercury sphygmomanometer among 2,007 Chinese
adults who were participants in the Genetic Epidemiology Network of Salt Sensitivity
(GenSalt) study.

METHODS
Study Population

The GenSalt study was conducted in north China from October 2003 to July 2005. Study
participants (n=3,153) were recruited from rural areas in Hebei, Henan, Shandong, Shaanxi,
and Jiangsu provinces. A community-based BP screening was conducted among persons aged
18 years or older in the study villages to identify potential probands and their families for the
study. Detailed eligibility criteria for study participation have been published (20). In general,
individuals were excluded from the study if they had stage-2 hypertension (systolic BP ≥160
and/or diastolic BP ≥100 mm Hg), a history of clinical cardiovascular disease or diabetes, used
antihypertensive medications, consumed alcohol frequently, were pregnant, or were currently
following a low-sodium diet. A total of 2,007 study participants aged 16–60 years were selected
to have 3 random-zero and 3 standard BP measurements on the same day and were used for
the current analyses.

Institutional Review Boards at the Tulane University Health Sciences Center, Washington
University School of Medicine, University of Texas Health Sciences Center at Houston,
Chinese Academy of Medical Sciences, and Chinese National Human Genomic Center at
Beijing approved the GenSalt study. Written informed consents were obtained from each
participant.

Data Collection
The GenSalt study included a 3-day baseline observation. A standard questionnaire was
administered by a trained staff member to collect information on demographic characteristics,
personal and family medical history, and lifestyle risk factors (including cigarette smoking,
alcohol consumption, and physical activity) on the first day of baseline observation. Three
random-zero BP measurements were obtained using a Hawksley random-zero
sphygmomanometer (Hawksley & Sons Ltd, Lancing, UK; zero range 0–20 mmHg) on each
day of baseline observation and 3 standard BP measurements were obtained using a PyMah
mercury sphygmomanometer (Pymah Corporation, Flemington, NJ) on day 2 or 3 of baseline
observation. The Hawksley random-zero sphygmomanometers were calibrated against a
standard mercury sphygmomanometer weekly. The random-zero and standard BP
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measurements were obtained within one hour of each other. The order of the random-zero or
standard mercury sphygmomanometer BP measurements was random. Body weight, height,
and waist girth were also obtained according to a standard protocol.

BP was measured by trained and certified observers according to a common protocol adapted
from procedures recommended by the American Heart Association (21). BP was measured
with the participant in the sitting position after 5 minutes of rest. In addition, participants were
advised to avoid alcohol, cigarette smoking, coffee/tea, and exercise for at least 30 minutes
prior to their BP measurement. One of four cuff sizes (pediatric, regular adult, large, or thigh)
was chosen on the basis of the circumference of the participant’s arm (21). All BP observers
participated in a special training session on the use of a standardized protocol for measurement
of BP. Satisfactory performance during a written test on knowledge of preparing study
participants for BP measurement, selecting the correct cuff size, and using standard techniques
for BP measurement, during a standardized videotape examination and during concordant
measurements of BP with an instructor, were required for certification as a GenSalt BP
observer.

Statistical Analysis
Mean BP values were calculated based on the 3 readings obtained using the random-zero or
standard mercury sphygmomanometer. Differences are presented as random-zero BP values
minus standard mercury BP values. A paired t test was used to determine whether differences
in BP obtained with the random-zero and standard mercury methods were significantly
different from zero. The Chi-square test was used to determine whether there were significant
differences in digit preference for the BP readings obtained the two sphygmomanometers. The
mean BP values obtained using the standard mercury sphygmomanometer were plotted against
the mean BP values obtained using the random-zero sphygmomanometer to assess their level
of agreement. In addition, the difference of mean systolic or diastolic BP measurements
recorded by the two sphygmomanometers was plotted against an average of the BP
measurements obtained with both sphygmomanometers (22). A multivariate linear regression
analysis was conducted to explore the determinants of BP difference between the two
sphygmomanometers. Two tailed p values were calculated and p <0.05 was considered to be
statistically significant. All analyses were performed using the SAS statistical software version
9.1 (SAS Institute Inc, Cary, NC).

RESULTS
Characteristics of the 2,007 study participants are presented in Table 1. Mean age of the
participants was 40.1 years (ranging from 16 to 60 years) and 52.4% of the participants were
men. Mean random-zero BP was 117.8 mm Hg for systolic and 73.9 mm Hg for diastolic BP.
Mean standard BP was 120.1 mm Hg for systolic and 74.7 mm Hg for diastolic BP.

The distribution of digit preference was not statistically significantly different between the two
sphygmomanometers for systolic (χ2= 26.9, p=0.3) and diastolic (χ2=13.1, p=0.7) BP. The
percentage of readings with 0, 2, 4, 6, and 8 as the terminal digit was 20.4, 18.0, 20.8, 20.4,
and 20.5 for the random-zero systolic BP measurements and 23.2, 18.5, 20.0, 21.7, and 16.7
for the standard mercury systolic BP measurements. The corresponding percentages were 24.4,
16.7, 19.6, 19.8, and 19.5 for the random-zero diastolic BP measurements and 24.3, 16.9, 19.5,
20.1, and 19.3 for the standard diastolic BP measurements, respectively.

Mean differences in BP measurements obtained with the random-zero and standard mercury
sphygmomanometers are shown in Table 2. Overall, BP readings obtained with the random-
zero sphygmomanometer were significantly lower than the corresponding readings using the
standard mercury sphygmomanometer, with a mean difference ranging from −3.1 to −2.7 mm
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Hg for systolic BP and −1.3 to −0.9 mm Hg for diastolic BP (all p <0.01). The lower BP values
obtained using the random-zero sphygmomanometer were consistently identified in gender,
age, body weight, and physical activity subgroups. For example, the mean differences (95%
CI) in systolic and diastolic BP were −2.9 (−3.3, −2.5) and −1.0 (−1.4, −0.5) among those <40
year old, and −2.8 (−3.3, −2.2) and −1.1 (−1.5, −0.6) among those ≥40 year old; −2.5 (−3.0,
−1.9) and −0.9 (−1.3, −0.4) among those with body mass index <23.0 kg/m2 and −3.2 (−3.7,
−2.7) and −1.3 (−1.7, −0.9) among those with body mass index ≥23.0 kg/m2; and −2.6 (−3.0,
−2.1) and −1.0 (−1.4, −0.5) among those with physical activity <56.4 MET/day and −3.1 (−3.6,
−2.6) and −1.1 (−1.6, −0.7) among those with physical activity ≥56.4 MET/day.

Scatter plots of BP measurements obtained using the random-zero sphygmomanometer against
BP measurements obtained using the standard mercury sphygmomanometer are shown in
Figure 1 (upper panel for systolic and lower panel for diastolic pressure). There was a strong
linear relationship between BP measurements obtained using both measurement methods, with
slightly more points being scattered below the line of identity. Estimated correlation
coefficients between the random-zero and standard BP measurements were 0.90 for systolic
and 0.85 for diastolic (both p< 0.0001), respectively.

Figure 2 shows plots of the difference in BP between the two sphygmomanometers against an
average of the BP obtained with the two sphygmomanometers (upper panel for systolic and
lower panel for diastolic). On average, systolic BP was 2.83 (standard deviation 7.49) mm Hg
lower for random-zero sphygmomanometer measurements compared to readings obtained
using the standard mercury sphygmomanometer and the corresponding difference was 1.05
(standard deviation 6.66) mm Hg for diastolic BP. There were no special patterns between
differences in BP and average of BP by the two sphygmomanometers.

Multivariate linear regression analyses of the differences in systolic and diastolic BP obtained
with the two sphygmomanometers are presented in Table 3. Age was inversely associated with
systolic BP differences while body-mass index and physical activity were positively related to
systolic BP difference. Only body-mass index was related to diastolic BP difference. Gender
and average BP values were not associated with either systolic or diastolic BP difference.

DISCUSSION
High BP is a major public health challenge, which affects approximately 1 billion individuals
worldwide and is the leading preventable risk factor for premature death (23,24). Accurate
measurements of BP are important for appropriate diagnosis and management of hypertension.
The random-zero and standard mercury sphygmomanometers are used frequently in clinical
practice and research. In the current study, our findings showed a small, but significantly lower
value of systolic and diastolic BP for readings obtained with the random-zero
sphygmomanometer compared to those obtained using the standard mercury
sphygmomanometer. This difference has important implications for the clinical evaluation of
patients with hypertension. Underestimation of true BP values, even small, can misclassify
millions of individuals. For example, one study indicated that systematically underestimating
BP values by 5 mm Hg would result in 21 million persons, who would benefit from drug
treatment for hypertension, being misclassified as normotensive and, therefore, not receiving
treatment (25). However, readings obtained using the standard mercury sphygmomanometer
might not be a gold standard of true BP either, although the current guidelines are mostly based
on mercury measurements.

Consistent underestimation of BP by the random-zero sphygmomanometer has been suggested
in previous reports (4,17,18,26). Two previous studies have suggested greater underestimation
for diastolic than systolic BP (17,18). However, our study and another by Parker et al (4) suggest
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greater underestimation for systolic than for diastolic BP. In addition, our study suggested that
underestimation of BP by the random-zero sphygmomanometer was slightly greater among
those who were younger, heavier, and more physically active for systolic and heavier for
diastolic. However, the absolute differences among sub-groups were small and clinical
implications were unclear.

Underestimation of BP by the random-zero sphygmomanometer may result from observer,
technique, and instrument factors (10). Accurate recording of final random-zero values in order
to obtain the true corrected BP readings is extremely important when the random-zero
sphygmomanometer is used (27). Overestimation of the random-zero values would lead to
underestimation of the final corrected BP values. This could occur when sufficient time is not
allowed for the reserve mercury chamber to fill before deflation is started or sufficient care is
not taken to ensure that complete deflation has occurred while recording the random-zero
number. In addition, the design of the random-zero sphygmomanometer might also be
responsible for the underestimation of BP due to the increased height of mercury in the random-
zero manometer tube (15,27).

It is evident that the random-zero sphygmomanometer minimizes but does not eliminate digit
preference (27). Like Parker et al (4), we did not find a significant difference in the percent
distribution of digit preference with the two sphygmomanometers for either systolic or diastolic
BP values. This suggests that digit preference can be decreased using the standard mercury
sphygmomanometer with appropriate training and correct usage.

There are several advantages of the random-zero sphygmomanometer. It minimizes digit
preference and reduces or eliminates bias resulting from knowledge of earlier readings, making
blind duplicate readings more feasible (27). However, the random-zero sphygmomanometer
is approximately 10 times more expensive than the standard mercury device. In addition, it is
more difficult to maintain and transport and those who use it need more intensive training
because of its complexity. The high agreement between the two measurements found in our
study suggested that observer bias associated with the standard mercury sphygmomanometer
could be avoided by appropriate training. Therefore, the standard mercury sphygmomanometer
should be the preferable choice in the general clinical setting in the US and elsewhere.

Currently, aneroid sphygmomanometers and automated BP measuring devices are widely used
in clinical settings (28). A few studies reported that aneroid sphygmomanometers provided
inaccurate BP measurements (28,29) while others indicated that aneroid sphygmomanometers
could provide accurate measurements if a proper maintenance protocol was followed (30).
Likewise, the agreement of BP measurements between the automated devices and the mercury
sphygmomanometers was inconsistent in the previous studies (28,31–34). The mercury
sphygmomanometers still should be the “golden standard” for BP measurements in the clinical
practice.

In conclusion, our study documented strong agreement between BP readings obtained using
the random-zero and standard mercury sphygmomanometer. In addition, our study
demonstrated no significant difference for digit preference between the two
sphygmomanometers. However, systolic and diastolic BP measurements obtained using the
random-zero sphygmomanometer appears to underestimate the corresponding results obtained
with the standard mercury sphygmomanometer. Choice of sphygmomanometer may depend
on the purpose and setting of the BP measurement. In clinical practice, the random-zero
sphygmomanometer seems to offer no significant advantage over the standard
sphygmomanometer for the diagnosis and management of hypertension. However, in clinical
trials where the net change in BP is the primary outcome and avoidance of observer bias is the
main concern, the random-zero sphygmomanometer provides a valid tool for BP measurement.
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Figure 1.
Scatter plots of standard blood pressure by random-zero blood pressure (upper panel for
systolic pressure and lower panel for diastolic pressure). Standard systolic blood pressure =
10.56 + 0.93 random-zero systolic blood pressure; standard diastolic blood pressure = 8.92 +
0.89 random-zero diastolic blood pressure.
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Figure 2.
Scatter plots of difference in blood pressure measurements (random-zero – standard mercury)
by average blood pressure levels from the two sphygmomanometers (upper panel for systolic
and lower panel for diastolic blood pressure). The solid line indicates the mean blood pressure
difference between random-zero and standard mercury sphygmomanometers. The dotted line
indicates 1.96 times the standard deviation of this difference.
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Table 1
Characteristics of 2,007 Study Participants with Blood Pressure Measurements by Random-zero and Standard Mercury
Sphygmomanometers

Characteristics Mean* or Percentage

Age, year 40.1 ± 10.3
Men, % 52.4
Body mass index, kg/m2 23.4 ± 3.2
Physical activity, met/day 63.4 ± 21.1
Arm circumference, cm 28.4 ± 2.9
Waist circumference, cm 80.5 ± 10.0
Blood pressure by random-zero sphygmomanometer, mm Hg
 Systolic 117.8 ± 15.1
 Diastolic 73.9 ± 10.5
Blood pressure by standard mercury sphygmomanometer, mm Hg
 Systolic 120.1 ± 15.6
 Diastolic 74.7 ± 10.9

*
mean ± standard deviation
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Table 2
Mean Difference in Blood Pressure Measurements by Random-zero and Standard
Mercury Sphygmomanometers

Systolic, mm Hg Diastolic, mm Hg
Reading No.

Mean ± SD Mean Difference (95% CI) Mean ± SD Mean Difference (95% CI)

Overall
1st

Random-zero 117.7 ± 15.5 −3.1 (−3.4, −2.7) ** 73.6 ± 11.2 −1.3 (−1.6, −1.0) **
Standard 120.7 ± 15.8 75.0 ± 11.1
2nd

Random-zero 117.2 ± 15.5 −2.8 (−3.1, −2.4) ** 73.7 ± 11.1 −1.0 (−1.3, −0.6) **
Standard 120.0 ± 15.7 74.7 ± 11.1
3rd

Random-zero 116.9 ± 15.3 −2.7 (−3.0, −2.3) ** 73.6 ± 10.9 −0.9 (−1.2, −0.6) **
Standard 119.6 ± 15.6 74.5 ± 11.0

Men
1st

Random-zero 119.2 ± 14.1 −2.8 (−3.2, −2.3) ** 75.3 ± 10.7 −1.3 (−1.8, −0.9) **
Standard 122.0 ± 14.5 76.6 ± 10.8
2nd

Random-zero 118.8 ± 14.0 −2.5 (−3.0, −2.1) ** 75.5 ± 10.5 −1.0 (−1.5, −0.6) **
Standard 121.3 ± 14.5 76.5 ± 10.8
3rd

Random-zero 118.3 ± 13.9 −2.7 (−3.1, −2.2) ** 75.4 ± 10.6 −1.0 (−1.5, −0.6) **
Standard 121.0 ± 14.4 76.4 ± 10.7

Women
1st

Random-zero 116.0 ± 16.9 −3.4 (−4.0, −2.9) ** 71.8 ± 11.4 −1.4 (−1.8, −0.8) **
Standard 119.4 ± 17.1 73.2 ± 11.2
2nd

Random-zero 115.5 ± 16.8 −3.0 (−3.6, −2.5) ** 71.8 ± 11.3 −0.9 (−1.3, −0.4) *
Standard 118.5 ± 16.9 72.7 ± 11.1
3rd

Random-zero 115.3 ± 16.6 −2.8 (−3.3, −2.2) ** 71.8 ± 10.9 −0.7 (−1.1, −0.3) *
Standard 118.1 ± 16.8 72.5 ± 10.9

SD = standard deviation; CI = confidence interval.

*
p<0.01,

**
p<0.0001 for comparisons between blood pressure values using the random zero sphygmomanometer vs. standard mercury sphygmomanometer.
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Table 3
Multivariate linear regression analyses of systolic and diastolic blood pressure difference by random-zero and standard
mercury sphygmomanometers

Systolic Diastolic
Study variable

Difference* (95% CI) p-value Difference* (95% CI) p-value

Age, year −0.05 (−0.08, −0.01) 0.007 −0.02 (−0.05, −0.01) 0.21
Men 0.58 (−0.09, 1.27) 0.09 −0.21 (−0.80, 0.44) 0.58
Body mass index, kg/m2 0.13 (0.02, 0.24) 0.017 0.10 (0.00, 0.20) 0.05
Physical activity, MET/day 0.02 (0.01, 0.04) 0.01 0.01 (−0.01, 0.02) 0.38
Average blood pressure, mm Hg 0.02 (−0.00, 0.05) 0.06 0.00 (−0.03, 0.03) 0.86

*
Differences are presented as mean random-zero blood pressure values minus mean standard mercury blood pressure values.
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