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The authors aimed to quantify end-digit and threshold
biases in blood pressure (BP) measurement with manual
and digital sphygmomanometers. In a 3-year follow-up, end-
digit and threshold biases were investigated and a new
index, called the deviation index, was used to quantify
measurement bias. The distribution of systolic and diastolic
BPs became close to normal after implementation of digital
sphygmomanometers. The appearance of zero end digits
decreased from 97% to 30% (P<.0001). The deviation index
decreased from 97% to 20% (P<.0001). Mean systolic
and diastolic BPs increased immediately after implementa-
tion of automated sphygmomanometers (124.22+0.83 vs

132.90+0.78 and 74.38+0.50 vs 80.43+0.51, respectively;
P<.0001 for both) but showed a linear decreasing trend
during follow-up (systolic —3.59 mm Hg per year; 95%
confidence interval, —5.57 to —1.61 [P<.0001]; diastolic:
—2.52 mm Hg per year; 95% confidence interval, —3.78 to
—1.26 [P<.0001]). Threshold bias decreased from 12.94% to
6.68% (P<.0001). Replacing manual sphygmomanometers
with digital devices decreased end-digit and threshold
biases in BP measurement. The deviation index can
be used to quantify the magnitude of measurement bias.
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Blood pressure (BP) is recorded in nearly each medical
visit. Various kinds of error could arise in this process,
originating from uncalibrated devices, improper tech-
nique, or examiner error.'”* Rounding BP values to the
nearest 10 mm Hg is a known source of bias in
recording BP in the clinical setting.> This is called
end-digit bias and leads to the appearance of zeros as
end digits more frequently than would be expected by
chance alone. Another kind of bias is threshold bias,
defined as selection of particular values near treatment
cut-offs.® Introduction of automated digital sphygmo-
manometers have made a difference in proper BP
measurement and may help decrease both end-digit
and threshold biases.” While monitoring for quality
assurance is not routine in general practice, several
studies have focused on how and when a flawed BP
recording system should be suspected in the clinical
setting.

From a statistical perspective, we propose a simple
index to assess the validity of BP measurement
systems. In this study, we investigated a quantitative
method by which one could examine the degree of
deviation of recorded BP measurements from expected
values. We then compared manual and automated
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sphygmomanometers in terms of end-digit and thresh-
old biases in a real clinical setting and applied our
index to quantify the magnitude of end-digit bias in
this context.

METHODS

Study Design

We propose a S-year historical cohort in which two
methods of BP measurements were compared in terms
of end-digit rounding error, and a “deviation index”
was applied in a real-world clinical setting. Systolic and
diastolic BP recordings were investigated in an outpa-
tient diabetes clinic in Vali-Asr Hospital, which is
affiliated with Tehran University of Medical Sciences,
from 2009 to 2013. In 2009 and 2010, BP measure-
ments were performed with standard mercury ausculta-
tory sphygmomanometers by trained nurses. Data
during these 2 years were retrospectively gathered from
patients’ documents. In 2011, mercury sphygmoma-
nometers were replaced with automated BP measure-
ment devices (Omron M7 HEM-780-E, Kyoto, Japan;
approved by the British Hypertension Society). The
same nurses were trained to use the new devices. The
prospective phase of this study began in 2011 and lasted
for 3 years.

Training of Operators

Operators (nurses) were trained according to the Sev-
enth Report of the Joint National Committee on
Prevention, Detection, Evaluation, and Treatment of
High Blood Pressure (JNC 7) guidelines for appropriate
BP measurement.® The appropriate technique for BP
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measurement (according to JNC 7 guidelines) was
demonstrated. Nurses were tested for the standardized
technique by an internist to review the method of BP
measurement. Adherence to the suggested method was
periodically (at 1-month periods) re-evaluated. At the
time of implementation of automated sphygmomanom-
eters, the operators were trained in the appropriate
method for using the automated devices.

BP Measurement

BP measurements were performed by the same nurses
and immediately before a medical visit with a physician.
BP recordings were used for medical decision-making
and patients were qualified as normotensive or hyper-
tensive according to the recorded values. Measurements
were taken while the patient was seated quietly for at
least 5 minutes in a chair with feet on the floor and arm
supported at heart level. A cuff with a bladder that
encircled at least 80% of the arm circumference was
chosen for each measurement. Measurements were
made in the right arm while the patient was in the
sitting position. Two measurements were made at each
visit. Demographic, anthropometric, clinical, and bio-
chemical values were recorded.

Deviation Index

End-digit bias was quantified with an error tool called
the deviation index. We assumed that in an unbiased BP
measurement system, the frequency of reporting each
end digit is 1/10. The deviation index yields the percent
deviation of recorded BP values from this expectation.
In the case of our study, we wanted to check the amount
of zero-rounding end-digit bias; therefore, the proposed
formula was:

Deviation index

2.5 —mean(|BP — 10 mm Hg rounded number|) 1

00.
2.5

In which “IBP — nearest 10 mm Hg numberl” gives
the absolute difference of each BP from its nearest
10 mm Hg rounded number. Theoretical basis and
assumptions behind this formula are presented in
Appendix S1.

Ethics

The local ethics review committee of Tehran University
of Medical Sciences approved the study protocol (ethics
committee approval number: 139073021) and the study
complied with the principles of the Declaration of
Helsinki.

Statistical Analysis

Continuous variables are presented as mean+standard
error of the mean. Categorical variables are presented as
number and percent. Kolmogorov-Smirnov (K-S) test
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was used to test the normality of distribution. Chi-
square, independent samples ¢, and analysis of variance
tests were used for group comparisons. Linear regres-
sion was used for data modeling. A P value <.01 was
considered statistically significant. The Stata (version
11.2 for Windows; Stata Corp, College Station, TX)
program was used for data analysis.

RESULTS

Study Population

Baseline characteristics of participants are presented in
Table, stratified into retrospective (manual sphygmo-
manometer) and prospective (automated sphygmoma-
nometer) arms of the study population. A total of 1366

TABLE Baseline Characteristics of Study
Population

Manual Automated
Device Device P Value

Female, No. (%) 347 (59.2) 446 (61.3) .48
Age, y 56.14-:0.45 55.34-+0.54 25
Weight, kg 74.71+0.57 73.39+0.62 12
BMI, kg/m2 27.86+0.19 27.96+0.23 74
Waist, cm 95.34+0.51 95.24+0.56 .89
Duration of diabetes, y 8.19+0.30 7.76+0.32 .33
FBS, mg/dL 178.26+2.83  187.69+4.12 .05
PPG, mg/dL 255.27+4.96  278.66+9.51 .02
HbA;, % 8.32+0.08 8.43+0.12 .49
Triglycerides, mg/dL 180.96+4.99 187.70+7.99 .45
Total cholesterol, mg/dL 183.10+2.07 187.33+2.95 .23
LDL-C, mg/dL 103.32+1.82  103.33+2.46 .99
HDL-C, mg/dL 44.30+0.59 44.94+1.09 .57
Uric acid, mg/dL 4.88+0.12 5.09+0.23 41
Urea, mg/dL 31.54+0.64 29.88+0.81 12
Creatinine, mg/dL 1.00+0.02 1.01+0.02 .89
Microalbuminuria, mg/24 h 8.414+0.7 8.33+1.13 .90
eGFR, mL/min 75.03+1.03 73.40+1.25 .33
AST, U/L 23.524+0.93 23.93+1.59 .81
ALT, U/L 25.39+0.86 27.75+2.49 .26
TSH 3.1+0.69 3.3+£0.65 .85
Myocardial infarction, % 5.6 5.8 .92
Glucose-lowering drug, %

Oral hypoglycemic drug 79.2 77 42

Insulin 20.8 23
Blood pressure drug, %

ACE inhibitor 23.6 28.4 <.0001

ARB 33.4 48.2

B-Blocker 21.4 13.7

CCB 0.8 4.3

Combined 20.5 5.1

Abbreviations: ACE, angiotensin-converting enzyme; ALT, alanine
aminotransferase; ARB, aldosterone receptor blocker; AST, aspartate
aminotransferase; BMI, body mass index; CCB, calcium channel
blocker; eGFR, estimated glomerular filtration rate; FBS, fasting blood
sugar; HbA;., hemoglobin A;.;; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; PPG, post-
prandial glucose; TSH, thyroid-stimulating hormone.
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patients were studied, including 587 in the manual
group and 779 in the automated sphygmomanometer
group. Except for antihypertensive drugs (P<.0001), no
measured variable was significantly different between
the two groups.

BP Distribution

Scatter plots of systolic BP (SBP) and diastolic BP (DBP)
are represented in Figure 1. For both SBP and DBP, the
recorded values mainly gathered around 10 mm Hg
rounded numbers in the manual group (before the dash
line), while they scattered uniformly in the automated
group (after the dash line). Variance of SBP and DBP
increased from 399.20 mm Hg? and 123.21 mm Hg? in
the manual group to 469.11 mm Hg” and 207.01 mm
Hg? in the automated group, respectively. The distribu-
tion of SBP and DBP was not normal in the manual
group (SBP: K-S statistic 3.499, P<.0001; DBP: K-S
statistic 4.340, P<.0001). These distributions became
close to normal in the automated group (SBP: K-S
statistic 1.243, P=.091; DBP: K-S statistic 1.279,
P=.076).
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FIGURE 1. Scatter plot of systolic and diastolic blood pressure
values in manual and automated sphygmomanometer groups. Note:
the dash line separates manual and automated
sphygmomanometers groups.

End Digits and Deviation Index

The frequency of appearance of each end digit in
recorded BP numbers is represented in Figure 2. The
probability of recording a zero end digit in SBP and DBP
decreased from 97.7% and 98.5% in the manual group
to 28.8% and 30.6% in the automated group, respec-
tively. The deviation index decreased for both SBP and
DBP after using the automated sphygmomanometer
(SBP: 96.4%+0.8% vs 18.1%42.4%, P<.001; DBP:
97.6%+0.8% vs 20.8%=+2.4%, P<.001). Deviation
indices for both SBP and DBP in the automated
sphygmomanometers group were still significantly dif-
ferent from zero (P<.001 for both).

Systolic and Diastolic BPs

Mean SBP and DBP values in the study groups are
presented in Figure 3A and 3B. For both SBP and DBP,
means were significantly different between the manual
and automated groups (SBP: 124.22+0.83 vs
132.90+0.78, P<.001; DBP: 74.384+0.50 vs
80.43+0.51, P<.001). There were significant associa-
tions between type of sphygmomanometer and systolic
BP (beta=8.68, 95% confidence interval [CI], 6.42—
10.94; P<.0001), diastolic BP (beta=6.05, CI, 4.58-
7.51; P<.0001), deviation index of systolic BP
(beta=78.2, CI, 72.5-84.3; P<.0001), and deviation

(a) Manual Automated
)

Frequency

01 23 4567 8 9
End-digit

01 2 3 45867 89

Automated

(b).:. Manual

Frequency
400

200

0 1 2 3 45 67 8 9

End-digit

0 1 2 3 45 67 8 9

FIGURE 2. Frequency of systolic blood pressure (A) and diastolic
blood pressure (B) end digits in manual and automated
sphygmomanometers groups.
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FIGURE 3. Mean systolic and diastolic blood pressures stratified
according to study year.

index of diastolic BP (beta=76.4, CI,
P<.0001).

70.8-82.5;

Changes Over Time

During 3 years after implementation of automated
sphygmomanometers, there was a significant linear
decrease in the means of both SBP (—3.59 mm Hg per
year; CI, —5.57 to —1.61 [P<.0001]) and DBP
(=2.52 mm Hg per year; CI, —3.78 to -—1.26
[P<.0001]). The deviation index for SBP was
21.92%+4.2%, 23.73%+3.95%, and 3.66%+4.84%
in consecutive years of follow-up (P<.001 for trend).
The deviation index for DBP was 26.07%+4.19%,
18.83%+4.02%, and 16.23%+4.83% during 3 years
of follow-up (P<.001 for trend).

Threshold Bias

Changing the definition of hypertension from BP >140/
90 mm Hg to BP >140/90 mm Hg decreased the
proportion of hypertensive patients from 30.83% to
17.89% in the manual group (P<.0001). In the auto-
mated group, the proportion of hypertensive patients
decreased from 46.6% to 39.92% after change in
definition (P=.0078). The dependency of the number
of hypertensive patients to this 1 mm Hg change in
definition was more prominent in the manual group
compared with the automated group (12.94% vs
6.68%, P<.0001).

DISCUSSION

In this article, we proposed an index that enables the
practitioner to quantitatively measure the amount of BP
end-digit bias in the clinical setting. We examined this
index in two different BP measurement devices, manual
and automated digital sphygmomanometers. The
amount of end-digit bias was significantly higher with
the manual devices, evident by the appearance of zero
end digits in nearly all recorded BP values. The
frequency of zero end digits decreased from 97% to
98% to nearly 30% after changing the device. This

Blood Pressure and Measurement Bias | Nargesi et al.

corresponded to a decreased deviation index from 96 %
to 97% to nearly 20%. This means that even after using
automated devices, there was still nearly 20% extra
reporting of zero end digits compared with their
expected 10% frequency, which may suggest a problem
in training or education of operators measuring BPs or
end-digit preference during the documentation, and not
measurement, of BP values.

The clinical importance of an accurate BP reading
cannot be overemphasized. Faulty BP measurements
may deprive hypertensive patients from the benefits of
treatment or expose normotensive patients to unneces-
sary drugs and their potential side effects. End-digit bias
is a universal medical error and the frequency of
recording a zero end digit ranged from 30% to more
than 98% of BP measurements in previous studies.”
Surprisingly, a similar pattern was also observed in
hypertension spec1alty cllmcs with trained nurses and
spec1ahzed physicians.>!! It is unclear how this impre-
cision has an impact on assessment or treatment of
cardiovascular diseases, but some studies reported that
even minor errors in BP recordmgs may double the
number of hypertensive patients and increase car-
diovascular mortality in those with near—cut-off BP
readings.'® Consistent with these reports, we observed
that a 1 mm Hg change in hypertension threshold from
BP >140/90 mm Hg to BP >140/90 mm Hg nearly
halved the number of hypertension-labeled patients
whose BPs were measured by manual sphygmomanom-
eters. Using automated sphygmomanometers consider-
ably attenuated the threshold bias.

Replacement of manual devices with automated
devices resulted in increased variance of BP, close to
normal distribution, and decreased end-digit bias in our
study. Immediately after implementation of automated
sphygmomanometers, mean SBP and DBP increased but
steadily decreased during 3 years of follow-up. Com-
pared with mercury sphygmomanometers, automated
devices were generally thought to underestimate BP in
crossover studies,'® although this belief is still contro-
versial.”'” In our study, an immediate increase in
recorded BPs after implementation of automated devices
may be attributed to eliminated end-digit bias and the
possibility that examiners were inclined to round down
rather than up when using manual sphygmomanome-
ters. The trend toward lower BP values over time after
implementation of automated sphygmomanometers is
one novel finding of this study and may be caused by
adaptation of the examiners with the new technique.
This is consistent with our finding about a linear
decreasing trend for deviation index during years of
follow- -up. Both of these findings may be missed when
comparing manual and automated sphygmomanom-
eters in crossover studies in research setting. These
findings take on more importance when considering that
the general tendency is to consider the BP of 135/85 mm
Hg as the cut-off point of defining hypertension when
using automated sphygmomanometers.'®!82% These
issues influence medical decision-making and must be
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considered when substituting manual devices with
automated devices in real-world settings.

STUDY STRENGTHS

Several strengths of this study merit consideration. Its
prospective design, large sample size, and real clinical
setting give this investigation a unique position among
similar studies. Introduction of the deviation index was
an attempt to quantify end-digit bias and to make it
possible to measure the magnitude of each kind of
measurement bias in the process of BP recording. Its
strength is that the applicability of its core idea is not
limited to “zero reporting” bias. In fact, every biased
measurement of BP, which is otherwise supposed to be
normally distributed, results in a non-zero deviation
index (with some modification in formula) and the
magnitude of this index corresponds to the amount of
measurement bias. The usage of the deviation index can
be generalized to quantify each kind of bias. In this
study, we used the known example of end-digit round-
ing bias to show a sensible interpretation of this index.
Three-year follow-up of BP recordings after implemen-
tation of automated sphygmomanometers was rarely
done before.

STUDY LIMITATIONS

As a notable limitation, extremely high prevalence of
zero end digits with manual sphygmomanometers may
point to the fact that training was not adequately given
to nurses. Digital devices can obviate some mistakes of
untrained operators, but training problem was not
considered as a contributing variable in this study and
hence is one of our limitations. Our study population
was confined to patients with type 2 diabetes, although
our results were compatible with previous findings in
this group.”' It can be argued that increased use of
angiotensin-converting enzyme inhibitors and aldoste-
rone receptor blockers in diabetic patients during these
years was responsible for the observed decreasing trend
in BP values after implementation of automated sphyg-
momanometers. It is notable that this trend occurred
during the prospective phase of the study and no major
changes in target cut-points for BP control were made in
this period. In addition, the study population was
relatively stable during these years, as evidenced by
similar baseline characteristics in two study arms. In
addition, when introducing the deviation index, we
made one important assumption that should be noted.
We assumed that each end digit had the same proba-
bility to be recorded with an unbiased BP measurement
device. Although roughly true, the validity of this
assumption depends on the distribution of BP in the
population under study. It can be statistically proven
that in a hypothetical population with completely
normal distribution of BPs and a mean value terminat-
ing to end digit 0 or 5, the deviation index can be
calculated using the introduced formula. On the other
hand, a distribution with a mean BP of 122 mm Hg, for
example, makes a slight difference, because end digit 2

is more probable than other values to be recorded in
each 10 mm Hg interval. It can also be argued that with
a BP measurement system reporting all BPs in 2.5 end
digits (eg, 112.5, 122.5), the deviation index yields a
zero result. Complex calculations for a modified valid
formula in such instances are beyond the scope of this
paper, although it is provable that the underlying idea
for the deviation index still holds in these situations. In
routine general practice with zero end-digit preference
as the most common type of bias, the final result would
be so close to our basic formula that for practical
purposes it is reasonable to make these assumptions to
simplify the model.

CONCLUSIONS

Implementation of automated sphygmomanometers
decreases end-digit and threshold biases in the clinical
setting. In a prospective design, we also found a linear
trend toward lower blood pressures after replacing
manual devices with digital ones. Deviation index can
be used to quantify the amount of measurement bias in
blood pressure recording.

Disclosures: None declared.
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