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Abstract

In this paper, we evaluate the difference between the first and second mea-
surements of blood pressure (BP) when BP is measured twice using the results
of 17,775 medical checkups. The two measurements for both systolic BP (SBP)
and the diastolic BP (DBP) fluctuated a large amount even though they were
measured at a short interval. The first measurements were 6.7 and 2.4 mmHg
higher than the second ones for SBP and DBP, suggesting a white coat effect.
Then, the factors that might affect the differences between the two measure-
ments were analyzed by the regression models. For both SBP and DBP, the
difference increased as the first measurement increased. Age, gender, BMI and
alcohol consumption were other important factors affecting the difference. In
the case of a typical male individual, the typical criteria for hypertension of
140/90, 160/100 and 180/110 mmHg criteria in the first measurement would
correspond to 135/86, 150/94 and 165/102 mmHg in the second measure-
ment. The necessity of developing accurate and cost-efficient BP measure-
ment methods is strongly suggested.
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1. Introduction

As the World Health Organization (WHO) [1] has pointed out, high blood pre-
ssure (BP) or hypertension is one of the most important health factors overall
and is an important risk factor of cardiovascular diseases [2] [3] [4] [5]. There-
fore, it is very important that the BP will be correctly measured. Manual office

BP (MOBP) is usually used to measure BP [6], but there are questions about its
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reliability. One well-known problem is white coat hypertension (WCH) or white
coat effects (WCE), in which the BP of an individual becomes higher than his/her
normal level when BP is measured at an office, hospital or clinic, due to the stress-
fulness of the measurement. The other problem is measurement error; measur-
ing BP should be done carefully by proper procedures [7]. Omiboni et al [8]
measured the BP in 14,143 patients from 27 countries. They found that 24-hour
ambulatory BP monitoring (24-h ABPM) was significantly lower than office BP
for both systolic BP (SBP) and diastolic BP (DBP). Although 140/70 mmHg for
MOBP and 130/80 mmHg for 24-h ABPM criteria were used for hypertension,
they also discovered that i) the prevalence of MOBP hypertension was higher
than that of ABPM, and ii) WCH was more common than masked hypertension
(elevated 24-h ABPM and normal office BP). Almedia et al [9] reported the BP
of 175 normotensives (NT), 316 WCH and 691 sustained hypertensives (SHT)
by various measurement methods. The mean values of office BP (mmHg) were:
SBP 125 and DBP 79 for NT; SBP 146 and DBP 91 for WCH; and SBP 143 and
DBP 87 for SHT. However, the means of 24-h AMBP (mmHg) were SBP 119
and DBP 71 for NT; SBP 120 and DBP 73 for WCH; and SBP 120 and DBP 72
for SHT. There were large differences among subsequent measurements of office
BP but very little difference among 24-h AOBP; however, Bastos [10] suggested
that further studies were necessary to confirm their results. Cheng et al [11] re-
ported that central aortic was better than manual BP in predicting cardiovascu-
lar outcomes. Although other BP measurements such as 24-h ABPM may be
better predictors of cardiovascular events than conventional office BP measure-
ment [12] [13] [14], these methods can be costly to implement. Wohlfahrt et al.
[15] recommended automated office BP (AOBP). They measured 2145 patients
and found that manual SBP and DBP measurements were higher than those of
AOBP. They concluded that “AOBP of 131/85 mmHg corresponds to the ma-
nual BP of 140/90 mmHg”. Another alternative is home BP monitoring. Arrieta
et al. [16] concluded that the returns on a one-dollar investment in this technol-
ogy would be from $7.50 to $19.34 in the long run. Moran et al. [17] studied the
cost-effectiveness of hypertension therapy and concluded that controlling hyper-
tension could be effective and cost-saving except for in women aged 35 - 44 with
stage 1 hypertension and no cardiovascular disease [18]. However, the factors of
individuals that may affect WCE were not analyzed in these studies.

The other important issue is whether WCH really affects health conditions or
not and there have been intense debates about the prognostic significance of
WCH compared with NT and SHT [9] [19]. Some studies have reported that pa-
tients with WCH had less damage to target organs than those with SHT [20] [21]
[22] [23] [24], while no difference was found between WCH and NT patients [25].
But others suggested that WCH is a risk factor [26] [27]. More recently, Franklin
et al. [28] compared 653 subjects with WCH and 653 NT subjects by an age- and
cohort-matching study. They concluded that the WCE is related to age, not cardi-
ovascular disease risk in most subjects. (For comments on their study, see Mancia
and Grassi [29].) Manios et al [30] surveyed a total of 1382 patients. They meas-

ured BP and common carotid intima-media thickness (CCA-IMT) and found
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that patients with isolated systolic/diastolic WCH had an intermediate risk be-
tween NT and SHT in terms of CCA-IMT.

Clearly, it is necessary to measure BP accurately to treat hypertension proper-
ly. However, BP measurement methods, such as 24-h ABPM, are expensive, and
it is currently unrealistic to apply them to many individuals including normal
and healthy ones. We still must largely depend on conventional MOBP measure-
ments, and thus we must know the reliability of the measured values.

In Japan, most workers 40 or older are required to have medical checkups, in-
cluding BP measurements, once a year by the Industrial Safety and Health Act
[31]. Nawata ef al. [32] evaluated the distributions of BP and the factors affecting
BP using a dataset obtained from one health insurance society. They found that
the factors affecting BP were age, gender, certain eating habits, daily activities,
smoking, drinking alcohol, sleeping and wages. However, the WCE and fluctua-
tions of measurements were not considered in their study. For some individuals,
BP was measured twice in a single medical checkup within a short (usually less
than 30-minute) interval.

In this study, we analyzed differences between two subsequent BP measure-
ments using the results of 17,775 medical checkups (hereafter, checkups) at which
two BP measurements were performed. First, we evaluated the distributions of
differences in the two measurements. Then, the factors affecting the differences

were analyzed using regression models.

2. Data and Distributions of Differences between the Two
Measurements

The data used in this study were obtained from one health insurance association
formed by one large Japanese corporation. The dataset includes 113,979 check-
ups of 48,022 individuals collected from April, 2013 to March, 2016, for details,
see Nawata ef al [32]. Among these checkups, BP was measured twice for both
SBP and DBP in 17,775 checkups (15.6% of all checkups). According to the rules
and guidelines of the Ministry of Health, Labour and Welfare [33], hospitals and
clinics practicing checkups may choose to measure BP once or twice in a single
check-up. These measurements give us important information about WCE and the
fluctuations of BP. It is reasonable to assume that the stress caused by measure-
ment is reduced in the second measurement because of the experience of the first
measurement. This implies that, if WCE exists, a systematic bias would appear
and the first measurement would be larger than the second one. Hence, we formed
the hypothesis that the difference between the first and second measurements (=
first-second; hereafter, “difference”) would be positive on average. If the difference
is solely caused by measurement errors, however, the expected value would be
zero. Note that we call a systematic bias in the two measurements the WCE and
the other part of the difference (= difference — bias) the “measurement error”.
The measurement error is caused by an improper measuring procedure and a ran-
dom fluctuation of BP over time with a mean of zero.

Figure 1 shows the distribution of the first and second measurements of SBP,
and Figure 2 shows the differences. The distribution is skewed toward the right.

508

K2
o5
“2:0

Scientific Research Publishing



K. Nawata, M. Kimura

The first part of Table 1 is the summary. The ages of the individuals ranged
from 39 to 74 years with mean 50.9 and standard deviation (SD) 7.4, and 14.7%
were female. The first and second measurements and their difference were 141.1
+18.9, 134.5 + 17.1 and 6.7 £ 9.9 mmHg, respectively (mean * SD). The relative
bias (= mean of differences/mean of the first measurements) is 4.7%. For the
differences, 73.7% were positive, 21.6% were negative and 4.7% were unchanged.
The t-value is 90.4 and the null hypothesis that the mean of the differences is ze-
ro is rejected by a reasonable level of significance. Moreover, 35.8% of the differ-
ences were 10 mmHg or greater while only 3.5% were —10 mmHg or less. In other
words, our result supports the existence of WCE for SBP even if measurements
were performed in a very short interval. Moreover, SD of the difference is almost
10 mmHg. This means that BP fluctuates a great deal for many individuals even
within a short period.

Figure 3 and Figure 4 show distributions of the first and second measurements
and their difference for DBP. The summary is given in the latter part of Table 1.
The first and second measurements and their difference were 89.4 + 12.6, 84.5
11.8 and 2.4 = 5.9 mmHg, respectively. Among the observations, 63.4% were

positive, 27.6% were negative and 9.1% were unchanged. The t-value is 55.4 and
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Figure 1. Distributions of first and second measurements (SBP).
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Table 1. Summary of the first and second measurements and their difference.

SBP DBP
first second difference first second difference
Mean 141.2 134.5 6.7 86.9 84.5 2.4
Median 142 135 6 88 85 2
Maximum 235 233 63 184 160 82
Minimum 65 54 -62 35 30 -40
SD 18.9 17.1 9.9 12.6 11.8 5.9

SD: standard deviation, age: mean 50.9 and SD 7.4, female: 14.7%.
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Figure 3. Distributions of first and second measurements (DBP).
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Figure 4. Distribution of the difference (DBP).

the null hypothesis that the mean of the differences is zero is rejected by a rea-
sonable level of significance, as in the case of SBP. However, the relative bias was
2.4%, which is about half that of the SBP case, and 32.3% of the differences were
5 mmHg or more while only 8.6% were —5 mmHg or less. This suggests that the
WCE of DBP is weaker than that of SBP.

3. Factors Affecting the Difference

The analysis of the previous section suggests the existence of WCE. In this sec-
tion, factors affecting the differences are analyzed by regression models for both
SBP and DBP.
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3.1. Difference of SBP

Figure 5 shows the relation of the first measurement and difference. There is a
clear trend such that the difference is larger in patients with higher first mea-
surements, with a correlation coefficient of 0.439. Therefore, we first evaluated
the gross relation of the first measurement and difference by a regression model.

Model 1A:
Diff_SBP = g, + S,First_SBP+u (1)

where First_SBP is the difference of SBP, First_SBP is the first measurement and
u is an error term with mean of zero and V (u) =o”. The result of the estima-
tion of Model 1A is given by

Diff SBP =-25.19+0.2238First SBP+u, ©=0.1882, & =8.892 2)

(0.5001) (0.00352)

The standard errors (SE) are in parentheses. This means that the difference
increases by 2.2 mmHg for each 10-mmHg increment of the first measurement.

Next, we consider the model including factors that may affect the difference.
The model is given by

Model 1B:

Diff_SBP = g, + 3, First_SBP + S,Female + 5,Age + S, Height
+/; BMI+ £, Anamnesis + f;Eat_fast + f;Late_Supper
+p After_Supper + f5,,No_Breakfast + g,,Exercise
+p,;Daily_activity + 8, Walk_fast + £,,.Smoke
+ s Alcofol_freq + 5, Alcohol_amount
+p,gSleep + S, Trend +u.

(3)

The explanatory variables other than First_SBP are the same as those used by
Nawata ef al. [32] and as follows: Female (male: 0, female: 1), Age, Height (cm),
BMI (body mass index = weight (kg)/height (m)?), Anamnesis (1: with anamne-
sis; 0: otherwise), Eat_fast (1: eating faster than other people; 0: otherwise),
Late_Supper (1: eating supper within two hours before bedtime three times or
more in a week; 0: otherwise), After_supper (1: eating snacks after supper three
times or more in a week, 0: otherwise), No_breakfast (1: not eating breakfast

three times or more in a week; 0: otherwise), Exercise (1: doing exercise for 30

mmHg
80
60
e Difference

® Fitted

first measurement (mmHg)

Figure 5. Relation of the first measurement and difference (SBP).
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minutes or more twice or more in a week for more than a year; 0 otherwise),
Daily_activity (1: doing physical activities (walking or equivalent) for one hour
or more daily, 0: otherwise), Walk_fast (1: walking faster than other people of a
similar age and the same gender; 0: otherwise), Smoke (1: smoking; 0: otherwise),
Alcohol_freq (0: not drinking alcoholic drinks, 1: some-times, 2: everyday), Al-
cohol_amount (0: not drinking; 1: drinking less than 180 ml of Japanese sake wine
(about a 15% alcohol percentage) or equivalent alcohol in a day when drinking;
2: drinking 180 - 360 ml; 3: drinking 360 - 540 ml; 4: drinking 540 ml or more),
Sleep (1: sleeping well; 0: otherwise), and Trend, which is the time trend by year
and given by (year of checkup 2013).

The results of 11,850 checkups without missing values for any of the explana-
tory variables were used in this model. The mean and SD of the dependent vari-
able Dift SBP were 5.6 and 9.6 mmHg. The mean and SD of First_SBP were
138.0 and 19.1 mmHg in this case. Female, Age and Height are basic characteris-
tics of individuals, and 17.8% were female, means were 50.2 and 167.9 cm and
SD are 7.2 and 7.7 cm for Age and Height, respectively. BMI and Anamnesis
represented the current obesity and health conditions with mean and SD of 24.3
and 3.96 for BMI, and 53.7% having an anamnesis. Eat_fast, Supper_time, Af-
ter_supper and No_breakfast are variables regarding eating habits, and 34.4%,
42.8%, 12.1% and 23.5% answered “yes” for these variables, respectively. Exer-
cise, Daily_activity and Walk_fast represent exercise and physical abilities, and
16.7%, 25.6% and 38.3% answered 1 for these variables. For Smoke, 38.9% were
smokers. Alcohol_freq and Alcohol_amount represent alcohol consumption;
34.9%, 23.9% and 41.2% answered 0, 1 and 2 for Alcohol _freq, and 34.9%.
21.1%, 29.5%, 12.2% and 2.4% answered 0, 1, 2, 3 and 4 for Alcohol_amount,
respectively. For Sleep, 61.3% answered “sleeping well”.

The result of estimation is given in Table 2. As the previous model, the esti-
mate of First_SBP is highly significant and t-value is 52.16. The estimated value
is 0.235 which is very close to that of Model 1A (0.224). This means that a simi-
lar relation holds for these variables even if the various factors of individuals are
considered. The estimates of Age, BMI, Alcofol freq and Alcohol _amount are
negative significant at the 1% (Age and BMI) and 5% (Alcofol_freq and Alco-
hol_amount). These variables make the difference smaller. One the other hand,
the estimates of Female and Daily_activity are positive and significant at the 1%
level and these variables make the difference larger. Other variables were not
significant at the 5% level. Figure 6 is a graph of residuals calculated from Model
1B. The distribution is almost symmetric and systematic skewness was elimi-

nated in this model.

3.2. Difference of DBP

Figure 7 shows the relation of the first measurement and difference for DBP. Like
the SBP case, there exists a positive correlation between the two variables and the
correlation coefficient is 0.365. The gross relation of the first measurement is

given by the model.
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Table 2. Results of estimation for difference of SBP measurements (Model 1B).

Variable Estimate SE t-value
Constant —-15.6414 2.7025 —-5.7878
First_SBP 0.2347 0.0045 52.1630"
Age -0.1203 0.0121 -9.9212"
Female 1.2488 0.2971 4.2034"
Height —0.006095 0.014152 —-0.4307
BMI -0.1614 0.0224 -7.2142"
Anamnesis —-0.0642 0.1622 -0.3958
Eat_fast 0.0658 0.1736 0.3789
Late_Supper 0.0599 0.1699 0.3526
After_Supper 0.0026 0.2463 0.0106
No_Breakfas 0.0010 0.1948 0.0054
Exercise 0.3312 0.2277 1.4544
Daily_activity 0.6465 0.1945 3.3241"
Walk_fast 0.1598 0.1705 0.9372
Smoke -0.1556 0.1723 -0.9031
Alcofol_freq -0.3043 0.1475 -2.0639"
Alcohol_amount —-0.2271 0.1107 -2.0520"
Sleep 0.0269 0.1657 0.1626
Trend —-0.0444 0.0942 -0.4709
R 0.193
G 8.613

SE: standard error, *: significant at the 5% level, **: significant at the 1% level.
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1200
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Figure 6. Distribution of residuals in Model 1B.
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Figure 7. Relation of the first measurement and difference (DBP).
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Model 2A:
Diff SBP =-12.29+0.1694First SBP+u, K = 0.1320, & = 5.479. (4)

(0.2862) (0.00326)

where Diff DBP is the difference between the first and second DBP measure-
ments and First_ DBP is the first DBP measurement. Next, we consider the fol-
lowing model that contains variables that may affect Diff DBP, Model 2B:

Diff DBP = g, + g, First_ DBP + g,Female + ,Age + p;Height + 5,BMI
+/;Anamnesis + S, Eat_fast + g,Late_Supper + 5, After_Supper
+5,,No_Breakfast + 5,,Exercise + f,,Daily_activity + 5, Walk_fast (5)
+pisSmoke + S, Alcofol_freq + 5, Alcohol_amount + S,;Sleep
+f, Trend +u.

The explanatory variables other than First_DBP were the same as in the case
of SBP (Model 1B). The result of estimation is given in Table 3. The estimate of
First_DBP is 0.1766 and similar to the result of Model 2A and the relation be-
tween Diff DBP and First_DBP does not change much even if we consider var-
ious characteristics of individuals. The estimates of Age, BMI, No_Breackfast,
Alcohol_amount, and Sleep are negative and significant at the 1% (BMI and Al-

cohol_amount) and 5% (other variables). On their hand, the estimate of Female,

Table 3. Results of estimation for difference of DBP measurements (Model 2B).

Variable Estimate SE t-value

Constant -8.7721 1.6985 -5.164
First_DBP 0.1766 0.0042 42.2593"
Age -0.0157 0.0075 -2.1009"
Female 0.9135 0.1870 4.8864"
Height —0.009699 0.008906 —-1.0890
BMI -0.0633 0.0140 -4.5194"
Anamnesis -0.1085 0.1020 -1.0636
Eat_fast -0.0146 0.1092 -0.1337
Late_Supper -0.0051 0.1069 -0.0476
After_Supper —-0.0287 0.1550 -0.1850
No_Breakfast -0.2570 0.1226 -2.0961"

Exercise 0.2777 0.1434 1.9373

Daily_activity 0.0181 0.1224 0.1478

Walk_fast 0.0317 0.1073 0.2954

Smoke 0.0955 0.1085 0.8796
Alcofol_freq -0.0619 0.0929 -0.6661
Alcohol_amount -0.2112 0.0697 -3.0313"
Sleep -0.2062 0.1041 -1.9814"

Trend 0.0416 0.0592 0.7026

R 0.134
e 5.419

SE: standard error, *: significant at the 5% level, **: significant at the 1% level.
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Daily_activity are positive at the 1% level. The estimates of Age, Female, BMI
and Alcohol_amount are significant for both SBP and DBP and these variables

are considered as important variables affecting the BP measurements.

4. Discussion

Figure 8 is the relationship between the first measurement and mean of differ-
ence of SDP for male, age 50 and values of other variables are obtained means
for non-dummy variables and medians for dummy variables using the estimated
results of Model 1B. This individual is considered a typical individual in our da-
taset. The first measurement becomes larger than the second one if the first mea-
surement is over 116.4 mmHg. When the first measurements are 140, 160 and
180 mmHg, the second measurements are, on average, 134.5, 149.8 and 165.1
mmHg; that is, the use of just one measurement may result in inflated values.
We use these figures as an example because, according to the guidelines of the
WHO and the International Society of Hypertension (ISH) [34], hypertension is
classified into three categories: grade 1 (middle hypertension) when SBP is 140 -
159 mmHg; grade 2 (moderate hypertension) when SBP is 160 - 179 mmHg; and
grade 3 (severe hypertension) defined as SBP is 180 mmHg or over. The stan-
dard error of Model 1B is 8.6 mmHg, and a large measurement error remains
even if the various characteristics of an individual and WCE are considered. This
result suggests that BP is affected by mental conditions such as stress, and some-
times, fluctuates a large amount even in a short period. Hence, the BP measure-
ment should be done carefully, considering the influence of mental condition.

The same phenomenon occurs for DBP; the second measurement is lower
than the first one if the first measurement is over 66.7 mmHg. When the first
DBP measurement is 90, 100 or 110 mmHg (corresponding to grade 1, 2 and 3
of the WHO/ISH DBP criteria for DBP), the second one becomes 85.9, 94.1 or
102.4 mmHg, respectively. The standard error of Model 2B is 5.4 mmHg.

These findings suggest the possibility of not only the existence of large biases
(i.e. WCE) but also a large difference between the two measurements even after
the characteristics of individuals are corrected for. In other words, one-time
measurement may not be very much reliable, so that the results of previous stu-

dies may need to be revised [4] [5]. Measuring BP twice even in a short period

difference (mmHg)
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Figure 8. The mean of difference and the first measurement (SBP).
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might improve problems in BP measurement: Ze., both WCE and measurement
error.

In Japan, when BP is measured twice, hospitals and clinics can report the val-
ue which they think is most proper, such as an average of two measurements, as
“another value” [33]; in our dataset, 94% of reported values were averages and
6% were the minimum of the two measurements. However, the results of this
study imply that neither average nor minimum values may be proper. Although
it becomes smaller, the bias due to WCE remains if the mean is used. If the mini-
mum is used (usually the second measurement), the basic statistical theorem
suggests that the variance due to the measurement error becomes larger than the
average case. Alternative methods include i) correcting the first measurement by
Models 1B and 2B and ii) taking an average of the corrected first measurement
and second measurement.

There is no doubt that accurate and cost-effective BP measurement is essential
for determining the existence and severity of hypertension. As we described in
this paper, a single measurement has a reliability problem due to WCE and mea-
surement errors. However, more accurate measurements, such as 24-h AOBP, are
costly and difficult to perform, especially when collecting data from many indi-
viduals. Therefore, further studies are necessary to find ways to measure BP more
accurately and cost-effectively. Methods using internet technology and the de-

velopment of proper devices could provide solutions to this problem.

5. Conclusions

In this paper, we evaluated the difference between the first and second measure-
ments of BP when BP was measured twice, using the results of 17,775 checkups.
The two consecutive measurements showed large fluctuations even though they
were measured at short intervals (usually within 30 minutes) for both SBP and
DBP. The first measurements were 6.7 and 2.4 mmHg higher than the second
ones for SBP and DBP, and the existence of a white coat effect was strongly sug-
gested. Then, the factors that might have affected the difference between the two
measurements were analyzed by regression models. For both SBP and DBP, the
differences between the first and second measurements increased as the first mea-
surements increased. Age, gender, BMI and alcohol consumption are other im-
portant factors shown to affect the difference. In case of a typical individual
(male and age 50), the WHO/IS hypertension criteria of 140/90, 160/100 and
180/110 mmHg in the first measurement corresponded to 135/86, 150/94 and
165/102 mmHg in the second measurement.

We just evaluated the checkups in which BP was measured twice, and a sam-
ple selection bias might exist. The inspection interval between two BP measure-
ments might affect the difference. However, exact lengths of intervals were not
reported. Having an accurate and cost-effective BP measurement method is es-
sential for diagnosing and treating hypertension. For this purpose, the use of in-
ternet technology and development of proper devices may be important. These

are subjects to be studied in future.
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