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Poréwnujemy dwie metody zapisywania cisnienia krwi: X, - automatyczng (urzadze-
nie Avionics 1900) i X, = tradycyjng (za pomoca sfigmanometru). Prébujemy ustalié,
czy Y=12-x1. réznica miedzy tymi dwoma metodami, zalezy od 1inii odniesienia pomia-
ru x1. Nachylenie linii zstepnej Y=n+bx1 jest negatywne. Po dostosowaniu réznicy Y
do wyniku" regresji do wartoéci éredniej" nachylenie réwna sig O.

We compare two methods of blood pressure recording: 11—autonatic (Avionics 1900
device) and Xa-traditional(by sfigmanometer). We investigate whether Y = x2-x1. the
difference between these two methods, depends on the baseline measurement o The
slope of the regression line Y = a+hx1 is negative. After adjusting the difference Y
for the ,regrgssion to the mean" effect the slope becomes 0.

1. THE BIOMEDICAL PROBLEM

Traditionally blood pressure {(BP) is recorded by a mercuriasl sfigmano-
meter, In DCLMED blood pressure is recorded automatically by the Avionics
1900 device connected directlv to the computers core. The problem arose:
are these two recordings comparable? Formally the two methods measure the
same biological phenomenon, none the less practically they might give
values shifted by some constant value. There are also some technical rea-
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sons bv which the difference between these two methods might depend on the
magnitude of the true value of the blood pressure. To clarify these dou-
bts and to make the measurements recorded in DOLMED comparable to others
recorded traditionally, an experiment was conducted. For n, = 119 men and
n, = 117 women the blood pressure (systolic and diastolic) was measured
in a randomized sequence 6 times: by the two methods mentionned above
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Fig. 1. Graphical presentation of mean values by glyphs



(automaticaand traditional) and in 3 positions (standing, sitting, lying).
The data collected in this way were subjected to statistical analysis
with the aim to establish statistical dependencies between the measure-
ments recorded automatically and traditionally. There was also an attempt‘
to establish the main effects of methods and positions, This was done Dby
analvsis of variance (two-factor design with repeated measurements) and
analvsis of regression. The results are reported by Bartkowiak, Ruta, Wo=-
darczvk (1985), The means of the 6 values of blood pressure (systolic and

diastolic) recorded for men and women are shown in the form of glyphs in

Figure 1,

On the right side of the glyph we have men and on the left side women,
We can see a difference between men and women: the values of BP for women
are generally lower than those for men., The recordings by the automatic
method are marked with a solid line, and those obtained by the traditional
method with & dashed line.Generally, the traditional method gives  higher
values th=n the automatic one (preference by man for rounding up to higher
values?). '

From an analvsis of variance, as reported by Bartkowiak, Ruta, 'odar-
czyk (1985), .it follows that the effect of the method of recording BP is
statistically significant with P.<.0. 01 ({except for b.p. systolic in men,
where P = C.08), Moreover the effect of the position is generally also
statisticallv significant (P < 0,001 for BP systolic for men and women;
P = 0.04 for BP in men and P = 0,18 for BP systolic in women). ?

Principal component analysis (performed using the program .UiLNA from
the SABA nackage, part 1I, developed by Bartkowiak, Krusinska (1965)) shows
that the method of the recording has a stronger effect on the difference
between the measurements - in comnarison with the positions in which the

measurements are recorded.

2. ASSESSING THE DIFFERENTIAL EFFECT OF TWO METHODS
OF RECORDING ARTERIAL BLOOD PRESSURE

2,1, TESTING BQUALITY OF VARIANCES FOR PAIRWISE DEFENDENT ORSERVATIONS

Suppose X1, X? are random variables denoting BP measurements recorded
automatically and traditicnally. Suppose further, that these variables are
distributed biveriate normallvy:

X n A G.G.
LT e M g 912. (1)

v 2
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P By P we mean the probability of rejecting under Ho the hypothesis HgA): u% =

O% when testing the statistical difference between methods, and hypothesis HgB):

s ﬂ1 = Bz = ﬁ} when testing the statistical difference between positions.
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To test the hypothesis Hyt &= O we may use the classical (paired) t-
~-test.

To test the hypothesis H{®): 52=62 ome is warned against using  the
classical F-test (the observations of X1 and X2 are dependent!). We can
use here the Pitman-Morgan test (Pitman (1939)), Morgan (1939)).Its idea
is as follows: Let us consider  the rapdom varigbles U1 and UZ’ where

Uy = X5, Uy = XX, (2)

The Jjoint distribution of U1, U2 is bivariate-normal:
2 2
A 6F40542p6,6, ©5-02 i
A .
3 2
U2 d 6'2 621' 61+6§-29615'2

Testing G, =G, 1s the same as testing PU1,UZ = 0. Since U, and U, are

Jointly normal, the likelihood test of Py ", = 0 is the usual test based
1
on

; 1/2
T - (“‘2)1/2"111,02/ (1-:-51.1,2) ¢ : (4)

which, under Hga), is distributed as tnaz'
Berry et al, (1984) notice, that the test (4) is algebraically equiva-
lent to T defined as follows:

S S
T = %(n-.e)”z(g% - 5%) /(1-x?)1/2, (5)

where r, s1, 32 are the usual maximum likelihood estimators of P 61,62
from (1).

For our data we.do not reject the hypothesis Hga). It follows, that the-
re is no reason for rejecting the assumption that the BP measurements
read automatically and in the traditional way are samples from distribu-
tions with the same variancés G% = Gg = 62.

A more detailed analysis of the variances in the design with pairwise
dependent observations recorded in several groups of data using . simulta-
neous test procedure will be presented in a forthcoming paper by  Bartko-
wiak (1987),

2,2, TESTING HCMCGENEITY OF THE DIFFERENCES BETWEEN CBSERVATIONS RECCRDED
AUTOM/TICALLY AND IN THE TRADITIONAL WAY

As was stated above in § 1, the differences between observations re-
corded automatically and in the traditional way are statistically signi-
ficant, J

We now want to investigate the difference between these measurements,
It could happen that this difference depends on the magnitude of the re-
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corded blood pressure, For example, for people with large values of ar-
terial BP the expected difference could be larger than for people having
low values of RBP, Another possibility is that the differences are homo=-

genous and do not depend from the magnitude of the recorded BP.

Suppose we observe the variables x1 and x2. X1 being BP recorded auto-
matically, and X, being BP recorded in the traditional way. We want to
find whether the difference Y = X,-X, depends on X,,the BP recorded auto-
matically. At this instance there is no preference for taking x1 or x2 as
the dependent variable (in § 2,1 it was stated that botn variables have
variances not differing statistically). We plot Y against X, and try’ to
estimate the functional relationship between these two variables. In  the
following we shall call the variable X, the baseline variable. Suppose
this relationship is linear.

We first estimate this relationship by a regfession line Y = a+bx1 with
the parameters a, b estimated by the least squares method. Next we look
at the estimates of the parameters a, b. The parameter a (also called
intercept of the regression line) determines the constant part of the
difference Xp=Xqe This is the part of the difference Y that does not de-
pend on the baseline measurement.

The parameter b (also called slope of the regression line) expresses
the dependence of Y on x1. Should the value of h be O then there would be
no dependence on the baseline X1. A negative value of b indicates that
the (expected) difference Y decreases with increasing X1. One would = Dbe
tempted to say that for people with increased BP the difference between
the two methods of BP recording is expected to be smaller than for people
with low BP, But, before coming to this conclusion, we should introduce in-
to the (estimated) slope b a correction allowing for the removal of the
nregression to the mean" effect,

The name of this effect comes from Galton., He observed in 1886 the di-
fferences in hight of fathers and sons, He stated that sons of high
fathers are generally gmaller than would follow from the corralation bet-
ween the hights of fathers and sons. He called this phenomenon ,regres-
sion to -the mean",

In the next section of our paper we consider this effect in more detail.

1

2,3, THE MATHEMATICAL BACKGROUND OF THE PHENOMENON ,REGRESSION TO THE MEAN"

Let X,y X, be random variables distributed bivariate normal as given by
formula (1). Let Y = X2~X1 be the difference of these variables., It can be
shown that the conditional expectation of the difference Y is given by
the formula

B{05x0)/%,} = 8-1-g0) 5y, ©

where © = 6,/6,. This formula may be found in Berry et al. (1984).



It means, e.g., that for a given x1> n the difference Y is expected to
be lower than d by (1-P6)(x1-p), and given x, { pn, the difference Y is ex-
nected to be higher than.§ by -(1-ge)(x11p). Hence the measurement X, =x
is said to contain a regression effect (1-9@)(x—p}. Since the regression
effect is zero for X, = M, this effect is known as regression to the mean,
Tt follows that, except for the case when p€ # 1, it is natural to expect
that the difference Y depends on the baseline measurement X1. For our
data, with €21.0 and p positive, the slope (1-99) of the regression 1line
Y = a+bx is expected to be negative. Therefore, for people with increased
EP we should generally observe smaller differences between the two methods
of BP recording than for people with low BP. This follows from the assu-
med model with bivariate normality of the underlying distribution.

“le now wish to establish the speeific influence of the two methods on

the observed difference Y, It follows that we should remove the pregres-
sion to the mean" effect expressed by formula (6)and observe a trans-
formed variable Y free from this effect. The dependence of this new

variable Y on the baseline measurement X1 will indicate a genuine effect
of the methods of recording BP on the observed difference between values
of BP recorded by these methods.

Td remove the regression to the mean effect we define a new ~ random
variable ? as follows:

X = xz-:<1'+(1-pe)(x1-p). (7)

The conditionsl expectation of ¥ given X1 equals §, i.e.

B(Y/X,} = §.

( > '
It gb“': G2 =62 1is true, then the maximum likelihood estimators of &5 =
2
=6, =G" are
T 1
G = (31 +5p ),
and
-~ A
p = rS1S?/GZ,
where Sﬁ, S; and r are the usual unrestricted maximum likelihood esti-

/ 2 2
. mators of G%, 65 and p respectively.

3. RESULTS OF CALCULATIONS FOR THE DATA

Cur goal was to investigate the differential effects of two methods of
PP recording, Ve had observations for svstolic and diastolic blood pre-
ssure recorded in men and women, For each person the measurements were
t~ken in 3 nositions, In the following we denote by Xqs X5 X3 the BP mea-
surements recorde? nutomntically in the pesitions: standing (X1),
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sitting (X,), and lying (x3). By X, Xgs Xg we denote the measurements
recorded in the traditional way. From these variables we form the differ-
ences:

Yy o= XXy, Y = Xg=Xp, Yz = XgXs.

We take as the baseline the variables ¥,;, X5, X3 (recordings done auto=-
matically). For each of the four groups of data (systolic blood pressure,
diastolic blood pressure for women, men) we plot the regressions

Y1 versus X1,
Y, versus X,
Y3 versus X3.

An example of the plot (diastolic BP for men) is given in Figure 2.
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Fig. 2. Unadjusted difference Y = xz-x1 against x1.Hu1tipIe points signed by ,0"

We should note that the observed BP values were rounded up to integers
with the last digit 5. Therefore on Fig. 2 (and later also on Fig. 3) the
plotted points appear on a grid. Single points are marked by X", . and
multiple points by ,0". The plot was made by the linenrinter of the ODRA
1305 computer using the program SCAT from the package SABA, part II, *de=
scribed bv Bartkowiak and Krusiriska (1985,.
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Next we calculated the estimates of the parameters a, b of the regres-
sion 1line Y = a+bx, Here we used the least squares method,

For each regression we tested the hypothesis HO : b = 0 using the cla-
ssical F-test (see, e.g. Bartkowiak, Krusiriska (1985)). First we cal-
culted

F, = SSR/(SSE/(n=2)), (8)
: Sl - 1 ~Aa 2 5 is the sample
where SSR = b 2, (y,~7)(x,~%), SSE = J_ (y,-a=bx,) * anp
e W A P R
size, ¥4y Vpseess ¥, and X4y X5peeey X, are the observed values of the

variables Y and X. Under Ho the statistic F given by (8) has a F  distri-
bution with vy =1 and v, = n-2 degrees of freedom. Next we calculated

P = P(F>F /Hy). (9)

Small values of P testify against Ho.
The results of the calculations are given in Table 1.

Table 1. Coefficients of_ the regression line Y = bx+a and ¥ = bx+a
where Y is the observed, and Y the adjusted (according to formulas (7)5
difference between two b.p. measurement recorded on the same person. P is
given in formula (9). 9(:1,13) is the correlation of the variables enter-
ing in the difference Y.

Difference | Y observed Y adjusted
Y e xj_'xj) :
’ b ] 3 ‘Iﬁ B b 147 a ] )3
Women, b.p. systolic
Y = Xh-x‘l .8968 -, 102 16.77 01 -, 000 3+55 L 1,00
Y = X=X, +9153 -.041 10,81 .30 -.001 5.50 0.92
Y = X6-X3 9021 -.045 11.99 30 -.003 6.34 0.90
Men, b.p. systolic
Y = XA-X1 « 8640 -,222 30.66 .00 -.000 0.63 1.00
Y = XS-X2 . 8880 -«135 21.16 .00 .002 2.1 0.92
Y= X6-X3 « 8942 -.099 16.20 .02 . 004 1.57 0.89
Women, b.p. diastolic .
Y= XA-X1 .7688 =177 18,28 .01 . 000 3.80 1.00
|Y = XS-XZ «8147 -.025 4,99 «70 -.003 3.11 0.92
Y= )(6-)(.5 . 7866 -.205 18,28 .00 -. 044 4,55 C 47
Men, h,p. diastolic
Yom X4-X1 6634 =344 42541 .00 .0C0 3+07 1.0C
Y = XS-X2 .6739 =-+329 30.99 .00 -,016 [’3.71 0.80
Y= x6-x3 7738 =247 22,80 .00 -.024 3.38 C.7C
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We see that all estimates of slopes of the regression lines Y = a+bx
are negative, For 9 out of 12 regressions the P values are very small,
whence it follows that the hypothesis H,: b = O should be rejected. As
stated in § 2,3, this could be expected from the correlations between the,
measurements. Therefore the negative slopes of the regression lines Y=
a+bx are natural as due to the "regression to the mean" effect.

To clarify whether there is any genuine differential effect due to the
methods of recording the measurements, we should remove the ,regression to
the mean" effect., We do it by calculations of the adjusted difference Y
defined ‘by formula (7). Next we again plot Y against the appropriate ba-
seline measurement and calculate the coefficients a, b of the regression
You a+bX, The-estimates of the coefficients a, b are given in Table 1. An
example of the plot of the adjusted difference ? against the baseline X1
(dinstolic BP for men) is given in Figure 3.
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Fig. 3. Adjusted difference ¥ against i1. Multiple points signed by ,0"

We see that the values of b are almost ideally equal zero, It follows,that
now the adjusted differences ¥ do not depend on the baseline measurements,
hence the differencés of the recordings obtained by both method are homo-
geneous with respect to the magnitude of the baseline measurements,
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4. FINAL REMARKS

Our conclusions in § 3 were based on the assumption that the distri-
butions of the variables observed in our experiment are normal., Generally
this is not true for arterial blood pressure, Nonetheless we should state
that our distributions do not correspond exactly to the distributions of
arterial BP in the population of adult men and women, Our samples were
specially enlarged in the intervals corresponding to higher values of BP
The closeness of our obserwations of the BP (systolic and diaétolic) to
the normal distribution was investigated in the paper by Bartkowiak, Ruta,
Wrodarczyk (1985), They stated that the assumption of normality is not
grossly violated for tne underlying data. Therefore we can conclude that
our data fit into the model presented in § 2 and we are justified to draw
the conclusions stated in § 3.

Bome considerations in the case of nonnormal underlying distributions
can be found in a paper by Das and Mulder (1983). :

Another recent investigation of the ,regression to the mean" effect
with extensions to non-normal medels, appiied also to some blood pressure
data, but in a CHD (coronary heart disease) context, is reported by Dobson,
Beath and Shaerer (1986).

REFERENCES %

Bartkowiak, A,, Ruta, R,, Wtodarczyk, W. (1985). Assessing relationships
between automatic and traditional blood pressure measurements (in
Polish), Czowiek, Populacja, Srodowisko, Prace D.C.D.M. DOLMED,Wroctaw
12, 49-92, ' .

Bartkowiak, A. (1987). Testing equality of errors of two measurements de-
vices carried out for pairwise dependent observations on the example
of blood pressure. Paper prepared for the 4th IMEKO conference nAdva=-
nces in biomedical measurement", Bratislava May 17-20, 1987.

Bartkowiak, A. and Krusiriska, E, (1985), SABA, An Algol package for sta-
tistical computing - part II. Report N-151, Institute of Computer Scie-
nce, Wroctaw University, October 1985,

Berry, D.A,, Eaton, M.L., Ekholm, B.P,, Fox, T.L.(1984). Assessing differe-
ntial drug effect, Biometrics 40, 1109-1115, :

Das, P, and Mulder, P.G,H, (1983). Regression to the mode. Statistica Neer-
landica 37, 15-20, )

Dobson, A.J., Beath, K.J., Shearer, V. (1986). Regression to the mean.In:
Francis, Manlv, Lam (eds.), Pacific Statistical Congress, Elsevier
Science Publishers, North Holland, 1986, 62-64,

Morgan, W.A. (1939). A test for the significance of the difference between
the two variances in a sample from a normal bivariate population, Bio-
mefrika 31, 13-39, (reference after Berry et al.)

Pitmen E,J.G. (1939).- A note on normal correlation, Biometrika 31, 9=12,
(reference after Berry et al.)



