Figures 4(c) and 4(d) illustrate the effects of the feed forward mechanism on systolic blood
pressure. When pulmonary venous compliance is 1/10™" normal, greatly reducing the damping of
peaks and valleys in right ventricular output, the systolic oscillations are much greater. (A similar
state may well occur in patients with congestive left heart failure, when pulmonary venous
congestion and distension stiffen the walls of the pulmonary veins, reducing their compliance;
although the effect could well be blunted by reduced myocardial contractility.) When pulmonary
venous compliance is ten times normal, greatly increasing the damping of peaks and valleys in
right ventricular output, the systolic oscillations are much less. (A similar state might well occur
in hypovolemia, when pulmonary venous unloading causes walls of pulmonary veins to become
more compliant; although the effect could well be blunted by reactive increased adrenergic drive
and increased myocardial contractility.)

Figure 5 shows the corresponding control simulation for a steady, regular rhythm at 75 beats/min
(median and mean cycle length = 0.8 sec). Both systolic and diastolic pressure levels are steady

and uniform. This state defines the “true” or control systolic and diastolic pressures for purposes
of this study, namely, the systolic and diastolic pressures that would be measured under identical
physiological conditions in the absence of atrial fibrillation.

Figure 5. Time domain record of arterial pressure, venous pressure, and cuff pressure in the
standard normotensive model with regular rhythm at 75 beats/min. Parameter values are
identical to those in Figure 4.
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Figure 6 is a similar time domain plot for a hypertensive model during simulated atrial
fibrillation. In this model peak left ventricular pressure is increased, peripheral resistance is
doubled, and aortic compliance is halved. A similar pattern of irregularly irregular beats is
obtained. In this simulation the constancy of average systolic pressure levels is maintained,
despite gradual beat-to-beat fluctuations. However, the randomness of the diastolic pressure
levels is exaggerated in the presence of larger pulse pressures and steeper slopes of “diastolic
runoff” of aortic pressure. In this example the last Korotkoff sound near 40 sec in the time
domain occurs at a cuff pressure near 93 mmHg.
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Figure 6. Time domain record of arterial pressure, venous pressure, and cuff pressure in the
hypertensive model. Parameter values are identical to those in the normotensive model except
as follows: Rp twice normal; Cao one half normal; PmaxLV 140 mmHg.

Figure 7 shows the control, regular rhythm time domain plot for the hypertensive model, in
which the heart rate is kept constant at the median value. The “true” or gold-standard diastolic
pressure that would have been obtained in the absence of the arrhythmia is 98 mmHg, suggesting
that in the presence of atrial fibrillation and hypertension the measured diastolic pressure is
underestimated using the cuff-based, auscultatory technique. The cardiac output, however, is
reduced from 5.3 to 3.3 L/min in the hypertensive model.
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Figure 7. Time domain record of arterial pressure, venous pressure, and cuff pressure in the
hypertensive model with regular rhythm. Parameter values are identical to those for Figure 6.

Histograms

To explore the lack of accuracy (measured minus “true” value) and lack of precision (standard
deviation of repeated measurements) series of 100 separate trials of simulated cuff deflation were
tested for both the normotensive and hypertensive models. In these trials each AV-delay time
and corresponding total cycle length was selected randomly from the peaked triangular
distribution of Figure 2 and Appendix 1, which describes published histograms of cycle times in
patients with atrial fibrillation[11], having a specified heart rate and a specified range of cardiac
cycle lengths.

Figures 8 and 9 show histograms of simulated auscultatory blood pressure measurements for the
normotensive and hypertensive models, based on the criteria that the systolic end-point is the
cuff pressure at the time of the appearance of the first Korotkoff sound (when cuff pressure is
less than maximal arterial pressure for the first time) and the diastolic end-point is the cuff
pressure at the time of the appearance of the last Korotkoff sound (when cuff pressure is greater
than the minimum arterial pressure for the last time). To simulate repeated trials in a clinical
setting, the starting point of cuff deflation in time is chosen randomly over the interval of t = 5.0
to 7.0 sec after the onset of pumping. The vertical axes represent the empirical probability
density function, and are scaled so that the areas under each histogram, describing either systolic
or diastolic endpoints, equal 1.00 exactly. In these simulations the rate of cuff deflation rate is 3
mmHg/sec. Straight vertical lines represent the actual or true values of systolic and diastolic
blood pressure.
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Figure 8. Histograms demonstrating accuracy and precision of auscultatory blood pressure
measurements in the normotensive model simulating atrial fibrillation (a), and corresponding
regular rhythm (b). Curves represent distributions of measured systolic and diastolic
endpoints; vertical lines represent actual values of systolic and diastolic pressure.
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Figure 8(a) shows the distributions of measured systolic and diastolic endpoints for the
normotensive model with atrial fibrillation. Figure 8(b) shows the distributions of measured
systolic and diastolic endpoints for the normotensive model with a regular rhythm at 75
beats/min. Note the differing vertical scales of probability density. In atrial fibrillation there is
variability in the systolic, and especially in the diastolic end-points. The straight vertical lines
indicate the maxima and minima of the time domain functions of arterial pressure over the time
range of 10 to 30 sec, for the stable, regular rhythm condition (i.e. true systolic and diastolic
pressures). These histograms of measured values may be used to assess both accuracy and
precision.

Accuracy refers to the agreement between the mean of measured data points and the actual value.
Lack of accuracy refers to the difference between the mean of measured data points and actual
value. The simulated results in Figure 8(a) indicate that during normotension and atrial
fibrillation, auscultatory blood pressure readings are underestimates of the actual values of both
systolic pressure (0.18 mmHg below actual) and diastolic blood pressure (2.41 mmHg below
actual). In contrast, when the rhythm is regular (Figure 8(b)) the auscultatory readings are
underestimates for systolic pressure (1.28 mmHg below actual systolic pressure) and
overestimates for diastolic pressure (1.12 mmHg above actual diastolic pressure).

Precision refers to the tightness, or agreement, of repeated measures of the same phenomenon.
Lack of precision is quantified by the magnitude of the standard deviation of repeated measures.
The simulated results in Figure 8(a) indicate that during normotension and atrial fibrillation
systolic blood pressure readings are moderately precise; however, diastolic blood pressure
readings are substantially less precise. The coefficient of variation (standard deviation/mean) of
systolic readings is 1.98 percent. However, the coefficient of variation for diastolic readings is
4.67 percent in this example. In contrast, when the rhythm is regular (Figure 8(b)) the
coefficients of variation for systolic and diastolic pressure measurements are each less than 1
percent (0.53 and 0.93, respectively).
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Figure 9. Histograms demonstrating accuracy and precision of auscultatory blood pressure
measurements in the hypertensive model simulating atrial fibrillation (a) and corresponding
regular rhythm (b). Curves represent distributions of measured systolic and diastolic
endpoints; vertical lines represent actual values of systolic and diastolic pressure.
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The lack of accuracy in auscultatory measurements of diastolic arterial pressure is greater in
hypertension than in normotension, as illustrated in Figure 9. As before, with a regular rhythm,
the auscultatory method slightly underestimates systolic pressure and slightly overestimates
diastolic pressure. However, with atrial fibrillation there is a significant underestimation of
diastolic pressure, which in this example is 2.99 mmHg.

Cuff deflation rate dependence

As shown in Figure 10, the degree of inaccuracy in the numerical hypertensive model with atrial
fibrillation is dependent on the rate of cuff deflation in an interesting way. Whereas it is well
known that the accuracy of auscultatory readings decreases with faster cuff rate deflation during
a regular rhythm[22,23], with atrial fibrillation the accuracy of diastolic readings actually
increases with faster deflation. This phenomenon appears to happen because, as cuff deflation
rate increases, the expected number of beats with below average diastolic pressure decreases.
The cuff pressure “powers past” a zone of even lower diastolic pressures after the last Korotkoff
sound is heard. Alternatively, with very slow cuff deflation, described by a nearly horizontal
cuff pressure versus time curve, it is likely that one of the lowest diastolic pressure points will be
detected, causing a maximally large underestimate of true diastolic pressure. (A more exact
formulation of this idea can be found in Equations (14) and (18), which show that the expected
number of Korotkoff sounds in a given late diastolic time interval is inversely proportional to the
cuff deflation rate, r.)
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Figure 10. Numerical computations of the errors in accuracy as a function of cuff deflation
rate for the hypertensive model with atrial fibrillation. Parameters as in Figure 6 unless
otherwise noted. SBP = systolic blood pressure; DBP = diastolic blood pressure.

Analytical solutions

To explore the full matrix of possibilities regarding the accuracy of diastolic readings in an
efficient way, the analytical model of Equations (12) through (21) was exercised. Figure 11
shows the calculated error in accuracy of the diastolic endpoint for the hypertensive model
during atrial fibrillation.
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Figure 11. Solutions from the analytical model showing the error in accuracy of the diastolic
endpoint for the hypertensive model during atrial fibrillation. Parameter values
corresponding to those used in the numerical model are Tmax 1.1 sec, Tmin 0.5 sec, SBP 152
mmHg, DBP 98 mmHg, HR 75 beats/min, T (mean) 0.8 sec, late diastolic slope 54 mmHg/sec.

Figure 12 shows the additive correction factors required to adjust the average of 100 measured
diastolic pressures during atrial fibrillation to the true value for a typical hypertensive model, as
predicted by the companion numerical and analytical methods.
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Figure 12. Diastolic pressure correction factors. Data points represent the numerical model
of Equations (3) through (6). Smooth curves represent the analytical model of Equations (12)
through (21).

DISCUSSION

Accurate and precise measurement of blood pressure using the cuff-based auscultatory method in
patients with atrial fibrillation is difficult, owing to intrinsic variability in the pulse amplitude,
caused by the arrhythmia. There are complex beat-to-beat variations in ventricular rate, filling
volume, afterload, and ejection, which make determination of the auscultatory endpoints
challenging. The present paper presents a physics based and physiology based theoretical
analysis of the accuracy and precision of auscultatory measurements of blood pressure in the
presence of atrial fibrillation.

The patterns of variability in the computed time domain waveforms for arterial blood pressure in
the present study (Figures 4 and 6) are very similar to those reported previously in human
patients[3,5,19-21,24], providing clinical validation of the present mathematical modeling
approach. There is also remarkable similarity with the original animal study of Lewis[25] in the
year 1912, which included a smoked drum recording of blood pressure in an anesthetized cat
after the "auricle was faradized" with asymmetric alternating electric current, produced by an
induction coil, to cause transient atrial fibrillation (Figure 13).
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Figure 13. Reproduction of the original recording by Lewis[25] of blood pressure during
electrically induced atrial fibrillation in an anesthetized cat, showing irregular fluctuations in
both systolic and diastolic pressure. Arrows and also high frequency artifacts in the
electrocardiogram (lower channel) indicate the period of faradic stimulation.

The present modeling results are consistent with a much more recent clinical study of Olbers and
coworkers[3], who described high beat-to-beat blood pressure variability in patients with atrial
fibrillation compared to those with sinus rhythm. They found that systolic beat-to-beat blood
pressure variability roughly doubled in the atrial fibrillation group compared to the sinus rhythm
group; whereas diastolic beat-to-beat blood pressure variability was approximately 6 times as
high in the atrial fibrillation group compared to the sinus rhythm group. These measures of
variability correspond to those reported here in Figures 8 and 9. Measured systolic arterial
pressures tend to be relatively accurate but imprecise. However, readings of diastolic arterial
pressure are both inaccurate and imprecise.

Lack of accuracy in the diastolic endpoint is the more vexatious problem in the diagnosis of
patient with mild hypertension and perhaps also in the medical management of patients with
established mild, moderate, or severe hypertension. (Although, it is possible that larger
variations of treatment effectiveness and timing in the medical management scenario may tend to
mask variations caused by the atrial fibrillation itself[26].)

One approach to dealing with such variability is to discount diastolic readings and base
assessment of hypertension in patients with atrial fibrillation only on multiple measures systolic
pressure. Another approach, suggested here, is first to measure pressure several times in the
usual way, and use the middle values for systolic and diastolic pressure. (Note here the
importance of complete cuff deflation between readings and of raising the arm to drain excess
trapped venous blood in order to prevent the build-up of excessive venous back-pressure
between readings[8,23].) Then, second, apply a formula-based correction factor, c, to the
median measured diastolic value, using the algebraic expressions of Equations (22) and (23):
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c=|sla—""{(n + Da"|s|T,

where

P P
sl =2n(32),
T P4

Ps = the median measured systolic pressure,
P4 = the median measured diastolic pressure,
n=25,

a = the half range of cycle length values,

r = cuff deflation rate, and

T = mean cycle time.

Nowadays, it is easy to imagine and to implement a simple cell phone-based application to

compute the correction factor. Moreover, an automated blood pressure measuring system might

be able to estimate the width, 2a, of the distribution of cardiac cycle lengths from the standard

deviation of recorded time intervals between Korotkoff sounds, allowing automatic computation

of the correction factor. This approach holds promise for estimation of “true” systolic and
diastolic pressures in patients with atrial fibrillation, even in the presence of large variations in
pulse rate and pulse pressure introduced by the arrhythmia itself.
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APPENDIX 1: Peak probability density x range product as a measure of the exponent for
a peaked triangular distribution

Peaked triangular distributions can be described by a family of cumulative probability density
functions for the upper halves of the distributions having the form

F(u) =1—u", (24)
where
u= TmaX_T , (25)

a

T is the instantaneous time from the preceding R-wave, Tmax is the maximal possible of T, and
2a = Tmax — Tmin IS the complete range of cardiac cycle times during atrial fibrillation. In turn,

du 1

ar ~  a’ 20
The probability density function for the upper half of the distribution in the u-domain is

fw) = -5 =Zu"t. (27)
The probability density function in the T-domain is

f(T) = =-5 5 =xu. (28)

When cycle length, T, equals the mean value, then the probability density is at its peak value,
and u=a/a=1. So, the exponent

n = 2a- f(Tpeax) - (29)
Thus, for experimentally measured distributions of cycle lengths, T, as reported in the

literature[11], the empirical value of the exponent, n, can be estimated as the product of the
empirical range of cycle lengths, 2a, and the peak probability density.
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APPENDIX 2: Late diastolic slope in terms of clinical data

Let Ps be the measured peak systolic pressure, occurring at time ts, and P4 be the measured
diastolic pressure, occurring at time tg. The diastolic phase of any particular arterial pressure
pulse in the time domain can be described approximately by the falling exponential function
P(t) = Pe~ %)/ (30)

where t is the exponential time constant. This expression can be solved for t, and in turn for

the magnitude of the late diastolic slope, ‘(d—P) , as follows.
dt/ ¢,
P
In (P—d) = —(tg — t)/T, (31a)
= td—P'Zs _ (31b)
ln(a)
Now,
(td_ts) Pg
dpP 1 (fa— 1 ———=In|5>
1= |(%), | = 2Rt 2 (32)
or
In(2s)  a-te), (Pq\y  In(Es
Is| = Mpse tq-ts ln(ps) _ n(Pd) Py (33)

tg—ts ta—ts
Practically, one can estimate the average value of the difference tq — ts for the measured diastolic

end point as T = 60 divided by the average heart rate in beats/min. Thus, a reasonable clinical
estimate of the absolute value of the slope would be

|s| = PTlen (E—:) . (34)
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