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Abstract

At rest the proportion between systolic and diastolic periods of
the cardiac cycle is about 1/3 and 2/3 respectively. Therefore,
mean blood pressure (MBP) is usually calculated with a stand-
ard formula (SF) as follows: MBP = diastolic blood pressure
(DBP) + 1/3 [systolic blood pressure (SBP) — DBP]. However,
during exercise this proportion is lost because of tachycardia,
which shortens diastole more than systole. We analysed the
difference in MBP calculation between the SF and a corrected
formula (CF) which takes into account changes in the diastolic
and systolic periods caused by exercise-induced tachycardia.
Our hypothesis was that the SF potentially induce a systematic
error in MBP assessment during recovery after exercise. Ten
healthy males underwent two exercise-recovery tests on a cycle-
ergometer at mild-moderate and moderate-heavy workloads.
Hemodynamics and MBP were monitored for 30 minutes after
exercise bouts. The main result was that the SF on average
underestimated MBP by —4.1 mmHg with respect to the CF.
Moreover, in the period immediately after exercise, when sus-
tained tachycardia occurred, the difference between SF and CF
was large (in the order of -20-30 mmHg). Likewise, a systematic
error in systemic vascular resistance assessment was present. It
was concluded that the SF introduces a substantial error in MBP
estimation in the period immediately following effort. This
equation should not be used in this situation.

Key words: recovery, exercise, cardiac output, stroke volume,
contractility.

Introduction

Mean arterial blood pressure (MBP) is the average blood
pressure in a subject during the cardiac cycle. Inasmuch
as this parameter represents the force to sustain organ
perfusion, it should be considered a fundamental cardio-
vascular variable. During dynamic exercise MBP usually
slightly rises, depending on the mode and intensity of
exercise (Crisafulli et al., 2005; 2006a; 2006b; 2007;
Higginbotham et al., 1986; Lewis et al., 1983; Miles et al.,
1984). Importantly, an acute hypotensive effect of dynam-
ic exercise has been several times reported in the period
immediately after exercise (Fleg and Lakatta, 1986; Ken-
ney and Seals, 1993; McDonald et al., 2000; Nottin et al.,
2002; Piepoli and Coats, 1994; Raine et al., 2001). Even
though the precise mechanism of this hypotension is still
to be clarified, it has been mostly ascribed to an acute
vasodilation due to exercise (Halliwill et al., 2013). It is to
be noticed that usually MBP has been calculated with a
standard formula (SF), which considers as constant the

proportion between diastolic (DBP) and systolic (SBP)
blood pressure during the cardiac cycle. In detail, this
formula is as follows: MBP= DBP + 1/3 (SBP — DBP)
(Crisafulli et al., 2003a; Crisafulli et al., 2003b; de Al-
meida et al., 2010; Coats et al., 1989; Kilgour et al., 1995;
Nottin et al., 2002; Raine et al., 2001). This assumption is
based upon the fact that at rest the proportion between
systolic and diastolic periods of the cardiac cycle is ap-
proximately 1/3 and 2/3 for the systole and the diastole
respectively. However, this is only a crude estimation.
When tachycardia occurs, as during exercise and recov-
ery, this proportion is lost, as diastole shortens more than
systole. It becomes that the SF may lead to a systematic
error in MBP assessment.

This occurrence has been already demonstrated
during exercise (Moran et al., 1995; Rogers and Oosthu-
yuse, 2000), where a substantial error (i.e. underestima-
tion) due to the SF has been detected and it has been
found to be linearly correlated with heart rate (HR). Au-
thors of the quoted study proposed a corrected formula
(CF), where MBP is calculated taking into consideration
changes in the diastolic and systolic periods by exercise-
induced tachycardia. In particular, the fraction of systole
(FS) from the heart cycle was assessed and MBP was then
calculated from DBP and the pulse pressure (PP) adjusted
for FS as follows: DBP+FS-PP (Moran et al., 1995; Rog-
ers and Oosthuyuse, 2000).

However, to the best of our knowledge, none has
to date investigated on the difference between the SF and
the CF during exercise recovery. This study was devised
to compare the SF and CF in the estimation of MBP after
bouts of exercise at different intensities. Given the sup-
posed hypotensive effect and its potential role in the
treatment of hypertension, this investigation would be
useful in a clinical perspective in order to correctly verify
and quantify this hypotensive effect.

Methods

Subjects

Ten healthy males, whose mean + standard deviation
(SD) of age, height, and mass were 29.6 + 5.7 years, 1.73
+ 0.04 m, and 72.6 = 8.2 kg respectively, volunteered to
take part in this study. All volunteers gave written in-
formed consent to participate in the present investigation,
which was performed according to the declaration of
Helsinki and approved by the local ethics committee. All
subjects were physically active who trained 4 to 6 hours
per week and were free of any known cardiovascular or
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pulmonary disease. None of them reported suffering from
post-exercise intolerance or hypotension and none was
assuming any kind of medication.

Experimental design

Before entering the study, each subject underwent a pre-
liminary incremental test on an electromagnetically-
braked cycle-ergometer (CUSTO Med, Ottobrunn, Ger-
many) to assess the workload at anaerobic threshold
(Wat) and the maximum workload achievable (Wmax).
This test consisted of a linear increase of work load of
20W/min, starting from 20W, at a pedalling frequency of
60 rpm, up to volitional exhaustion (i.e. the point at which
the subject was unable to maintain a pedalling rate of at
least 50 rpm). Oxygen uptake (VO2) and carbon dioxide
output (VCO2) were measured throughout this prelimi-
nary test and Wat was determined by using the V-slope
method (Beaver et al., 1986). The mean £ SD values of
maximum HR and Wmax reached were 195 + 4 bpm and
248.4 £ 45.3 W respectively, while maximum values of
VO, and VCO, were 3.13 + 0.27 and 4.18 + 0.31 |-min™
respectively. Wat occurred at 179.6 £ 24.7 W (i.e. 72.2%
of Wmax).

In separate days from this preliminary test (the in-
terval was at least 3 days), each subject underwent the
following study protocol, randomly assigned to eliminate
any order effect:

Recovery after exercise performed above Wat
(130%Wat test): this test consisted of a period of three
minutes of rest in the upright position seated on the cycle-
ergometer, in order to obtain baseline data; a warm-up of
three minutes pedalling at 60 rpm against a resistance of
40W; this period was then followed by exercise, per-
formed against a resistance equivalent to 130% of Wat for
10 minutes or till exhaustion, i.e. the point at which the
subject was unable to maintain a pedalling rate of at least
50 rpm. The mean power output and duration of the
130%Wat test were 233.5 + 52.3 W and 264.4 + 142.4 s
respectively. After the 130%Wmax test, recovery was
studied for 30 minutes: three minutes were active recov-
ery pedalling at 60 rpm against 40W, followed by 27
minutes of passive recovery during which the subject
remained on the bicycle without moving the legs.

Recovery after exercise performed below Wat
(70%Wat test): the same rest-warm-up-exercise-recovery
protocol employed in the 130%Wat test was used, but the
exercise was performed against a resistance equivalent to
70% of Wat and it always lasted 10 minutes. The mean
power output of the 70%Wmax test was 124.5 £ 27.9 W.

A similar protocol was already used to study dif-
ferences in cardiovascular response after tasks of various
intensities (Crisafulli et al., 2006a). In particular, we
chose these two exercise intensities to have mild-
moderate and moderate-heavy effort intensities. All ex-
periments were conducted between 9 A.M. and 2 P.M. in
a temperature-controlled room (room temperature set at
22°C and relative humidity 50%) and were spaced from
each other by at least three days. Subjects had a light meal
at least two hours before exercising.

Hemodynamic measurements

Hemodynamic parameters during the recovery sessions of
the 130%Wat and the 70%Wat tests were collected by
means of an impedance cardiograph (NCCOM 3, BoMed
Inc., Irvine, CA), a device which allows continuous non-
invasive cardiodynamic measuring during rest, exercise,
and recovery. This method has been employed in similar
studies dealing with hemodynamics during exercise and
recovery (Crisafulli et al., 2000; 2003a; 2004; 2006a;
2006b; 2007; Kilgour et al., 1995; Miles et al., 1984;
Moore et al., 1992; Richard et al., 2001; Takahashi and
Miyamoto, 1998). This technique assumes that, when an
electrical current circulates through the thorax, the pulsa-
tile aortic blood flow induces a proportional fluctuation in
electrical conductivity. Therefore, changes in thoracic
electrical impedance during systole are representative of
stroke volume (SV) (Bernestein, 1986). Our group has
previously used the impedance method in similar experi-
mental setting in order to evaluate hemodynamics during
recovery following submaximal, maximal, and supramax-
imal exercise and detailed descriptions of its rationale and
application can be found in these reports (Crisafulli et al.,
2003b; 2004; 2006a; 2007; 2011). Briefly, NCCOM 3
was connected to the subject by arranging eight commer-
cially available electrodes: two pairs were thoracic and
cervical sensing electrodes, while two other pairs were
sensing electrodes placed above the cervical and below
the thoracic pairs. By means of a digital chart recorder
(ADInstruments, PowerLab 8sp, Castle Hill, Australia)
NCCOM 3-derived analog traces of electrocardiogram,
thorax impedance (Z0), and Z0 first derivative (dZ/dt)
were stored and offline cleaned from signals affected by
movement and respiratory artifacts. Traces were then
analysed offline, paying particular attention to deriving
hemodynamic variables only from traces not affected by
impedance artifacts. This signal processing procedure has
been previously employed and, although time-consuming,
it allows the obtaining of reliable and reproducible cardi-
odynamic data estimation during various kind of exercise
and recovery (Crisafulli et al.,, 2003a; 2003b; 2004;
2006a; 2006b; 2007; 2011). Stroke volume was assessed
by using the Sramek-Bernstein equation (Bernestein et al.,
1986):

SV= (VEPT-Z0-1)-dZ/dtmax-VET

where VEPT is the volume of electrical participat-
ing tissue and was derived using a nomogram from sex,
height, and weight of the subject; Z0 was the thorax im-
pedance measured at the end of cardiac diastole; VET was
the left ventricular ejection time, measured as the interval
between the beginning and the minimum of the deflection
in dZ/dt trace during systole (Crisafulli et al., 2000; Cris-
afulli et al., 2001). HR was calculated as the reciprocal of
the electrocardiogram R-R interval and cardiac output
(CO) was obtained by multiplying SV-HR. Also meas-
ured were the pre-ejection period (PEP), identified as the
time interval between the electrocardiogram Q wave and
the beginning of the dZ/dt deflection during systole (Cris-
afulli et al., 2001), and diastolic time (DT), calculated
subtracting the ejection period (ET, i.e. the sum of PEP
and VET) from the total cardiac cycle period, assessed as
60/HR (Crisafulli et al., 2000; Marongiu et al., 2013).

Subjects were also connected to a standard manual
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sphygmomanometer for SBP and DBP assessment, which
was made in the left arm by the same physician through-
out all protocol sessions. In order to calculate MBP, both
the SF (MBPSF) and the CF (MBPCF) formulas previ-
ously described were utilised. Further assessed were sys-
temic vascular resistance (SVR), obtained by multiplying
the MBP/CO ratio by 80, where 80 is a conversion factor
to change units to standard resistance units. Thus, two
measures of SVR were obtained: SVRSF, calculated as
MBPSF/CO, and SVRCF, calculated as MBPCF/CO.

Data analysis

Descriptive statistics were performed on each variable to
confirm the assumption of normality by means of the
Kolmogorov-Smirnov test. The alpha level was set at
P<0.05. Difference in absolute hemodynamic values at
the third minute of rest preceding the two exercise tests
were found out by the paired t test. During post-exercise,
cardiovascular parameters were averaged over one minute
for the first 5 minutes of recovery (Crisafulli et al., 2003b;
2004; 2006a), and over 5 minutes for the remaining peri-
od (i.e. 25 minutes) of recovery. For statistical analysis
during recovery, changes from rest values were consid-
ered. Comparisons in cardiovascular responses during the
recovery phases of the two tests were performed using the
two-way ANOVA (factors: intensity of exercise and time)
followed by Tukey post-hoc if appropriate. The same
statistics were applied to discover differences between
MBPSF and MBPCF and between SVRSF and SVRCF
during the recovery periods from each test (factors: mode
of calculation of the variable and time). Moreover, Bland
and Altman statistics (Bland and Altman, 1986) to assess
agreement between two methods of measurement were
carried out in order to evaluate agreement between the
two modes to calculate MBP and SVR. Finally, a least-
squares regression line was fitted to the mean HR versus
the differences in MBP and in SVR provided by the two
methods of MBP calculation. Correlation was examined
using the Pearson correlation coefficient. Statistics were
carried out employing commercially available software
(Graph-Pad Prism). Significance was set at a P value of
<0.05 in all cases.

Table 1. Mean (xSD) values of hemodynamic data during
the rest periods of the 130%Wat and 70% Wat tests respec-

tively.

Variable 70% Wat 130% Wat
HR (bpm) 78 (7) 79 (8)
SV (ml) 67.5 (6.9) 66 (7.9)
CO (L-min™) 5.2 (.5) 5.1 (.6)
DT (s) .38 (.07) .39 (.08)
SBP (MMHG) 119.5(10.1) 116.0(5.1)
DBP (mmHg) 75.5 (4.9) 75.5 (5.9)
MBPSF (mmHg) 90.1 (6.4) 89 (5.7)
MBPCF (mmHg) 89.5 (6.3) 87.8 (5.5)

SVRSF (dynes-s™*.cm®)
SVRCEF (dynes-s*.cm®)

1380.1 (343.7) 1398.3 (410.1)
1377.9 (343.7) 1378.2 (388.4)

Results

All subjects completed the study protocol and none of
them experienced symptoms of hypotension after the

efforts. The Kolmogorov-Smirnov test confirmed that
data were normally distributed, and as such deemed ap-
propriate for parametric analysis. Data at rest did not
show any significant difference between the two protocol
sessions (Table 1).
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Figure 1. Changes from baseline in heart rate (AHR, panel
A), stroke volume (ASV, panel B), and cardiac output (ACO,
panel C) during 30 recovery minutes following the
130%Wat and the 70%Wat tests. A horizontal dotted line
represents the pre-exercise level. Values are mean + SD. * =
p<0.05 vs. pre-exercise; T = p<0.05 vs. corresponding time point of
70%Wat.

Figure 1 shows time courses of HR (panel A), SV
(panel B), and CO (panel C) during the 30 min period of
recovery after the two tests. Heart rate was increased with
respect to baseline during the first minute after the two
exercise sessions, with the highest increment reached after
the 130%W, Then, HR returned gradually to rest level,
without showing any significant difference between the
130%W,; and the 70%W, test. This parameter remained
higher than rest till the 25" minute after the 130%W, test,
while it returned to baseline at 20" minute of recovery
after the 70%W, test. SV (panel B) was increased as
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Figure 2. Changes from baseline in diastolic time (ADT, panel A) and ejection time (AET, panel B) during 30 recovery
minutes following the 130%Wat and the 70%Wat tests. A horizontal dotted line represents the pre-exercise level. Panel C
and D represent the percent of the total cardiac cycle duration of DT and ET. Values are mean + SD. * = p < 0.05 vs. pre-exercise; T =

p < 0.05 vs. corresponding time point of 70%Wat.

compared to baseline by both tests during the first two
minutes of recovery. Afterward, SV decreased to baseline
without any difference between tests. CO (panel C) was
increased by the exercise bouts without any difference
due to effort intensity. However, the increment in CO
lasted longer after the 130%W, than after the 70%W,, test
(i.e. till the 15" and the 5" minute of recovery respective-
ly).

Figure 2 exhibits the behaviour of DT (panel A)
and ET (panel B). In detail, both DT and ET showed an
almost identical time course: they decreased with respect
to baseline after the two exercise bouts, with the longer
decrement after the 130%W, test (till the 25" minute of
recovery) in comparison with the 70%W, test (till the 15"
minute of recovery). In addition, Figure 2 shows the DT
and ET variations, expressed as percent of the total
cardiac cycle duration (panels C and D for recovery after
the 70%W, and 130%W, respectively). From panels, it
can be gleaned that ET duration accounted to about 75%
of the cardiac cycle immediately after the two exercise
bouts, while the contribution of DT was reduced to about
25%. During the recovery period both DT and ET
gradually approached the 50% of the cardiac cycle time.
However, after the 130%W, test, ET remained higher and
DT lower as compared to the 70%W, test.

Panel A of Figure 3 illustrates SBP time course.
There was no difference in SBP values between the
130%W, and the 70%W, test, even though this variable
rose with respect to baseline during the first four minutes
of recovery after the 130%W, test, while this increment
was present only till the second minute of recovery fol-

lowing the 70%W,, test. Statistics did not highlight any
variation due to exercise or time in DBP (panel B), alt-
hough after the 70%W, test this parameter appeared to
decrease. Figure 3 also depict MBP time course calculat-
ed by the standard formula (panel C) and the corrected
formula (panel D). In both cases MBP was increased by
exercise bouts with respect to baseline. However, this
increment was more evident if the corrected formula was
applied. In detail, an increment in the order of 25 mmHg
with respect to baseline was detected at the first minute of
recovery for MBPcg, while this increment was only of
about 10 mmHg for the MBPsg. Moreover, the MBP in-
crement lasted longer for MBP¢r than for MBPse. When
the two MBP measures were directly compared (panels E
and F), statistics discovered that the SF systematically
underestimated this variable in the two first minutes of
recovery as compared to the CF, irrespectively from the
exercise workload.

Resulting from the difference in MBP calculation, the
reduction in SVR was found more pronounced when the
SF was employed in comparison with the CF (Figure 4,
panel A and B respectively). This fact became more evi-
dent when results from the two formulas were directly-
compared (panels C and D for the 70%W, and the
30%W,, respectively). In detail, immediately after exer-
cise bouts (i.e. in the first two minutes) SVR was underes-
timated by the SF.

Upper panels of Figure 5 show results from the
Bland-Altman analysis. Panel A demonstrates that the
difference between MBPsz and MBPcr was on average
—4.1 mmHg, with limits of agreement between +10.8 and
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Figure 3. Changes from baseline in systolic blood pressure (ASBP, panel A), diastolic blood pressure (ADBP, panel B), mean
blood pressure calculated with the standard formula (AMBPSF, panel C), and mean blood pressure calculated with the cor-
rected formula (AMBPCEF, panel D) during 30 recovery minutes following the 130%Wat and the 70%Wat tests. A horizontal
dotted line represents the pre-exercise level. Panels E and F illustrate the comparison of the two formulas applied at the same
workload. Values are mean + SD. * = p < 0.05 vs. pre-exercise; £ = p < 0.05 vs. MBPSF.

-19.2 mmHg. Panel B shows that the mean difference
between SVRgr and SVR¢r was —34.9 dyness™-cm™, with
limits of agreement between +80.8 and -151 dynes-s’
L.em™. Finally, panels C and D illustrate results from the
linear regression analysis. The differences in MBP (panel
C) and SVR (panel D) between values yielded by the two
calculation methods were significantly and inversely
related to HR, with the more pronounced difference found
when HR was at its highest level.

Discussion

The main finding of the present study is that the SF, often
employed to calculate mean blood pressure during the
recovery from dynamic exercise (Coats et al., 1989; Cris-
afulli et al., 2003b; de Almeida et al., 2010; Guidry et al.,
2006; Kilgour et al., 1995; Nottin et al., 2002; Raine et
al., 2001), potentially induces a substantial error in MBP

estimation in the period immediately following exercise.
Indeed, MBPg= was lower in comparison with MBPcr
during the first two minutes of recovery. This difference
was in the order of 15-20 mmHg and it was unrelated
with the exercise intensity, as demonstrated by the fact
that there was no difference in MBP level between the
130%W, and the 70%W, tests. However, after the first
few minutes of recovery, the two methods to calculate
MBP yielded similar blood pressure estimation, thereby
suggesting that they can be used interchangeably. This
result seems to indicate that only when substantial tachy-
cardia occurs there is the necessity to take into account
the fact that DT shortens more than ET in the cardiac
cycle.

In the present investigation, during the first two
minutes of recovery ET was about 70-75% of the cardiac
cycle total duration (see Figure 2, panel C and D). In this
situation HR was on average in the order of 140-150 bpm.
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Figure 4. Changes from baseline in systemic vascular resistance calculated with the standard formula (ASVRSF, panel A) and
systemic vascular resistance calculated with the corrected formula (ASVRCEF, panel B) during 30 recovery minutes following
the 130%Wat and the 70%Wat tests. A horizontal dotted line represents the pre-exercise level. Panels C and D illustrate the
comparison of the two formulas applied at the same workload. Values are mean + SD. * = p < 0.05 vs. pre-exercise; t = p < 0.05 vs.

corresponding time point of 70%Wat; ¥ = p < 0.05 vs. SVRSF.

Only when ET was at this level MBP was systematically
underestimated by the SF. Then, the contribution of ET in
the total cardiac cycle duration gradually decreased to a
level close to 50% and the two equations produced similar
MBP results. Likewise MBP, SVR were lower if calculat-
ed with the SF as compared to the CF in the first minutes
immediately after exercise bouts, when ET was at its
highest level.

The fact that the higher the HR the wider the dif-
ference between methods for MBP calculation also ap-
pears looking at results of the linear regression graph
(Figure 5, panel C), where differences between the two
methods for MBP calculation were plotted with HR.

The Bland-Altman plot reveals that on average the
SF underestimated MBP by 4.1 mmHg in comparison
with the CF, with limits of agreements between methods
laying between +10.8 and — 19.1 mmHg. Furthermore,
from the Bland and Altman plot it can further gleaned that
the higher the MBP the larger the difference between the
two methods, thereby reinforcing what previously de-
scribed and strengthening the concept that results from the
SF should be taken with caution in the presence of high
blood pressure levels, as immediately after exercise.

As concerns central hemodynamics, the behaviours
of SV and CO found in the present investigation were
similar to what reported in previous studies dealing with
recovery from exercise at various workloads (Crisafulli et
al., 2003b; 2004; 2006a). In detail, it is of note that SV
did not decrease with respect to baseline after exercise.

This fact is in agreement with the concept that SV is gen-
erally well maintained despite the reduction in central
venous pressure and cardiac pre-load which normally
takes place after exercise when subjects are seated upright
(Crisafulli et al., 2003b; 2004; 2006a; Halliwill et al.,
2000; 2013; 2014; Kilgour et al., 1995). This phenome-
non suggests that mechanisms controlling the cardiovas-
cular apparatus can successfully manage to maintain SV
in the face of an impaired pre-load and thanks to the
modulation of cardiac inotropism (Crisafulli et al., 2003b;
2004; 20064a; Kilgour et al., 1995). It should be also con-
sidered that the reduction in afterload could probably take
part in this phenomenon. Another aspect deserving atten-
tion is that, while there was no difference in the DT val-
ues between the 130%W, and the 70%W, tests, during
the first five minutes of recovery ET following the
130%W,; was lower than following the 70%W test. This
fact is probably to be ascribed to a more pronounced
enhancement in cardiac contractility after the 1309%W,
test which shortened ET more in this setting in compari-
son with the 70%W, test. Actually, it is well known that
ET is sensible to enhancement in contractility, which
shortens this time interval when cardiac pre-load and
after-load are kept constant (Crisafulli et al., 2001; Lewis
etal., 1977).

Finally, it should be underscored that present data
do not highlight any MBP drop after exercise bouts, inde-
pendently from the equation employed for its calculation.
Rather, this parameter was increased immediately after



430

Exercise recovery and blood pressure

b3

MBP

104 meant2sd

04 \\\\\ e

mean dif,

N0 SN A . TR U SRS ¥+ . 1

MBPs - MBP,; (mmHg)
=
L

T T T T 1
50 75 100 125 150 175
average MAP (mmHg)

C
MBPss - MBP ce = -0.211 HR + 17.49
. 20- r=066
= P<0.01
T 104
E
E o
&
oS -104
S -20-
L -30
o
m 404
=
-sc Ll L] L
50 100 150 200

HR (bpm)

SVR

150
100
50+
04
-50
-1004
-200+

mean+2sd

- mean-2sd

r T T 1
] 1000 2000 3000

average SVR (dynes ss”scm”®)

SVR-SF - SVR-CF (dynesss'ecm™)

D

SVRge - SVR e = -1.34 HR + 103.6

=054
P0.01

SVRgr - SVRgr (dyneses'ecm™®)

HR (bpm)

Figure 5. Bland and Altman plots of the difference between mean blood pressure (MBP, panel A) and systemic vascular re-
sistance (SVR, panel B) calculated with the standard and the corrected formulas. Panels C and D show results of the linear
regression statistics applied to HR versus the differences in MBP and in SVR provided by the two methods of MBP calcula-

tion.

the two exercise tests, to return close to baseline already
during the first recovery period. Thus, present findings
suggest that exercise bouts did not lead to any significant
hypotensive effect in our study population, i.e. physically
active healthy males. Nevertheless, this parameter showed
the tendency to slightly and gradually decrease (although
without any statistical significance) with respect to pre-
exercise level throughout recovery from both exercise
tests. This apparent reduction in blood pressure was main-
ly the effect of the SBP behaviour, which tended to de-
crease with respect to baseline throughout recovery,
reaching significance after the 70%W test, whereas DBP
appeared to be well maintained. Hence, it is conceivable
to hypothesise that the hypotensive effect (i.e. MBP re-
duction) would have been detected if the period of obser-
vation was longer. Moreover, the number of subjects
enrolled was not large enough to have a sufficient statisti-
cal power to discover a blood pressure reduction in the
order of 5-10 mmHg, a quantity often reported in the
scientific literature dealing with the potential hypotensive
effect of exercise (Eicher et al., 2010; Guidry et al., 2006;
MacDonald et al., 1999; Piepoli et al., 1993; Raine et al.,
2001). However, the present study was not set to investi-
gate on the potential effect of exercise on lowering blood
pressure. Rather, our target was to investigate on the dif-
ference between two methods of blood pressure calcula-
tion. Nevertheless, it should be mentioned that some au-
thors failed to detect any drop in blood pressure below
pre-exercise level during recovery after exercise per-
formed at various intensities ranging from submaximal to

supramaximal workloads (Carter et al., 1999; Crisafulli et
al., 2003b; 2004; 2006a; Johnson et al., 1990; Kilgour et
al., 1995; Nottin et al., 2002). Further research is warrant-
ed to better clarify this point.

It is also possible that in our investigation we did
not observe any hypotensive response because our sub-
jects were healthy and physically active persons who were
accustomed to strain and had developed specific adapta-
tions to cardiovascular recovery. This concept is in ac-
cordance with reports demonstrating that single or repeat-
ed bouts of supramaximal exercise are well tolerated by a
population specifically trained for this kind of effort
(Crisafulli et al., 2004; 2006a). It is also possible that in
our setting the exercise duration was too short to suffi-
ciently stress the cardiovascular system.

As previously stated, our finding of a significant
difference in MBP between the SF and the CF during the
recovery that immediately followed exercise was most
probably to be ascribed to the exercise-induced tachycar-
dia, which shortened diastolic more than systolic time.
Hence, a study that systematically compares MBP during
exercise employing the two methods is warranted. Actual-
ly, given that during exercise the degree of tachycardia is
even higher than during recovery, the application of the
CF during exercise may be much more important.

Limitations of the study

So far, the Fick and the dye-dilution methods have been
considered the “gold standard” for hemodynamic assess-
ment at rest, during exercise and recovery (Warburton et
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al., 1999a). However, both techniques are invasive and
potentially dangerous, so that they are not suitable for
hemodynamic investigations involving healthy subjects
who do not need invasive procedures for clinical purpos-
es. Among non-invasive methods the choice is restricted
to re-breathing, Doppler echocardiography, pulsed con-
tour analysis, and impedance cardiography, but none of
them has unanimously been considered accurate and re-
producible yet. For instance, hemodynamics estimated by
the re-breathing method requires the steady-state condi-
tion and is affected by errors arising from the difficulty in
quantifying the venous-arterial difference in CO, blood
contents. This fact limits its usefulness during maximal
exercise (Warburton et al., 1999a). On its side, hemody-
namic measurements using Doppler Echocardiography is
not very easily performed and requires a lot of practice
and skilled operators (Warburton et al., 1999b). Further,
this method tends to underestimate CO at maximal exer-
cise workloads compared with invasive measures (War-
burton et al., 1999b). In the present study we used the
impedance method, which likewise the others, suffers
from some limitations for exercise application (Warburton
et al., 1999b). Probably, the major source of errors in
hemodynamic assessment with this technique is that
heavy efforts affect impedance traces by generating arte-
facts due to legs and chest movements. To avoid this
problem we have developed a method of impedance trac-
es processing which is shown in detail in previous papers
from our Laboratory (Crisafulli et al.,, 2000; 2003b;
2004). Briefly, visual inspection of recorded signals was
performed by a skilled physician, so as to calculate hemo-
dynamic parameters only in the traces in which at least
20% of impedance waveforms were reliable. This method
is time-consuming in processing signals, but the results
during rest, exercise, and recovery have been demonstrat-
ed to be reliable and highly reproducible (Crisafulli et al.
2000, 2003b; 2004). Thus, in our opinion the impedance
method can be utilised in study such as the present one
paying particular attention to avoid/eliminate artefacts
from impedance traces.

Another potential limitation of the present paper is
that arterial blood pressure was measured manually by
using a standard manual sphygmomanometer. This tech-
nique may involve a systemic error compared to automat-
ic devices as it suffers from deficiencies due to poor ob-
server technique, and problems due to poor maintenance
of the devices (Pickering, 2003). However, manual ma-
nometer is still accepted as the “gold standard” for routine
clinical measurement as there is no generally accepted
alternative. The most widely advocated candidate are
oscillometric devices, which have the advantages of elim-
inating observer error and mechanical drift. However, the
oscillometric method suffers from inherent limitations
too, and it cannot become the “gold standard” for clinical
measurement (Pickering, 2003). Thus, the standard manu-
al sphygmomanometry is still the “gold standard”, provid-
ing that attention is paid in its use and employing a stand-
ardised approach with trained operators (Sharman and
LaGerche, 2015).

Conclusion

In conclusion, the present investigation conducted on
healthy, physically active subjects demonstrates that the
standard formula, often employed to calculate MBP dur-
ing the recovery from dynamic exercise, may introduce a
substantial error in the MBP estimation in the period
immediately following the effort. This equation should
not be used in this situation. Instead, the corrected formu-
la, which calculates MBP taking into account the propor-
tion between DBP and SBP during the cardiac cycle,
should be employed. A further finding was that, in our
population, no significant hypotensive effect was induced
by exercise, even though a slight reduction in SBP was
detected.
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Key points

e The standard formula often employed to calculate
mean blood pressure during recovery from exercise
may introduce a substantial error in the estimation
of this parameter;

e This equation should not be used in this situation;

e Instead a corrected formula, which calculates mean
blood pressure taking into account the systolic and
diastolic proportion during the cardiac cycle,
should be employed.

e No significant hypotensive due to exercise effect
was detected using this formula.
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