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Abstract
Objective—Left ventricular end systolic pressure (LV ESP) is important in assessing left
ventricular performance. LV ESP is usually derived from prediction equations. It is unknown
whether these equations are accurate at rest or following exercise in a young, healthy population.

Design—We compared measured LV ESP versus LV ESP values from the prediction equations
at rest, 15 minutes and 30 minutes following peak aerobic exercise in 60 participants.

Methods—LV ESP was obtained by applanation tonometry at rest, 15 minutes post and 30
minutes post peak cycle exercise.

Results—Measured LV ESP was significantly lower (p<0.05) at all time points in comparison to
the two calculated values. Measured LV ESP decreased significantly from rest at both the post15
and post30 time points (p<0.05) and changed differently in comparison to the calculated values
(significant interaction; p<0.05). The two LV ESP equations were also significantly different from
each other (p<0.05) and changed differently over time (significant interaction; p<0.05).

Conclusions—These data indicate that the two prediction equations commonly used did not
accurately predict either resting or post exercise LV ESP in a young, healthy population. Thus, LV
ESP needs to be individually determined in young healthy participants. Non-invasive
measurement through applanation tonometry appears to allow for a more accurate determination
of LV ESP.
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Introduction
Left ventricular end systolic pressure (LV ESP) is the pressure at the completion of
ventricular contraction and is important in assessing left ventricular performance1. LV ESP
is used to determine the end-systolic pressure-volume relationship (ESPVR) providing a
relatively load independent measure of left ventricular systolic performance2. LV ESP is
also used to determine both arterial and left ventricular elastance (Ea and ELV,
respectively)3. Ea and ELV are used to evaluate ventricular-arterial coupling, both at rest and
following perturbations such as exercise4. Accurate determination of ESPVR and
ventricular-vascular coupling is important as both are related to clinical outcomes in various
patient subsets1, 5. It is also relevant to examine these measures in a young, healthy subset,
especially in young populations with higher cardiovascular risk. It has been shown that early
changes in Ea in young African American men contribute to an increase in left ventricular
load, which may lead to left ventricular remodeling and an increased cardiovascular risk6.

LV ESP is directly determined using invasive techniques and is usually performed during
heart catheterization, limiting its use and applicability5. To overcome this limitation, there
are two prediction equations often used to derive LV ESP; Calc1: ([2 × systolic blood
pressure (SBP) + diastolic blood pressure (DBP)] / 3) and Calc2: 0.9 × SBP7. These
equations were shown to provide accurate estimations of LV ESP under resting
conditions1, 7. However, the equations were derived from patients referred for atypical chest
pain and the sample size was small (n=10). Although these equations have been validated in
older patients (age 62 y) undergoing cardiac catheterization for chest pain or heart failure1, it
is unknown if they also apply to a younger, healthier population. Furthermore, it is unknown
if the equations can be used to evaluate the response to stress perturbations such as exercise.
This is an important point as both LV ESPVR and ventricular-vascular coupling are often
evaluated in response to stress2. Applanation tonometry provides a convenient, accurate and
noninvasive way to estimate LV ESP, from measured pulse waves8. The pulse wave in the
radial or carotid artery is used to construct the ascending aortic pulse waveform to identify
cardiac systolic and diastolic cycles and to determine ventricular-vascular interaction9.

Therefore, the purpose of this study was to determine the accuracy of the LV ESP prediction
equations in a young healthy population both at rest and following peak exercise by
comparing the equation derived LV ESP to the noninvasive determined LV ESP using
applanation tonometry.

Methods
Sixty (32 males and 28 females) healthy, nonsmoking, normotensive participants between
the ages of 18 and 35 years participated in this study. Per questionnaire, participants were
considered untrained based on self reported physical activity of less than 30 minutes one day
a week for the previous 6 months. The participants were not taking any medication except
for oral contraceptives. All participants were recruited from the local university population.
The study followed the procedures for protection of human participants as provided in the
declaration of Helsinki. Prior to any data collection, all participants signed informed consent
and the study was approved by the University of Illinois at Urbana-Champaign institutional
review board (Ethics Board).

Participants reported to the lab for one visit. All women were tested in the early follicular
phase or during the placebo phase of oral contraceptives. Participants were instructed to be 4
hours postprandial and to abstain from caffeine and alcohol for at least 12 hours before
testing. Initially, participants completed a physical activity and health history questionnaire
and measurements of height and weight were taken. Participants then assumed a supine
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position and rested quietly for 5 min before systolic and diastolic blood pressure (BP)
measurements were taken using an automated oscillometric cuff (HEM-907 XL; Omron,
Japan). Brachial BP measurements were repeated and if both SBP and DBP values were
within 5 mm Hg of each other, the average of the two values was used for analysis. If
measurements were not within 5 mm Hg, readings were taken until two values within 5 mm
Hg were obtained. American Heart Association guidelines were followed except all
measurements were performed in the supine position to provide a more stable and
reproducible blood pressure. Pulse wave analysis measurements were made using
applanation tonometry (SphygmoCor; AtCor Medical, Sydney, Australia). Radial artery
pressure waveforms were obtained from a 10-s epoch using applanation tonometry (Miller
Instruments, Houston, TX) and calibrated using diastolic and mean brachial BP. From this
radial artery pressure wave form, a reconstructed central aortic pressure waveform was
generated using a generalized validated transfer function8 to determine central BP and LV
ESP. This technique has been validated and is reliable for use during exercise10, 11. The
reconstructed arterial waveform is virtually identical to the invasively determined waveform,
with almost identical values for aortic ESP10. Since our participants were young and
healthy, and none had any history of a cardiovascular condition known to create an aortic
valve gradient (such as aortic stenosis), it is reasonable to assume that the generated aortic
ESP equals LVESP.

Following these cardiovascular measures, the participants underwent a VO2peak test. The
VO2peak test was done on an upright, stationary cycle ergometer (Lode Excaliber Sport,
Groningen, Netherlands). Participants were familiarized with the cycle ergometer and were
allowed to practice before the start of the test. Although no standard familiarization
technique was performed, post hoc analysis determined that adequate peak efforts were
produced by all participants. Following a brief warm-up of unloaded cycling, participants
began pedaling at 50 W. The resistance was then increased 30 W every 2 minutes until test
termination. Heart rate (HR) was measured using a Polar Heart Rate Monitor (Polar Electro,
Woodbury, NY) and expired air was collected and analyzed using a Quark b2 breath-by-
breath metabolic system (Cosmed, Rome, Italy). The sampling interval used to determine
VO2peak was the highest 10 second average VO2. All participants reached volitional fatigue
or an inability to maintain pedal rate above 60 rpm, upon which the test was terminated.
Following the VO2peak test, test results were examined and all participants were shown to
have satisfied two or more of the following four criteria: a) a respiratory ratio of 1.1 or
greater; b) a plateau in HR despite an increase in workload; c) a final rate of perceived
exertion (RPE) score of 17 or greater on the Borg scale (scale 6–20); and/or d) an increase in
work rate that elicited an increase in VO2 of ≤150 mL/min, indicative of a plateau in oxygen
consumption12.

Post exercise measurements of blood pressure and pulse wave analysis were done at 15 and
30 minutes post VO2peak test.

Power analysis, due to a lack of information in the literature, was performed based on a
small to medium effect size for the interaction between formula based and measured LV
ESP at rest vs exercise. This yielded an estimated sample size of 24 to 54 participants,
therefore 60 participants were included to satisfy the upper level criteria. SPSS 17.0 (SPSS
Inc., Chicago, IL, USA) was used for all analyses and statistical significance was set at p <
0.05. Means and standard errors were calculated for all variables. To evaluate if a prediction
equation for LV ESP could be developed based on data from this study, we applied block
regression analysis. In block 1, brachial SBP and DBP were used as dependent variables; in
block 2, age, height and weight were added; in block 3, gender was added. Since adding
block 2 and 3 only explained an additional 2% of the variance, only results from the
regression analysis with the dependent variables of SBP and DBP are reported. Mean
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differences between the estimated LV ESP, the prediction equation, and the two formulas
calculated LV ESP over time was evaluated using a 3 × 3 [LV ESP measurement (estimated
from pulse wave analysis and the two formulas) by time (rest, 15 and 30 min post exercise)]
ANOVA with repeated measures followed by t-tests post hoc if indicated. Bonferroni
corrections were applied to post hoc tests. To further evaluate the accuracy of LV ESP
prediction from the two formulas compared to estimated LV ESP from the pulse wave
analysis, we constructed Bland-Altman plots for each of the three time points. Bivariate
correlations were applied to each Bland-Altman plot to evaluate the potential of systemic
error.

Results
Participants had a mean age of 24 ± 0.6 y, a mean height of 171.7 ± 1.3 cm, a mean weight
of 78.7 ± 3.0 kg, a mean body mass index (BMI) of 26.5 ± 0.9 kg/m2, a mean VO2peak of
35.1 ± 1.1 ml/kg/min and a mean maximal HR of 185 ± 1.5 beats per minutes. The
prediction equation (PredEq) that was developed based on data from this study was:
ESP=(0.205*SBP)+(0.898*DBP)+0.4214 (r2=0.831, SEE = 4.2; p<0.0001). Measured LV
ESP was significantly lower (p<0.05) at all time points in comparison to the two calculated
LV ESPs from the literature. Although resting values were similar, the values from the
equation derived from our sample were significantly different (p<.05) from measured LV
ESP (p<0.05) for both post exercise time points (post15 and post30) (Figure 1). The
prediction equation derived from our sample was also significantly different at all time
points from the two calculated LV ESP equations from the literature (p<.05). Measured LV
ESP was significantly different from rest for both the post15 and post30 time points
(p<0.05) and changed differently in comparison to the estimated LV ESP . The two
estimated LV ESP equations from the literature were also significantly different from each
other (p<0.05) and changed differently over time (significant interaction; p<0.05).
Calculated LV ESP equation 2 was significantly different from both rest and post 15 at the
post 30 time point (p<0.05) whereas Calculated LV ESP equation 1 was only significantly
different from rest at the post 30 time point (p<0.05).

Bland Altman plots are shown in Figure 2. There were no significant correlations for any of
the plots. However, in Figure 2A, the top panel shows near significance (p=0.064) and
visual inspection suggest systematic bias. Both calculated equations (from the literature)
overpredicted measured LV ESP with very large limits of agreement, and the prediction
equation developed from our data also overpredicted post exercise values.

Resting and post exercise blood pressures and heart rates are shown in Table 1. Only
brachial SBP changed significantly from rest (p<0.05).

Discussion
Our study is the first to compare the accuracy of two commonly used13, 14 LV ESP
prediction equations with a validated estimation using non-invasive applanation tonometry
in a young, healthy population at rest and following exercise. The main finding was that
these often used prediction equations15, 16 overpredict LV ESP in this population.
Furthermore, changes in LV ESP following the exercise perturbation were inaccurate using
either prediction equation. We also developed a prediction equation for LV ESP from the
data on our participant sample, which although accurate at rest, did not accurately predict he
post exercise values. These novel findings suggest that LV ESP should not be predicted
from these commonly used formulas in the literature in young healthy individuals. Instead,
resting LV ESP can be accurately predicted from the formula we developed. However,
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exercise alters LV ESP differentially from brachial blood pressure, resulting in inaccurate
prediction of the response to exercise using any of these formulas.

We used the formulas developed by Kelly et al.7; (2 × SBP + DBP) / 3 and 0.9 × SBP. These
formulas were developed at rest in a small population of individuals with symptoms of
cardiovascular disease7 and they were validated in older adults with heart failure or chest
pain1. These equations use brachial blood pressure measurements to determine LV ESP,
however, SBP and pulse pressure (PP) may differ between brachial and central arteries17.
The association between central and peripheral SBP can vary significantly between
individuals and brachial SBP measurements may give an inadequate estimate of central
SBP11. These inaccuracies can be misleading as it has been shown that 32% of men and
10% of women with normotensive brachial BP have aortic SBP similar to aortic SBP of
people with brachial hypertension18. Thus, LV ESP equations using brachial pressures could
be inaccurate because brachial BP may not accurately reflect aortic BP. Our data supports
this notion, as the formula developed on the participant population in our study also did not
accurate predict post exercise LV ESP. This appeared to be due to differential effects of the
exercise on LV ESP and brachial blood pressure.

Central and brachial SBP can differ because of demographic and hemodynamic differences
that can affect arterial wave reflection19. For example, it has been shown that young healthy
African Americans have similar brachial SBP but higher aortic SBP compared to age, BMI
and fitness matched Caucasians20. There are also differences between young and older
populations, as aging induces significant increases in peripheral and central PP21. This could
be due to the stiffening of the aorta with age21, 22 or age related changes in arterial
length23, 24 which causes an increase in pulse wave velocity due to a distal shift of the
arterial wave reflection site potentially due to an attempt to match impedance of central and
peripheral arterial stiffness25.

We estimated LV ESP from a central pulse wave form using applanation tonometry where
the central pulse wave form is created using a validated transfer function9. This transfer
function has also been validated against invasive measures during and following exercise11.
Sharman et al.11 showed that at rest and during exercise there was a high correlation
between invasive and transfer function derived measures of LV ESP (p<0.001), and the
mean LV ESP was almost exactly the same.

Exercise is another confounding factor when using these equations as the LV ESP prediction
equations have not been validated during exercise3. As seen in Table 1, brachial SBP
significantly decreased whereas aortic SBP did not change significantly following exercise.
HR increases significantly during exercise and the central to peripheral SBP difference is
intensified such that pressure differences can surpass 80 mmHg26. Central BP changes
during exercise are different compared with brachial BP changes indicating peripheral BP
response is not a good reflection of the actual pressure load at the heart11. Furthermore,
Munir et al.27 showed that with exercise there was a change in morphology of the radial and
digital pressure pulse waveforms leading to a reduction in late systolic and diastolic
augmentation of the peripheral pressure pulse. This continued for 60 minutes into recovery
and was present even when HR, stroke volume and pulse wave velocity had returned to
baseline. LV ESP is estimated at the closure of the aortic valve at the dicrotic notch and
these waveform changes that occur with exercise will likely alter LV ESP. These
confounding factors are likely why the prediction equation we developed from our data was
able to accurately predict resting LV ESP in a young, healthy population but was unable to
predict changes in LV ESP following a bout of exercise. Therefore, using applanation
tonometry instead of the estimation formulas appears to be more accurate when determining
LV ESP following exercise since it accounts for these waveform changes.

Kappus et al. Page 5

J Sci Med Sport. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



The LV ESP calculated equations are typically used in arterial-ventricular coupling, which
shows that left ventricular performance is influenced by arterial load and arterial properties
are influenced by left ventricular performance3. Arterial-ventricular coupling is important in
the determination of cardiovascular performance and myocardial energetics28, 29. Due to the
discrepancies between the calculated equations and estimated LV ESP, measured LV ESP
should be used when evaluating arterial-ventricular coupling in a young, healthy population.

These results are also clinically relevant because there are changes within the arterial tree
due to age and cardiovascular risk factors that influence central hemodynamics during
exercise. Men with hypercholesterolemia exhibited similar brachial SBP changes but had
increases in augmentation index (AIx) and attenuated PP amplification during exercise when
compared with controls with normal cholesterol levels. This suggests that individuals with
high cholesterol have systemic arterial stiffening with exercise30 and brachial BP does not
accurately demonstrate myocardial afterload. Central pressures more consistently predict
mortality, regulate left ventricular hypertrophy and are independently correlated with
cardiovascular events, making the central BP response to exercise a better predictor of
cardiovascular risk31–33.

There are several limitations to our findings. No actual invasive LV ESP measurements
were made in this study, therefore we can only assume that the estimated LV ESP
determined through applanation tonometry is an accurate reflection of LV ESP. However,
the tonometry determined LV ESP has been validated against invasively measured LV
ESP11, thus it is likely our tonometry determined LV ESP is a fairly accurate determination.
Noninvasive brachial BP was used to calibrate the radial waveforms and any errors in this
estimation would affect the true estimation of LV ESP. However, this would not affect the
comparison of LV ESP methods because both rely on brachial BP. We also did not
determine if participants had aortic stenosis or any other condition causing an aortic valve
gradient through participant history and aortic gradients were not measured in our study. A
significant aortic valve gradient would cause discrepancies between LV ESP and aortic ESP
rendering our estimated LV ESP inaccurate. However, the group of individuals studied were
young and healthy, none of whom had any history of any cardiovascular complications.
Thus it is reasonable to assume that aortic and LV ESP would not differ in our participants.
Considering we chose a young healthy population the findings presented can only be applied
to comparable populations.

Conclusion
Our study showed that the two commonly used LV ESP prediction equations were not
accurate in a young, healthy population and also did not reflect the LV ESP response to a
perturbation such as exercise when compared to estimated measures using applanation
tonometry. This is potentially due to the population used when these equations were
developed and differences between changes in central compared to peripheral BP. A LV
ESP prediction equation was developed due to the data resulting from this study, but
although it accurately predicted resting LV ESP, it did not accurately predict changes
following exercise. It appears that these formulas could accurately predict post exercise
changes in LV ESP because brachial blood pressure changes differentially from LV ESP
following exercise.
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Practical Implications

• Resting LV ESP can be accurately predicted from brachial blood pressures in
young healthy individuals when using the prediction equation developed from
our participant sample.

• The LV ESP response to exercise needs to be measured and cannot be
accurately determined from prediction formulas.

• Non-invasive radial pressure wave form measurements appear to offer an
acceptable alternative to evaluate ESP both at rest and following exercise. This
allows for non-invasive determination of both arterial and ventricular elastance
which can provide insight regarding cardiovascular function and risk beyond
traditional measures.
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Figure 1.
Comparisons of measured LV ESP, the LV ESP prediction equation developed from the
subjects in this study (PredEq: (0.205*SBP)+(0.898*DBP)+4.214), and two calculations of
LV ESP based on formulas from the literature7 (Calc 1: (2•SBP+DBP)/3; Calc 2: 0.9•SBP)
LV ESP at rest and post15 and post30 minutes following an acute bout of exercise. #
denotes an interaction. * p<0.05, significantly different from rest. † p<0.05, significantly
different from post15. ‡ p<0.05, significantly different from both calculated LV ESP
equations. $ p<0.05, significantly different from both calculated LV ESP equations and
measured ESP.
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Figure 2.
Figure 2A. Bland Altman Plots for Equation 1.
Figure 2B: Bland Altman plots for Equation 2.
Figure 2C: Bland Altman plots for Prediction Equation
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Table 1

Participant pressure characteristics.

REST PO15 PO30

SBP (mmHg) 122 ± 1.5 121 ± 1.9 118 ± 1.9ab

DBP (mmHg) 70 ± 1.2 71 ± 1.5 71 ± 1.4

centralSBP (mmHg) 104 ± 1.3 103 ± 1.7 102 ± 1.6

centralDBP (mmHg) 71 ± 1.2 74 ± 1.5 73 ± 1.4

centralMAP (mmHg) 86 ± 1.2 86 ± 1.6 86 ± 1.5

HR (bpm) 61 ± 1.3 60 ± 1.3 60 ± 1.2

Data are mean ± SEM.

a
p<0.05 vs rest

b
p<0.05 vs PO15.

SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; HR, heart rate; bpm, beats per minute; LV ESP, left
ventricular end systolic pressure; mmHg, millimeters of mercury; PO15, 15 minutes following an acute bout of exercise; PO30, 30 minutes
following an acute bout of exercise.
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