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Abstract

Increased left ventricular (LV) twist and untwisting rate (LV twist mechanics) are essential
responses of the heart to exercise. However, previously a large variability in LV twist
mechanics during exercise has been observed, which complicates the interpretation of
results. This study aimed to determine some of the physiological sources of variability in LV
twist mechanics during exercise. Sixteen healthy males (age: 22 + 4 years, VOzpeak: 455+
6.9 ml-kg™"-min™, range of individual anaerobic threshold (IAT): 32—69% of VOzpeak) were
assessed at rest and during exercise at: i) the same relative exercise intensity, 40%peax, ii)
at 2% above IAT, and, iii) at 40%peak With hypoxia (40%pearx+HYP). LV volumes were not
significantly different between exercise conditions (P > 0.05). However, the mean margin of
error of LV twist was significantly lower (F» 47 = 2.08, P < 0.05) during 40%peak compared
with AT (3.0 vs. 4.1 degrees). Despite the same workload and similar LV volumes, hypoxia
increased LV twist and untwisting rate (P < 0.05), but the mean margin of error remained
similar to that during 40%peak (3.2 degrees, P > 0.05). Overall, LV twist mechanics were lin-
early related to rate pressure product. During exercise, the intra-individual variability of LV
twist mechanics is smaller at the same relative exercise intensity compared with IAT. How-
ever, the absolute magnitude (degrees) of LV twist mechanics appears to be associated
with the prevailing rate pressure product. Exercise tests that evaluate LV twist mechanics
should be standardised by relative exercise intensity and rate pressure product be taken
into account when interpreting results.

Introduction

Performing exercise requires complex cardiovascular adjustments to meet the specific periph-
eral and central energetic demands. The contribution of the heart in generating the necessary
amount of blood flow during exercise is well-described and is undisputed. For example, cardiac
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output increases substantially from rest to near-maximal exercise intensities and the maximally
achievable cardiac output is a major determinant of human exercise capacity as expressed in
the classic Fick equation [1,2]. However, how the human heart muscle generates the cardiac
output during exercise remains poorly understood. Recent studies have highlighted that left
ventricular twist and untwisting rate (LV twist mechanics) are essential to cardiac function
during exercise. Clinical reports show that the increase in LV twist mechanics during exercise
in healthy individuals [3,4,5,6] is clearly blunted in patients with cardiac dysfunction [7,8,9,10].
These studies indicate that the magnitude of LV twist mechanics during exercise is an impor-
tant discriminator between normal and reduced cardiac performance. However, previous stud-
ies have also reported a relatively large inter-individual variability in LV twist mechanics
during exercise, with a mean margin of error of LV twist of 2.3 degrees at rest (99% CI = 8.7 to
13.3 degrees), which doubled to 4.6 degrees during exercise (99% CI = 19.4 to 28.6 degrees;

data based on reference [7]; Estimates are based upon the equation: 99% CI = x + (%) ,

where X is the mean of the sample, o the standard deviation and /7 the square root of the sam-
ple size). Even more pronounced was the threefold increase in the margin of error of LV
untwisting rate from 23 degrees-sec™" at rest to 76 degrees-sec” during exercise. The reason for
this increased variability during exercise is difficult to determine because LV twist is influenced
by preload, afterload and contractility and all these factors change concurrently with exercise
[11,12,13,14]. Still, the investigation of cardiac deformation parameters such as LV twist
mechanics is increasingly popular in the clinical and research setting and therefore attempting
to improve the current knowledge of the LV twist response to exercise seems warranted
[7,8,9,15]. A better understanding of the physiological determinants of the variability and mag-
nitude of LV twist mechanics during exercise will advance our general understanding of LV
twist mechanics. Improving the interpretation of exercise responses will facilitate a more accu-
rate prescription of exercise tests for investigating LV function in the clinical and research set-
ting. Measurement of torsion-to-shortening ratio, which has been suggested to reflect the
contribution of the endocardium and epicardium to overall LV twist [16], may further clarify
the sources of variability in LV twist mechanics during exercise.

Considering fundamental principles of cardiovascular exercise physiology, two hypotheses
can be formulated that each provide a reasonable assumption for the determinants of the mag-
nitude of LV twist mechanics during exercise. First, it is known that cardiac output, myocardial
oxygen consumption and coronary blood flow increase linearly from rest to near-maximal
exercise intensities [17]. These phenomena support the assumption that sub-maximal LV twist
mechanics may be directly related to relative exercise intensity because a similar relative change
in cardiac output and coronary blood flow from rest to near-maximal exercise will occur in all
individuals. In contrast, every human possesses what is known as the ‘individual anaerobic
threshold’ (IAT), which is the exercise intensity above which metabolism is markedly altered as
reflected by the exponential rise in lactate and an excess CO, production [18,19]. In contrast to
the consistent relative change in cardiac output from rest to exercise, IAT differs between indi-
viduals. Since the heart muscle is responsive to changes in whole-body metabolism during
exercise [20], the second hypothesis is that the magnitude of LV twist during exercise is dispro-
portionately influenced by the IAT. By extension, if metabolic state was a greater determinant
of LV twist mechanics than performing the same absolute exercise intensity in hypoxia-which
is known to cause heterogeneous physiological responses [21]—should increase the variability
in LV twist mechanics. At present, exercise intensities for the benefit of training effects can be
prescribed as a percentage relative to maximal capacity or relative to IAT, the latter in popula-
tions who are advised to avoid maximal effort [22]. However, it remains unknown whether the
different types of prescription influence LV twist mechanics. Since LV twist mechanics have
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been associated with LV myofibre stress [23] and LV stiffness [24], knowledge of the impact of
different exercise intensities and IAT may have important implications for individuals partak-
ing in regular exercise.

Based upon the considerations outlined above, the aim of the present study was twofold.
Firstly, we aimed to determine whether the variability of LV twist mechanics during exercise is
different when the same individuals exercise at similar relative exercise intensity compared
with a similar individual metabolic state as determined by IAT. Secondly, we aimed to examine
whether an additional metabolic challenge-in this case administration of hypoxia during the
same absolute exercise intensities—would further influence the magnitude of LV twist mechan-
ics. Although both hypotheses presented above appeared plausible, in this experiment the sec-
ond hypothesis, which was related to a greater influence of individual metabolic state, was
favoured because of the previous observation that young men with a higher aerobic fitness had
alower LV twist during exercise at the same relative exercise intensity [6].

Methods

Following ethical approval from the Cardiff School of Sport Research Ethics Sub-Committee,
Cardiff Metropolitan University, UK, 20 healthy males, who were non-smokers, volunteered to
take part in the study. They provided written and verbal informed consent and completed the
experimental protocol. Subsequently, the quality of echocardiographic images was insufficient
in two individuals and other logistical errors required elimination of another two participants,
resulting in a final study sample size of 16 participants (age: 22 + 4 years; height: 176 + 4 cm;
body mass: 77 + 10 kg, V Ospea: 45.5 £ 6.9 mlkg " min™"). Individuals with varied physical
activity backgrounds were recruited in order to obtain a sample with a wide range of individual
anaerobic thresholds (IAT), which was successfully achieved (range of IAT = 32-69% of
VOzPeak). This study conformed to the standards set by the latest revision of the Declaration of
Helsinki (October 2013) and procedures used were in agreement with institutional guidelines.

Data collection

Participants attended the laboratory twice: The first visit served to determine participants’ aer-
obic fitness by completion of a standardised incremental 4 Ozpeak test. The purpose of the sec-
ond visit was to collect experimental data. Since data collection was performed within the same
day, no dietary restrictions were prescribed.

Visit 1 —-Aerobic fitness (VOzpeak) test. Participants were weighed to determine body
mass to the nearest 100 g. The VOzpeak test was conducted on a supine cycle ergometer (Angio
2003, Lode, Groningen, Netherlands) with participants wearing a tightly fitting face mask that
recorded breath-by-breath respiratory data into an online gas analysis system (OxyconPro, Jae-
ger at Viasys Healthcare, Warwick, UK). Following a brief resting period in the tilted position
(45 degrees), participants started to cycle at 40 Watts for two minutes, at a cadence of 60 rpm.
Exercise intensity then increased in a step-wise fashion by 40 Watts every four minutes. Peak
power output and heart rate were recorded at the time point of task failure. VOzpeak was calcu-
lated at the highest five-second average achieved during the test.

Visit 2 -Experimental protocol. Upon arrival at the laboratory participants were weighed
before lying down on the supine cycle ergometer. Then, a small finger cuff was place around
the middle finger of the right hand for beat-by-beat estimation of the brachial blood pressure
waveform (FinometerPRO, Finapres, Arnhem, Netherlands), which was recorded continuously
in a data capture system (PowerLab, ADInstruments, Oxford, UK). A pulse oximeter (Auto-
corr 3304, Smiths Medical PM inc, Waukesha, USA) was attached to the ring finger of the right
hand for minute-by-minute assessment of oxygen saturation (SaO,) and ECG leads attached to
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the ultrasound system (Vivid E9, GE Vingmed Ultrasound, Horten Norway) were connected
to the participants’ chest to record heart rate. Furthermore, each participant wore a face mask
for the continuous recording of breath-by-breath respiratory data as described above. Once all
the equipment was attached and recording, participants rested on the supine ergometer for at
least 5 minutes with their legs fully extended on the bed. A blood sample (20pL) was drawn
from the earlobe into a capillary tube and mixed with anti-haemolysing solution for later off-
line analysis of lactate (Biosen, C-Line Sport, EKF Diagnostics, Magdeburg, Germany). Then,
echocardiographic images were obtained by an experienced sonographer (EJS) using a 4-D
probe (4V, GE Medical Systems Israel LTD, Israel) and a commercially available ultrasound
system (Vivid E9, GE Vingmed Ultrasound, Horten, Norway). Images were obtained in accor-
dance with current guidelines [25] and as outlined in previous publications by the same
research group [5,6]. Three to five cardiac cycles of the following views were recorded at brief
end-expiratory breath hold: parasternal long-axis, parasternal short-axis (mitral valve and
apex) and apical triplane images. Following the resting assessment, participants’ feet were
strapped into the cycle ergometer. Each participant then performed three exercise bouts, sepa-
rated by 15 minutes of supine rest: i) 40% maximal aerobic capacity (40%peak = same relative
exercise intensity between individuals), ii) IAT (= same metabolic state between individuals),
and, iii) when metabolism was manipulated during 40%peak by administration of hypoxia
(40%peak+HYP, FiO, = 12%). The exercise protocol was initially identical to that prescribed
during visit one. Once participants had reached their target power output according to the
three conditions identified above, exercise intensity was kept constant for six minutes. Contin-
uously collected data were recorded throughout; echocardiographic images were obtained in
the last two minutes of each exercise condition. The order of exercise conditions i) and ii) was
determined by the absolute intensity prescribed, with the lower intensity performed first, fol-
lowed by the higher intensity. To avoid a carry-over effect of the hypoxic stimulus, every partic-
ipant performed condition iii) last.

Visit 2 -Data analysis. Echocardiography. For all echocardiographic windows, images
were exported from the ultrasound and imported into a commercially available software pack-
age (EchoPAC Version 112 revision 1.0, GE Vingmed Ultrasound, Horten, Norway). Where
possible, data were analysed for three consecutive cardiac cycles and the average was calculated.
Left ventricular volumes (end-diastolic volume, end-systolic volume and stroke volume) were
determined by manual tracing of apical triplane images at end-diastole and end-systole, as per
the software manufacturer’s guidelines. Cardiac output was calculated as the product of stroke
volume and heart rate.

LV twist mechanics were quantified using speckle tracking technology as previously defined
[14,26,27]. In brief, short-axis images of the LV base (proximal portion of the mitral valve leaf-
lets visible in end-diastole) and of the LV apex (smallest circular image obtained when moving
the transducer cranial from the apical 4-chamber view window) were obtained. Following
determination of the best echocardiographic window at rest, the chest was marked up to serve
as a quick guide to locate the best window during exercise. Additionally, the trained sonogra-
pher then adjusted the transducer angle minimally to obtain a similar image to that obtained at
rest. For analysis, the endocardial border of short-axis images of the LV base and apex were
manually traced by placing 12 equidistant markers across the 360 degrees’ image, and a region
of interest was created that covered the entire contractile myocardium, excluding valves and
trabeculations. Raw speckle tracking data generated by the software (EchoPAC Version 112
revision 1.0, GE Vingmed Ultrasound, Horten, Norway) were saved and exported into custom
software (2D Strain Analysis Tool, Version 1.0betal4, Stuttgart, Germany). The custom soft-
ware applied a generic cubic spline algorithm to interpolate the raw speckle tracking data to
600 data points in systole and diastole, respectively. In accordance with the principles outlined
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by Arts et al. [16], twist-to-shortening ratio (TSR) was calculated similar to the methods
described in a recent publication [28]. Here, we multiplied the frame-by-frame basal and apical
rotation data by their respective frame-by-frame circumferential strain (%) data obtained from
the identical procedures outlined above. Then, apical frame-by-frame data were subtracted and
the peak value was identified. This peak value was then multiplied by the maximal shortening
(%) of the LV length from end-diastole to end-systole. All twist mechanics data referred to in
this study are based on interpolated results and represent the average of the entire myocar-
dium. For statistical analyses and reporting of results, the peak values in systole (LV twist) or
early diastole (untwisting rate) were used.

Blood pressure and heart rate. Peak systolic, diastolic and mean arterial blood pressure
were analysed from the recorded waveform and averaged over the last two minutes of exercise.
Similarly, heart rate was determined by the intervals of the systolic blood pressure peak and
averaged over the last two minutes of exercise.

Statistical analyses. For 14 of the dependent variables (DV), differences between means
across the three exercise conditions were analysed using the one-way analysis of variance for
repeated measures (ANOVA RM). For the remaining four DVs (Q, SV, EDV and ESV) missing
values were present. As a consequence, in these cases, we were able to fit a general linear model
(ANOVA GLM 4) to these data. In all cases, residuals and fits were saved when running the
ANOVAs. All residuals were confirmed as being drawn from a population that was normally
distributed on the variables of interest (Anderson-Darling test). In considering sphericity,
homoscedastic (additive) error was confirmed in all cases by correlating (Pearson’s) absolute
residuals against fitted vales. When main effects were identified as statistically significant
(P £0.05), Tukey tests were applied as the post-hoc analysis for the ANOVA RMs, and paired
samples t-tests, with a Dunn-Sidék correction to the level of statistical significance, were used
as the post-hoc tests for the ANOVA GLM 4s. To determine whether LV twist mechanics
responded more consistently to relative exercise intensity or IAT, the within-groups variance
between exercise conditions was determined from the F-ratio of (individual mean squares
(MS)/residual MS). Because we were confident in the likely direction of the outcome, we direc-
tionalized our hypotheses to test the alternative (H;: one-tailed) rather than the null (Hy: two-
tailed), for differences in LV twist mechanics during 40%peak compared with responses during
40%peak+HYP. These were estimated using a one-tailed paired samples t-test based upon the
aforementioned hypothesis. Relationships between dependent variables were determined with
reference to un-weighted ordinary least squares linear regression analysis. Statistical analyses
were performed using GraphPad Prism (GraphPad Prism for Windows, Version 5.0.1, San
Diego, California, USA) and Minitab v17 (Minitab Inc., State College, Philadelphia, USA). Sta-
tistical significance was accepted at P < 0.05. Data are reported as means + standard deviations
unless otherwise highlighted.

Results

Summary results of all data are presented in Table 1. The mean power output did not differ sig-
nificantly between exercise conditions (P > 0.05) although the variance was significantly
greater during exercise at IAT + 2%, as per the study design (F, 4, = 2.16, P = 0.02). VO, did
not differ statistically during 40%peak compared with 40%peak+HYP, however, it was signifi-
cantly greater during exercise at IAT + 2% (P < 0.05). In contrast, VE and lactate were similar
between exercise at 40%peak+HYP and exercise at IAT + 2% but were lower during 40%peak.
Sa0, was significantly reduced during hypoxia only (P < 0.001), see Fig 1.

The significantly higher cardiac output during 40%peak+HYP compared with 40%peak was
entirely attributable to a higher heart rate because end-diastolic volume, end-systolic volume
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Table 1. General cardiovascular function and LV twist mechanics at rest and during three exercise conditions.

Rest[99% Cl] 40%peak/ NORM[99% CI] Exercise IAT + 2%[99% CI] 40%peaHYP[99% CI]
Power output (W) - 82+12 97436 82112
- [74t089] [74t0120] [74t089]
Sa0, (%) 98+1 95+2 95+2 7126%* %ttt
[97t098] [94t096] [94t096] [67t075]
V0, (mL/min/kg) 6.0+1.2 22.6+4.9 27.9+8.3 22.6+4.411
[5.2t06.8] [19.3t025.8] [22.4t033.5] [19.6t025.6]
\'/002 (mL/min/kg) 4.9+1.2 19.2+4.2 24.07.7 22.4+4 1***
[4.1105.7] [16.4t022.0] [18.8t029.1] [19.7t025.1]
RER 0.78+0.07 0.84+0.04 0.860.04 0.99+0.08***t{+
[0.73t00.83] [0.82t00.87] [0.83t00.88] [0.94t01.05]
VE (L/min) 10.8+1.6 37.0£3.5 46.5+14.4 52.949.7%**
[9.8t011.8] [34.6t039.4] [37.3t055.8] [46.6t059.2]
Lactate (mmol/L) 0.840.3 1.4£0.5 2.1£0.9* 2.3£0.6***
[0.6t01.0] [1.1t01.8] [1.5t02.7] [1.9t02.7]
Cardiac output (L/min) 4.8+1 9.4+2 10.4+1.8 11.2+1.8
[4.1t05.4] [8.1t010.7] [9.1to11.6] [10.2t012.4]
Heart rate (bpm) 638 111118 122420 13717 ***1+
[58t068] [100to123] [109to135] [127t0148]
Stroke volume (mL) 7716 85+15 85+10 81111
[66t087] [76t095] [78t092] [74t088]
End-diastolic volume (mL) 170426 164126 158422 151120
[153t0187] [148t0181] [144t0173] [138t0164]
End-systolic volume (mL) 93+19 7916 73118 70114
[81t0106] [69t090] [61t085] [61t079]
TSR (deg) 0.31+0.21 0.73+0.32 0.92+0.56 0.89+0.49
[0.17t00.45] [0.53t00.94] [0.55t01.28] [0.58t01.21]
RPP (bpm.mmHg) 893011667 203953090 2209313333 2649113514 ***t4+
[7856t010003] [18405t022385] [19947t024239] [24228t028754]
Systolic BP (mmHg) 141112 185+14 183+19 193121
[133t0149] [175t0194] [171to195] [180t0207]
Diastolic BP (mmHg) 7816 9618 939 9419
[74t082] [91to101] [87t099] [88to100]

AT: Anaerobic threshold; RPP: Rate pressure product; SaO,: arterial oxygen saturation; Systolic BP: Systolic blood pressure
* ®¥x *%% P <0.05, P <0.01, P <0.001 vs. normoxia

Tt 111 P < 0.01, P < 0.001 vs. IAT + 2%. Note: Statistical comparison between conditions does not include resting data.

doi:10.1371/journal.pone.0154065.t001

and stroke volume were not statistically different between exercise conditions (Fig 2). Systolic
blood pressure was mildly elevated during exercise at 40%peak+HYP compared with exercise
at IAT + 2% (P < 0.05), contributing to the higher rate pressure product, RPP, during 40%
peak+HYP (P < 0.05).

LV twist and untwisting rate were significantly higher during 40%peak+HYP compared
with 40%peak. In relation to our main research question, the variance of LV twist was signifi-
cantly greater during exercise at IAT + 2% (F, 47 = 2.08, P < 0.05). In contrast, the variability of
LV untwisting rate was not statistically different between conditions (F, 4, = 1.172, P > 0.05,
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Fig 1. Metabolic responses during three exercise conditions. The lower arterial oxygen saturation
(SpOy) during exercise at 40%;cak In hypoxia (40%peak+HYP) did not affect total whole-body oxygen

consumption (VO,) due to a compensatory increase in ventilation (VE). However, as a consequence of
altered metabolism, lactate and RER were significantly increased during 40%peak+HYP. IAT = individual
anaerobic threshold; *: P < 0.05; **: P < 0.01; ***: P < 0.001.

doi:10.1371/journal.pone.0154065.g001

Fig 3 and Table 2). Overall, LV twist and untwisting rate were linearly related to RPP (Fig 4).
TSR did not differ significantly between the three exercise conditions (P > 0.05).

Discussion
General cardiovascular responses to normoxic and hypoxic exercise

In the present study, the general cardiovascular responses to exercise in normoxia and hypoxia
were in agreement with current opinion in exercise physiology. VO, did not differ significantly
between 40%peak+HYP compared with 40%peak, which reflects a similar demand for O, in
both conditions. However, as per the study design, hypoxia was accompanied by a heteroge-
neous response in O, desaturation, increased ventilation and cardiac output and enhanced
blood lactate concentrations [29]. With regard to LV function, LV end-diastolic volumes and
end-systolic volumes were similar in both 40%.x exercise trials, which agrees with previous
reports [30] and suggests that acute normobaric hypoxia did not influence preload of the
heart. Consequently, this allows for the direct comparison between exercise at 40%peak vs.
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Fig 2. Cardiac output, heart rate and stroke volume. The increase in cardiac output during exercise in
hypoxia (40%peak+HYP) was entirely attributed to an increase in heart rate, while stroke volume was not
statistically different between exercise conditions, suggesting a purely autonomic and non-mechanical
difference in hypoxia. IAT = individual anaerobic threshold; *: P < 0.05; **: P < 0.01; ***: P <0.001.

doi:10.1371/journal.pone.0154065.9g002

40%peak+HYP independent of the influence of phenomena such as the Frank-Starling mecha-
nism [31]. This finding is essential for the interpretation of LV twist mechanics as discussed in
the next section.

Variability and magnitude of LV twist mechanics

Although generic exercise responses have been studied extensively to date, the role of LV twist
mechanics during exercise is relatively unexplored. To our knowledge, the first major report on
LV twist mechanics during exercise was published less than a decade ago [7]. This and other
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Fig 3. Variability of LV twist mechanics during three different exercise conditions. The graphs show the
variability of LV twist and untwisting rate during three exercise conditions, performed by the same individuals.
The variability of LV twist was significantly greater during exercise at 2% above individual anaerobic

threshold (IAT + 2%), while the variability of LV untwisting rate was statistically not different between exercise

conditions. Data are mean + 99% CI.

doi:10.1371/journal.pone.0154065.g003
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Table 2. LV twist mechanics at rest and during three exercise conditions.

Rest 40%pea/NORM ExerciseAT 40%peaHYP F, 47 P-value
+2%

LV twist (degrees) 11.6+5.2 18.5+4.6 21+6.3 22.3+4.9 2.08 0.04
[99% CI] [8.2t014.9] [15.5t021.5] [16.4t024.6] [19.1t025.5]

Margin of error 3.35 3 4.1 3.2

LV UT rate (degrees/sec) -86+21 -210£78 -229+122 -267+82 117 0.34
[99% CI] [-72t0-100] [-160t0-260] [-151t0-307] [-215t0-320]

Margin of error 14 50 78 52.5

Data are mean + SD. F;, 47 = F-ratio of individual mean squares / residual mean squares. Note: Statistical comparison between conditions does not

include resting data.

doi:10.1371/journal.pone.0154065.t002

studies [8,9,10] have provided insight into the link between mechanical myocardial perfor-
mance and cardiac health and have, thus, indirectly highlighted the importance of measuring
LV twist mechanics. Studies in healthy humans have confirmed the sensitivity of LV twist
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Fig 4. Effect of hypoxia on LV twist and untwisting rate during exercise. Despite the same whole-body
oxygen consumption (V0O,) and LV volumes, hypoxia significantly increased LV twist mechanics (A),

indicating that relative exercise intensity cannot be the sole determinant of the absolute magnitude of LV twist
mechanics. However, when LV twist mechanics were plotted against rate pressure product (RPP), a clear
linear relationship was observed, suggesting that myocardial work may ultimately predict the magnitude of LV
twist and untwisting rate (B).

doi:10.1371/journal.pone.0154065.9004
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mechanics to respond to varied physiological stimuli, including exercise [3,4,5,6,13,32,33].
However, it was previously noted that LV twist responses are often characterised by a relatively
large variability between individuals. The present study shows, for the first time, that some of
the variability of LV twist mechanics during exercise might be related to the choice of exercise
intensities that are prescribed for ‘stress testing’. Importantly, the present responses did not
appear to be influenced by an altered loading state nor by the heart rate, as heart rate was less
variable during hypoxia (99% CI margin of error = 11) than during IAT+2% (99% CI margin
of error = 13). This finding is in accordance with a previous study showing that some parame-
ters of cardiac deformation do not appear to be strictly coupled with heart rate [34]. The source
of lower variance in LV twist mechanics during exercise at the same relative exercise intensity
requires further investigation. Of the parameters investigated in the present study, the VO,
response during normoxia and hypoxia was considerably less variable (99% CI margin of

error = 3.3 and 3.0, respectively) compared with that during IAT+2% (99% CI margin of

error = 5.6), despite a clearly greater variability of SpO, in hypoxia as intended by the study
design (99% CI margin of error = 4.0) compared with normoxia or IAT+2% (99% CI margin of
error = 1.0 and 1.0, respectively). Consequently, we propose that future studies should focus on
the role of systemic O, consumption in the determination of LV twist during exercise.

Although more laborious than using a single exercise bout prescribed by absolute workloads
or a target heart rate [[7,9], respectively; Note that the approach of using a ‘target heart rate’
during exercise testing is also quite problematic because heart rate reserve, HRR, can differ sig-
nificantly between individuals, as described in more detail in: [22]], the present study empha-
sises the need to perform a low risk [35] maximal exercise test that is used to then prescribe
subsequent intensities by the same relative workload. The present study strongly supports
incorporation of this approach in the increasingly popular exercise testing of patients for the
assessment of dynamic cardiac deformation responses [7,9,36].

With regard to the magnitude of LV twist mechanics during exercise, we show that LV twist
mechanics can be further influenced by acute factors that alter myocardial demand, as reflected
here by RPP. To date, a direct relationship between LV twist mechanics and myocardial work
during exercise does not appear to have been reported (it must be emphasised that RPP is not
synonymous to myocardial oxygen consumption, but in the context of this study the authors
believe that RPP is an acceptable approximation for the increased demand on the heart known
to occur during hypoxia). The closest previous approximation that may relate to the present
findings was provided by Beyar & Sideman [37], who showed that the known LV architecture
and resultant mechanical “twisting motion” appear to be related to the O, distribution across
the LV muscle (‘transmural’). The calculations by Beyar & Sideman [37] support the present
results which suggest an association between myocardial O, demand and LV twist mechanics.
Importantly, this may not reflect an altered contribution from endocardial and epicardial fibres
as our TSR results showed no significant differences between exercise conditions. Rather, the
present results may be associated with either an unequal distribution of fibre stress unrelated to
heart muscle O, demand or factors such as increased contractility. Although hypoxia causes
prominent vasodilation, it is possible that it also results in sub-endocardial ischemia [38] and
therefore adjustments in LV twist and untwisting rate may be required to restore the optimal
distribution of O, across the LV muscle [23,37]. The new finding might explain some of the
remaining variability in the responses between individuals and may have implications for the
interpretation of LV twist mechanics in research and the clinical setting. For instance, if LV
twist mechanics are closely related to myocardial O, demand, then any physiological processes
occurring during normal daily living such as thermoregulation, dehydration and physical effort
that acutely alter myocardial demand and impact LV twist mechanics [3,5,39,40] will further
influence the magnitude of LV twist at rest and during exercise, even when exercise intensities
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are standardised. Interpreting the response of LV twist mechanics during exercise must there-

fore take into account the prevailing myocardial work at a given effort. Although a challenging
task, this is an exciting new opportunity because it might prove essential in the understanding

of the variability in LV twist mechanics between individuals.

Conclusions

In healthy humans, the variability of LV twist mechanics during exercise is significantly lower
at the same relative exercise intensity compared with exercise at anaerobic threshold. More-
over, the magnitude of LV twist mechanics is further influenced by hypoxia and LV twist
mechanics are related to rate pressure product. Together, the data suggest that diagnostic exer-
cise tests in clinical and research settings must be standardised by prescribing relative exercise
intensities and the interpretation of LV twist mechanics must take into account the prevailing
myocardial work.

Acknowledgments

Competing Interests: The authors have declared that no competing interests exist.
Funding: The authors received no specific funding for this work.
The authors thank Christian Erbelding for his assistance in generating the custom software.
The authors thank all volunteers for their efforts and dedicated participation.

Author Contributions

Conceived and designed the experiments: EJS CA. Performed the experiments: EJS CA JS AY.
Analyzed the data: EJS CA S-MC. Wrote the paper: EJS CA S-MC. Interpreted the data: EJS
CAJS AY S-MC MS.

References

1. Astrand PO, Cuddy TE, Saltin B, Stenberg J (1964) Cardiac output during submaximal and maximal
work. J Appl Physiol 19: 268-274. PMID: 14155294

2. Campagna JA, Carter C (2003) Clinical relevance of the Bezold-Jarisch reflex. Anesthesiology 98:
1250-1260. PMID: 12717149

3. Doucende G, Schuster |, Rupp T, Startun A, Dauzat M, et al. (2010) Kinetics of left ventricular strains
and torsion during incremental exercise in healthy subjects: the key role of torsional mechanics for sys-
tolic-diastolic coupling. Circ Cardiovasc Imaging 3: 586-594. doi: 10.1161/CIRCIMAGING.110.943522
PMID: 20581049

4. StohrEJ, Gonzalez-Alonso J, Bezodis IN, Shave R (2014) Left ventricular energetics: new insight into
the plasticity of regional contributions at rest and during exercise. Am J Physiol Heart Circ Physiol 306:
H225-232. doi: 10.1152/ajpheart.00938.2012 PMID: 24213618

5. Stoéhr EJ, Gonzalez-Alonso J, Shave R (2011) Left ventricular mechanical limitations to stroke volume
in healthy humans during incremental exercise. Am J Physiol Heart Circ Physiol 301: H478-487. doi:
10.1152/ajpheart.00314.2011 PMID: 21572016

6. Stohr EJ, McDonnell B, Thompson J, Stone K, Bull T, et al. (2012) Left ventricular mechanics in humans
with high aerobic fitness: adaptation independent of structural remodelling, arterial haemodynamics
and heart rate. J Physiol 590: 2107—2119. doi: 10.1113/jphysiol.2012.227850 PMID: 22431336

7. Notomi Y, Martin-Miklovic MG, Oryszak SJ, Shiota T, Deserranno D, et al. (2006) Enhanced ventricular
untwisting during exercise: a mechanistic manifestation of elastic recoil described by Doppler tissue
imaging. Circulation 113: 2524—-2533. PMID: 16717149

8. Soullier C, Obert P, Doucende G, Nottin S, Cade S, et al. (2012) Exercise response in hypertrophic car-
diomyopathy: blunted left ventricular deformational and twisting reserve with altered systolic-diastolic
coupling. Circ Cardiovasc Imaging 5: 324-332. doi: 10.1161/CIRCIMAGING.111.968859 PMID:
22414888

9. Tan YT, Wenzelburger F, Lee E, Heatlie G, Leyva F, et al. (2009) The pathophysiology of heart failure
with normal ejection fraction: exercise echocardiography reveals complex abnormalities of both systolic

PLOS ONE | DOI:10.1371/journal.pone.0154065 April 21,2016 11/183


http://www.ncbi.nlm.nih.gov/pubmed/14155294
http://www.ncbi.nlm.nih.gov/pubmed/12717149
http://dx.doi.org/10.1161/CIRCIMAGING.110.943522
http://www.ncbi.nlm.nih.gov/pubmed/20581049
http://dx.doi.org/10.1152/ajpheart.00938.2012
http://www.ncbi.nlm.nih.gov/pubmed/24213618
http://dx.doi.org/10.1152/ajpheart.00314.2011
http://www.ncbi.nlm.nih.gov/pubmed/21572016
http://dx.doi.org/10.1113/jphysiol.2012.227850
http://www.ncbi.nlm.nih.gov/pubmed/22431336
http://www.ncbi.nlm.nih.gov/pubmed/16717149
http://dx.doi.org/10.1161/CIRCIMAGING.111.968859
http://www.ncbi.nlm.nih.gov/pubmed/22414888

@’PLOS ‘ ONE

Variability and Magnitude of LV Twist Mechanics

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

and diastolic ventricular function involving torsion, untwist, and longitudinal motion. J Am Coll Cardiol
54: 36—46. doi: 10.1016/j.jacc.2009.03.037 PMID: 19555838

Esch BT, Scott JM, Warburton DE, Thompson R, Taylor D, et al. (2009) Left ventricular torsion and
untwisting during exercise in heart transplant recipients. J Physiol 587: 2375-2386. doi: 10.1113/
jphysiol.2009.170100 PMID: 19332498

Burns AT, La Gerche A, Prior DL, Macisaac Al (2010) Left ventricular torsion parameters are affected
by acute changes in load. Echocardiography 27: 407—-414. doi: 10.1111/j.1540-8175.2009.01037.x
PMID: 20070357

Dong SJ, Hees PS, Huang WM, Buffer SA Jr, Weiss JL, et al. (1999) Independent effects of preload,
afterload, and contractility on left ventricular torsion. Am J Physiol 277: H1053-1060. PMID: 10484428

Weiner RB, Weyman AE, Khan AM, Reingold JS, Chen-Tournoux AA, et al. (2010) Preload depen-
dency of left ventricular torsion: the impact of normal saline infusion. Circ Cardiovasc Imaging 3: 672—
678. doi: 10.1161/CIRCIMAGING.109.932921 PMID: 20826594

Helle-Valle T, Crosby J, Edvardsen T, Lyseggen E, Amundsen BH, et al. (2005) New noninvasive
method for assessment of left ventricular rotation: speckle tracking echocardiography. Circulation 112:
3149-3156. PMID: 16286606

Esch BT, Warburton DE (2009) Left ventricular torsion and recoil: implications for exercise performance
and cardiovascular disease. J Appl Physiol 106: 362—369. doi: 10.1152/japplphysiol.00144.2008
PMID: 18988768

Arts T, Meerbaum S, Reneman RS, Corday E (1984) Torsion of the left ventricle during the ejection
phase in the intact dog. Cardiovasc Res 18: 183—193. PMID: 6705008

Duncker DJ, Stubenitsky R, Verdouw PD (1998) Autonomic control of vasomotion in the porcine coro-
nary circulation during treadmill exercise: evidence for feed-forward beta-adrenergic control. Circ Res
82: 1312—-1322. PMID: 9648728

Beaver WL, Wasserman K, Whipp BJ (1986) A new method for detecting anaerobic threshold by gas
exchange. J Appl Physiol (1985) 60: 2020-2027. PMID: 3087938

Wasserman K, Beaver WL, Whipp BJ (1990) Gas exchange theory and the lactic acidosis (anaerobic)
threshold. Circulation 81: 1114-30. PMID: 2403868

Huckabee WE (1961) Relationship of pyruvate and lactate during anaerobic metabolism. V. Coronary
adequacy. Am J Physiol 200: 1169—-1176. PMID: 13716483

Sahn SA, Zwillich CW, Dick N, McCullough RE, Lakshminarayan S, et al. (1977) Variability of ventila-
tory responses to hypoxia and hypercapnia. J Appl Physiol Respir Environ Exerc Physiol 43: 1019—
1025. PMID: 606686

American College of Sports Medicine (2006) ACSM's guidelines for exercise testing and prescription.
Philadelphia, Pa.; London: Lippincott Williams & Wilkins. xxi, 366 p. p.

Vendelin M, Bovendeerd PH, Engelbrecht J, Arts T (2002) Optimizing ventricular fibers: uniform strain
or stress, but not ATP consumption, leads to high efficiency. Am J Physiol Heart Circ Physiol 283:
H1072-1081. PMID: 12181137

Opdahl A, Remme EW, Helle-Valle T, Edvardsen T, Smiseth OA (2012) Myocardial Relaxation, Restor-
ing Forces, and Early-Diastolic Load are Independent Determinants of Left Ventricular Untwisting Rate.
Circulation 126: 1441-1451. doi: 10.1161/CIRCULATIONAHA.111.080861 PMID: 22865889

Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, et al. (2015) Recommendations for cardiac
chamber quantification by echocardiography in adults: an update from the american society of echocar-
diography and the European association of cardiovascular imaging. J Am Soc Echocardiogr 28: 1-39
e14. doi: 10.1016/j.ech0.2014.10.003 PMID: 25559473

Notomi Y, Lysyansky P, Setser RM, Shiota T, Popovic ZB, et al. (2005) Measurement of ventricular tor-
sion by two-dimensional ultrasound speckle tracking imaging. J Am Coll Cardiol 45:2034-2041.
PMID: 15963406

Mor-Avi V, Lang RM, Badano LP, Belohlavek M, Cardim NM, et al. (2011) Current and evolving echo-
cardiographic techniques for the quantitative evaluation of cardiac mechanics: ASE/EAE consensus
statement on methodology and indications endorsed by the Japanese Society of Echocardiography. J
Am Soc Echocardiogr 24: 277-313. doi: 10.1016/j.echo.2011.01.015 PMID: 21338865

van Mil ACCM, Drane A, Pearson J, McDonnell B, Cockcroft JR, et al. (2016) Interaction of LV twist
with arterial haemodynamics during localised, non-metabolic hyperaemia with and without blood flow
restriction. Exp Physiol In press.

Wagner PD, Gale GE, Moon RE, Torre-Bueno JR, Stolp BW, et al. (1986) Pulmonary gas exchange in
humans exercising at sea level and simulated altitude. J Appl Physiol (1985) 61: 260-270. PMID:
3090012

PLOS ONE | DOI:10.1371/journal.pone.0154065 April 21,2016 12/183


http://dx.doi.org/10.1016/j.jacc.2009.03.037
http://www.ncbi.nlm.nih.gov/pubmed/19555838
http://dx.doi.org/10.1113/jphysiol.2009.170100
http://dx.doi.org/10.1113/jphysiol.2009.170100
http://www.ncbi.nlm.nih.gov/pubmed/19332498
http://dx.doi.org/10.1111/j.1540-8175.2009.01037.x
http://www.ncbi.nlm.nih.gov/pubmed/20070357
http://www.ncbi.nlm.nih.gov/pubmed/10484428
http://dx.doi.org/10.1161/CIRCIMAGING.109.932921
http://www.ncbi.nlm.nih.gov/pubmed/20826594
http://www.ncbi.nlm.nih.gov/pubmed/16286606
http://dx.doi.org/10.1152/japplphysiol.00144.2008
http://www.ncbi.nlm.nih.gov/pubmed/18988768
http://www.ncbi.nlm.nih.gov/pubmed/6705008
http://www.ncbi.nlm.nih.gov/pubmed/9648728
http://www.ncbi.nlm.nih.gov/pubmed/3087938
http://www.ncbi.nlm.nih.gov/pubmed/2403868
http://www.ncbi.nlm.nih.gov/pubmed/13716483
http://www.ncbi.nlm.nih.gov/pubmed/606686
http://www.ncbi.nlm.nih.gov/pubmed/12181137
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.080861
http://www.ncbi.nlm.nih.gov/pubmed/22865889
http://dx.doi.org/10.1016/j.echo.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25559473
http://www.ncbi.nlm.nih.gov/pubmed/15963406
http://dx.doi.org/10.1016/j.echo.2011.01.015
http://www.ncbi.nlm.nih.gov/pubmed/21338865
http://www.ncbi.nlm.nih.gov/pubmed/3090012

@’PLOS ‘ ONE

Variability and Magnitude of LV Twist Mechanics

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Goebel B, Handrick V, Lauten A, Fritzenwanger M, Schutze J, et al. (2013) Impact of acute normobaric
hypoxia on regional and global myocardial function: a speckle tracking echocardiography study. Int J
Cardiovasc Imaging 29: 561-570. doi: 10.1007/s10554-012-0117-2 PMID: 22918573

Patterson SW, Starling EH (1914) On the mechanical factors which determine the output of the ventri-
cles. J Physiol 48: 357-379. PMID: 16993262

Weiner RB, Weyman AE, Kim JH, Wang TJ, Picard MH, et al. (2012) The impact of isometric handgrip
testing on left ventricular twist mechanics. J Physiol 590: 5141-5150. doi: 10.1113/jphysiol.2012.
236166 PMID: 22890704

Stembridge M, Ainslie PN, Hughes M, Stohr E, Cotter JD, et al. (2014) Ventricular structure, function
and mechanics at high altitude: chronic remodelling in Sherpa verses short-term lowlander adaptation.
J Appl Physiol 117: 334-343. doi: 10.1152/japplphysiol.00233.2014 PMID: 24876358

Stoéhr EJ, Stembridge M, Esformes JI (2015) In vivo human cardiac shortening and lengthening velocity
is region-dependent and not coupled with heart rate: 'longitudinal' strain rate markedly underestimates
apical contribution. Exp Physiol 100: 507-518. doi: 10.1113/EP085081 PMID: 25772470

Rognmo O, Moholdt T, Bakken H, Hole T, Molstad P, et al. (2012) Cardiovascular risk of high- versus
moderate-intensity aerobic exercise in coronary heart disease patients. Circulation 126: 1436—1440.
doi: 10.1161/CIRCULATIONAHA.112.123117 PMID: 22879367

Donal E, Thebault C, Lund LH, Kervio G, Reynaud A, et al. (2012) Heart failure with a preserved ejec-
tion fraction additive value of an exercise stress echocardiography. Eur Heart J Cardiovasc Imaging
13: 656—-665. doi: 10.1093/ehjci/jes010 PMID: 22291430

Beyar R, Sideman S (1986) Left ventricular mechanics related to the local distribution of oxygen
demand throughout the wall. Circ Res 58: 664—677. PMID: 3708764

Duncker DJ, Koller A, Merkus D, Canty JM Jr (2014) Regulation of Coronary Blood Flow in Health and
Ischemic Heart Disease. Prog Cardiovasc Dis 57: 409—-422. doi: 10.1016/j.pcad.2014.12.002 PMID:
25475073

Stoéhr EJ, Gonzélez-Alonso J, Pearson J, Low DA, Ali L, et al. (2011) Effects of graded heat stress on
global left ventricular function and twist mechanics at rest and during exercise in healthy humans. Exp
Physiol 96: 114-124. doi: 10.1113/expphysiol.2010.055137 PMID: 20952488

Stoéhr EJ, Gonzélez-Alonso J, Pearson J, Low DA, AliL, et al. (2011) Dehydration reduces left ventricu-
lar filling at rest and during exercise independent of twist mechanics. J Appl Physiol 111: 897-897.

PLOS ONE | DOI:10.1371/journal.pone.0154065 April 21,2016 13/13


http://dx.doi.org/10.1007/s10554-012-0117-2
http://www.ncbi.nlm.nih.gov/pubmed/22918573
http://www.ncbi.nlm.nih.gov/pubmed/16993262
http://dx.doi.org/10.1113/jphysiol.2012.236166
http://dx.doi.org/10.1113/jphysiol.2012.236166
http://www.ncbi.nlm.nih.gov/pubmed/22890704
http://dx.doi.org/10.1152/japplphysiol.00233.2014
http://www.ncbi.nlm.nih.gov/pubmed/24876358
http://dx.doi.org/10.1113/EP085081
http://www.ncbi.nlm.nih.gov/pubmed/25772470
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.123117
http://www.ncbi.nlm.nih.gov/pubmed/22879367
http://dx.doi.org/10.1093/ehjci/jes010
http://www.ncbi.nlm.nih.gov/pubmed/22291430
http://www.ncbi.nlm.nih.gov/pubmed/3708764
http://dx.doi.org/10.1016/j.pcad.2014.12.002
http://www.ncbi.nlm.nih.gov/pubmed/25475073
http://dx.doi.org/10.1113/expphysiol.2010.055137
http://www.ncbi.nlm.nih.gov/pubmed/20952488

