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Abstract

The maximal oxygen uptake (V02 max) is a well-validated measure of cardiorespiratory
function that is calculated during a maximal cardiopulmonary exercise test. V02 max enables
physicians to objectively assess cardiopulmonary function to aid in decision-making for
patients with CHD. A significant proportion of these patients however are unable to achieve a
maximal exercise test, and as such, there is a need for reliable submaximal predictors of
cardiorespiratory reserve.

The oxygen uptake efficiency slope represents a measure of how effectively oxygen is
extracted from the lungs and taken into the body and can be calculated from a submaximal
exercise test. Its reliability as a predictor of cardiorespiratory reserve has been validated in
various patient populations, but there is limited evidence for its validity in adult patients with
CHD.

Retrospective analysis of cardiopulmonary exercise test data in 238 consecutive patients with
CHD who completed a maximal cardiopulmonary exercise test at our tertiary cardiology centre
demonstrated a strong correlation between peak V0, and the oxygen uptake efficiency slope
(0.936). A strong correlation with peak V02 was also demonstrated when oxygen uptake
efficiency slope was calculated at ventilatory anaerobic threshold (OUESyaT), 75% (ouEs7s)s
and 90% (ougseo) of the test (0.833, 0.905, 0.927 respectively).

In adult patients with CHD who are unable to complete a maximal cardiopulmonary exercise
test, the oxygen uptake efficiency slope is a reliable indicator of cardiopulmonary fitness which
correlates strongly with peak V02 at or beyond the ventilatory anaerobic threshold. Further
research is required to validate the findings in patients with less common anatomies and to
assess the relationship between the oxygen uptake efficiency slope and mortality.

CHD represents around 0.8% of all live births in developed countries.! As a result of improving
surgical techniques, post-operative care, and medical therapy, over 80% now survive to
adulthood.” Unfortunately, these patients still may have a greater degree of morbidity and
exercise limitation than their healthy counterparts.’ They may also have a distorted perception
of their functional limitation and can struggle to recognise further deterioration as a result of
long-term adaptation to reduced physical activity.>=

Physicians caring for patients with CHD are often faced with the dilemma of trying to predict
untoward events in patients who remain clinically well despite deteriorating imaging results, or
conversely, trying to explain worsening symptoms despite stable investigation results.
Cardiopulmonary exercise testing enables physicians to objectively assess and monitor
cardiopulmonary function and has been used for risk stratification to aid decision-making in a
non-invasive, reproducible manner since the 1930s.° It has also been demonstrated that in
patients with CHD, lower exercise capacity is associated with a worse prognosis.”® Maximal
oxygen uptake, defined as the point at which oxygen uptake plateaus despite increasing
workload is a well-validated measure of cardiorespiratory function,” and in various patient
groups predicts prognosis as an aid to decision-making.!” A true plateau however is difficult to
achieve, is effort dependant, and may be influenced by patient motivation and by the team
performing the test.!! There is variation in achievement by lesion as evidenced by the study from
Buys et al where an RER of > 1.10 (indicative of a maximal test)'? was achieved in 78.7% of
patients with coarctation, and around 60% in those with tetralogy of Fallot, transposition of the
great arteries, and univentricular heart.!* The inability to achieve a maximal exercise test is a
significant issue in patients with CHD, and as such, there is a need for a reliable predictor of
cardiorespiratory reserve that can be achieved using a submaximal test.

Several submaximal indices to predict maximal oxygen uptake have been investigated but are
associated with various limitations. Ventilatory anaerobic threshold is not always identifiable
and is subject to interobserver and intraobserver variability.'*!* The regression line showing the
relationship between minute ventilation and carbon dioxide production has been demonstrated
to be inversely correlated with the maximal oxygen uptake; however, the correlation is weak
(r =—0.56).1° Buller et al proposed an additional method to predict cardiorespiratory functional
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reserve independent of exercise duration using a quadratic
function of the carbon dioxide production and oxygen uptake
termed the extrapolated maximal oxygen consumption;!” however,
this has not been validated by other investigators and so remains of
limited clinical validity.

In 1996, Baba et al described the oxygen uptake efficiency slope
as a novel method of estimating cardiorespiratory functional
reserve from a submaximal exercise test and demonstrated a strong
positive correlation between the oxygen uptake efficiency slope and
the maximal oxygen uptake in a group of young patients.!!

The oxygen uptake efficiency slope is the slope of the regression
line of the oxygen uptake on a logarithmically adjusted minute
ventilation as measured during incremental exercise.'® It repre-
sents a measure of how effectively oxygen is extracted from the
lungs and taken into the body. Oxygen uptake efficiency slope is
represented as a slope whereby a steeper gradient represents a
greater uptake in oxygen for any given increase in ventilation
which is indicative of a more efficient cardiorespiratory system
(Fig. 1). Put simply, oxygen uptake efficiency slope is the absolute
increase in oxygen uptake associated with a 10-fold increase in
ventilation. The benefit of the oxygen uptake efficiency slope over
other submaximal indices may be that the slope incorporates
cardiovascular, musculoskeletal, and respiratory function into a
single measure as physiologically it is based on both the
development of metabolic acidosis and lung perfusion.!'® The
oxygen uptake efficiency slope is best described by a single
exponential function:

V0, = alogio(Ve/ Virest) + V0ares

The reliability of the oxygen uptake efficiency slope as a predictor of
cardiorespiratory reserve in submaximal exercise tests has been
validated in healthy adults,?**! children with CHD,!*? and a variety
of adult cardiac patients including those with heart failure**
coronary artery disease,”> and pulmonary hypertension.?-2¢ To date,
there is limited and equivocal evidence for the role of the oxygen
uptake efficiency slope as a submaximal predictor of exercise capacity
in adult patients with CHD.!3?° Giardini et al in 2008 demonstrated
good correlation of the with the last 50% of the entire exercise
duration (oxygen uptake efficiency slope 50-100) and maximal
oxygen uptake in a group of Fontan (n = 23) and Mustard/Senning
patients (n = 30). In the Fontan group, the oxygen uptake efficiency
slope 50 (first 50% of the test) differed significantly from the oxygen
uptake efficiency slope 50-100, with the difference appearing most
marked in the cyanotic Fontan group.” Buys et al published a larger
study including patients with tetralogy of Fallot, aortic coarctation,
univentricular heart and transposition of the great arteries and
reported good correlation between oxygen uptake efficiency slope and
oxygen uptake efficiency slope 75 (where data points from only the
first 75% of the exercise test were analysed) in the aortic coarctation
group, but poor correlation in all other patient groups.'* Previously,
there has been discrepancy about the decimalisation of the y-intercept
and the unit of oxygen uptake efficiency slope. We suggest calculating
oxygen uptake efficiency slope using oxygen uptake expressed in
litres/minute and that the oxygen uptake efficiency slope itself is
unitless.'®

This study seeks to assess the validity of the oxygen uptake
efficiency slope as a submaximal predictor of maximal oxygen
uptake in patients with all the major adult CHD diagnosis groups
and establish a reproducible method by which it can be calculated
and thus be used as the standard industry-wide method.
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Additionally, we will evaluate the correlation between oxygen
uptake efficiency slope at ventilatory anaerobic threshold and
maximal oxygen uptake to add more direct clinical application of
the oxygen uptake efficiency slope in this group of patients.

As part of a service development project to establish a
departmental standard, we retrospectively analysed the exercise
date of all patients with CHD referred for routine cardiopulmonary
exercise testing in the Department of Pulmonary Function,
Liverpool Heart, and Chest Hospital between 2019-2020. CHD
diagnoses were split into 11 subgroups as defined by Kempny et al,
2012.% Ethics approval for this project as a service development
project was based on retrospective analysis of data acquired in
routine care.

Anthropometric measurements were taken in all participants
including body mass (kg) and height (m) using electronic scales
and a stadiometer (Seca GmbH & CO, Germany). Body mass index
and body surface area were calculated.

All patients performed resting spirometry in accordance with
American Thoracic Society guidelines for acceptability and
repeatability.’! Measurements of forced vital capacity, forced
expiratory volumes in 1s, and the forced expiratory volumes in
1 s/ forced vital capacity ratio were calculated. Predicted values for
spirometry used were derived from the Global Lung Index 2012.3?

Patients were familiarised with equipment and protocol. Prior to each
test, equipment was calibrated as per manufacturer’s guidelines using
3L reference syringe for volume calibration and a two-point
calibration of gases. All patients performed cardiopulmonary exercise
testing using an electronically braked cycle ergometer (Ergoselect 100,
ergoline GmbH, Germany). Cardiopulmonary exercise test followed
standardised protocol'? consisting of 3 minutes of rest, 3 minutes
unloaded cycling at 60 rpm, followed by incremental uniformed
increase in load 5-30 W/min, load calculated using Wasserman
formula®® with the aim of eliciting maximum performance in 8-12
minutes of exercise. During cardiopulmonary exercise testing,
patients were required to maintain revolutions of 60-80 r.p.m. and
were given verbal encouragement throughout. The test ceased when
patients achieved volitional exhaustion and were either unable to
maintain the required cadence or all the identifiers of a maximal
exercise test were present (respiratory exchange ratio > 1.10, heart rate
> 90% age-predicted maximum and a sustained plateau of oxygen
uptake was achieved). As a maximal test was required to develop a
correlation, tests whereby the respiratory exchange ratio did not meet
the threshold for maximal exercise were excluded from this study
(respiratory exchange ratio < 1.10), n=7.

Standard 12 lead electrocardiograms (AMEDTEC Medizintechnik
GmbH, Germany) and pulse oximetry were continuously monitored
throughout cardiopulmonary exercise testing. Blood pressure
(automatic cuff) was recorded regularly throughout exercise, at peak
and into recovery for assessment of haemodynamic recovery. Carbon
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dioxide (carbon dioxide production ml/min), oxygen uptake
(ml/min), minute ventilation (L/min), and respiratory rate were
measured continuously via breath-by-breath gas analysis. Patients
breathed through a face mask (Hans Rudolph, Kansas City, MO)
connected to a metabolic cart system (Geratherm GmbH, Germany).
Expired gas was passed through a flowmeter and rapidly responding
oxygen and carbon dioxide analysers connected to a computer, and
derived variables such as respiratory exchange rate, oxygen uptake/
heart rate, and ventilatory equivalents (minute ventilation/carbon
dioxide production, minute ventilation/oxygen uptake) were obtained
throughout. Maximal oxygen uptake was determined as the highest
30s average of oxygen uptake. Remaining peak parameters were
calculated during this time period. Ventilatory anaerobic threshold
was calculated by the V-slope method, and minute ventilation/carbon
dioxide production was determined at ventilatory anaerobic thresh-
old."? Cardiopulmonary exercise testing resting, predicted and peak
data were recorded against known predicted equations™ and reported
into electronic patient record (Allscripts, Chicago, IL), whereby
additional calculations of breathing reserve (forced expiratory
volumes in 1 s x40 — peak minute ventilation), ventilatory anaerobic
threshold as a percentage of achieved and predicted workload were
calculated.***

Oxygen uptake efficiency slope is best expressed by the following
exponential function:

V0, = alogio(Vg/ Virest) + VOrest

Semi-log transformation of the X-axis demonstrates a linear
relationship between oxygen consumption and minute ventilation
whereby the steeper slope represents improved oxygen uptake with
exercise (Fig. 1).

To evaluate its usefulness in the CHD population, oxygen uptake
efficiency slope was calculated using breath-by-breath data (including
the last minute of resting data, having allowed for a mask
familiarisation period). To further assess its utility as an index
derived from submaximal cardiopulmonary exercise testing, the
oxygen uptake efficiency slope was also calculated from data collected
during the first 75 and 90% of exercise duration and correlated against
maximal oxygen uptake(L/min). This was achieved by removing all
data points beyond 75 and 90% of the total exercise time, respectively,
and recalculating the oxygen uptake efficiency slope based on the
remaining data. Ventilatory anaerobic threshold was calculated using
the V-slope method and then used to calculate oxygen uptake
efficiency slope at ventilatory anaerobic threshold by removing all
subsequent data points and recalculating the oxygen uptake
efficiency slope.

The relationships between oxygen uptake efficiency slope from the
first 75% of the test, the oxygen uptake efficiency slope from the
first 90% of the test, the oxygen uptake efficiency slope from the
entire test, and the oxygen uptake efficiency slope at ventilatory
anaerobic threshold with each of maximal oxygen uptake, oxygen
uptake at lactate threshold, and ventilatory equivalents for carbon
dioxide at lactate threshold and slope were investigated using either
Pearson’s product-moment correlation coefficient or Spearman’s
rho correlation coefficient. These tests were performed for the
whole patient cohort and the subset patient cohorts of tetralogy of
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Figure 1. Relationship between the oxygen uptake and the minute ventilation during a
cardiopulmonary exercise test in a healthy 27-year-old woman, and in sex and age-
matched patients with transposition of the great arteries and Fontan circulation. The
values of the oxygen uptake efficiency slope are 2.49, 1.50, and 0.96, respectively, and the
data are presented as linear (top graph) and semi-log plots of the x-axis (bottom graph).
TGA: transposition of the great arteries, VE: minute ventilation, VO2; oxygen uptake.

Fallot, valvular, transposition of the great arteries and Fontan.
Preliminary analyses were performed to ensure no violation of the
assumptions of linearity, homoscedasticity and normality. Partial
correlation coefficients were used to explore the relationships as
above while controlling for body surface area. Differences between
the groups were investigated using Student’s t-test or Mann—
Whitney U tests after checking for normality. All analyses were
done using IBM SPSS Statistics v23.

We analysed the results of 238 consecutive patients (age 33.5 +
11.7, 44% female) who completed a maximal cardiopulmonary
exercise test. The cohort included 10 distinct anatomical groups of
patients plus a further mixed group of complex anatomy that
included Eisenmenger’s, anomalous pulmonary venous drainage,
truncus, and atrioventricular septal defects. Anthropometric data
are summarised in Table 1.
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Table 1. Characteristics of study participants.
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Sex (m/f) Age (years) Height (cm) Weight (kg) BMI (kg/m2) BSA (m2)
Total n =238 125/ 113 332 (11.4) 169 (10) 75.3 (18.1) 26.2 (5.6) 1.87 (0.25)
TGA Arterial Switch n = 10 9/1 25.9 (4.7) 173.8 (10.2) 74.7 (11.7) 24.9 (4.8) 1.89 (0.2)
Valvular n =55 25/ 30 33.0 (11.5) 169.3 (10.4) 77.41 (17.5) 26.9 (5.5) 1.9 (0.2)
CoA n=10 9/1 34.1 (8.5) 174.8 (6.7) 78.8 (19.1) 25.8 (6.6) 1.94 (0.2)
ASDn=7 1/6 38 (13.3) 164.1 (5.1) 76.1 (18.3) 28.1 (6.1) 1.85 (0.2)
VSD n=3 2/1 44.0 (14.9) 169.67 (12.7) 94.0 (24.9) 32.0 (4.7) 2.09 (0.3)
ToF n=53 24 /29 32.55 (12.4) 167.2 (10.8) 74.7 (20.3) 26.5 (5.8) 1.85 (0.3)
TGA Atrial Switch n =30 23/7 37.6 (4.4) 171.62 (6.1) 80.83 (16.0) 27.38 (5.1) 1.96 (0.2)
ccTGANn=9 7/2 43.4 (13.5) 171.1 (10.6) 84.0 (17.1) 28.6 (5.0) 1.9 (0.2)
Ebstien’s Anomaly n = 10 5/5 40.1 (13.9) 168.70 (7.4) 67.10 (9.2) 23.49 (2.3) 1.77 (0.1)
Fontan n =31 18/ 13 26.5 (5.6) 167.8 (9.9) 66.6 (14.9) 23.6 (4.7) 1.75 (0.2)
Complex n=20 10/ 10 31.43 (12.0) 168.21 (9.3) 73.40 (17.1) 25.76 (5.1) 1.84 (0.2)

All patients achieved a maximal test (respiratory exchange ratio
> 1.10 and HR > 90% age-predicted maximum). The results are
shown in Table 2. Four minor adverse events were recorded. Three
patients experienced vasovagal syncope on completion of the test,
and another was admitted overnight for treatment of sustained
atrial arrhythmia developed post-test.

In total, 238 patient tests were included in the full patient cohort and
n=53,5530,31, respectively, for the tetralogy of Fallot, valvular,
transposition of the great arteries and Fontan sub-patient groups.
There was a strong positive correlation between maximal oxygen
uptake and each of oxygen uptake efficiency slope from the first 75%
of the test, the oxygen uptake efficiency slope from the first 90% of the
test, the oxygen uptake efficiency slope from the entire test, and the
oxygen uptake efficiency slope at ventilatory anaerobic threshold for
all patient groups as shown in Table 3 and Figure 2. The only
exception was a moderate correlation between maximal oxygen
uptake and oxygen uptake efficiency slope at ventilatory anaerobic
threshold in the Fontan patient subgroup (+0.678). Higher maximal
oxygen uptakes were associated with high levels of oxygen uptake
efficiency slope from the first 75% of the test, the oxygen
uptake efficiency slope from the first 90% of the test, the oxygen
uptake efficiency slope from the entire test, and the oxygen uptake
efficiency slope at ventilatory anaerobic threshold for the total patient
cohort (Fig. 3). The maximum Pearson correlation was the oxygen
uptake efficiency slope from the entire test of + 0.943 for the tetralogy
of Fallot cohort and the lowest + 0.678 in the Fontan group, oxygen
uptake efficiency slope at ventilatory anaerobic threshold. The partial
correlation used to explore the relationship between maximal oxygen
uptake and each of oxygen uptake efficiency slope from the first 75%
of the test, the oxygen uptake efficiency slope from the first 90% of the
test, the oxygen uptake efficiency slope from the entire test, and the
oxygen uptake efficiency slope at ventilatory anaerobic threshold
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when controlling for body surface area was lower in each case but
retained the strong positive correlations for the total cohort and each
of the patient subgroups (Fig. 4). This was supported when the
analyses were repeated using Bongers’ method which divided the
variables by body surface area rather than using the partial correlation
method to examine the covariate.??

For comparison with the above, the analyses were repeated to
compare the oxygen uptake efficiency slope variables with each of
the cardiopulmonary exercise testing variables, ventilatory
anaerobic threshold, and minute ventilation/carbon dioxide
production (both slope and at anaerobic threshold) in all the
patient groups. Similar to the above, there was a strong positive
correlation with ventilatory anaerobic threshold and each of
oxygen uptake efficiency slope from the first 75% of the test, the
oxygen uptake efficiency slope from the first 90% of the test, the
oxygen uptake efficiency slope from the entire test, and the oxygen
uptake efficiency slope at ventilatory anaerobic threshold in all
groups albeit lower coefficients than when comparing with
maximal oxygen uptake. Controlling for body surface area had
little effect on the strength of the relationship with ventilatory
anaerobic threshold in the groups, it caused slightly more of a
reduction in the coefficients in the tetralogy of Fallot group than
the others. When comparing minute ventilation/carbon dioxide
production at anaerobic threshold and the oxygen uptake
efficiency slope variables the correlation was a weak, negative
association being 0.501,0.503,0.502,0.425, respectively, for
oxygen uptake efficiency slope from the first 75% of the test, the
oxygen uptake efficiency slope from the first 90% of the test,
the oxygen uptake efficiency slope from the entire test, and the
oxygen uptake efficiency slope at ventilatory anaerobic threshold
in the total patient cohort, which was improved slightly when
replaced with minute ventilation/carbon dioxide production slope
and with a similar effect of the covariate body surface area
(Table 3). The subgroups showed a similar pattern with the latter.

In the total patient cohort, there were no significant
differences between the means of any one of the variables,
oxygen uptake efficiency slope from the first 75% of the test, the
oxygen uptake efficiency slope from the first 90% of the test,


https://doi.org/10.1017/S1047951123004365

Cardiology in the Young

(urw/7)

(€0) ¥E'T (r'0) vE'T (7°0) ¥¥'T (€0) /T (r'0) €v'T (r'0) ov'T (8°0) 18T (€0) 92T (50) vL'T (90) 29T (r0) €8°T (5°0) 8¥'T LVASINO

(urw/7)

(r'0) 95°T (r'0) 6v'T (€0)SY'T (o) 02T (o) 29T (¥°0) 09°T (8°0) 66'T (€0) 66T (9°0) L6'T (90) 8T (€0) 90T (5°0) §9°T SL.s3IN0

(urw/7)

(€0) 85°T (7o) 15°T (7'0) 8%°T (50) LT (7o) 19T (¥r'0) s9°T (8°0) 10°C (€0) ev'T (L0) 10T (9°0) S8'T (¥°0) ST'T (5°0) 69'T 06 SINO

(uw/7)

(€0) ¥S'T (¥°0) o¥'T (¥°0) €¥'T (¥°0) 89°T (7°0) LS'T (#'0) €9'T (8°0) ¥0'C (€0) O¥'T (9°0) 96'T (9°0) Z8'T (s0) 21T (50) S9'T 00T S3NO

(uiw/syeaq)

(0'67) L0°€9T (9°0€) TH'1ST (0'82) 027091 (5°T2) 95 vvT (6'82) 08'8ST (8°€7) 60491 (€°6T) 0°0LT (8'T€) ¥T'8YT (0°0T) 9991 (€°€T) L¥°99T (°0T) 6'SLT (0°22) €9°09T Yead ¥H

(99) ¢5°1€E (0°s) 8'v€ (€'8) 8T¥E (T'7) €v°6C (L9) 0T'€E (€°€) 08'8C (¢y) €0°6T (v's) 65°1€ (v's) €6°LC (L°€) 00°8T (re) 1Lz (€79) 8°0€ TODN/AN

(vog) €648 (0'8T) ¢5°LL (8'ST) 0T'8L (6'52) 16 (Lv2) 1768 (922) TT'E8 (0°9€) €€'€TT (9°6T) €v'8L (9°€7) 86 (0°67) 82728 (9°€T) LTTT (8'57) 61°58 (uw/7) 3n

(L282) L0°%L0T (e's¥2) T'0L6 (9°0€2) 0T"L20T (1°967) ¥7°LL0T (LTse) ezt (£087) ¥E'S8OT  (S'TLS) €E€'66YT  (1°20T) ¥T°S86 (6°06€) ¥'Z6ZT (6'70¥) 67°S6TT (5°60€) 09€T (v'8€€E) THHITT (Unw/jw) 1y

(urw/jw)

(T8SY) L0°6SST  (9'ELE) E0°'66ET (T'€€p) 0L°98¥T (L8Y) €€969T (1Y) LE6T9T (L°95%) 069T (€'86L) L9°€TET  (8'LTE) EV°65HT (Tee9) T'150C (T'L09) 6T°€88T (vese) ezete (T'6vS) #9691 yead ZOA

paypipasd

(9721) 9€°59 (€T) L1695 (9°6T) 0T'89 (T°€T) €€°89 (6°€T) £5°€9 (67€T) T0°€EL (0°9) 29°€6 (L'6) 9L (Lt) L2 (0°sT) 9°8L (L'8) €52 (T°91) TOL % %ead TOA

(Bt/uiw/jw)

(T°9) 62T (0°9) z6'1C (09) 12T (0°9) L6°0C (8'5) §5°0C (L'5) vree (07) €T'vC (¢21) ev'oT (¥'2) T7'9C (L) L'y (¥'9) 15°0€ (69) 6'CC nead ZOA

(L'%) 98'96 (€°2) sv'88 (5°8) 06'76 (977) zT'66 (9%) 0€'96 (5°2) 09'86 (80) 0'86 (9°7) 86 (L2) 6'L6 (6'T) L'86 (€T) 8'86 (9°5) 2996 (%) »ead zods

(9'7) 98'86 (€'5) s€'26 (€€) 0’86 (€'T) €€'66 (z'T) 0T'66 (6'0) 85'66 (5°0) 29'66 (¥'T) 62°66 (9°0) 866 (9°0) SL'66 (€'T) ¥'66 (¥€) 81’86 (%) 3524 ZOdS

(cONZODA)

(T0) 8T'T (T0) ¥T'T (T0) LTT (T0) ¥E'T (T0) 92T (T0) TE'T (T0) sT'T (T0) szT (T'0) TE'T (T'0) 62°T (T0) ze'T (T0) 82T yead y3y

(8T) TT'6 (07 LT6 (07) 9e'8 (r'z) 96'6 (T2) 156 (1) T0°0T (97) €9'TT (1) 20T (0'7) zooT (97) €z0T (0'1) 6t°0T (61) 9L'6 dM/TON

(snem)

(6°0v) TL'9€ET (T°s€) §°LTT (9'87) 00°SZT (9'v¥) 68°TET (ree) €ozeT (6°2€) TeeeT (9°8Y) L9%9T (5'8T) ¥'S0T (8°6€) 6°09T (0'6%) T5°6VT (8'v€) 9'18T (Lev) TToeT Yiom xead

oz=u T€ = U uejuo4 oT=u 6=UYy912 og=u €5=u4o] €=U QsA L=uaqasy 0T =U y0) GG = U Jenajep 8ET=U |ej0L

x9)dwo) Kjewoue s,uansq3 Y0)MS |elie Yo

'sof3sualdRIBYD 159} ASIDIDXT °T dlqel

https://doi.org/10.1017/5S1047951123004365 Published online by Cambridge University Press


https://doi.org/10.1017/S1047951123004365

‘Pa3eIS BSIMIBYIO SS|UN G000"0 > d JUBIDIY0D oYy suewleads,

10 JUBID1}}30D UOIIR]SII0D S,U0SIedd;

‘uosiiedwod Yoea J0j UMOYS e UOIFR)21I0D JO SIUBIDIHI0D YL

*UO[}RIDOSSE DB J9}4e S)dXDeIQ Ul UMOYS S| BaJe 3deyNns APoq 104 |043U0D UOoI3e)a110d jerued ay)

*PIoysa.y} diqoideue AI0IB|IIUSA = | YA PlOYSaiy) 31e1de] = |7

‘uoponpoJd apIxolp uogued = gD ‘UOIIe|IUIA dnuIW = JA Dxerdn uaBAxo wnwixew = yead oA ‘SaudMe 1813 ay3 Jo uonisodsuel) =y9o| ojjed Jo A30jes3d) = 40 ‘eale ddepns Apoq = ysg ‘ploysaly) diqolaeue A1ojejuan je adojs Aousdiye ayeydn
uadAxo = | YASINO ‘1591 9Y3 JO %G, wouy adojs Aouaidiyd axeidn uaBAxo = G2S3N0 1591 a3 JO %06 Wodj ado)s Aouaidiya ayeidn uadAxo = 0eSINO 1591 2413Ud dY) Wody adojs Aouaidiye axerdn uadAxo = 0OTSINO 3unsay asuaxe Aleuowndoipied = [3dD)

J. M. Redfern et al.

1(z10°=d ‘2z5y°0-) 600°0=d ‘€90~

1(200 = d ‘zv5°0-) 100°0=4d ‘L¥S0—

1(800° =d ‘92t'0—) 900°0=d ‘980~

1(600"=d ‘T2t'0-) 900°0=d ‘6.0~

adojs ZOJA/AA

1(1S8'+) 7980+ 1(zs8'+) 9980+ 1(9e8'+) 158°0+ (6L +) z18'0+ 1VA
(S'U ‘TOE°0-) S'U PTE0— (€20 =d ¥1¥°0-) 610°0=d ‘610~ 1(s'u ‘sp€°0) G0°0 =d ‘G5€°0— 1(50"=d ‘€90 ) v0'=d ‘TLE0— 11 TOJA/AN
1(879'+) 8290+ 1(z8L'+) 9080+ 1 (bE8'+) 968°0+ 1(0£6'+) 860+ yead ZOA
(te=u)
uejuo4
(700" =d ‘215°0—) 0100 =d ‘€9¥'0— (100" =d ‘€95°0—) €000 =d ‘9250~ (200" =d ‘1¥5°0—) 865°0— (200" =d ‘8¥5°0—) 629°0— adojs ZOJA/3A
1(Le8'+) Ts8'0+ 1(€98'+) 9.8°0+ 1(858'+) 1280+ 1(9z8'+) Tveo+ LVYA
(€20'0=d ‘6T¥'0—) ¥20'0=d ‘OT+"0— (600" =d ‘6.+°0—) 9000 =d ‘610~ (10" =d‘89%"0—) T00°0=d ‘09°0— T10"=d ‘59t°0—) ‘T00'0=d ‘985°0— 11 TOJA/AN
1(¥69°) 0€L°0+ 1(66L+) Tes+ 1 vE80+) 958°0+ 1(rL8'+) v68°+ yead ZOA
(oe=u) voL
1(506°=) Tvs— 1(616°—) 065°0— 1(T0G'—) €€5°0— (100" =d ‘6£1°0—) 98%°0— adojs ZOJA/3A
1(¥16°+) 6€6°0+ 1(€06'+) T€60+ 1(L68+) LT670+ 1(¥88'+) 616°0+ 1VA
(100" =d ‘S¥"0—) 100°0=d ‘0S¥"0— (100" =d ‘¢5¥"0-) 100" =d ‘TSt 0— (100" =d ‘6€¥°0—)100" =d ‘SEF0— 1(z00"=d ‘G0v°0—) 200'0=d ‘TT¥'0— 11 TOJA/AN
1(9LL+) o8+ 1(T98'+) Z06°0+ 1 (z88'+) 9T6°0+ 1(668'+) 8260+ Yead ZOA
(g5=u)
Jejnajepn
(200" =d ‘€T¥'0 —) S00"=d ‘2270~ 1(805'—) 100" =d ‘€t'0— 1(€05'—) 100" =d ‘€St"0— (100" =d ‘8t¥°0—) 2000 =d ‘9T"— adojs ZOJA/3A
1(9€9'+) 8080+ Lzr+) zsgo+ 1(062°'+) €98°0+ H291+) 128+ LVA
1(¥T0 =d ‘6€€'0-) TZT"=d ‘91T 0— (200" =d pzv'0—-) sv0'0=d ‘9,7°0— 1(€00"=d ‘60t°0-) ¥+0'0=d ‘8T 0~ (600" =d ‘19€°0-) L0'0=d ‘45T 0~ 11 TOJA/AN
1(989'+) ¥z8+ 1(ov8+) S06+ 1(106°0+) T¥6°0+ 1(b06'+) €60+ yead ZOA
(e5=u) J0L
(¥8%'=) 005°0— (¥95°—) G150~ (2855°0—) 126~ (0¥5' =) 655°0— adojs ZOJA/3A
1(€98'+) 006+ 1(898'+) €06+ 1(b98'+) 06"+ 1(zs8'+) 7680+ LVA
7(€0%'—) SZ¥'0— <(687'=) 205"— (987°=) €05 7(96%'—) T05°0— 11 ZOJA/3A
1(89L'+) 0€8'0+ 1(598'+) 1060+ 1(06°0 +) 9z6°0+ 1(b16'+) L€6°0+ Yead ZOA
(8€z=u)
pauiquo)
(¥Sg 404 j013U0D (¥sSg 404 1013U0D (vsg 40} 1043u0d (¥Sg 404 1013U0D uolje)a.0d dnoJ3 juaned

uoneja.103 |eiped) (dY) LYASINO

uofe)a.0d jerded) (dY) s2S3N0O

uonie)ai0d jered) (dY) 06S3IN0O

uol3e)a.l0d |eided) (d 4) 00TSINO

Joy J23owesed [3dD

'suoyo2 juaned sjesedss pue pauiquiod ay) 4oy sa)qetien adojs Aouaidiys axerdn uadAxo pue Sunssy asuaxa Aeuowindolpaed usamiaq sdiysuonelay € alqel

https://doi.org/10.1017/5S1047951123004365 Published online by Cambridge University Press


https://doi.org/10.1017/S1047951123004365

Cardiology in the Young

3
y =2.4942x - 2.3998
25 & OUES100
u OUES90
2 y =2.5244x - 2.4396
c A OUES75
E y =2.5678x - 2.4953
=15
8 + OUESVAT
> y =2.5285x - 2.4471
1
Figure 2. Graphical representation of oxygen
uptake efficiency slope calculation from the
0.5 entire test, from first 90%, from first 75% and
at ventilatory anaerobic threshold. VE; minute
[* ventilation, VO2; oxygen uptake, OUES100; oxy-
gen uptake efficiency slope from the entire test,
0 OUES90; oxygen uptake efficiency slope from first
0.8000  1.0000  1.2000  1.4000  1.6000  1.8000  2.0000  2.2000 90%, OUESTS; oxygen uptake efficiency slope
3 from first 75%, OUESVAT; oxygen uptake effi-
Log(VENlog(l/min)} ciency slope at ventilatory anaerobic threshold.
3.5 4 3.5 4
< 3 c 3
£ 25 - € 2.5 4
- —
o~ 2 T [ 2 T
o
g 1.5 4 > 15
T 1 3 1
9] 7 ] T
* 05 - % 05 |
0 T T T T T T 1 0 T T T T T T 1
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
OUES100 OUES90
3.5 4 3.5 1
3 3 A
f =4 f=
‘E 2.5 € 25 A
- ] P
8 2 S Figure 3. Relationship between peak V0, and OUES;y, (top
> 1.5 4 i 1.5 - left); peak VO, and OUESy, (top right); peak VO, and OUES;s
§ 1 s 9 (bottom left); peak VO, and OUESyar (bottom right). Peak V02;
a a maximum oxygen uptake, OUES75; oxygen uptake efficiency
0.5 - 0.5 slope from the first 75% of the test, OUES90; oxygen uptake
0 . . . . . . . 0 . . . . . . , efficiency slope from the first 90% of the test, OUES100; the
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50  ©Xygen uptake efficiency slope from the entire test, OUESVAT;
oxygen uptake efficiency slope at ventilatory anaerobic
OUES 75 OUESVAT threshold.
4.00 - - 3.50
3.50 - R2=0.981_-% L 3.00
> 09105 |
2.50 e
R - 200 &
g 2.00 - g
L 1.50 OUES75
© 150 - °
L * OUES90
1.00 - 1.00
0.50 - - 0.50 . ) .
. Figure 4. Correlation of OUES;o, with OUESy, and
0.00 . . . . . . 0.00 OUES7s. OUEST5; oxygen uptake efficiency slope from
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 the first 75% of the test, OUES90; oxygen uptake efficiency

OUES100

https://doi.org/10.1017/51047951123004365 Published online by Cambridge University Press

slope from the first 90% of the test, OUES100; oxygen
uptake efficiency slope from the entire test.
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the oxygen uptake efficiency slope from the entire test, and the
oxygen uptake efficiency slope at ventilatory anaerobic threshold
and the other two (Student’s t-test).

The aim of our study was to investigate the reliability of the oxygen
uptake efficiency slope as a submaximal marker of cardiorespi-
ratory reserve in adult patients with CHD and build upon the
existing evidence. In this retrospective assessment of all adult
congenital patients who achieved a maximal exercise test at a single
tertiary cardiology centre, there was a strong correlation between
the maximum oxygen uptake and the oxygen uptake efficiency
slope from the entire test (0.936), the oxygen uptake efficiency
slope from the first 90% of the test (0.927), and the oxygen uptake
efficiency slope from the first 75% of the test (0.905). Importantly,
as it can be calculated from a submaximal test, there was also a
strong correlation between the maximum oxygen uptake and the
oxygen uptake efficiency slope at ventilatory anaerobic threshold
(0.833). In our cohort, the mean percentage of oxygen uptake at
which anaerobic threshold was reached was 68%. No significant
difference was seen in the oxygen uptake efficiency slope at these
four different exercise durations. Analysis of the larger subgroups,
namely patients with tetralogy of Fallot, transposition of the great
arteries, valvular abnormalities, and those with Fontan circulations
demonstrated similarly strong correlation of the maximum oxygen
uptake with the oxygen uptake efficiency slope from the first 75%
of the test, the oxygen uptake efficiency slope from the first 90% of
the test, the oxygen uptake efficiency slope from the entire test, and
the oxygen uptake efficiency slope at ventilatory anaerobic
threshold other than the slightly weaker correlation between the
maximum oxygen uptake and the oxygen uptake efficiency slope at
ventilatory anaerobic threshold in the Fontan circulation
subgroup.

A greater correlation was demonstrated between the maximum
oxygen uptake and the oxygen uptake efficiency slope than that of
the maximum oxygen uptake with either ventilatory anaerobic
threshold (0.875) or minute ventilation/carbon dioxide production
slope (0.524). These findings are consistent with those of previous
studies. Baba demonstrated the strongest correlation between the
maximum oxygen uptake and the oxygen uptake efficiency slope
(0.941), with weaker correlations comparable to our own seen with
ventilatory anaerobic threshold (0.861) and the minute ventilation/
carbon dioxide production slope (—0.452)(11). Buys et al also
demonstrated a strong correlation between the maximum oxygen
uptake and the oxygen uptake efficiency slope (0.853), with weaker
correlations of the maximum oxygen uptake with ventilatory
anaerobic threshold (0.840) and the minute ventilation/carbon
dioxide production slope (—0.421).!?

In addition to the strong correlation between the oxygen uptake
efficiency slope and the maximum oxygen uptake, the oxygen
uptake efficiency slope also showed an association with ventilatory
anaerobic threshold (0.893) and a moderate association with the
minute ventilation/carbon dioxide production slope (0.511) which
further validates the results.

The explanation for the superior correlation of the oxygen
uptake efficiency slope with the maximum oxygen uptake may be
related to the underlying physiology on which it is based.
According to the modified alveolar gas equation, the carbon
dioxide set-point, metabolic carbon dioxide production, and the
ratio of the pulmonary dead space to tidal volume all affect the
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relationship between minute ventilation and oxygen uptake.!! The
ventilatory anaerobic threshold is dependent on metabolic carbon
dioxide production. The minute ventilation/carbon dioxide
production slope is predominantly affected by the ratio of the
pulmonary dead space to tidal volume. The oxygen uptake
efficiency slope by contrast is impacted by both and as such reflects
blood distribution to skeletal muscles as well as perfusion to
the lungs.

Two previous studies have investigated the correlation between
the maximum oxygen uptake and oxygen uptake efficiency slope in
the CHD population. Giardini et al in 2008 demonstrated good
correlation of the oxygen uptake efficiency slope during the last
50% of exercise duration and oxygen uptake efficiency slope from
the entire test with the maximum oxygen uptake in their patients
with previous Fontan procedure or atrial switch. They did however
report a substantial difference between the oxygen uptake
efficiency slope from the first 50% of the test and the maximum
oxygen uptake in cyanotic Fontan patients. It was felt that the
mechanism for the non-linear relationship between the Log of the
minute ventilation and oxygen uptake in this group may be related
to right-left shunting and resulting hyperventilation of blood
passing through the lungs during exercise.” It should be noted
however that a study by Bongers et al*? identified a linear
relationship between the Log of minute ventilation and oxygen
uptake throughout the cardiopulmonary exercise test in their
group of paediatric cyanotic Fontan patients. Subsequently, in
2011, Buys et al also demonstrated a correlation between the
maximum oxygen uptake and the oxygen uptake efficiency slope in
adult patients with transposition of the great arteries and
univentricular physiology, as well as those with tetralogy of
Fallot and coarctation of the aorta. Good correlation of the
maximum oxygen uptake with oxygen uptake efficiency slope from
the first 75% of the test, the oxygen uptake efficiency slope from the
first 90% of the test, and the oxygen uptake efficiency slope from
the entire test was seen in all groups except those following atrial
switch procedure for transposition of the great arteries.'*> As above,
we did not identify any significant drop off in the strength of the
correlation across all groups including that of the Fontan patients
and the patients following atrial switch repair.

As has been previously recommended,” we also feel that it is
important to normalise the oxygen uptake efficiency slope for body
surface area. Oxygen uptake is traditionally expressed in ml/min/
kg; however, the calculation of oxygen uptake efficiency slope does
not account for weight, and as such, changes in weight that are
often seen with progressive disease may result in erroneous
variation in the calculated oxygen uptake efficiency slope. Our
analysis did not demonstrate a significant difference when adjusted
for body surface area or body mass index; however, we feel that on
an individual basis this could account for significant discrepancies.

The linear correlation seen between the logarithm of minute
ventilation and oxygen uptake at different exercise intensities is in
keeping with data from various patient groups in suggesting that
the relationship is effort-independent.!**-28 This is an important
finding in the adult CHD population in whom the rate of
submaximal testing is high,”> and objective assessment of
cardiorespiratory function can be key to interventional decisions.
Perhaps most importantly, the strong correlation between the
maximum oxygen uptake and the oxygen uptake efficiency slope at
ventilatory anaerobic threshold will give clinicians some insight
into the cardiorespiratory reserve of patients with CHD who are
unable to achieve a maximum oxygen uptake.
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As all patients who achieved a maximal test were included this is a
truly representative sample of the case mix of our tertiary adult
CHD service, and although the heterogenicity of the patients
makes some comparisons difficult, we feel that the results are
generalisable and the numbers are greater than the two previous
similar studies. Retrospective data collection comes with inherent
limitations; however, this does remove some potential bias and we
made every effort to reduce data collection errors. The clinical
utility of the oxygen uptake efficiency slope from the first 90% of
the test and the oxygen uptake efficiency slope from the first 75% of
the test is limited; however, knowing that there is a strong
correlation of the maximum oxygen uptake with the oxygen uptake
efficiency slope once the patient achieved ventilatory anaerobic
threshold allows conclusions to be drawn from the oxygen uptake
efficiency slope in future submaximal tests where this threshold is
achieved.

In adult patients with CHD who are unable to complete a maximal
cardiopulmonary exercise test, the oxygen uptake efficiency slope
is a reliable indicator of cardiopulmonary fitness which correlates
strongly with the maximum oxygen uptake irrespective of exercise
intensity. A strong correlation has been shown at or beyond
ventilatory anaerobic threshold. Further research is required to
further validate the findings in patients with less common
anatomies and to assess the relationship between the oxygen
uptake efficiency slope and mortality.

None.
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