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Abstract

Sub-maximal exercise gas analysis may be a useful method to assess and track pulmonary arterial
hypertension (PAH) severity. The aim of the present study was to develop an algorithm, using
exercise gas exchange data, to assess and monitor PAH severity. Forty PAH patients participated
in the study completing a range of clinical tests and a novel sub-maximal exercise step test, which
lasted 6-minutes and incorporated resting (2-min), exercise (3-min) and recovery (1-min)
ventilatory gas analysis. Using gas exchange data, including breathing efficiency (Vg/VCO,
slope), end-tidal CO, (Pe7CO5), oxygen saturation (SaO,) and oxygen pulse (O, pulse), a
Pulmonary Hypertension Gas Exchange Severity (PH-GXS) score was developed. Patients were
re-tested after ~6-months. There was significant separation between healthy controls and moderate
PAH (WHO I/11) and more severe PAH (WHO I11/1V) patients for Vg/VVCO; slope, PetCO»,
Sa0, and O pulse. The PH-GXS score developed significantly correlated with WHO class
(r=0.51), six-minute walk distance (r=—0.59), right ventricle systolic pressure [RVSP] (r=0.49), N-
terminal pro-B-type natriuretic peptide [log NT-Pro BNP] (r=0.54) and pulmonary vascular
resistance [PVR] (r=0.71). The PH-GXS score remained unchanged in 22 patients re-tested
(1.50+0.92 vs. 1.48+0.94), as did WHO class (2.3+0.8 vs. 2.3+0.8) and six-minute walk distance
(455£120 vs. 456+103). Small individual changes were observed in the PH-GXS score, with 8
patients improving and 8 deteriorating. In conclusion, the PH-GXS score differentiated between
PAH patients and correlated with traditional clinical measures. The PH-GXS score was unchanged
in our cohort after 6-months, consistent with traditional clinical metrics, but individual differences
were evident. A PH-GXS score may be a useful way to track patient responses to therapy.
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Introduction

We propose that cardiopulmonary gas exchange obtained with sub-maximal exercise may
provide an important way to track disease severity in pulmonary arterial hypertension
(PAH)! and that building a scoring system based on the most important variables may
provide an index that is more robust than one single gas exchange variable on its own and
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yet still sensitive to changes in disease severity. Thus, the purpose of this study was to
develop a scoring system using non-invasive gas exchange measures. The goal was to take
the gas exchange metrics that most clearly separated PAH from healthy controls (i.e.
breathing efficiency [VE/VCO5 slope], and end-tidal CO, [PeTCO5], oxygen saturation
[SaO,] and oxygen pulse [O, pulse] at end exercise) and build a table grading each variable
according to severity. While one would expect this preliminary score to somewhat correlate
with other metrics currently used in a clinical setting to determine disease severity in PAH,
it was designed to be primarily a gas exchange severity score and thus under certain
conditions (i.e. surgical right to left shunt), may not reflect these traditional measures.

Forty consecutive patients with PAH being treated in the Mayo Clinic Pulmonary
Hypertension Unit participated in this study. Thirty-two patients presented with idiopathic
PAH, hereditary PAH, PAH associated with the use of diet drugs or portopulmonary
hypertension while the remaining 8 patients had PAH associated with connective tissue
disease. There was very little difference between these two groups of patients as
demonstrated in our recent manuscript.l Twenty-five age- and sex- matched controls, free of
any cardio-respiratory disease, also participated in the study. All participants gave written
informed consent after being provided a description of the study requirements. The study
was approved by the Mayo Clinic institutional review board and was performed in
accordance with the ethical standards of the Declaration of Helsinki.

Patients completed a range of standard tests, including right heart catheterization,
echocardiography, six-minute walk and pulmonary function testing; in accordance with
current clinical practice. In addition, each participant performed a novel sub-maximal
exercise test lasting 6-minutes and consisting of 2-min resting baseline, 3-min progressive
step exercise and 1-min recovery as described in our recent publication.! Throughout the
test, breathing pattern, gas exchange and heart rate were monitored using a simplified gas
analysis system (SHAPE Medical Systems, Inc). This new miniaturized and portable device
is self calibrating, containing built-in automated temperature, barometric pressure and
humidity corrections, and has been previously validated against a standardized metabolic
gas analysis system.2 Following two minutes of baseline measurements, subjects performed
a 3-min step exercise test. For the first minute of exercise step rate was set at 1 stride per
second (60 strides per minute [spm]) and was maintained or increased (typically to 90 or
120spm, depending on patient performance), depending on respiratory exchange ratio (RER)
and perceived exertion (RPE); the primary aim being an RER equal to 0.9 and RPE < 13, as
described previously.l On completion of 3-minutes step exercise recovery data was
collected for a further minute. Clinical and sub-maximal exercise testing was repeated at
three and / or six months in patients returning for clinical appointments, according to normal
clinical follow up procedures.

Minute ventilation (Vg), breathing frequency (fr), tidal volume (V1), oxygen consumption
(VOy), carbon dioxide production (VCO»), RER and end tidal CO, (PeTCO,) were obtained
breath-by-breath and averaged over a 30-second period at rest and the last 30-seconds of
each minute during exercise. In addition, heart rate (HR) and oxygen saturation (SaO,) were
obtained continuously using pulse oximetry. From this data, derived variables such as Vg/
VCOy, ratio and oxygen pulse (VO2/HR) were calculated. Ventilatory efficiency slopes (Vg/
VCO; slope) [Vg L/min =m (VCO,, L/min) + b, where m = Vg/VCO, slope] were
calculated using all exercise data points via least squares linear regression.

From our previous publication four key exercise gas exchange variables were determined
that differentiated PAH patients and healthy controls and also between differing disease
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severities. This included Vg/VVCO, slope, and end exercise PeTCO», SaO, and O, pulse.
Using these variables a pulmonary hypertension gas exchange severity (PH-GXS) score was
developed.

To create the PH-GXS score each individual gas exchange variable was given the same
weighting in the model. Normal values for each variable were determined as the mean *
standard deviation of the control group (i.e. the control group mean and standard deviation
Ve/VCO, slope was 30 and 3, respectively, hence the normal cutoff value was considered to
be 27-33 or <33). Equal cutoff points, that reflected the distribution of abnormal values,
were then chosen for each individual parameter in an effort to represent mild PAH, moderate
PAH, severe PAH and very severe PAH (see scoring matrix in Table 1). Patient data were
then categorized accordingly into one of the 5 groups (normal — 0, mild — 1, moderate — 2,
severe — 3 and very severe — 4) and this was done for each of the four gas exchange
variables. The total score was then tallied and divided by the number of variables in the
model as described in Equation 1.

PH-GXS score=(V/VCO; score+P, . CO; score+Sa0; score+O;pulse score)/4 Equatio;

This allowed us to create a 0—4 gas exchange severity score, where normal = 0 — 0.49, mild
PAH = 0.5 - 1.49, moderate PAH = 1.5 — 2.49, severe PAH = 2.5 — 3.49 and very severe =
35-4.

To compare differences in key exercise gas exchange variables between the healthy controls
and PAH patients (WHO class I/l and 111/1V) a one-way ANOVA was performed. The
Levenes test was used to determine equal variance and subsequently a Bonferroni (equal
variance assumed) or Games-Howell (equal variance not assumed) post hoc correction, was
used to compare between different groups. Following the development of the PH-GXS
score, correlation analysis was performed to determine how well, or not, this novel
classification system compared with traditional clinical measures such as right heart
catheterization derived pressure data, echocardiography data, six-minute walk data and
WHO class. Finally, to compare PAH patient re-test data (i.e. test 1 vs. test 2) and the ability
of the PH-GXS score to track diseases severity a paired t test was performed. The acceptable
type | error was set at p < 0.05. Results are expressed as means + SD and as frequency (%).
Statistical analyses were performed using SPSS software, version 12.0 for Windows
(Chicago, IHllinais, US).

PAH patient and healthy controls were well matched for age, weight and height as
demonstrated in Table 2. Approximately two-thirds of the patients had a diagnosis of
idiopathic PAH (63%) and 20% of patients had PAH associated with connective tissue
disease (Table 3). Patient severity ranged from WHO class 1 to 4. Patients were taking a
variety of medications with 65% on a combined therapy, which consisted of an endothelin
antagonist, a PDE-5 inhibitor or a prostacyclin.

Patient clinical data are also shown in Table 3. Group mean echocardiography and six-
minute walk data demonstrated a right ventricle systolic pressure (RVSP) and six-minute
walk distance of 76 + 23 mmHg and 453 + 105 metres, respectively. A subgroup (n = 15) of
PAH patients who had a right heart catheterization procedure had a mean pulmonary artery
pressure (MPAP), mean right atrial pressure (MRAP), cardiac index (CI) and pulmonary
vascular resistance (PVR) of 55 + 10 mmHg, 10.5 + 5.3 mmHg, 2.35 + 0.59 L/min/m2 and
10.9 £+ 4.4 Wood Unit, respectively.
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Significant differences were observed in Vg/VCO5 slope, PeTCO5, and O, pulse between
healthy controls, moderate PAH (WHO class I/11) and more severe PAH (WHO class 111/1V)
patients (Table 4), as described in our previous manuscript.! The pulmonary hypertension
gas exchange severity (PH-GXS) score was developed using these key gas exchange
variables, the results of which are demonstrated in Table 5. The majority of PAH patients
had a mild (43%) to moderate (20%) classification, while 26% of patients had severe/very
severe PAH according to gas exchange. The remaining patients (13%) had a relatively
normal gas exchange response to exercise, which is likely due to the therapeutic treatments
being taken.

To compare the PH-GXS score with current clinical data simple linear regression analysis
was performed. Our PH-GXS score correlated well with WHO class, six-minute walk
distance, RVSP and log NT Pro BNP (Figure 1). In patients who had a right heart
catheterization procedure (n = 15) there was a significant correlation between the PH-GXS
score and PVR, but no correlation between mPAP or mRAP and PH-GXS score (Figure 2);
whilst there was a trend that suggested a relationship between CI and PH-GXS score (Figure
2).

Twenty two patients underwent follow up tests on average 6 (range 3—-8) months after their
first test. These patients had been tracked by the Mayo Clinic Pulmonary Hypertension Unit
for a number of years and they were taking a range of medications. Following our first
exercise step test 8 patients had a change in medication, 3 were enrolled in blinded drug
trials and 11 patients remained on the same therapy. Our aim was to track these patients over
a 6-month period to see if it was possible to identify changes in the severity of PAH using
traditional markers and the PH-GXS score, regardless of the treatment received. There was
no change in six-minute walk distance, WHO class or RVSP within the PAH patients, as
demonstrated in Table 6. While PAH patient gas exchange data, including Pe7CO,, SaO,
and O, pulse at end exercise, was largely unchanged from Test 1 to Test 2, VE/VCO5 slope
was significantly lower on re-testing. Despite this, and similar to traditional clinical metrics,
the PH-GXS score remained relatively stable and unchanged within the PAH patient group.
Taken as a whole this data suggests that PAH severity remained unaltered over this short
time period. However, when looking at each individual patient subtle changes in the PH-
GXS score were evident, with 8 patients showing an improved exercise gas exchange while
8 patients had a slight deterioration, as demonstrated in Figure 3.

The individual changes observed in PH-GXS score over this time period were related to the
delta change in log NT-Pro BNP (r = 0.45, p < 0.05; Figure 4). No relationships were
observed between the delta PH-GXS score and delta WHO class, delta six-minute walk
distance and delta RVSP.

Discussion

Gas exchange during a light sub-maximal exercise step test separates healthy controls and
PAH patients. In particular, breathing efficiency (Vg/VCO,), end-tidal CO, (Pe7CO5),
oxygen saturation (Sa0O,) and oxygen pulse (O, pulse) were significantly different between
the controls and PAH patients, while Vg/VCO, slope, Pe7CO5 and O, pulse also differed
between moderate PAH (WHO class I/11) and more severe PAH (WHO class I11/1V)
patients. Using these key gas exchange variables an equally weighted pulmonary
hypertension gas exchange severity (PH-GXS) score was developed to help assess PAH
severity. This scoring system, which was purposely based solely on exercise gas analysis,
correlated well with traditional clinical metrics used to determine disease severity in PAH
populations, including right heart catheterization derived PVR, echocardiographic data
(RVSP and pulmonary artery capacitance), six-minute walk distance and WHO class. The
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PH-GXS score remained unchanged between PAH patient first and second test, which were
separate by ~ 6 months. This was consistent with traditional clinical metrics, such as six-
minute walk distance and WHO class, which were also unaltered over this relatively short
time period suggesting that disease severity remained stable in this cohort of PAH patients
who were well managed and relatively well compensated.

A number of recent studies have demonstrated an altered ventilatory response to exercise in
PAH patients,3-° which is unsurprising given that the main symptom of PAH is dyspnea on
exertion. Indeed we recently demonstrated that there were differences between healthy
controls and PAH patients in the ventilatory response to a low level exercise step test, with
patients having a poorer breathing efficiency (increased Vg/VCO5 slope), and a reduced
PeTCO,, Sa0, and O, pulse at end exercise.l A reduced blood flow to the pulmonary
vessels, resulting in a VV/Q mismatch and altered physiological dead space are the most
likely explanation for the changes observed in Vg/VCO; slope and Pg1C0O,.4-6 In addition,
a reduced blood supply to skeletal muscles and associated early lactic acidosis, arterial
hypoxemia and right to left shunting, all of which alter the concentrations of CO,, O, and H
+ ions in blood stimulating peripheral chemoreceptors, likely contribute to the hyper-
ventilatory response and altered Vg/VCO, and PgrCO5 seen in PAH.42.7:8 The decreased
Sa0, during exercise in PAH can also be explained by a V/Q mismatch, as well as a reduced
blood cell transit time in a restricted pulmonary vascular bed and a reduced diffusing
capacity of the lungs.*7- Finally the decreased O, pulse, which is an indirect measure of
stroke volume, detected in the PAH group at end exercise may be explained by the hearts
inability to increase stroke volume in the face of high pulmonary artery pressures with a
reliance placed on increasing heart rate during exercise to provide a sufficient blood
supply.3:10

It is clear that each of the alterations evident in Vg/VCO> slope, and Pe7CO,, SaO, and O,
pulse at end exercise in PAH patients are related to and representative of the
pathophysiological changes associated with PAH. For that reason we decided to included
these four variables together, in an equally weight algorithm, to formulate a Pulmonary
Hypertension Gas Exchange Severity (PH-GXS) score that could be used to assess and track
PAH disease severity. Considering the pathophysiology described above it was our belief
that a PAH patient who had a very high Vg/VCO> slope (>51) and very low Pe1CO, (<22),
Sa0, (<80) and O, pulse (<4.5) at end exercise would signify a very severe condition where
the pathophysiological changes (i.e. high pulmonary pressures or right to left shunting)
responsible for the altered ventilatory response during exercise would be extreme.
Conversely, a PAH patient with a relatively normal Vg/VCO> slope (33-39), and a normal
to low PeTCO5 (32-37 mmHg), SaO, (88-92%) and O, pulse (7.5-9) at end exercise would
signify a mild condition where the pathophysiological changes would be minimal.

The PH-GXS score was used to assess PAH severity, independently of all traditional clinical
measures, and it was found to correlate well with other clinical metrics, including six-minute
walk distance, WHO class, RVSP and PVR. Conversely to this no relationship was observed
between PH-GXS score and mPAP or mRAP, which is interesting given both of these
invasive measures have been linked with prognosis.! These invasive measures were
obtained under resting conditions, whereas the PH-GXS score implemented exercise gas
exchange metrics and this may explain the lack of a relationship. The PH-GXS score
developed may well be a better predictor of patient prognosis, in comparison to traditional
clinical metrics, and this will need to be assessed in future studies.

While linear regression analysis produced some interesting findings it remains difficult to
fully validate a PH-GXS score to assess and track PAH severity as there is no real gold
standard measure for comparison. For many years the six-minute walk test has been used as
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a primary end-point measure to determine the effectiveness of new therapies and to track
disease severity, however this test is quite rudimentary and questions remain regarding its
sensitivity and accuracy to detect positive or negative changes, particularly in milder forms
of PAH.12-15 The WHO classification is reliant on receiving accurate information from
patients and can therefore be subjective.1> Echocardiography derived right heart pressures
are estimated and semi-subjective, and require a high expertise to obtain.12 Finally, while
right heart catheterization pressure data would be considered the gold standard measure to
assess PAH severity, it is an invasive procedure usually performed under resting conditions
which cannot be easily used to serially track disease severity.1215 As a result of these
limitations our PH-GXS score may not always track or relate to typical measures of disease
severity. Nevertheless the PH-GXS score is meant to be an independent gas exchange
severity score, related to pathophysiological alterations evident in PAH, providing additional
useful information beyond that of traditional metrics to assist with the assessment and
monitoring of PAH patients. More work is undoubtedly required to fully elucidate the
usefulness of an exercise gas exchange score in this population.

In the present study the PH-GXS score remained unchanged between patient first and
second tests, which were separated by ~6 months. Upon examining other clinical metrics
(i.e. six-minute walk distance, WHO class and RVSP) it was apparent that these measures
were also unchanged. This data suggests that this cohort of PAH patients remained relatively
stable over this short time frame, with little differences observed in exercise gas exchange,
functional class, walking distance or estimated right heart pressures. The patients examined
in this study were well managed and had been seen periodically in the PH clinic for a
number of years. Hence, these patients were well compensated and it is likely that following
them for only 6 months was not long enough to see discernable alterations in disease
severity. The PH-GXS score did slightly improve or deteriorate in some patients over this
time and these individual changes in PH-GXS score were significantly related to alterations
in log NT Pro BNP. The PH-GXS score, and also log NT Pro BNP, may be more sensitive
to changes in PAH severity compared to traditional clinical metrics which would allow for
the early detection of an improving or worsening condition.

In summary, we created a gas exchange severity score that was related to the exercise
limitations experienced by PAH patients. This gas exchange score correlates reasonably well
with traditional metrics, which supports its validity, but also provides added information not
traditionally obtained during PAH management. It is possible that the PH-GXS score could
be a new independent measure used to track disease severity. This could be used alone or in
conjunction with other clinical data, providing more specific information and allowing better
clinical decisions to be made. Additional longitudinal follow up is needed in order to
correlate results of the PH-GXS score with patient outcome.

Most patients involved in this study had been followed in the PH clinic for a number of
years and had been taking a variety of prescribed drug treatments. These patients were
therefore relatively stable and it was not surprising that few differences, in clinical metrics
and exercise gas exchange data, were observed between Test 1 and Test 2. The average time
period between the two tests was 6 months (ranging from 3-8 months) and this was likely
too short to see any clear changes in disease severity. Future studies should monitor patients
over a longer time period so that the effectiveness of exercise gas exchange (PH-GXS score)
as a tracking tool can be fully elucidated.
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Correlation of Pulmonary Hypertension Gas Exchange Severity (PH-GXS) score and right
heart catheterization data, including mean right atrial pressure (A), mean pulmonary artery
pressure (B), cardiac index (C) and pulmonary vascular resistance (D).
Pearson’s (r) value and the significance achieved are demonstrated on each individual graph.
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The relationship of the change in PH-GXS score and log NT Pro BNP between tests 1 and 2.
Pearson’s (r) value and the significance achieved are highlighted on the graph.
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Scoring matrix.

Table 1

Breathing Efficiency ~ End-tidal CO, (mmHg)  Oxygen saturation (%)

Oxygen pulse

0 (Normal)
1 (Mild)
2 (Moderate)
3 (Severe)
4 (Very Severe)

<33 >37
33-389 32-36.9
39-449 27-319
45-50.9 22-26.9

>51 <22

>92
88-91.9
84-87.9
80-83.9

<80

>9
75-8.9
6.0-74
45-59
<4.5
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Table 2

Pulmonary arterial hypertension patient and control demographics.

Controls (n=25) PAH (n =40)

Female (%) 80 80
Age (years) 51+15 50 + 13
Height (cm) 167.8+8.2 167.7+7.0
Weight (kg) 70.1+12.7 75.8+165

Data are presented as frequency and mean + standard deviation.
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Table 3

Pulmonary arterial hypertension characteristics and clinical data

Pulmonary arterial hypertension etiology

Idiopathic

Hereditary

Associated with diet drug use

Portopulmonary Hypertension

Associated with Connective Tissue Disease
WHO Class

1

Hnv
Six-minute walk distance (m) [% pred.]
Log N-terminal pro-B-type nautriuretic peptide (pg/mL)
Echocardiography Data

Right Ventricle Systolic Pressure (mmHg)

Tricuspid Annular Plane Systolic Excursion by M-mode (mm)

Lateral Annulus Systolic Velocity (msec)
Pulmonary Function Data

Forced Ventilatory Capacity (L) [% pred.]

Forced Expiratory Volume in 1 second (L) [% pred.]

Diffusion Capacity for Carbon Monoxide (ml/min/mmHg) [% pred.]
Medications

Endothelin Antagonist

Phosphodiesterase type-5 Inhibitor

Prostacyclin

Digitalis

Diuretic

25 (63%)
4 (10%)
2 (5%)

1 (2%)

8 (20%)

27 (67.5%)

13 (32.5%)

453 + 105 [80 + 19]

752 + 1229 [2.28 + 0.68]

76 £23

21%5

0.13+0.03
n=32)

3.2+0.8 [86 + 16]
2.5+ 0.6 [80 + 14]
17.6 + 4.8 [71 + 14]

58%
73%
48%
33%
60%

Data presented as mean * standard deviation, and frequency (%).
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Table 4

Differences in key sub-maximal exercise gas exchange data between the controls and pulmonary arterial
hypertension groups.

Variable Control (n=25) PAH-WHO I/l (n=27) PAH-WHO HI/IV (n=13)
Breathing Efficiency 29+4 354+8% 48 +8%"

End-tidal CO, @ end exercise (mmHg) 403 U+6” 26+5%7

Oxygen Saturation @ end exercise (%) 94+2 90+4% 88+6"

Oxygen Pulse @ end exercise 118+3.1 95+30% 6.9+2477

Data are presented as mean + standard deviation.
*
Significant differences between control and pulmonary arterial hypertension groups (p < 0.05).

7LSignificant differences between the pulmonary arterial hypertension groups (p < 0.05).
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Table 5
Pulmonary Hypertension Gas Exchange Severity [PH-GXS] score classification (n = 40).

Classification Patients
Normal (0 - 0.49) 5 (13%)
Mild (0.5 — 1.49) 17 (43%)

Moderate (1.5-2.49) 8 (20)
Severe (2.5 - 3.49) 9 (23%)
Very Severe (3.5-4) 1 (3%)
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Table 6

Tracking pulmonary arterial hypertension patient (n = 22) responses over time (6-months on average) using
clinical metrics and exercise gas exchange

Variable PAH Test1 PAH Test 2
WHO class 23038 2308
Six-minute walk distance (m) 455 +120 456 + 103
Right Ventricle Systolic Pressure (mmHg) 73+24 67 +24
Breathing Efficiency 419 38+9%
End-tidal CO, @ end exercise (mmHg) 30+6 31+5
Oxygen Saturation @ end exercise (%) 89+5 89+6
Oxygen Pulse @ end exercise 82+24 74+28

Pulmonary Hypertension Gas Exchange Severity Score  1.50+0.92 1.48+0.94

Data are presented as mean + standard deviation.

*
Significant differences between test 1 and test 2 within the pulmonary arterial hypertension group (p < 0.05).
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