
Exercise cardiac MRI-derived right
ventriculo-arterial coupling ratio detects
early right ventricular maladaptation in PAH

To the Editor:

Exercise intolerance and right ventricular (RV) dysfunction are cardinal features of pulmonary arterial
hypertension (PAH). Despite the significantly elevated afterload, patients rarely experience symptoms at
rest until the late stages of the disease. Recent data suggest that the ability of the right ventricle to adapt to
increased afterload is an important determinant of exercise capacity and outcome in PAH [1]. RV ejection
fraction (RVEF) has been demonstrated to predict outcome [2]. There is also growing evidence that a
noninvasively derived right ventriculo-arterial coupling ratio (VACR) may provide important prognostic
information [3]. However, it remains unclear to what extent RV contractility is impaired during exercise
and which metric best describes ventricular functional adaptation to afterload in PAH. We aimed to
evaluate and compare the effects of submaximal exercise on RV systolic function and VACR in PAH and
healthy subjects using cardiac magnetic resonance (MRI). We also examined and compared VACR and
cardiopulmonary exercise test (CPET) in estimating the severity of disease.

Nine clinically compensated subjects with severe PAH (eight females aged 45.7±12.3 years, mean pulmonary
artery pressure 55.8±18.7 mmHg, body mass index 24.8±3.3 kg·m−2, World Health Organization functional
class 2.2±0.4 and no significant valvular diseases) and nine healthy nonsmoking controls with no history of
cardiorespiratory disease (six females aged 40.7±9.4 years, body mass index 23.4±2.7 kg·m-2) participated.
Mean 6-min walking distance for PAH subjects was 614.6±48.9 m. All PAH subjects were on stable
combination PAH-specific therapies consisting of prostanoids (n=4), phosphodiesterase-5 inhibitors (n=8)
and endothelin receptor antagonists (n=9). This study was approved by the institution’s Research
Governance Office (HREC/14/QPCH/47).

Cardiac MRI was performed on a clinical 1.5-T MR scanner (MAGNETOM Aera; Siemens Healthcare,
Erlangen, Germany). A prototype ultrafast cine MRI sequence with a compressed sensing reconstruction
was used to enable 12-fold acceleration of image acquisition [4] and RV function was measured utilising
modified short-axis summation of slab volume technique [5]. Ventricular contractile reserve was defined
as (ventricular function stress–ventricular function rest)/ventricular function rest. The approach from SANZ
et al. [6] was used to calculate VACR=stroke volume/end-systolic volume (ESV).

Prior to cardiac MRI examination, CPET was performed outside the MRI scanner at two submaximal
workloads (Ex1: 25 W; Ex2: ∼60% maximal age-predicted heart rate) using a portable metabolic system
(Metamax; Cortex BXB, Lepzig, Germany). Workload at Ex2 corresponded to 44.3±7.9 W in PAH and
51.4±9.0 W in controls (p=0.14). Cardiac MRI exercise protocol consisted of a 3-min period of cycling in
a supine position on an electromagnetically braked MRI cycle ergometer (Lode, Groningen, the
Netherlands) at the same submaximal workloads. A median of two breath-holds was required at each
workload for full ventricular coverage in the short-axis orientation.

Comparisons of rest-to-exercise cardiac MRI data between PAH and control groups and differences in
rest-to-exercise responses within each group were calculated using ANOVA and t-tests. pinteraction
represents the p-value for the effect of exercise in PAH subjects in comparison with controls.

Resting RV stroke volume and RVEF were significantly higher in controls (p<0.05 for both). During
exercise, both PAH and controls showed a similar and significant increase in heart rate (PAH versus
controls, rest: 67±6 versus 66±16 beats·min−1, Ex1: 89±10 versus 84±21 beats·min−1, Ex2: 106±16 versus
99±23 beats·min−1; pinteraction=0.261) and cardiac index (PAH versus controls, rest: 2.7±0.6 versus
2.8±0.8 L·min−1·m−2, Ex1: 4.0±0.5 versus 4.1±1.4 L·min−1·m−2, Ex2: 4.7±0.7 versus 5.0±1.6 L·min−1·m−2;
pinteraction=0.766). RV systolic function as measured by ejection fraction and ESV augmented significantly
from rest to exercise in controls, but not in PAH (figure 1a and b). Change in RV end-diastolic volume
(EDV) or stroke volume during exercise was not significantly different between PAH and controls
(figure 1c and d). Using ejection fraction as the metric, RV contractile reserve from rest to Ex2 was
significantly higher in controls (20±13% versus −1±16%; p=0.032) (figure 1e).

At rest, VACR was similar between PAH and controls (0.9±0.3 versus 1.2±0.3, respectively; p=0.075).
However, during exercise VACR failed to increase in PAH, whereas a significant increase in VACR was
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FIGURE 1 a) Right ventricular ejection fraction (RVEF) significantly increased in controls, but not in pulmonary arterial hypertension (PAH)
subjects, implying an impaired exertional contractile reserve in PAH subjects. b) Right ventricular end-systolic volume (RVESV) decreased
significantly in controls, but not in PAH subjects, implying an impaired systolic function in PAH subjects during exercise. c) Right ventricular
end-diastolic volume (RVEDV) and d) right ventricular stroke volume (RVSV) did not change significantly in either group at the submaximal
workloads achieved. e) RVEF contractile reserve measured from rest to Ex2 was significantly higher in controls compared with PAH subjects.
f ) Ventriculo-arterial coupling ratio (VACR) was maintained at rest but failed to augment during exercise in PAH subjects compared with controls.
g) Change in VACR from rest to Ex2 was significantly greater in controls compared with PAH subjects. h) Oxygen uptake (V′O2) significantly
increased in both groups during exercise with no significant difference between the groups. i) Ventilatory equivalent for carbon dioxide (V′E/V′CO2)
decreased in both controls and PAH subjects during exercise. j) End-tidal carbon dioxide tension (PETCO2) increased in both controls and PAH
subjects during exercise. Ex1: exercise 1 (25 Watts); Ex2: exercise 2 (60% maximal age-predicted heart rate). Data are presented as mean±SD.
*: p<0.05, significant change from rest to Ex1 and Ex2; ***: p<0.001, significant change from rest to Ex1 and Ex2.
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observed in controls (pinteraction<0.001) (figure 1f). The change in VACR from rest to Ex2 was
significantly higher in controls (66±15% versus −7±29%; p<0.001) (figure 1g).

No significant differences were found in resting oxygen uptake (VʹO2), ventilatory equivalent for carbon
dioxide (VʹE/VʹCO2) or end-tidal carbon dioxide tension (PETCO2) between PAH and controls. During
exercise, both PAH and controls showed a similar trend in VʹO2, VʹE/VʹCO2 and PETCO2 with no significant
difference between the groups (pinteraction=0.2, pinteraction=0.9 and pinteraction=0.6, respectively) (figure 1h–j).

We demonstrated that well-compensated, severe PAH subjects were unable to significantly increase RV
pump function and VACR was inefficient during exercise compared with controls. In controls,
augmentation of RVEF was due to a decrease in RVESV whilst RVEDV remained stable. In contrast, the
PAH patients were not able to significantly augment RVESV to exercise. An RV that adapts well to
chronically elevated pulmonary pressure is able to increase its contractility to match the increase in
afterload, and loss of this capacity has been shown to be an early sign of RV dysfunction in PAH [7]. In
controls, the lack of significant stroke volume change during exercise probably resulted from increased heart
rate, reduced diastolic ventricular filling time and a decrease in EDV. Optimal ventriculo-arterial coupling,
which allows for flow output at minimal energy cost, corresponds to a ratio of 1.5–2, with maximal
ventricular efficiency reached at a ratio of 2 [8, 9]. VACR should be more load independent compared with
ejection fraction [10] because ESV changes proportionally less than EDV at any given change in venous
return. Despite the raised RV afterload in PAH patients, there was no significant difference in resting VACR
between PAH and control subjects. This is consistent with recent studies showing relatively preserved
VACR at rest in pulmonary hypertension patients [6, 11]. RVEF in control subjects increased by 20±13%
from rest to Ex2, whereas VACR increased by 66±24%. The change in VACR was of a significantly higher
magnitude compared to RVEF (p<0.001), suggesting that small changes may be more easily detected with
this index and that stroke volume/ESV may potentially be better than ejection fraction for quantification of
RV contractile reserve due to the inclusion of its variables. Nonetheless, determination of potential
diagnostic and prognostic significance of this index will require further research.

Recent studies have shown that adding gas exchange analysis to the exercise test could help differentiate
PAH patients from healthy control subjects and stratify their disease severities [12]. Ventilatory inefficiency
in PAH is a distinct physiological abnormality characterised by an increase in VʹE/VʹCO2 and a lower
PETCO2, which are observed both at rest and during exercise. However, in our cohort of well-compensated,
severe PAH patients with excellent 6-min walking distance we demonstrated that changes in VʹE/VʹCO2 and
PETCO2 during exercise were insufficiently sensitive to differentiate PAH from control subjects.

We concluded that loss of dynamic changes in VACR assessed by exercise cardiac MRI may be a more
sensitive index to identify severe PAH patients with early RV maladaptation.
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Shorter treatment for multidrug-resistant
tuberculosis: the good, the bad and the ugly

To the Editor:

We welcome the initiative by the Guideline Development Group (GDG) members to issue the 2016 update
of World Health Organization (WHO) treatment guidelines for drug-resistant tuberculosis (TB) [1]. With
one in two patients currently failing on treatment for multidrug-resistant (MDR)-TB, primarily as a result
of the difficulties presented by cumulative drug toxicity, logistics, costs and subsequent poor adherence to
therapy [2], a shorter regimen for selected patients would be a tremendous asset, even though the GDG
argues that the recommendation is conditional, and the scientific evidence for the recommendation is low.
Since the first reports on the efficacy of a regimen of only 9 months for MDR-TB [3, 4], two more studies
have been published to support the concept of shorter regimens [5, 6] while the STREAM (Evaluation of a
Standard Treatment Regimen of Anti-tuberculosis Drugs for Patients with MDR-TB) study is still
enrolling [7]. However, shortening therapy would only apply for selected patients without prior use of or
proven resistance to fluoroquinolones (group A) or second-line injectable agents (group B). At least five
active drugs should be available for the intensive phase (4–6 months). Further exclusions are
extrapulmonary TB, additional resistance to pyrazinamide (PZA) and pregnancy. Clofazimine [8] and
linezolid [9] were regrouped as core agents in group C with ethionamide or prothionamide, while
para-aminosalicylic acid was deferred to group D.

The GDG noted the lack of evidence for shortening treatment for extrapulmonary MDR-TB and did not
recommend doing so, even though drug-susceptible extrapulmonary and pulmonary TB are treated with
similar schedules and durations of treatment. MDR-TB treatment requires bacteriological monitoring,
which is more feasible in sputum samples from pulmonary MDR-TB patients than samples from
extrapulmonary MDR-TB cases.

Excluding PZA resistance is problematic. PZA susceptibility testing is difficult and not widely available,
especially in low-resource settings. However, recent studies have shown excellent concordance of molecular
and phenotypic susceptibility [10, 11], and testing molecular susceptibility to this important drug may
become an important asset, even in low-resource settings.

We retrospectively analysed how many MDR-TB patients in the Netherlands would potentially have
benefitted from the new guidelines; we therefore studied the data of all 172 consecutive patients that had
started treatment since 2000. Data on patients treated between 2000 and 2009 have been published
previously [8].

Five of these 172 patients had earlier MDR-TB treatment, four were pregnant, 30 had extrapulmonary
MDR-TB, 28 had additional resistance to group A and/or group B drugs and 52 had PZA-resistant
organisms. Four had extensively drug-resistant TB (these patients were included in our earlier report [8]),
and all of these cases had a favourable outcome. As multiple exclusion criteria clustered in some patients
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