


•  Overview: acute vasodilator testing (VDT) in PAH 
•  VDT in PAH: what, why, who, and when? 

•  Therapeutic and prognostic implications of VDT 

 

•  Discuss original research findings  
•  VDT has prognostic value across a continuum of static and pulsatile 

hemodynamic responses 

•  Longitudinal vasoreactivity changes predict long-term survival and are 
reflected by indices of RV-PA coupling 

•  DLCO change in PAH reflects alterations in vascular function as 
determined by hemodynamic response to inhaled nitric oxide 



Acute pulmonary vasodilator testing in PAH 



•  Assesses the degree to which the pulmonary vascular bed 
dilates in response to a provocative agent during RHC 

 

 

 

 

 

 

Tonelli AR et al. Respir Med, 2010; 104: 481-496  

•  Many consider iNO the preferred agent for VDT:  short-acting and practical 
•  Selectively vasodilates pulmonary circulation, does not é shunt or effect CO 
•  Well studied as a predictor of calcium channel blocker (CCB) response 
•  Drawbacks: relatively expensive, requires special equipment for delivery 



•  Performed to evaluate for vasoreactivity 

(1)  McGoon M et al.  Chest, 2004; 126: 14S-34S 
(2)  Badesch DB et al.  Chest, 2007; 131: 1917-1928 
(3)  McLaughlin VV et al.  JACC, 2009; 53: 1573-1619 

(4)  Galie N et al.  Eur Heart J, 2004; 25: 2243-2278 
(5)   Sitbon O et al.  Circulation, 2005; 111: 3105-3111 

 

mPAP and PVR decreased >20% 

mPAP decreased >20% 

PVR decreased >20% 

mPAP or PVR decreased >20% 

PVR decreased >20% with preserved CO, 
and decline in PVR/SVR ratio 
Reduction in mPAP >33% and PVR >50% 

Criteria were poor predictors of 
sustained response to CCB therapy 
(most vasoreactive patients failed CCBs) 
 
Goal of current definition:  é specificity 5 

Current accepted definition of vasoreactivity 
mPAP decrease of ≥10 mmHg that reaches <40 mmHg, with preserved cardiac output 
 

•  Recommended by ACCP, ATS, AHA, and ESC 1-4 

•  However, the definition has never been prospectively validated 

•  Vasoreactivity criteria used in older studies: 
 



•  Often avoided in those with elevated PAOP (>18 mmHg) 1 
•  Risk of pulmonary edema 

•  Is VDT necessary for all patients with WHO group I PAH?   
•  Vasoreactivity is very uncommon for certain PAH etiologic subtypes2: 

 

 

(1)  Peacock AJ, et al.  Pulmonary Circulation: Diseases and their Treatment.  Third Ed, 2011: 165-166 
(2)  Sitbon O et al.  Am J Respir Crit Care Med, 2004; 169: A210 

Cohort n=1108  Subtype Rate of Vasoreactivity 

Idiopathic (IPAH) 13.3% 

Heritable (HPAH) 2.9% 

Drugs and toxins (D&T-APAH) 10.2% 

Connective tissue disease (CTD-APAH) 9.0% 

HIV (HIV-APAH) 1.6% 

Portopulmonary hypertension (PoPHTN) 0.7% 

Congenital heart disease (CHD-APAH) 0% 

Pulmonary veno-occlusive disease (PVOD) and 
Pulmonary capillary hemangiomatosis (PCH) 8.8% 

OVERALL COHORT 8.3% 



•  Guidelines recommend VDT at the time of PAH diagnosis 
•  VDT is one of the first steps in several PAH management algorithms1: 

 

 

 

 

 

 

 

 

 

(1)  Galie N et al.  JACC, 2013; 62:  D60-72. 

 

 

 

 

 

 

 



28 year-old F with confirmed PAH undergoes VDT . . . 



Vasoreactive patients may benefit from long-term CCB therapy 

 

 

 

(1)  McMurtry IF et al.  Circ Res, 1976; 38: 99-104  
(2)  Rich S et al.  New Eng J Med, 1992; 327(2): 76-81 
(3)  Sitbon O et al.  Circulation, 2005; 111: 3105-3111 

Timeline of important studies 
1976 CCBs inhibit hypoxic pulmonary vasoconstriction (rat model) 1 

1992 Landmark prospective trial of CCB therapy in vasoreactive IPAH patients (n=64) 2 
 

•  Vasoreactivity= mPAP and PVR ê by >20% with acute high-dose CCB 
 

•  Main findings:  Vasoreactive patients treated with 5 years of chronic CCB therapy 
had better survival than patients without vasoreactivity not on CCBs (94% vs 55%) 

2005 Largest retrospective cohort:  Assessment of long-term CCB response in IPAH 3  
 

•  Vasoreactivity= mPAP and PVR ê by >20% with iNO or epoprostenol 
 

•  Main findings:   
Ø  Of 70 (12.6%) vasoreactive patients treated with CCB therapy, only 38 (54%) 

were sustained CCB responders (NYHA FC I or II for >1 year) 
Ø  CCB responders: better survival than non-responders at 7 years (97% vs 47%) 
Ø  CCB non-responders: most without VDT mPAP reduction to <40 mmHg 

•  Vasoreactive patients have never been randomized to CCB vs no CCB 

 

 

 



Some vasoresponsiveness during VDT predicts survival (even if 
current vasoreactivity criteria are not strictly met): 

 

 

(1)  Krasuski RA et al.  J Card Fail, 2011; 17: 265-271 
(2)  Leuchte HH et al. Heart, 2015; 101: 972-976 

Vasoresponsive:  45% of cohort 

Vasoresponsive 

Not vasoresponsive 

US retrospective cohort (n=197, 2 centers) 1 
•  iNO VDT: WHO Group 1, 3, 4, or 5 PH patients 

(treatment naïve) 
 

•  Vasoresponsive = mPAP ê by >13.3% (cohort 
median) and to ≤ 40 mmHg 

German retrospective cohort (n=72, 1 center)2 
•  Iloprost VDT: limited to IPAH patients who did not 

meet current accepted vasoreactivity criteria 
 

•  Vasoresponsive = PVR ê by >30% 
 

Vasoresponsive 

Not vasoresponsive Not vasoresponsive 

Vasoresponsive 

Vasoresponsive:  43% of IPAH, 36% of non-IPAH   



•  VDT theoretically measures vasodilatory reserve (contribution of 
reversible vasoconstriction relative to obliterative arteriopathy) 
•  Does prognosis vary across a continuum of vasodilatory reserve? 

 

•  Is vasoreactivity a predictor of subsequent CCB response, better 
survival (independent of treatment), or both? 
•  Why do so many vasoreactive patients fail CCB therapy?  

•  Does VDT at the time of PAH diagnosis forecast disease progression? 
•  Despite the initial PAH vasoconstrictor hypothesis, it is now clear vascular 

remodeling has a prominent role in pathogenesis 
 

•  Serial VDT has not been investigated 
•  Can patients gain or lose vasoreactivity? (altered vasodilatory reserve) 
•  Do longitudinal vasoreactivity changes add prognostic value? 

•  Would repeat VDT facilitate earlier recognition of CCB failures and 
discover new potential CCB candidates? 

 



•  VDT focus has been on static hemodynamic measurements (mPAP, PVR) 
•  However, baseline RV function and RV response to therapy are clearly identified as 

major determinants of PAH outcomes 
 

•  Pulsatile indices of RV-PA coupling have been ignored in VDT  
•  Surrogate markers of RV afterload: characterize flow and pressure oscillations  

•  RV-PA coupling simultaneously considers RV performance and arterial load 
§  Early PAH: RV function able to match arterial load 
§  Advanced PAH:  RV cannot proportionally increase contractility to match imposed load 

  
Pulmonary arterial 

capacitance  
(PAC) 

Right ventricular  
stroke work  

(RVSW) 

Right ventricular power  
(RV power) 

Definition PA distensibility during 
RV systole 

Active RV work involved in 
displacing a pressurized 

volume of blood 

RV contractile energy 
generated to overcome arterial 

load (hydraulic power) and 
blood flow oscillation 
(oscillatory power) 

Calculation SV / PP mPAP * (HR*SV) (1.25*mPAP – RAP) * SV 

RV-PA coupling + ++ ++ 



REASSESSMENT OF VASOREACTIVITY IN PAH  



①  Assess single-point VDT as a predictor of PAH survival with regard  
to vasoreactivity, hemodynamic responses across the continuum, and 
pulsatile indices of RV-PA coupling 

②  Determine if longitudinal vasoreactivity changes occur in PAH 

③  Evaluate serial vasoreactivity reassessment as a novel prognostic 
tool in PAH 

④  Across serial VDT, explore changes in traditional static hemodynamic 
parameters and pulsatile measurements of RV-PA coupling  

⑤  Examine the relationship between DLCO changes and longitudinal 
VDT hemodynamic responses 



•  Single-center observational cohort 
 

•  Screening:   

•  Patients referred to Stanford for pulmonary hypertension evaluation 
between 10/2000 and 8/2014 

•  Vera Moulton Wall Center for Pulmonary Vascular Disease database 
 

•  Inclusion:   
•  WHO Group 1 PAH patients who underwent VDT with iNO (20 ppm) at 

the time PAH was first hemodynamically confirmed (n=357) 

 
•  Subjects who had follow-up iNO VDT on at least one occasion were 

identified (n=174) 
 



Assess single-point VDT as a predictor of PAH survival with 
regard to vasoreactivity, hemodynamic responses across the 
continuum, and pulsatile indices of RV-PA coupling 

HYPOTHESES 
(A)  The current accepted vasoreactivity definition will better 

prognosticate than older criteria 

(B)  Irrespective of vasoreactivity, PAH survival will vary across the 
continuum of VDT hemodynamic responses 

(C)  Evaluation of VDT pulsatile responses (RV-PA coupling indices) 
will add predictive value 



Baseline characteristics of all patients with VDT at referral  
(n=357) 

 
 Age, years, mean ± SD 48 ± 14 

Female, n (%) 266 (74.5%) 

PAH Etiology, n (%) 
    IPAH 
    HPAH 
    D&T-APAH 
    CTD-APAH 
    HIV-APAH 
    PoPHTN 
    CHD-APAH 

 
68 (19%) 
8 (2.2%) 

85 (23.8%) 
105 (29.4%) 

7 (2.0%) 
32 (9%) 

52 (14.6%) 

NYHA Functional class, n (%) 
    I 
    II 
    III 
    IV 

 
14 (4%) 

108 (30.5%) 
187 (52.8%) 
45 (12.7%) 

6MWD, meters, mean ± SD 383 ± 139 

mPAP, mmHg, mean ± SD 53 ± 14 

PVR, Wood units, mean ± SD 12.4 ± 6.2 

DLCO, % of predicted, mean ± SD 68 ± 24 

Background PAH therapy, n (%) 
    Treatment naïve 
    Monotherapy 
    Dual therapy 
    Triple therapy 

 
211 (59.4%) 
94 (26.5%) 
39 (11.0%) 
11 (3.1%) 

Female predominance 

CTD > D&T > IPAH were 
most common 

Mainly NHYA FC III 

PAH was severe by RHC 

Patients were largely 
treatment naïve  



COHORT VASOREACTIVITY ACCORDING TO     
CURRENT ACCEPTED CRITERIA  

(mPAP decreased by at least 10 mmHg to reach level ≤40 mmHg) 
 

 

VDT when PAH first confirmed after referral 

Vasoreactive:   9.8% (35 of 357) 

Not vasoreactive:  90.2% (322 of 357) 

 
Vasoreactive, n (%) 

IPAH (n=68) 14 (20.6%) 
HPAH (n=8) 1 (12.5%) 
D&T-APAH (n=85) 9 (10.6%) 
CTD-APAH (n=105) 10 (9.5%) 
HIV-APAH (n=7) 1 (14.3%) 
PoPHTN (n=32) 0 (0%) 
CHD-APAH (n=52) 0 (0%) 

Reported by Sitbon et al. (2005): 

13.3% 
2.9% 

10.2% 

9.0% 
1.6% 

0.7% 

0% 



COHORT VASOREACTIVITY:   
CURRENT VS PREVIOUS DEFINITIONS 

Vasoreactive  
n (%) 

Concordant with current criteria 
n (%) 

Current accepted criteria 35 (9.8%) - 

mPAP and PVR decreased >20% 45 (12.6%) 341 (95.5%) 

mPAP decreased >20% 50 (14.0%) 342 (95.8%) 

PVR decreased >20% 129 (36.1%) 247 (72.0%) 





Cox proportional hazard modeling 

Risk of death or transplant- at 5 years from VDT 
 

 Univariate analysis 
HR 95% CI p-value 

Vasoreactivity (current definition) 0.25 0.08 - 0.78 0.017 

VDT: mPAP & PVR decreased >20% 0.44 0.19 - 1.00 0.050 

VDT: mPAP decreased >20% 0.43 0.20 - 0.93 0.032 

VDT: PVR decreased >20% 0.79 0.51 - 1.21 0.273 

Male gender 1.09 0.70 - 1.71 0.708 

Age > 60 years 1.45 0.91 - 2.30 0.114 

CTD-APAH or PoPHTN etiology 2.28 1.53 - 3.39 <0.001 

NYHA functional class III or IV 2.77 1.70 - 4.53 <0.001 

6MWD ≥440 meters 0.18 0.09 - 0.34 <0.001 

6MWD <165 meters 2.30 1.18 - 4.46 0.014 

Any pericardial effusion on TTE 1.13 0.72 - 1.78 0.597 

DLCO ≥80% of predicted 0.29 0.15 - 0.56 <0.001 

DLCO ≤32% of predicted 2.70 1.39 - 5.27 0.004 

Baseline RAP>20 mmHg on RHC 2.80 1.56 - 5.01 0.001 

Many established predictors of mortality (REVEAL registry multivariable analysis) were also 
associated with risk of death/transplant in our cohort   Compared to meeting older vasoreactivity criteria, fulfilling the current 

definition portended lower risk of death or transplant 



Cox proportional hazard modeling 

Risk of death or transplant- at 5 years from VDT 
 

 Multivariable analysis 
HR 95% CI p-value 

Vasoreactivity (current definition) 0.31 0.11 - 0.83 0.029 

Age > 60 years 0.70 0.37 - 1.32 0.27 

CTD-APAH or PoPHTN etiology 1.76 1.03 - 3.01 0.042 

NYHA functional class III or IV 1.89 1.38 - 2.74 0.018 

6MWD ≥440 meters 0.19 0.08 - 0.45 <0.001 

6MWD <165 meters 1.43 0.66 - 3.10 0.358 

DLCO ≥80% of predicted 0.45 0.21 - 0.96 0.039 

DLCO ≤32% of predicted 1.30 0.57 - 2.96 0.537 

Baseline RAP>20 mmHg on RHC 2.03 1.10 - 4.59 0.04 

Even in multivariable analysis, vasoreactivity (at the time PAH was first confirmed) 
was associated with significant reduction in risk of death or transplant at 5 years 



Response threshold met 

Response threshold not met 

* Log-rank p<0.05 for comparison of 
Kaplan-Meier survival distributions 
(response threshold met vs not met) at 
the indicated threshold 

Concurrent vasoreactivity, n (%) 
(according to accepted definition) 

mPAP:   >15% 
                >20%  
                >25% 
                >30% 

35 (40%) 
35 (70%) 
25 (78%) 
18 (90%) 

PVR:     >20% 
                >30% 
                >40% 
                >50% 

32 (25%) 
29 (44%) 
20 (57%) 
11 (61%) 

Concurrent vasoreactivity, n (%) 
(according to accepted definition) 

PAC:           >20% 
                     >30% 
                     >40% 
                     >50% 
                     >60% 
                     >80% 

28 (23%) 
25 (31%) 
23 (39%) 
16 (39%) 
13 (50%) 
10 (63%) 

RV Power:  >10% 
                     >20% 
                     >25% 
                     >30% 
                     >35% 
                     >40% 

32 (22%) 
24 (42%) 
19 (49%) 
14 (52%) 
14 (64%) 
9 (69%) 

RVSW:       >20% 
                     >25% 
                     >30% 
                     >35% 
                     >40% 

16 (29%) 
13 (35%) 
12 (48%) 
11 (55%) 
9 (82%) 



AIM #2 
Determine if longitudinal vasoreactivity changes occur 
in PAH patients 

HYPOTHESIS 
Among patients who undergo serial VDT over time, longitudinal 
changes in vasoreactivity will be observed 
•  Vasoreactive à not vasoreactive  

•  Not Vasoreactive à vasoreactive 



* Current definition:  mPAP decreased ≥10 mmHg to level <40 mmHg ** Note:  number of follow-up VDT time-points varied across patients  

Not vasoreactive (VR−) 

n=322 

Serial VDT available 
(≥1 follow-up time-point) 

n=155 

Vasoreactive (VR+) 

n=35 

Serial VDT available 
(≥1 follow-up time-point) 

n=19 

Vasoreactivity 
not achieved (VR−/−) 

--- n=139 

Vasoreactivity 
gained (VR−/+) 

--- n=16 

Baseline VDT available 
(at the time PAH is first confirmed) 

n=357 

Vasoreactive? * 

Vasoreactivity change? ** 

Vasoreactivity 
maintained (VR+/+) 

--- n=7 

Vasoreactivity 
lost (VR+/−) 

--- n=12 

Vasoreactivity change? ** 



Vasoreactivity changes among subjects with serial VDT 
(n= 174)  

 
 

Cohort Prevalence 

VR−/− (vasoreactivity never achieved)  79.9% 

VR−/+ (vasoreactivity gained) 9.2% 

VR+/− (vasoreactivity lost) 6.9% 

VR+/+ (vasoreactivity maintained)  4.0% 

Patients not vasoreactive at baseline (n=155):   10.3% gained vasoreactivity (n=16) 
 
Patients vasoreactive at baseline (n=19):  63.2% lost vasoreactivity (n=12) 



Vasoreactivity changes by PAH etiology  
 

Vasoreactivity gained  
n (% of etiology) 

IPAH (n=34) 7 (20.6%) 

D&T-APAH (n=35) 4 (11.4%) 

CTD-APAH (n=42) 5 (11.9%) 

CHD-APAH (n=25) 0 (0%) 

HPAH (n=4) 0 (0%) 

PoPHTN (n=12) 0 (0%) 

HIV-APAH (n=3) 0 (0%) 

Not vasoreactive at baseline 

Vasoreactivity lost  
n (% of etiology) 

IPAH (n=9) 4 (44.4%) 

D&T-APAH (n=3) 2 (66.7%) 

CTD-APAH (n=7) 6 (85.7%) 

CHD-APAH (n=0) - 

HPAH (n=0) - 

PoPHTN (n=0) - 

HIV-APAH (n=0) - 

Vasoreactive at baseline 

IPAH patients most often gained and least often lost vasoreactivity 
CTD-APAH patients rarely maintained vasoreactivity 
No CHD-APAH, HPAH, PoPTHN, or HIV-APAH subjects gained 
vasoreactivity 



Evaluate serial vasoreactivity reassessment as a novel 
prognostic tool in PAH 
 

HYPOTHESIS 
•  Longitudinal vasoreactivity changes will predict survival and have an 

association with trends in other surrogate clinical endpoints 



Followed until 
death, transplant, 
or database lock 

Baseline vasodilator test 
 

 
Initial VDT after referral  
(when PAH confirmed) 

 One or more follow-
up VDT time-point(s)  

Collected if available ± 1 month 
•  NYHA functional class 
•  Six minute walk distance 

Collected if available ± 3 months 
•  NT-proBNP 
•  Pulmonary function tests 
•  TTE qualitative parameters 

•  Patient demographics  
•  WHO Group I PAH etiology 
•  Pre-iNO RHC hemodynamics 
•  iNO hemodynamic responses 
•  Background PAH therapies 

Follow-up vasodilator test 
 

If VR change (VR−/+, VR+/−):       
the VDT when change occurred 

  
If no VR change (VR−/−, VR+/+):  

the last available VDT 

Collected if available ± 1 month 
•  NYHA functional class 
•  Six minute walk distance 

Collected if available ± 3 months 
•  NT-proBNP 
•  Pulmonary function tests 
•  TTE qualitative parameters 

•  Pre-iNO RHC hemodynamics 
•  iNO hemodynamic responses 
•  Background PAH therapies 



Characteristics at baseline VDT according to vasoreactivity subgroup 

VR−/− 

Never 
(n=139) 

VR−/+ 

Gained 
(n=16) 

VR+/− 

Lost 
(n=12) 

VR+/+ 

Maintained 
(n=7) 

Gained vs 
never 

p-value* 

Lost vs 
maintained 

p-value* 

Age, years, mean ±SD 45 ± 14 44 ± 12 56 ± 12 36 ± 17 0.711 0.013 

Female, n (%) 105 (76%) 14 (88%) 11 (92%) 6 (86%) 0.363 0.614 

NYHA Functional class, n (%) 
    I 
    II 
    III 
    IV 

 
9 (6.5%) 

49 (35.5%) 
71 (51.4%) 

9 (6.5%) 

 
0 (0%) 

4 (26.7%) 
11 (73.3%) 

0 (0%) 

 
0 (0%) 

6 (50%) 
6 (50%) 
0 (0%) 

 
0 (0%) 

3 (42.9%) 
4 (57.1%) 

0 (0%) 

0.479 0.919 

6MWD, meters, mean ±SD 417 ± 114 443 ± 140 324 ± 157 505 ± 117 0.339 0.072 

Pre-iNO hemodynamics, mean ±SD 
    mPAP, mmHg 
    PVR, Wood units 
    Right atrial pressure, mmHg 
    Cardiac index, L/min/m2 

 
54 ± 12 
13 ± 5 
9 ± 5 

2.1 ± 0.6 

 
51 ± 12 
12 ± 6 
9 ± 6 

2.2 ± 0.5 

 
50 ± 4 
12 ± 4 
6 ± 4 

1.9 ± 0.2 

 
50 ± 6 
11 ± 5 
8 ± 3 

2.3 ± 0.5 

 
0.329 
0.820 
0.570 
0.264 

 
0.611 
0.353 
0.393 
0.090 

Background PAH therapy, n (%) 
    Treatment naïve 
    Monotherapy 
    Dual therapy 
    Triple therapy 

 
72 (51.8%) 
42 (30.2%) 
22 (15.8%) 

3 (2.2%) 

 
6 (37.5%) 
9 (56.3%) 
1 (6.3%) 
0 (0%) 

 
11 (91.7%) 

0 (0%) 
1 (8.3%) 
0 (0%) 

 
4 (57.1%) 
3 (42.9%) 

0 (0%) 
0 (0%) 

0.251 0.036 

*  Vasroeactivity subgroup comparisons:  Mann-Whitney U test for continuous variables, Fisher’s exact test for categorical variables 

Patients who maintained vasoreactivity were younger than those who lost Patients who maintained vasoreactivity also appeared to have longer baseline 
6MWD 
Pre-iNO hemodynamics at baseline VDT were strikingly similar across 
subgroups 
Patients who later lost vasoreactivity were more often treatment naïve at 
baseline than those who maintained vasoreactivity  



Time interval and therapeutic escalation between vasodilator tests 

VR−/− 

Never 
(n=139) 

VR−/+ 

Gained 
(n=16) 

VR+/− 

Lost 
(n=12) 

VR+/+ 

Maintained 
(n=7) 

Gained vs 
never 

p-value* 

Lost vs 
maintained 

p-value* 

Time interval between baseline and 
follow-up VDT, months, median(IQR) 30 (16, 61) 36 (30, 48) 37 (19, 46) 53 (36, 78) 0.334 0.076 

PAH therapy at follow-up VDT, n (%) 
    Treatment naïve 
    Monotherapy 
    Dual therapy 
    Triple therapy 

 
4 (2.9%) 

41 (29.5%) 
57 (41.0%) 
37 (26.6%) 

 
1 (6.3%) 

7 (43.8%) 
5 (31.3%) 
3 (18.8%) 

 
1 (8.3%) 

4 (33.3%) 
5 (41.7%) 
2 (16.7%) 

 
2 (28.6%) 
3 (42.9%) 
2 (28.6%) 

0 (0%) 

0.053 0.065 

Escalation of PAH therapy between 
baseline and follow-up VDT, n (%) 106 (76.3%) 8 (50.0%) 11 (91.7%) 3 (42.9%) 0.035 0.038 

*  Vasroeactivity subgroup comparisons:  Mann-Whitney U test for continuous variables, Fisher’s exact test for categorical variables 

Calcium channel blocker therapy responders by vasoreactivity subgroup 
(CCB responder = achieve or maintain NYHA FC I or II for at least 1 year) 
 

Vasoreactivity maintained subgroup-  100% treated with CCB after baseline VDT: 
                      100% were CCB responders 

Vasoreactivity lost subgroup- 100% treated with CCB after baseline VDT:  
                 37.5% were CCB responders 

Vasoreactivity gained subgroup-  62.5% treated with CCB after follow-up VDT: 
      81.8% were CCB responders 

 
 

 

The time interval from baseline to follow-up VDT was not statistically 
different between subgroups, though longest for VR+/+ 

At follow-up VDT, few patients were treatment naïve in all subgroups 

At follow-up VDT 
•  Baseline non-vasoreactive: patients with gain of vasoreactivity were 

less often on dual and triple therapy  
•  Baseline vasoreactive: patients who lost vasoreactivity were more 

often on dual or triple therapy  
Therapy was less often escalated between VDT time-points when 
vasoreactivity was gained vs never achieved, and more often escalated 
when vasoreactivity was lost vs maintained 



VR−/+ (gained)  

VR+/+ (maintained)  

VR+/− (lost)  

VR−/− (never achieved) 

Vasoreactivity subgroups 

Time from follow-up pulmonary vasodilator testing (VDT), years 
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NYHA class change (from baseline to follow-up VDT) 
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VR−/− (never achieved)  

VR−/+ (gained)  

VR+/− (lost)  

VR+/+ (maintained) 

Vasoreactivity subgroups 

Improved Worsened Unchanged 

80 
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Vasoreactivity gained 
NYHA class improved in 73% 
and worsened in no patients 
 
Vasoreactivity never achieved 
NYHA class improved in only 
19% and worsened in 31% 

Vasoreactivity maintained 
NYHA class improved in 57% 
and worsened in only 14% 
 
Vasoreactivity lost 
NYHA class improved in only 
17% and worsened in 42% 



Baseline VDT Follow-up VDT VDT interval change 

VR−/− (never achieved)  VR−/+ (gained)  VR+/− (lost)  VR+/+ (maintained) 
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Relative to patients who were never 
vasoreactive, those who gained vasoreactivity 

had longer 6MWD at follow-up 

While patients who lost vasoreactivity had decline 
in 6MWD at follow-up, those who maintained 

vasoreactivity had 6MWD improvement 



Baseline VDT Follow-up VDT 

VR−/− (never achieved)  VR−/+ (gained)  VR+/− (lost)  VR+/+ (maintained) 
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VDT interval change 
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Subgroups with baseline 
vasoreactivity appeared 

to have lower NT-proBNP 

NT-proBNP was lower at 
follow-up in those who 
maintained or gained 

vasoreactivity 

NT-proBNP change from 
baseline to follow-up was 

favorable for vasoreactivity 
gained, and unfavorable for 
vasoreactivity lost subjects 



Across serial VDT, explore changes in (a) traditional static 
hemodynamic measurements and (b) pulsatile indices of 
right ventricular-pulmonary arterial coupling  

 

HYPOTHESIS 
•  Longtiduinal vasoreactivity changes, beyond having distinct VDT static 

hemodynamic responses, will also be reflected by alterations in RV-PA 
coupling  



Assessed Hemodynamic Variables: 
 

q  Mean pulmonary arterial pressure (mPAP) 
q  Pulmonary vascular resistance (PVR) 
q  Pulmonary arterial capacitance (PAC) 
q  Right ventricular power (RV power) 
q  Right ventricular stroke work (RVSW) 

 
 

 
 

Baseline VDT 
Pre-iNO measurements 

iNO responses (% change) 

Follow-up VDT 
Pre-iNO measurements 

iNO responses (% change) 

Longitudinal Responses 
Follow-up (-) baseline VDT % change 

Compared between 
vasoreactivity subgroups: 

 
VR −/− 

VR −/+ 

VR +/− 

VR +/+ 
 

•  ROC analysis was performed among subjects not initially vasoreactive:  to determine 
if certain baseline VDT responses discriminate later vasoreactivity gain 

•  PVR - PAC relationships were examined across serial VDT for each VR subgroup 



Pre-inhaled nitric oxide hemodynamics at each vasodilator testing time-point 

VR−/− 

Never 
(n=139) 

VR−/+ 

Gained 
(n=16) 

VR+/− 

Lost 
(n=12) 

VR+/+ 

Maintained 
(n=7) 

Comparison 
across 

subgroups 
p-value* 

Baseline vasodilator testing 
 Pre-iNO hemodynamics, mean ±SD 
        mPAP, mmHg 
        PVR, wood units 
        PAC, ml/mmHg 
        RVSW, mmHg*mL 
        RV Power, watts 

 
 

54.4 ± 11.9 
12.7 ± 5.1 

0.98 ± 0.43 
2804 ± 1063 
0.588 ± 0.211  

 
 

50.8 ± 11.9 
12.4 ± 5.5 

0.99 ± 0.39 
2516 ± 718 

0.553 ± 0.138 

 
 

49.8 ± 4.0 
12.2 ± 3.9 

0.94 ± 0.27 
2612 ± 579 

0.539 ± 0.124 

 
 

50.4 ± 6.2 
11.1 ± 4.9 

1.31 ± 0.50 
3496 ± 1357 
0.591 ± 0.205 

 
 

0.240 
0.878 
0.247 
0.469 
0.903 

Follow-up vasodilator testing 
 Pre-iNO hemodynamics, mean ±SD 
        mPAP, mmHg 
        PVR, wood units 
        PAC, ml/mmHg 
        RVSW, mmHg*mL 
        RV Power, watts 

 
 

51.2 ± 11.8 
10.9 ± 5.1 

1.26 ± 0.74 
2886 ± 1012 
0.603 ± 0.264 

 
 

43.6 ± 8.4 
9.0 ± 3.2 

1.41 ± 0.70 
2512 ± 600 
0.528 ± 0.14 

 
 

46.6 ± 13.6 
10.3 ± 9.1 

1.35 ± 0.50 
2645 ± 1034 
0.566 ± 0.245 

 
 

36.9 ± 13.9 
7.1 ± 3.3 

1.74 ± 0.72 
2260 ± 1016 
0.401 ± 0.205 

 
 

0.012 
0.330 
0.045 
0.181 
0.046 

At baseline VDT, no statistically significant differences existed across 
subgroups for any pre-iNO hemodynamic parameter 

At follow-up VDT all subgroups had somewhat improved pre-iNO hemodynamics compared to 
baseline, though differences in subgroup disease severity had become apparent: 
 

Most à least favorable PAH hemodynamics:   
VR maintained à gained à lost à never achieved   

                    
   

*  Vasroeactivity subgroup comparisons:  One-way ANOVA or Kruskal-Wallis test, as appropriate (latter if data skewed) 
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Vasoreactivity subgroup comparison of iNO responses over time (mean % change) 

mPAP PVR PAC RVSW RV power 
Not vasoreactive at baseline 

VR−/− (never achieved) vs VR−/+ (gained) 

Baseline VDT response  -5 vs -12% 
(p=0.005) 

-12 vs -19% 
(p=0.079) 

+14 vs +24% 
(p=0.521) 

+1 vs -4% 
(p=0.581) 

+2 vs -10% 
(p=0.046) 

Follow-up VDT response -5 vs -28% 
(p<0.001) 

-8 vs -34% 
(p<0.001) 

+10 vs +70% 
(p<0.001) 

-4 vs -21% 
(p<0.001) 

-4 vs -23% 
(p<0.001) 

Longitudinal response 0 vs -16% 
(p<0.001) 

+4 vs -15% 
(p<0.001) 

-4 vs +36% 
(p=0.001) 

-4 vs -15% 
(p=0.149) 

-6 vs -13% 
(p=0.041) 

Vasoreactive at baseline 

VR+/− (lost) vs VR+/+ (maintained) 

Baseline VDT response  -27 vs -44% 
(p=0.003) 

-34 vs -56% 
(p=0.014) 

+73 vs +69% 
(p=0.964) 

-10 vs -48% 
(p=0.001) 

-15 vs -42% 
(p=0.001) 

Follow-up VDT response -13 vs -42% 
(p<0.001) 

-21 vs -49% 
(p<0.001) 

+8 vs +76% 
(p=0.006) 

-18 vs -32% 
(p=0.046) 

-16 vs -35% 
(p=0.009) 

Longitudinal response +14 vs +2% 
(p=0.018) 

+13 vs +7% 
(p=0.254) 

-71 vs +8% 
(p=0.044) 

+8 vs -15% 
(p=0.040) 

-1 vs +6% 
(p=0.612) 

ROC Analysis-  Among patients not initially vasoreactive, baseline VDT mPAP 
response most accurately discriminated later vasoreactivity gain  

AUC  (95% CI) 
mPAP 0.756 (0.625 – 0.872)  

RV power 0.716 (0.595 – 0.796) 

PVR 0.634 (0.513 – 0.755) 

PAC 0.552 (0.384 – 0.720) 

RVSW 0.545 (0.398 – 0.692) 

Optimal mPAP % change threshold:  -8% 
Sn 81%, Sp 70%, +LR 2.7 
 
If serial VDT was only done when mPAP fell >8%: 
60% of follow-up RHCs would have been avoided, at 
a cost of missing 19% of the VR gain patients 



ASIDE:  THE PVR–PAC RELATIONSHIP IN PAH 
 

PAC 

PVR 

ΔPACA 

ΔPACB 

ΔPVRA ΔPVRB 

A 
B 

•  PVR and PAC are inversely related in PAH (constant R-C time product) 

•  This relationship holds up over time after PAH therapy is initiated 

•  Changes in cardiac index are better explained by both PVR and PAC than 
either alone 
 

[A] Mild PAH (lower baseline PVR) 
 
[B] Severe PAH (higher baseline 
PVR) requires larger ê in PVR to 
obtain the same é in PAC (relative 
to patient A) 

Lankhaar JW et al. Eur Heart J, 2008; 29: 1688-1695 



VR−/− (never achieved) VR−/+ (gained) 

VR+/− (lost) VR+/+ (maintained) 

Baseline VDT: Pre-iNO iNO Response Follow-up VDT: Pre-iNO iNO Response 

Baseline	  and	  follow-‐up	  VDT:	  
rela%vely	  small	  R	  and	  C	  
responses	  for	  most	  pa%ents	  
(most	  on	  flat	  por%on	  of	  curve)	  

Baseline	  VDT:	  	  some	  large	  R	  
changes	  with	  small	  C	  changes	  
(flat	  por%on	  of	  curve)	  
	  
Follow-‐up	  VDT:	  	  large	  R	  and	  C	  
changes	  (steep	  por%on	  of	  curve)	  

Baseline	  VDT:	  	  rela%vely	  large	  R	  
and	  C	  changes	  (most	  on	  steep	  
por%on	  of	  curve)	  
	  
Follow-‐up	  VDT:	  	  smaller	  R	  
changes	  and	  minimal	  C	  changes	  
(flat	  por%on	  of	  curve)	  

Baseline	  and	  follow-‐up	  VDT:	  
large	  R	  and	  C	  changes	  at	  both	  
tests,	  with	  C	  par%cularly	  
improved	  at	  follow-‐up	  (steep	  
por%on	  of	  curve)	  



Examine the relationship between DLCO changes and 
longitudinal VDT hemodynamic responses in PAH 
 

 
HYPOTHESIS 
•  A significant association will exist between longitudinal DLCO changes and 

hemodynamic responses across serial VDT 



THE BIRTH OF THIS HYPOTHESIS . . . 
 DLCO is frequently reduced in PAH, 
and single-point measurement is a 
well-established predictor of survival 

1/DLCO = (1/DM) + (1/θVC) DM: alveolar-capillary 
membrane conductance 
θ:  CO-Hg reaction rate 
VC: capillary blood volume 

Membrane 
Diffusion 

CO-Hg 
Binding 

In a separate multi-center cohort 
(n=573), we recently demonstrated 
that DLCO changes independently 
predict survival in PAH 

 
Multivariable analysis of mortality Hazard 

ratio 95% CI p-value 

   Age (per decade older) 1.12 0.98 - 1.28 0.110
   CTD-APAH or PoPHTN etiology 1.64 1.14 - 2.36 0.008
   DLCO (% predicted) at baseline* 0.82 0.74 - 0.91 < 0.001
   DLCO increase ≥10% of predicted at follow-up 0.24 0.08 - 0.78 0.017
   DLCO decrease ≥10% of predicted at follow-up 2.51 1.72 - 3.67 < 0.001
*  Single-point measurement is 10% higher than another patient

DLCO changes may reflect alterations in vascular function over time, and in turn 
have correlation with longitudinal VDT responses (which delineate reversible 
vasoconstriction relative to obliterative arteriopathy)  



Baseline VDT available 

Serial VDT ? 
Serial VDT 
unavailable 

  n=183 

DLCO available at both VDT 
time-points (± 3 months) ? 

Serial VDT available  

n=357 

n=174 

Serial VDT and  
DLCO available  

n=58 

Serial DLCO 
unavailable 

  n=116 

  

  

Included 
Excluded 

ANALYSIS 
 

The same hemodynamic 
parameters were assessed: 
 

•  mPAP 
•  PVR 
•  PAC 
•  RVSW 
•  RV power 

Pearson correlation was tested 
between: 
 

①  Each hemodynamic 
parameter’s longitudinal 
response to iNO (follow-up – 
baseline VDT % change) 

 
②  DLCO change (follow-up – 

baseline % of predicted) 

Additional clinical variables and 
outcomes were compared 
between DLCO change 
subgroups: 
 

•  DLCO increased ≥10% 
•  DLCO stable (change <10%) 
•  DLCO decreased ≥10% 



DLCO change demonstrated 
significant correlation with 

longitudinal VDT responses 
in PVR, mPAP, and PAC 



No meaningful relationship appeared to exist between DLCO change 
and RV power or RVSW longitudinal VDT responses  



Baseline clinical characteristics according to DLCO change subgroup 
DLCO 

decreased 
n=14 (24.1%) 

DLCO 
stable 

n=28 (48.3%) 

DLCO 
increased 
n=16 (27.6%) 

Decreased 
vs stable 
p-value* 

Increased 
vs stable 
p-value* 

Decreased 
vs increased 

p-value* 

Age, years, mean ±SD 54 ± 10 49 ± 13 36 ± 14 0.23 0.008 0.001 

Female, n (%) 12 (85.7%) 23 (82.1%) 15 (93.8%) 0.571 0.392 0.586 

Pre-iNO hemodynamics, mean ±SD 
    mPAP, mmHg 
    PVR, wood units 
    PAC, ml/mmHg 
    RVSW, mmHg*mL 
    RV power, watts 

 
49 ± 13 

11.2 ± 4.7 
1.02 ± 0.48 
2442 ± 1151 
0.525 ± 0.211 

 
53 ± 10 

12.3 ± 4.5 
0.95 ± 0.42 
2788 ± 908 

0.583 ± 0.172 

 
55 ± 12 

14.5 ± 7.0 
1.04 ± 0.55 
3043 ± 1193 

0.592 ± 0.202 

 
0.239 
0.450 
0.508 
0.191 
0.364 

 
0.525 
0.451 
0.894 
0.593 
0.971 

 
0.176 
0.253 
0.895 
0.174 
0.394 

PFT parameters, % predicted, mean±SD 
    DLCO 
    FVC 
    FEV1 
    TLC     

 
68 ± 26 
82 ± 22 
81 ± 25 
87 ± 17 

 
71 ± 26 
84 ± 17 
86 ± 19 
87 ± 19 

 
64 ± 24 
80 ± 16 
79 ± 16 
83 ± 17 

 
0.584 
0.364 
0.286 
0.882 

 
0.373 
0.471 
0.267 
0.542 

 
0.771 
0.967 
0.852 
0.305 

Baseline NYHA Functional class, n (%) 
    I 
    II 
    III 
    IV 

 
1 (7.1%) 

6 (42.9%) 
6 (42.9%) 
1 (7.1%) 

 
2 (7.1%) 
7 (25%) 
19 (67.9) 
0 (0%) 

 
0 (0%) 

7 (43.8%) 
8 (50%) 
1 (6.3%) 

0.198 0.229 0.848 

Baseline 6MWD, meters, mean ±SD 407 ± 117 374 ± 130 443 ± 145 0.794 0.079 0.212 

Background PAH therapy, n (%) 
    Treatment naïve 
    Monotherapy 
    Dual therapy 
    Triple therapy 

 
9 (64.3%) 
2 (14.3%) 
3 (21.4%) 

0 (0%) 

 
17 (60%) 
6 (21.4%) 
5 (17.9%) 

0 (0%) 

 
9 (56.3%) 
5 (31.3%) 
2 (12.5%) 

0 (0%) 

0.814 0.751 0.596 

*  Vasroeactivity subgroup comparisons:  Mann-Whitney U test for continuous variables, Fisher’s exact test for categorical variables 

DLCO increased patients were significantly younger than other subgroups No significant DLCO change subgroup differences existed for baseline 
hemodynamics, PFTs, NYHA functional class, 6MWD, or background therapy 



Clinical characteristics at follow-up according to DLCO change subgroup 
DLCO 

decreased 
n=14 (24.1%) 

DLCO 
stable 

n=28 (48.3%) 

DLCO 
increased 
n=16 (27.6%) 

Decreased 
vs stable 
p-value* 

Increased 
vs stable 
p-value* 

Decreased 
vs increased 

p-value* 

Time between VDT, mos., median (IQR) 32 (14, 63) 29 (19, 38) 28 (17, 57) 0.357 0.942 0.678 

Follow-up DLCO, %predicted, mean±SD 
DLCO change, %predicted, mean±SD 

54 ± 26 
-14 ± 4 

70 ± 26 
-1 ± 5 

81 ± 26 
17 ± 6 

0.045 
<0.001 

0.061 
<0.001 

0.005 
<0.001 

NYHA functional class change, n (%) 
   Improved 
   Worsened 
   Stable 

 
0 (0%) 

7 (50%) 
7 (50%) 

 
5 (17.9%) 

10 (35.7%) 
13 (46.4%) 

 
7 (43.8%) 
2 (12.5%) 
7 (43.8%) 

0.249 0.102 0.007 

6MWD at follow-up, meters, mean ±SD 
6MWD change, meters, mean ±SD 

359 ± 147 
-48 ± 64 

352 ± 178 
-27 ± 69 

549 ± 64 
106 ± 86  

0.894 
0.492 

<0.001 
0.001 

0.001 
<0.001 

Treatment naïve at follow-up, n (%) 
Background therapy escalation, n (%) 

1 (7.1%) 
10 (71.4%) 

0 (0%) 
22 (78.6%) 

0 (0%) 
12 (75%) 

0.333 
0.707 

0.999 
0.999 

0.467 
0.999 

Death or transplant, n (%) 8 (57.1%) 12 (42.9%) 1 (6.3%) - - - 

Not vasoreactive at baseline, n (%) 
    Gain of vasoreactivity, n (%) 

12 (85.7%) 
0 (0%) 

25 (89.3%) 
0 (0%) 

15 (93.8%) 
6 (40%) - - - 

Vasoreactive at baseline, n (%) 
    Loss of vasoreactivity, n (%) 

2 (14.3%) 
2 (100%) 

3 (10.7%) 
2 (66.7%) 

1 (6.3%) 
0 (0%) - - - 

*  Vasroeactivity subgroup comparisons:  Mann-Whitney U test for continuous variables, Fisher’s exact test for categorical variables 

The interval between serial VDT was similar for all DLCO change subgroups Relative to DLCO decreased patients, the DLCO increased subgroup had more 
NYHA class improvement and less class worsening  DLCO increased patients had significantly longer and improved 6MWD at follow-up 
Background PAH therapy was similarly escalated in most patients for all subgroups 

Death or transplant more often occurred in DLCO decreased > stable > increased 
patients 
Baseline not vasoreactive:  Only DLCO increased patients had gain of 
vasoreactivity 
 
Baseline vasoreactive:  most DLCO decreased and stable patients lost 
vasoreactivity 



REASSESSMENT OF VASOREACTIVITY IN PAH  



•  The current vasoreactivity definition better predicts survival than older criteria 
 

•  Prognosis varies across the VDT hemodynamic response continuum, and 
pulsatile indices of RV-PA coupling appear to better prognosticate 

 

•  While relatively uncommon, gain or loss of vasoreactivity can occur in PAH 
 

•  Vasoreactivity changes differ by PAH etiology and age 
 

•  Longitudinal vasoreactivity change is a marker of survival and parallels other 
established clinical endpoints (6MWD, NYHA FC, NT-proBNP) 

 

•  Patients who gain vasoreactivity can still have sustained CCB response when 
therapy is initiated at this later time-point 

 

•  Baseline VDT responses appear to foreshadow later vasoreactivity changes 
 

•  Vasoreactivity changes correspond with distinct longitudinal VDT 
hemodynamic responses and alterations in RV-PA coupling  

 

 



•  Changes in vasodilatory reserve may explain why vasoreactive patients 
frequently fail CCB therapy 
§  All who maintained vasoreactivity were CCB responders 

§  Most who lost vasoreactivity lacked sustained CCB response 

•  Variable disease progression (i.e. remodeling/proliferation) may be the 
cause of vasoreactivity changes 
§  Vasoreactivity changes and VDT hemodynamic responses over time were not 

driven by background PAH therapy escalation or initial disease severity 

 

•  DLCO change could be considered as a potential non-invasive marker of 
recruitable vasculature in PAH  

•  DLCO changes were (1) linearly correlated with mPAP, PAC, and PVR 
responses to iNO over time, and (2) associated with prognosis 

 



•  Even if a patient does not meet the formal definition of vasoreactivity,  VDT 
offers important prognostic information 

§  Vasoreactivity should be thought of as a continuum (vasodilatory reserve) 

•  Pulsatile measures of RV-PA coupling should be routinely incorporated into 
clinical interpretation of VDT 

 

•  All patients (except CHD-APAH) should undergo initial VDT, and follow-up 
testing is appropriate for those in whom vasoreactivity change is more likely 

§  Not vasoreactive at baseline:  IPAH or partial hemodynamic improvement at 
baseline VDT (gain more likely) 

§  Vasoreactive at baseline:  CTD-APAH, D&T-APAH, or less robust / borderline 
hemodynamic improvement at baseline VDT (loss more likely) 

 

•  Patients who gain vasoreactivity later in their disease course still have the 
potential to benefit from CCB therapy 

§  Whether those who lose vasoreactivity should remain on CCBs remains unknown 

 



REASSESSMENT OF VASOREACTIVITY IN PAH  


