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Mixed Venous Oxygen Saturation Is a
Better Prognosticator Than Cardiac Index
in Pulmonary Arterial Hypertension

Ghaleb Khirfan, MD; Allaa Almoushref, MD, Tawfeq Naal, MD, Batool Abuhalimeh, MD,; Raed A. Dweik, MD,
Gustavo A. Heresi, MD, and Adriano R. Tonelli, MD

BACKGROUND: European Society of Cardiology (ESC) and European Respiratory Society
(ERS) guidelines include thermodilution cardiac index (TDCI) and mixed venous oxygen
saturation (SvO,) as two of the three hemodynamic determinations used in risk assessment of
patients with pulmonary arterial hypertension (PAH). SvO, may be a better measurement
than TDCI to assess prognosis in patients with either idiopathic or heritable PAH.

RESEARCH QUESTION: What is the concordance between TDCI and SvO, ESC/ERS risk group
allocation and their prognostic value in patients with PAH?

STUDY DESIGN AND METHODS: In this retrospective study, we assessed the correlation between
SvO, and TDCI in patients with idiopathic and heritable PAH. We determined concordance
in the ESC/ERS risk group allocation and association with survival, both at baseline and
follow-up.

RESULTS: A total of 158 patients (mean age, 58 + 17 years; 72% women) with idiopathic
(91%) and heritable (9%) PAH were included. There was moderate association between
TDCI and SvO, (r = 0.50; 95% CI, 0.37-0.62). Weighted kappa revealed a fair agreement
between TDCI and SvO, (k = 0.30; 95% CI, 0.18-0.42), with concordance in risk group
allocation in 49% of patients. During a median follow-up of 45 months (interquartile
range, 23-105), 62 patients (39%) died. Using Kaplan-Meier analysis, survival was
impacted by the SvO, (log rank = 0.002) but not by the TDCI risk group allocation (log-
rank = 0.51). Using the Cox proportional hazard model, adjusted for age and sex, SvO,
(but not TDCI) was associated with mortality (hazard ratio per 1% change, 0.94; 95% CI,
0.91-0.97; P < .001).

INTERPRETATION: When using the cutoffs proposed by the ESC/ERS guidelines, we noted poor
concordance in risk score allocation between TDCI and SvO,. In patients with idiopathic or
heritable PAH, SvO, measurements are superior to TDCI in predicting long-term mortality.
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Respiratory Society; ESC = European Society of Cardiology; HR =
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B-type natriuretic peptide; PAH = pulmonary arterial hypertension;
PH = pulmonary hypertension; RAP = right atrial pressure; RHC =
right heart catheterization; RVSP = right ventricular systolic pressure;
SVI = stroke volume index; SvO, = mixed venous oxygen saturation;
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Pulmonary arterial hypertension (PAH) is a condition
characterized by narrowing of the small pulmonary
arteries that can lead to right heart failure and death.’
Despite remarkable advances in treatment, mortality
remains elevated, with a median survival of
approximately 7 years from time of diagnosis.” Given
the high mortality of PAH, it is essential to accurately
determine prognosis to guide its management.’ For
instance, a patient at high mortality risk should be
treated with combination therapy that includes
parenteral prostacyclin analogs, whereas a patient at low
to moderate risk is generally managed with dual oral
therapy.”

Right heart catheterization (RHC) is not only an
essential tool for diagnosis, but also for
prognostication.”” In fact, several hemodynamic
determinations, such as right atrial pressure (RAP),
cardiac index, and mixed venous oxygen saturation
(SvO,), are consistently used clinically. The risk
stratification table for pulmonary hypertension (PH),
elaborated by the European Society of Cardiology (ESC)
and European Respiratory Society (ERS), includes RAP,
cardiac index, and SvO, as the hemodynamic risk
variables.” In practice, cardiac index by thermodilution
(TDCI) and SvO, are routinely measured during RHC;

however, not uncommonly, there is conflicting
information provided by these determinations.

Several studies investigated the prognostic value of
various hemodynamic parameters in PAH.®'” Although
some studies showed both TDCI and SvO, to be
associated with survival,”” others found one or the
other.>'”"* Although both measurements are
important, SvO, better informs on the adequacy of
tissue oxygenation, an essential component in normal
organ function.'*

No prior studies described the degree of association
between TDCI and SvO, and their individual impact
on risk group allocation in idiopathic and heritable
PAH.* We conducted this study to (1) compare TDCI
and SvO, and their prognostic significance in a cohort
of mostly incident patients with either idiopathic or
heritable PAH; (2) assess the individual effect of TDCI
and SvO, in allocating risk groups, based on the ESC/
ERS PH multidimensional assessment table’; and (3)
identify factors associated with group allocation
discrepancy between TDCI and SvO,. We hypothesize
that SvO, is a better measurement than TDCI to
assess prognosis in patients with either idiopathic or
heritable PAH.

Methods
Study Subjects and Design

This retrospective study was approved by the Cleveland Clinic
institutional review board (study No. 18-1518). Written informed
consent was waived given the retrospective design. Patients with
either idiopathic or heritable PAH were identified from the
Cleveland Clinic Pulmonary Hypertension Registry. We included
consecutive patients who underwent diagnostic RHC (incident cases)
or had the first RHC at our institution (some of these patients were
referred to us on PAH-specific therapies) and had measurements of
both TDCI and SvO,. The study was conducted between October
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1998 and November 2017. When available, we recorded data at time
of the first follow-up RHC.

All patients had precapillary PH characterized by mean pulmonary artery
pressure = 25 mm Hg, pulmonary artery wedge pressure = 15 mm Hg,
and pulmonary vascular resistance > 3 Woods units, based on the
definition of the Fifth World Symposium in PH."> Two PH experts
reviewed the information and agreed on PH etiology. Risk groups for
TDCI and SvO, (low, intermediate, and high risk) were allocated based
on the cutoff proposed by the ESC/ERS guidelines.”

RHC

Subjects underwent RHC in the outpatient setting under local anesthesia.
Oxygen flow was titrated to keep SpO, = 90% and given continuously at
the same flow rate during the entire procedure. In supine position, with
the transducer located in the midthoracic line (fourth intercostal space),
we measured pulmonary pressures at end expiration. We measured the
cardiac output by thermodilution technique,'® averaging at least three
measurements with < 15% variation. We then calculated the cardiac
index (cardiac output/body surface area)."”

Laboratory Determinations

Mixed venous blood for gas analysis was obtained from the distal tip of
the pulmonary artery catheter, while freely located in a main
pulmonary artery. Catheter position was confirmed by waveform
analysis and fluoroscopic evaluation. Then 10 mL of blood were
discarded before a sample was collected in a blood gas syringe,
rapidly removing any residual air. Blood gas samples were
immediately analyzed using cooximetry, which allows precise
measurement of the relative concentrations of oxyhemoglobin.
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TABLE 1 | Baseline Patient Characteristics (N = 158)

Variables Value
Age, y 57.5 + 16.6
Female sex 113 (72)
Race
White 131 (83)
Black 22 (14)
Other 5(3)
BSA, m? 1.9+0.3
Etiology of PAH
Idiopathic 143 (91)
Heritable 15 (9)
PAH medications
ccB 1(1)
PDE5-inh 24 (15)
ERA 16 (10)
Inhaled prostacyclin 2 (1)
Parenteral prostacyclin 17 (11)
WHO functional class
I 2 (1)
11 49 (31)
111 83 (53)
v 24 (15)
Oxygen supplementation at rest 53 (36)
6MWD, m (n = 153) 300 + 119
NT-pro BNP, pg/mL (n = 76) 2,075 + 3,048
Hemoglobin, g/dL 13.7 £ 2.1
DLco % predicted (n = 141) 58 + 24
Echocardiogram
RVSP, mm Hg? 78 + 24
RV function
Normal 35 (24)
Mildly dysfunctional 19 (13)
Moderately dysfunctional 35 (24)
Severely dysfunctional 58 (40)
Pericardial effusion 24 (15)
Bubble study®
Patent foramen ovale 39 (25)
Intrapulmonary shunt 5(3)
(Continued)

Other Data

We collected data on demographics, World Health Organization
(WHO) functional class, and PAH treatment. We recorded the
plasma N-terminal pro-B type natriuretic peptide (NT-pro BNP)
level, 6-min walk test distance (6MWD), diffusion lung capacity
for carbon monoxide, and echocardiographic variables (right
ventricular function, right ventricular systolic pressure [RVSP],'®

and/or patent foramen oval/intrapulmonary shunt). All these data
were collected as close as possible to the date of the diagnostic
and follow-up RHC.

Statistical Analysis

Continuous data are presented as mean & SD. Categorical data are
summarized as discrete values and percentages. Continuous and
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TABLE 1 | (Continued)

Variables Value

RHC
RAP, mm Hg 10+ 6
mPAP, mm Hg 51 +13
PAWP, mm Hg 10 + 3
CO by thermodilution, L/min 45+ 1.3
Cardiac index by thermodilution, L/min/m? 2.4 +£0.6
PVR, Wood units 10.1 + 4.6
SvO3, % 63 +9

Values are mean =+ SD or No. (%). Data on 6MWD, NT-pro BNP, and Dico were only available in the number of patients indicated in parenthesis. Variables
without associated number next to them were obtained in all subjects. For NT-pro BNP, the number of patients is lower because 62 subjects had B-type
natriuretic peptide testing instead of NT-pro BNP. 6MWD = 6-min walk test distance; BSA = body surface area; CCB = calcium channel blocker; CO:
cardiac output; Dico = diffusion lung capacity for carbon monoxide; ERA = endothelin receptor antagonist; mPAP = mean pulmonary artery pressure; NT-
pro BNP = N-terminal pro B-type natriuretic peptide; PAH = pulmonary arterial hypertension; PAWP = pulmonary artery wedge pressure; PDE5-inh =
phosphodiesterase-5 inhibitor; PVR = pulmonary vascular resistance; RAP = right atrial pressure; RHC = right heart catheterization; RV = right ventricle;

RVSP = right ventricular systolic pressure; SvO, = mixed venous oxygen saturation; WHO = World Health Organization.
In 11 patients, the RVSP could not be adequately measured and is therefore not reported.

®Bubble study was not done in one patient.

categorical variables were compared across the groups using analysis
of variance and > test, respectively. Given the multiple
comparisons, P values were adjusted by false discovery rate (q <
.05) using the Benjamini and Hochberg method."” Associations
were tested using the Pearson correlation test. After ESC/ERS
PAH risk categorization,' we considered the following cutoffs of
TDCI and SvO,: (1) low risk (< 5% l-year mortality): TDCI =
2.5 L/min/m? and SvO, > 65%, (2) intermediate risk (5%-10% 1-
year mortality): TDCL 2 to 2.4 L/min/m*> and SvO, between
60% and 65%, and (3) high risk (> 10% 1-year mortality):
TDCI < 2 L/min/m* and SvO, < 60%. Agreement between TDCI
and SvO, in risk group allocation was tested using weighted
kappa given ordered scale.”’

Survival analysis was performed using Kaplan-Meier and Cox
proportional hazards models. Kaplan-Meier survival curves were
compared with log-rank test. The Cox model was adjusted by age,
sex, and other prespecified variables (WHO functional class, 6MWD,
and RAP). The proportional hazards assumption was satisfied. The
starting point for the survival analysis was the date of the initial
RHC at our institution. Patients were censored at time of lung
transplantation and followed until death or end of the study in
September 2018. Results of the Cox model are expressed as hazard
ratios (HRs) with the corresponding 95% CIs. All P values are two-
tailed and a value of < .05 was considered significant. The statistical
analyses were performed using the statistical package IBM SPSS
version 22 (IBM) and MedCalc version 18.11 (Ostend).

Results

Patient Characteristics

We included a total of 158 patients with a mean age +
SD of 58 + 17 years, of whom 113 (72%) were women.
The etiology of PH was idiopathic in 143 (91%) and
heritable in 15 (9%) patients. A total of 38 patients
(24%) had the initial RHC while receiving PAH
therapies (one agent in 22 patients [14%], two agents in
10 patients [6%], and three agents in six patients [4%]).
The rest of the patients’ characteristics are shown in
Table 1.

Association Between TDCI and SvO, and Its Impact
on Risk Group Allocation

The mean TDCI was 2.4 + 0.6 L/min/m?, with
TDCI = 2.5 L/min/m® in 63 patients (40%), between
2.0 and 2.4 L/min/m? in 45 patients (28%), and < 2.0
L/min/m? in 50 patients (32%). The mean SvO, was
63% £ 9%, with SvO, > 65% in 65 patients (41%),

> 65 60-65 <60
SvO, (%)

| TDCI (L/min/m2) [0 = 2.5 F42.0-2.4 M < 2.0

Figure 1 - Concordance between SvO, and TDCI risk groups allocation
using the European Society of Cardiology and the European Respiratory
Society guideline. SvO, risk allocation is shown on the x axis. The bars
represent the number of patients in each SvO, and TDCI risk category.
Bars shaded with red color represent patients with TDCI and SvO, risk
group concordance (eg, SvO, > 65% and TDCI = 2.5 L/min/m’). Blue
bars represent patients with one risk class discordance (eg, SvO, between
60% and 65% and TDCI = 2.5 L/min/m’). Gray bars represent patients
with two risk class discordance (eg, SvO, < 60% and TDCI = 2.5 L/min/
m?). SvO, = mixed venous oxygen saturation; TDCI = thermodilution
cardiac index.
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TABLE 2 | Characteristics of Patients With Concordant and Discordant Risk Group Assessment Based on SvO, and
Cardiac Index

SvO, Better Than Cardiac Index Equal Risk Group SvO, Worse Than Cardiac Index (/F;!\\J/(a)&:/
Variables (n=43) (n=77) (n = 38) $2°
Age, y 60 + 16 56 + 16 58 + 18 .66
Female sex 32 (74) 59 (77) 22 (58) .26
Race .09
White 37 (86) 67 (87) 27 (71)
Black 5(12) 6 (8) 11 (29)
Others 1(2) 4 (5) 0 (0)
BSA, m? 1.9+0.3 1.9+0.3 1.9+0.3 .98
Type of PAH
Idiopathic PAH 38 (88) 68 (88) 37 (97) .38
Sp0,, % 94 +5 95+ 3 93 +5 .34
Oxygen supplementation at 18 (43) 23 (32) 12 (34) .64
rest (yes)
WHO functional class 2.8 +£0.7 2.7 +£0.8 29+0.9 .79
6MWD, m (n = 153) 312 + 127 324 + 113 235 + 99 .007
Dico % predicted (n = 141) 57 + 27 63 + 23 49 + 18 .07
NT-pro BNP, pg/mL (n = 76) 1,481 + 1,756 1,602 + 3,771 2,999 + 2,391 .35
Hemoglobin, g/dL 14.4 + 2.2 13.7+1.9 129+ 2.3 .03
Carboxyhemoglobin, % (n = 1.2+ 0.3 1.4+0.7 1.4+0.7 .39
80)
Methemoglobin, % (n = 79) 0.9+0.4 1.0+ 0.5 0.9 +£0.5 .66
Echocardiography
RV function (moderate/ 26 (62) 45 (63) 22 (65) .97
severe)
RVSP, mm HgP 76 + 25 75 + 22 84 + 25 .35
Pericardial effusion (mild or 4 (10) 14 (19) 6 (16) .59
more)
PFO© 13 (30) 14 (18) 12 (32) .15
Intrapulmonary shunt® 2(4.7) 0 (0) 3(8)
RHC
Heart rate, beats/min 78 £ 17 80 + 13 81 + 16 .69
RAP, mm Hg 8+5 10+ 7 11+5 .37
mPAP, mm Hg 47 + 12 52 + 13 53+ 11 .20
PAWP, mm Hg 9+ 3 10+ 3 10+ 3 .40
CO, L/min 3.8 +£0.7 4.6+ 1.6 49+0.9 < .001
Cardiac index, L/min/m? 2.0 £0.3 2.4 +0.7 2.6 £0.3 < .001
SvO;, % 67 +4 63 + 10 57+6 < .001
PVR, Wood units 11+ 4 10+5 9+3 .49

Values are mean + SD, No. (%), or as otherwise indicated. Data on 6MWD, NT-pro BNP, DLCO, carboxyhemoglobin, and methemoglobin were only available
in the number of patients indicated in parenthesis. Variables without associated number were obtained in all subjects. ANOVA = analysis of variance;
PFO = patent foramen oval. See Table 1 legend for expansion of other abbreviations.

P value adjusted by false discovery rate correction for multiple comparisons using Benjamini and Hochberg methodology.

®In 11 patients, the RVSP could not be adequately measured and is therefore not reported.

“Bubble study was not done in one patient.

between 60% and 65% in 41 patients (26%), and < 95% CI, 0.37-0.62). Weighted kappa, testing ERS/ESC
60% in 52 patients (33%). There was a significant risk group allocation agreement by TDCI or SvO,,
association between TDCI and SvO, (r = 0.50; was 0.30 (95% CI, 0.18-0.42), with risk group
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concordance in 77 patients (49%), and one and two
class discordance in 60 (38%) and 21 (13%) patients,
respectively (Fig 1).

Factors Associated With Discordance Between
TDCI and SvO; Risk Group Allocation

Use of SvO, instead of TDCI for ERS/ESC risk group
assessment led to lower risk group allocation in 43
patients (27%), same risk group in 77 patients (49%),
and higher risk group in 38 patients (24%). When the
SvO, was more severe than the TDCI risk stratification,
patients had a lower 6MWD and lower hemoglobin
concentration (Table 2).

Comparison of TDCI and SvO, Risk Group
Allocation With Other ESC/ERS Risk Variables

When TDCI was compared with WHO functional class,
6MWD, NT-pro BNP, and RAP, a total of 63 (40%), 46
(29%), 56 (35%), and 66 (42%) patients had
concordance in the ESC/ERS risk group allocation,
respectively (Table 3). The weighted kappa for WHO
functional class, 6 MWD, NT-pro BNP, and RAP were
0.18 (95% CI, 0.07-0.30), 0.06 (95% CI, —0.04 to 0.16),

0.17 (95% CI, 0.04-0.30), and 0.19 (95% CI, 0.07-0.031),
respectively.

When SvO, was compared with WHO functional class,
6MWD, NT-pro BNP, and RAP, a total of 75 (47%), 59
(37%), 74 (47%), and 72 (46%) patients had concordance
in risk group allocation, respectively (Table 4). The
weighted kappa for WHO functional class, 6SMWD, NT-
pro BNP, and RAP were 0.29 (95% CI, 0.17-0.40), 0.18
(95% CI, 0.08-0.28), 0.38 (95% CI, 0.25-0.51) and 0.27
(95% CI, 0.15-0.39), respectively.

Survival Impact of TDCI and SvO; Risk Group
Allocation

Patients were followed for a median of 45 months
(interquartile range [IQR], 23-105). During follow-up,
62 patients (39%) died and eight patients (5%)
underwent lung transplantation. Using Kaplan-Meier
analysis, the survival varied by the SvO, (log-rank =
0.002) (Fig 2B) but not by the TDCI risk group
allocation (log-rank = 0.51) (Fig 2A). Using a Cox
proportional hazard model adjusted for age and sex,
SvO, as a continuous variable was associated with

TABLE 3 | Risk Assessment Comparison Between Cardiac Index and Other ESC/ERS Risk Variables

ESC/ERS Risk Category”
Low Intermediate High
TDCI = 2.5 L/min/m? TDCI 2-2.4 L/min/m? TDCI < 2 L/min/m?
Variable (n=163) (n = 45) (n =50) P Value (32
WHO functional class .01
I/II 28 (44)° 14 (31) 9 (18)
111 31 (49) 23 (51)° 29 (58)
v 4 (6) 8 (18) 12 (24)
6MWD, m (n = 153) .06
> 440 10 (17)° 6 (14) 1(2)
165-440 44 (73) 28 (64)° 40 (82)
< 165 6 (10) 10 (23) 8 (16)°
NT-pro BNP, pg/mL (n = 136) .04
< 300 24 (43)° 13 (35) 6 (14)
300-1,400 15 (27) 13 (35)? 18 (42)
> 1,400 17 (30) 11 (30) 19 (44)?
RAP, mm Hg .03
<8 33 (53)° 17 (38) 14 (28)
8-14 23 (37) 18 (40) 21 (42)
> 14 6 (10) 10 (22) 15 (30)
Pericardial effusion 8 (13) 6 (14) 10 (21)7 .51

Values are No. (%) or as otherwise indicated. ESC/ERS = European Society of Cardiology and the European Respiratory Society; TDCI = thermodilution

cardiac index. See Table 1 legend for expansion of other abbreviations.

“Risk category that are concordant between the cardiac index and the comparator risk variable.
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TABLE 4 | Risk Assessment Comparison Between SvO, and Other ESC/ERS Risk Variables

ESC/ERS Risk Category”
Low Intermediate High
Variable SV0, > 65% (n = 65) SV0, 60%-65% (n = 41) SV0, < 60% (n = 52) P Value (3?)
WHO class < .001
/11 35 (54)° 8 (20) 8 (15)
III 25 (39) 27 (66)° 31 (60)
v 5 (8) 6 (15) 13 (25)®
6MWD, m (n = 153) .001
> 440 15 (24)? 2 (5) 0 (0)
165-440 40 (64) 33 (83)° 39 (78)
< 165 8 (13) 5(13) 11 (22)°
NT-pro BNP, pg/mL (n = 136) < .001
< 300 30 (55)° 9 (24) 4(9)
300-1,400 14 (26) 18 (49)° 14 (32)
> 1,400 11 (20) 10 (27) 26 (59)°
RAP, mm Hg < .001
<8 37 (58)° 18 (44) 9 (17)
8-14 20 (31) 17 (41)? 25 (48)
> 14 7 (11) 6 (15) 18 (35)°
Pericardial effusion 6 (10) 7 (18) 11 (22)° .19

Values are No. (%) or as otherwise indicated. See Table 1 and 3 legends for expansion of abbreviations.

“Risk categories that are concordant between the SvO, and the comparator.

mortality (HR per 1% increase, 0.94; 95% CI, 0.91-0.97;
P < .001); in contrast, TDCI was not (HR per 1 L/min/

m? increase, 0.68; 95% CI, 0.43-1.08; P = .10).

When adjusted by age, sex, WHO functional class,
6MWD, and RAP, SvO, did not reach traditional

statistical threshold of significance for predicting mortality

A
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®©
2
g
— 0.4
®
>
S TDCI (L/min/m?)
3024 |— 25
224
<2
0.0
0 24 48 72 96 120

Follow-up (months)

(HR per 1% increase, 0.97; 95% CI, 0.93-1.00; P = .06).
TDCI was not associated with mortality when adjusted by
the same variables (HR per 1 L/min/m? increase, 1.11;
95% CI, 0.65-1.89; P = .71). When both SvO, and TDCI
were included in the previous model, only SvO, (and not
TDCI) was a significant predictor of survival (HR per
1% increase, 0.96; 95% CI, 0.93-0.99; P = .03).

B
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Figure 2 - A-B, Kaplan-Meier analysis showing association between survival and European Society of Cardiology and the European Respiratory Society
risk categories based on (A) TDCI and (B) SvO, variables. See Figure 1 legend for expansion of abbreviations.
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Sensitivity Analyses on Survival

We performed several sensitivity analyses to assess the
impact of PAH-specific treatment at time of the initial
RHC, hemoglobin concentration, and year of RHC. In
treatment-naive patients (n = 120), the P values of the
log-rank test for the SvO, and TDCI risk groups were
.002 and .72, respectively. In patients with
hemoglobin < 14 g/dL (n = 79), the P values for the
log-rank test for the SvO, and TDCI risk groups were
.005 and 0.08, respectively. Meanwhile, in patients
with hemoglobin = 14 g/dL, the P values of the log-
rank test for the SvO, and TDCI risk groups were .23
and .97, respectively. However, hemoglobin
concentration as a continuous variable had no impact
on the significance of SvO, (HR per 1% increase, 0.94;
95% CI, 0.92-0.97; P < .001) in a Cox model adjusted
by age and sex. Patients who had the RHC done after
January 2011 (n = 77) had P values for the log-rank
test for SvO, and TDCI of .003 and .43, respectively. In
addition, when the year of RHC was added to a Cox
model adjusted by age and sex, only SvO, (HR per
1% increase, 0.94; 95% CI, 0.91-0.97; P < .001), but not
cardiac index, predicted survival.

We tested the performance of stroke volume index (SVI)
in the cohort. When added to a Cox model adjusted by
age and sex, SVI predicted mortality (HR per 1 mL/m*
increase, 0.97; 95% CI, 0.94-0.99; P = .03). When both
SVI and SvO, were included in this model (after
confirming the absence of significant collinearity), only
SvO, remained a significant predictor of mortality (HR
per 1% increase, 0.93; 95% CI, 0.90-0.96; P < .001).
When adjusted by age and sex, the overall model fit for
SVI and SvO, showed Xz values of 9.1 (P = .028) and
23.1 (P < .001), respectively.

In addition, we tested the impact of SvO, on survival in
another cohort of patients who also had direct Fick
cardiac index.”" Briefly, the cohort consisted of 75
patients with PAH (idiopathic and heritable in 72%)
who had determinations of cardiac index by
thermodilution and direct Fick. A total of 27 of these
patients died during a median follow-up of 43 months
(IQR, 15-71). Log-rank tests for SvO, and cardiac index
by thermodilution and direct Fick risk group allocation
showed P values of .01, .06, and .77, respectively. SvO,
was significantly associated with mortality (HR per

1% increase, 0.90; 95% CI, 0.85-0.96; P < .001) in a Cox
survival analysis adjusted by age and sex, in contrast
with cardiac index by direct Fick that was not (HR per 1
L/min/m? increase, 0.75; 95% CI, 0.45-1.26; P = 27).

Hemodynamic Determinations at Follow-up RHC

RHC was repeated in 80 patients at a median interval of
22 months (IQR, 10-49). The mean TDCI was 3.0 &= 0.7
L/min/m?, with TDCI = 2.5 L/min/m” in 59 patients
(74%), between 2.0 and 2.4 L/min/m? in 15 patients
(19%), and < 2.0 L/min/m? in six patients (7%). The
mean SvO, was 65% + 10% with SvO, > 65% in 44
patients (55%), between 60% and 65% in 14 patients
(18%), and < 60% in 22 patients (28%). When
compared with baseline, the TDCI increased by a mean
of 0.7 + 0.9 L/min/m? (P < .001); however, the increase
in SvO, was not statistically significant (1.7% =+ 10%,
P = 11). The TDCI risk category remained unchanged,
improved, and worsened in 32 (40%), 42 (53%), and six
(8%) patients, respectively. Meanwhile, the SvO, risk
category remained unchanged, improved, and worsened
in 37 (46%), 29 (36%), and 14 (18%) patients,
respectively. Risk group concordance between TDCI and
SvO, was noted in 42 patients (53%), and one and two
class discordance in 27 (34%) and 11 (14%) patients,
respectively. Weighted kappa between the TDCI and
SVO, risk groups was 0.20 (95% CI, 0.05-0.35).

In 27 patients (34%), we noted concordance between TDCI
and SvO, risk group allocation during both the baseline
and follow-up RHC. In 16 patients (20%), we noted the
same type of discordance [SvO, risk either better or worse
that TDCI], while in the rest (n = 37 [46%]), the
discordance between SvO, and TDCI risk group allocation
was different between baseline and follow-up RHC,
supporting a lack of systematic error in the measurements.

After the second RHC, patients were followed for a
median of 42.5 months (IQR, 16.2-89.0). A total of 25
patients (31.3%) died and four patients (5%) underwent
lung transplantation. Similar to prior survival analysis,
SvO, (log-rank < 0.001) but not TDCI risk allocation
(log-rank = 0.43) was associated with survival. Similarly,
in a Cox model adjusted by age and sex, SvO, (HR per
1% increase in SvO,, 0.88; 95% CI, 0.84-0.93; P < .001)
but not TDCI was significantly associated with
mortality. The change (follow-up minus baseline value)
in SvO, or TDCI as continuous variables or the ERS/
ESC risk group change was not associated with survival,
even after adjusting for age and sex.

Discussion

In a cohort of patients with well-characterized idiopathic
and heritable PAH, mostly at the time of diagnostic RHC,
we found a moderate degree of association between TDCI
and SvO, and fair agreement in the ESC/ERS risk group
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allocation. Risk group allocation concordance between
TDCI and SvO, was noted in about one-half the patients.
Factors that help explain the variability included a lower
hemoglobin concentration. SvO, had a stronger
association compared with TDCI, with other ESC/ERS
risk parameters such as RAP, WHO functional class,
6MWD, and NT-pro BNP. Furthermore, SvO, but not
TDCI was associated with long-term survival after the
initial RHC. Interestingly, the change in SvO, and TDCI
or the change in risk group allocation during follow-up
RHC was not associated with survival.

To our knowledge, for the first time in PAH, we
described the degree of concordance between SvO,
and TDCI and compared them with other ESC/ERS
risk variables of the PH multidimensional assessment
tool." We noted ESC/ERS risk group concordance
between TDCI and SvO, in about one-half of the
patients both at baseline and follow-up, likely
explained by a moderate degree of association between
measurements, measurement errors inherent to
TDCIL"' and the arbitrary cutoffs used in the ESC/ERS
risk stratification tool, that add simplicity but
overlooks subtle variations. For instance, TDCI could
be 2.5 L/min/m* (low risk) but SvO, could be

65% (moderate risk). To our surprise, we saw risk
discordance of two ESC/ERS risk groups in 13% and
14% of the patients, during initial and follow-up RHC,
respectively, a finding that could carry important
clinical implications. One of the factors that could
explain this discrepancy is blood hemoglobin
concentration. In fact, Jain et al*® implicated
hemoglobin concentration (involved in oxygen
delivery) and oxygen consumption as factors affecting
the variability between SvO, and cardiac index.

The cardiac index is a measure of ventricular output
and is an indicator of right ventricular function in
patients with PAH and normal left ventricular
function. Cardiac index can be measured or estimated
by several invasive and noninvasive methods,>*?” with
the direct Fick method being the criterion standard.”'
Because measuring the direct Fick method is
technically demanding and the indirect Fick method is
subject to errors in the estimation of oxygen
consumption, TDCI is commonly done. We have
recently shown that both TDCI and indirect Fick
method have wide limits of agreement when compared
with direct Fick method, which can impact ERS/ESC
risk group allocation.”’

Mixed venous blood is sampled from the pulmonary
artery.”® The SvO, reflects the balance between oxygen
delivery and extraction, factors affected by cardiac
output, oxygen consumption, arterial oxygen
saturation, and hemoglobin concentration. Oxygen
delivery is dictated by cardiac output and arterial
oxygen content, whereas oxygen extraction results
from the difference between arterial and venous
oxygen content. A decrease in SvO, indicates that the
cardiac index is not enough to meet the tissue oxygen
needs, and tissues needed to increase oxygen
extraction. In contrast, a cardiac index determination
does not specify whether the patient’s oxygen needs at
a tissue level are met. In fact, in some subjects, a low
cardiac index may be adequate to meet the tissue
metabolic demands, while insufficient for others, a
difference that can be gauged with SvO,.

We noted that SvO, may be a better marker of prognosis
than TDCI, supported by a stronger association with
other ESC/ERS risk factors and overall survival. A few
studies in PAH™'*'"" and cardiac diseases’” have
shown that SvO, but not cardiac index is associated with
survival. We performed several sensitivity analyses to
strengthen our findings. Our results were not affected
when considering treatment-naive patients, considering
year of RHC, or using the direct Fick method instead of
TDCI. SvO, as a continuous variable remained a
significant predictor of mortality when hemoglobin
concentration was added to our Cox survival models.
However, when patients were divided in two groups
based on hemoglobin concentration, we noted that the
impact on survival of the SvO, risk allocation was only
significant in the subgroup with hemoglobin < 14 g/dL,
in whom oxygen transport to tissues may be more
compromised.

Our study has limitations that include a single-center
setting and retrospective design. Nevertheless, our novel
findings displayed the pronounced degree of
discordance between ESC/ERS risk scoring using
recommended cutoffs for TDCI and SvO,. Furthermore,
even when both TDCI and SvO, are placed at equal level
in the ESC/ERS risk scoring table, SvO, better tracks
with disease severity and survival. Our observations
should alert physicians managing PAH about the
importance of routinely obtaining SvO, measurements
for risk assessment because it may signal inadequate
tissue oxygenation.
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Conclusions

There is a moderate degree of association between
TDCI and SvO, in patients with idiopathic or
heritable PAH. Given the significant association with

survival and greater concordance with other risk

survival.

variables, SvO,, as opposed to TDCI, appears to be
superior in assessing severity of disease and predicting
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