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Abstract

Pulmonary hypertension (PH) is associated with adverse outcomes in chronic

kidney disease (CKD) patients. Our study suggests mildly elevated pulmonary

vascular resistance ( > 2 to ≤ 3) is independently associated with major adverse

cardiovascular events at 1‐year follow‐up. Early diagnosis of precapillary PH in

CKD patients can potentially improve clinical outcomes.
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INTRODUCTION

Recent pulmonary hypertension (PH) guidelines estab-
lished a new pulmonary vascular resistance (PVR) cutoff
of 2 Wood units (WU) to diagnose precapillary PH.1 This
adjustment was based on evidence that mildly elevated
PVR is also associated with adverse clinical outcomes.2

Among chronic kidney disease (CKD) patients, PH is a
prevalent complication associated with adverse clinical
outcomes, particularly in those with precapillary or com-
bined PH.3–5 Thus, recognition of mildly elevated PVR in
CKD patients is paramount and, to our knowledge, has not

been studied before. This study aims to assess if mildly
elevated PVR (> 2 to ≤ 3 WU) is associated with adverse
clinical outcomes among patients with advanced CKD.

METHODS AND STATISTICAL
ANALYSIS

This was a single‐center retrospective cohort study of
patients with CKD stage 3b–5 who received right heart
catheterization (RHC) between August 2018 and June
2023. We identified patients who underwent (RHC) using
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current procedural terminology (CPT) codes.6 The diag-
nosis of CKD3b, CKD4, and CKD5 were based on a
baseline estimated glomerular filtration rate (eGFR) of
44–30, 15–29, and <15mL/min or dialysis requirement,
respectively.7 The eGFR was calculated using the 2021
CKD‐EPI creatinine equation.8 For inpatients, the baseline
eGFR was obtained from the most recent prior admission
or outpatient visit. We used the eGFR at discharge as the
baseline if no prior records were available. For patients on
dialysis or who underwent elective (outpatient) RHC, the
baseline eGFR was the closest to the RHC date, either
before or after the procedure.

Following recent guidelines proposing the use of a
lower PVR cutoff to diagnose precapillary and combined
PH, we stratified data according to PVR values into three
groups: ≤2 Wood units (WU), >2 to ≤ 3WU, and
>3WU.1 Cardiac output (CO) was measured using Fick's
equation.9 PVR was calculated by applying the formula
(mean pulmonary artery pressure [mPAP] – pulmonary
artery wedge pressure [PAWP])/CO. We defined PH as
mPAP of > 20mmHg; isolated precapillary PH was
defined as mPAP of > 20mmHg associated with a PVR
of > 2WU and PAWP of <15mmHg, isolated postcapil-
lary PH as mPAP of > 20mmHg, PAWP of > 15mmHg,
and PVR ≤ 2WU, and combined PH as mPAP of > 20
mmHg, PAWP of > 15mmHg, and PVR of > 2WU.10

The adverse outcomes of interest were major
cardiovascular events (MACE) and all‐cause mortality
within a year after the RHC date. We defined MACE as
cardiovascular (CV) death or hospitalizations for heart
failure (HF), acute coronary syndrome (ACS), stroke, and
peripheral artery disease (PAD).11

The demographic, clinical, and outcome data were
obtained through chart review from electronic medical
records and recorded in Jefferson's REDCap electronic
database. Echocardiographic interpretation, including
the presence of right ventricular (RV) strain and dilation,
was done by board‐certified cardiologists as part of the
routine clinical care and according to established guide-
lines.12 The RV systolic function assessment was variable
between echocardiographers; qualitative visual inspec-
tion along with an objective parameter, such as tricuspid
annular plane systolic excursion (TAPSE) of < 1.6 cm or
tricuspid annular velocity (S') of <9.5 cm/s, were the
most commonly used methods.13 We defined RV dilation
as an RV to LV ratio of ≥ 1:1, IVC dilation as an IVC
diameter of > 2.1 cm, and noncollapsible IVC as an
inspiratory collapse of <50%. Our project was approved
by Jefferson's institutional review board (iRISID‐
2023‐2277).

We presented categorical data using frequencies and
percentages and continuous variables using median and
interquartile ranges (IQR). We used the Kruskal–Wallis

Rank test to compare continuous variables and
Chi‐square tests for categorical variables. Kaplan–Meier
curves with log‐rank tests were used to compare PVR
groups for MACE outcomes and all‐cause mortality
within a year after the RHC date. Univariable and
multivariable Cox regression analyses were done to
generate hazard ratios (HR) with 95% confidence
intervals (CI) for MACE outcomes. We adjusted the data
for potential confounders associated with MACE out-
comes, including demographics (age, sex, and body mass
index), comorbidities (hypertension, diabetes mellitus,
and hyperlipidemia), and surrogates of left ventricular
function, PH severity, and kidney disease severity
(PAWP, mPAP, right atrial pressure, and eGFR).
A p‐value of < 0.05 was considered statistically signifi-
cant. The statistical analyses were done using Stata
(StataCorp. 2023. Stata Statistical Software: Release 18;
StataCorp LLC).

RESULTS

We included 649 patients in the analysis, including 5%
(n= 32) with CKD stage 3b, 39% (n= 250) with CKD
stage 4, and 57% (n= 367) with CKD stage 5. Eighty‐
three percent (n= 536) of patients had evidence of PH;
20% (n= 129) had isolated precapillary PH, 28% (n= 182)
had isolated postcapillary PH, and 25% (n= 164) had
combined PH. Nine percent (n= 61) of patients had
elevated mPAP but were unclassifiable based on normal
PVR and PAWP.

Furthermore, 52% (n= 340) of patients had normal
PVR ( ≤ 2 WU), 21% (n= 137) had mildly elevated PVR
( > 2 to ≤ 3 WU), and 27% (n= 172) had PVR > 3WU.
Their median mPAP was 26mmHg (IQR 20–34),
35mmHg (IQR 28–39), and 40mmHg (IQR 33–47),
respectively.

• Baseline characteristics of mildly elevated PVR (> 2– ≤ 3
WU) group

Their median age was 67 years (IQR 57–74), they
had a balanced gender distribution (49% females), and
were predominantly African American (80%, n= 110).
Fifty‐six percent (n= 77) had CKD5, and 42% (n= 58)
were on hemodialysis. Their most prevalent comorbid-
ities were hypertension (96%, n= 132), hyperlipidemia
(80%, n= 110), and diabetes mellitus (63%, n= 86).
Further demographic characteristics and comorbidities
of other groups are shown in Table 1.

• Group comparisons
The median right atrial pressure, mPAP, and

transpulmonary gradient were all directly proportional
to PVR severity, whereas CO and cardiac index were
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TABLE 1 Data stratified by PVR groups.

Variable
Group with PVR ≤ 2
WU n= 340

Group with PVR> 2–≤ 3
WU n= 137

Group with PVR> 3
WU n= 172 p‐Value

Median age (IQR) 64 (55–72) 67 (57–74) 66 (59–75) 0.007

Female gender ‐ n (%) 136 (40) 67 (49) 90 (52) 0.018

Race – n (%)

African American 191 (56) 110 (80) 136 (79) <0.0001

Non‐African American 149 (44) 27 (20) 36 (21)

Body mass index in kg/m2 –
median (IQR)

29 (25–35) 29 (25–38) 28 (23–34) 0.047

RHC data – median (IQR)

RAP (mmHg) 9 (5–15) 10 (6–16) 12 (7–18) <0.0001

mPAP (mmHg) 26 (20–34) 35 (28–39) 40 (33–47) <0.0001

PAWP (mmHg) 16 (11–23) 17 (11–23) 16 (10–24) 0.891

TPG (mmHg) 9 (7–12) 16 (13–20) 22 (17–27) <0.0001

PVR (Wood units) 1.2 (0.8–1.6) 2.5 (2.3–2.7) 4.1 (3.6–5.4) <0.0001

Cardiac output (L/min) 8.1 (6.2–10.3) 6.4 (4.9–8) 4.8 (3.7–6) <0.0001

Cardiac index (L/min/m2) 4.1 (3.1–5.2) 3.2 (2.7–4.1) 2.5 (2–3.3) <0.0001

Pulmonary hypertension (mPAP >
20mmHg)

243 (71) 124 (91) 169 (98) <0.0001

Kidney disease features ‐ n (%)

CKD 3b 14 (4) 11 (8) 7 (4) 0.193

CKD 4 134 (39) 49 (36) 67 (39) 0.753

CKD 5 192 (56) 77 (56) 98 (57) 0.990

Median eGFR in mL/min (IQR) 15 (9–23) 15 (9–22) 15 (10–23) 0.943

Median creatinine in mg/dl (IQR) 3.7 (2.6–6.4) 3.5 (2.5–5.7) 3.4 (2.7–5.4) 0.401

On dialysis 117 (34) 58 (42) 67 (39) 0.235

Hemodialysis 113 (33) 58 (42) 65 (38) 0.373

• Arteriovenous fistula 60 (18) 38 (28) 45 (26) 0.017

• Arteriovenous graft 3 (1) 1 (1) 4 (2) 0.400

• Permanent hemodialysis line 52 (15) 19 (14) 17 (10) 0.239

Peritoneal dialysis 4 (3) None 2 (3) 0.486

Echocardiography features – n (%)

Median left ventricular ejection
fraction (%)

55 (35–60) 55 (30–55) 40 (25–55) 0.0001

Right ventricle strain 81 (24) 44 (32) 95 (55) <0.0001

Right ventricle dilation 104 (31) 51 (37) 84 (49) <0.0001

Right atrium dilation 103 (30) 62 (45) 91 (53) <0.0001

IVC dilation 102 (30) 56 (41) 90 (52) <0.0001

IVC noncollapsible 108 (32) 64 (47) 97 (56) <0.0001

Comorbidities – n (%)

Hypertension 297 (87) 132 (96) 168 (98) <0.0001

(Continues)
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inversely proportional. The median PAWP was com-
parable between groups (p= 0.891). We observed
multiple similarities in between PVR> 2– ≤ 3WU
and PVR> 3 groups; both groups were older
(p= 0.007), more likely females (p= 0.018), and more
likely to have hypertension, chronic lung disease, and
RV abnormalities on echocardiography, including RV
strain and dilation (p< 0.0001).

• Clinical outcomes
Forty‐nine percent (n= 67) of patients with

PVR > 2– ≤ 3WU had adverse composite outcomes
within a year of follow‐up; 32% (n= 44) had MACE
outcomes, predominantly HF hospitalizations in 22%
(n= 30), whereas 27% (n= 37) died within a year.
Their median time from the RHC date to the first
adverse clinical outcome was 71 days (IQR 20–170).

In comparison, we observed that MACE outcomes
were more prevalent among patients with PVR> 2– ≤ 3
WU and PVR> 3 (p= 0.005). Kaplan–Meier curves and

log‐rank test showed more MACE outcomes among
patients with PVR> 2– ≤ 3 WU and PVR> 3 (p= 0.004)
(Figure 1a). A similar analysis showed no difference in
all‐cause mortality between PVR groups (p= 0.477)
(Figure 1b).

On univariable Cox regression analysis, PVR > 2– ≤ 3
was associated with MACE outcomes (HR 1.52, CI
1.05–2.22, p= 0.026). On multivariable Cox regression
analysis, after adjusting for multiple covariables,
PVR> 2‐ ≤ 3 remained independently associated with
MACE outcomes (HR 1.53, CI 1.00–2.34, p= 0.047)
(Table 2).

DISCUSSION

Our study described a large, single‐center, retrospective
cohort analysis of patients with CKD 3b‐5 who under-
went invasive hemodynamic assessments. We observed
that patients with advanced CKD and mildly elevated

TABLE 1 (Continued)

Variable
Group with PVR ≤ 2
WU n= 340

Group with PVR> 2–≤ 3
WU n= 137

Group with PVR> 3
WU n= 172 p‐Value

Diabetes mellitus 201 (59) 86 (63) 106 (62) 0.719

Hyperlipidemia 244 (72) 110 (80) 140 (81) 0.024

Chronic lung disease 58 (17) 39 (28) 62 (36) <0.0001

• Chronic obstructive pulmonary
disease

36 (11) 30 (22) 40 (23) <0.0001

• Asthma 22 (6) 5 (4) 18 (10) 0.063

• Interstitial lung disease 1 (0) 4 (3) 6 (3) 0.007

• Others 2 (1) 4 (3) 3 (2) 0.103

Hypoventilation syndrome 46 (14) 16 (12) 36 (21) 0.039

History of venous thromboembolism 38 (11) 14 (10) 18 (10) 0.943

Adverse clinical outcomes at 1‐year follow‐up – n (%)

Composite MACE + all‐cause
mortality

137 (40) 67 (49) 94 (55) 0.006

MACE 75 (22) 44 (32) 59 (34) 0.005

Cardiovascular death 10 (3) 9 (6) 5 (3) ‐

Heart failure exacerbation 53 (16) 30 (22) 48 (28) ‐

Acute coronary syndrome 20 (6) 10 (7) 7 (4) ‐

Stroke 3 (1) 2 (1) 1 (1) ‐

Peripheral artery disease 2 (1) 1 (1) 3 (2) ‐

All‐cause mortality 78 (23) 37 (27) 48 (28) 0.401

Abbreviations: CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; IVC, inferior vena cava; MACE, major adverse cardiovascular events;
RAP, right atrial pressure; mPAP, mean pulmonary artery pressure; PAWP, pulmonary artery wedge pressure; PVR, pulmonary vascular resistance; RHC, right
heart catheterization; TPG: transpulmonary gradient.
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PVR ( > 2– ≤ 3 WU) had an adjusted 53% greater risk of
developing MACE outcomes within a year of follow‐up
when compared with patients with normal PVR.

The PVR cutoff to diagnose precapillary PH was
lowered based on existing data showing a PVR of 2WU
to be the upper limit of normal in healthy individuals.14

Furthermore, a recent study demonstrated an increased
risk of all‐cause mortality and HF events among patients
with PVR ~ 2.2WU compared with PVR of 1WU.2

Early precapillary PH diagnosis has proven beneficial
in certain groups of patients, such as in systemic
sclerosis, in whom lowering the PVR threshold captures
patients at risk of PH progression.15 Similarly, among
patients with chronic liver disease, early precapillary PH
diagnosis has shown better response to pulmonary
vasodilators as opposed to severe precapillary PH, an

established contraindication for orthotopic liver trans-
plantation.16 To our knowledge, this is the first study to
validate the clinical relevance of mildly elevated PVR
among patients with advanced CKD.

In our study, the increased risk of MACE observed in the
mildly elevated PVR group was primarily driven by HF
hospitalizations, consistent with findings from prior CKD‐
PH studies.4 Furthermore, in the present study, echocardio-
graphic patterns of RV strain and RV dilation were more
prevalent in the mildly elevated PVR group compared to the
normal PVR group. Indeed, even a subtle increase in RV
afterload at baseline can potentially compromise the RV
function in CKD patients, among whom the RV commonly
deals with heightened RV preload due to volume overload
and neurohormonal dysregulation, likely precipitating RV
failure and HF hospitalizations.17

FIGURE 1 (a and b). Unadjusted Kaplan–Meier curves of (a) MACE outcomes within a year after RHC date. (p= 0.004) and
(b) all‐cause mortality within a year after RHC date. (p= 0.401). MACE, major cardiovascular events; PVR, pulmonary vascular resistance;
RHC, right heart catheterization; WU, Wood units.

TABLE 2 Cox regression univariable and multivariable analysis of factors associated with MACE outcomes within a year of follow‐up.

Variable Hazards ratio 95% Confidence interval p‐Value

Unadjusted

PVR< 2 WU Ref

PVR 2–3 WU 1.52 1.05–2.22 0.026

PVR> 3 WU 1.71 1.21–2.42 0.002

Adjusted*

PVR< 2 WU Ref

PVR 2–3 WU 1.53 1.00–2.34 0.047

PVR> 3 WU 1.95 1.21–3.15 0.006

Abbreviations: eGFR, estimated glomerular filtration rate; MACE, major cardiovascular events; mPAP, mean pulmonary artery pressure; PAWP, pulmonary
artery wedge pressure; PVR, pulmonary vascular resistance; WU, Wood units.

*Covariables included demographics (age, sex, and body mass index), comorbidities (hypertension, diabetes mellitus, hyperlipidemia), PAWP, mPAP, RAP,
and eGFR.
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To improve clinical outcomes in CKD patients with
mildly elevated PVR, early management of risk factors
associated with precapillary PH, such as chronic lung
disease, obstructive sleep apnea, and secondary hyperpara-
thyroidism (associated with metastatic calcifications in the
pulmonary vessel walls), is a reasonable approach.18,19

Likewise, maintaining a lower dry weight can optimize the
RV function with better volume control.20

Furthermore, our findings highlight the importance
of RHC in risk stratification and prognostication among
CKD patients. While RHC is an invasive procedure, its
ability to provide hemodynamic data, including PVR,
helps in identifying patients at increased risk of adverse
outcomes and may facilitate early intervention.

Despite the strengths of our study, including a large
cohort of CKD patients undergoing RHC, our study had
multiple limitations, including its retrospective and single‐
center design. The clinical indications for RHC were non‐
standardized potentially introducing selection bias to our
study. Similarly, we were unable to standardize the timing of
RHC and hemodialysis. Hence, we cannot rule out that a
few patients were misclassified based on hemodynamic data.
Future prospective studies with standardized protocols and
long‐term follow‐up are warranted to validate our findings.
Similarly, we used the available serum creatinine concentra-
tion, as detailed in the methods section, to calculate the
baseline eGFR. Therefore, we acknowledge this could have
led to misclassification of CKD staging. Most of our patients
were African American, and we only included patients with
CKD 3b–5, which may limit the generalizability of our
results. While we cannot rule out the presence of residual
confounders associated with MACE outcomes, we adjusted
the data for pre‐established CV risk factors, as explained in
the methods section. As this project only included patients
with advanced CKD, including 37% (n=242) on dialysis, we
did not collect data on urine albumin‐creatinine ratio.

CONCLUSION

Among patients with advanced CKD referred for RHC,
mildly elevated PVR was independently associated with
major cardiovascular events within a year of follow‐up.
Early diagnosis of precapillary PH in CKD patients can
potentially improve clinical outcomes.
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