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Abstract

Pulmonary hypertension (PH) is common in patients with chronic kidney disease (CKD) and associated with increased mortality
but the hemodynamic profiles, clinical risk factors, and outcomes have not been well characterized. Our objective was to define
the hemodynamic profile and related risk factors for PH in CKD patients. We extracted clinical and hemodynamic data from
Vanderbilt’s de-identified electronic medical record on all patients undergoing right heart catheterization during 1998-2014.
CKD (stages IlI-V) was defined by estimated glomerular filtration rate thresholds. PH was defined as mean pulmonary
pressure >25mmHg and categorized into pre-capillary and post-capillary according to consensus recommendations. In total,
4635 patients underwent catheterization: 1873 (40%) had CKD; 1518 (33%) stage 3, 230 (5%) stage 4, and 125 (3%) stage 5.
PH was present in 1267 (68%) of these patients. Post-capillary (n =965, 76%) was the predominant PH phenotype among
CKD patients versus 302 (24%) for pre-capillary (P <0.001). CKD was independently associated with pulmonary hypertension
(odds ratio=1.4, 95% confidence interval = [.18-1.65). Mortality among CKD patients rose with worsening stage and was
significantly increased by PH status. PH is common and independently associated with mortality among CKD patients referred
for right heart catheterization. Post-capillary was the most common etiology of PH. These data suggest that PH is an important
prognostic co-morbidity among CKD patients and that CKD itself may have a role in the development of pulmonary vascular
disease in some patients.
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Introduction the impact of PH, particularly among patients with early

Chronic kidney disease (CKD) is common in the USA,
affecting over 25 million people.! Pulmonary hypertension
(PH) and CKD often co-exist** and prior studies suggest
that PH is associated with increased mortality in patients
with CKD.** Moreover, the prevalence of PH increases
across CKD stages in a dose-response manner, an observa-
tion that suggests a potential direct relationship.’

Despite increased recognition of PH as an important con-
tributor to mortality among CKD patients, little is known
about the etiology of PH in patients with CKD.°
Epidemiologic and long-term outcome data are lacking on

stage CKD.”® Potential mechanisms for the development
of PH in patients with CKD include endothelial dysfunc-
tion, increased flow through arterio-venous shunts, exposure
to dialysis membranes, and elevated left ventricular filling
pressure.” Most studies examining the link between CKD
and PH have relied on Doppler echocardiography to
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identify PH.>>%!° This approach is limited because echo-
cardiography cannot reliably measure left ventricular filling
pressure, which is critical to discriminate pre-capillary from
post-capillary PH. In the largest series to date with invasive
right heart catheterization (RHC) data, Navaneethan et al.
reported an increased mortality in a cohort of PH patients
with CKD,* but did not investigate a population of CKD
patients for the presence of PH. The hemodynamic profiles
of PH (pre-capillary PH versus post-capillary PH) in the
CKD population have not been fully explored. Therefore,
studies employing invasive hemodynamics are needed to
gain insight into the etiology of PH among CKD patients.
Moreover, prior studies have lacked information about
important co-morbidities and echo variables that may influ-
ence the relationship between PH and CKD.

In this study, we investigated the etiology of PH in a large
referral population of CKD patients undergoing RHC.
Furthermore, we evaluated the effect of PH on mortality.
We hypothesized that the prevalence of PH and risk-
adjusted mortality would increase across CKD stages and
that the predominant etiology of PH among CKD patients
would be post-capillary PH. Finally, we explored whether
PH exists in the absence of established risk factors for pul-
monary vascular disease (PVD) in patients with CKD,
which would suggest a potential causal contribution. Some
of the results of this study have been previously reported in
the form of abstracts.'""'?

Methods
Study population

This study was approved by the Vanderbilt University
Institutional Review Board (#151223). We identified partici-
pants using the Vanderbilt Synthetic Derivative, a mirror-
image, de-identified version of the electronic medical record
containing data on approximately 2.5 million patients.
The design, implementation, and content of the Synthetic
Derivative have been described previously.”> > We
extracted clinical and hemodynamic data from all patients
undergoing RHC at our institution during 1998-2014.
The method of data extraction has been described in detail
elsewhere.'®"'® In brief, we collected laboratory data, clinical
diagnoses, and echocardiographic data closest in time to,
but no greater than six months before or after, the date of
RHC. Only medications prescribed prior to RHC were
extracted. Co-morbidities were defined by International
Classification of Diseases-9 codes in the medical record
prior to RHC or as defined by previously validated algo-
rithms.'®!” Patients with inadequate RHC data (defined by
the absence of right ventricular and pulmonary arterial pres-
sures) (n = 150), acute myocardial infarction (n =264), com-
plex congenital heart disease (n=151), chronic pulmonary
embolism (n = 18), previous cardiac or lung transplantation
(n=362), or extreme physiology (n=217), as previously
defined,'>!'” were excluded.

Definition and classification of chronic kidney disease

Renal function was determined from the estimated glomeru-
lar filtration rate (eGFR) using the CKD-EPI creatinine
equation and the laboratory values closest to the procedure
from any time before the RHC or within 30 days after.
CKD stage was defined by accepted eGFR thresholds:*
CKD stages III, IV, and V were defined as GFR 30-59,
15-29, and < 15mL/min/1.73m? or on dialysis, respectively.
Recognizing that at the time of RHC many patients may
have transient changes in their eGFR, we excluded patients
with stage II CKD to improve our specificity for clinically
relevant CKD. A random sample of 50 cases were manually
reviewed to ensure that eGFR was being appropriately iden-
tified by our algorithm with a > 95% accuracy for correct
identification of significant chronic renal dysfunction.
These cases were reviewed to ensure that the eGFR was
not reflective of a transient drop in renal function, but
rather actual clinically significant chronic renal impairment.
Of the 50 cases reviewed, only one was attributable to a
transient change in renal function.

Definition and classification of pulmonary hypertension

PH was defined as a mean pulmonary artery pressure
(mPAP) >25mmHg as measured by invasive RHC, and
classified as either pre-capillary PH or post-capillary PH.
Pre-capillary PH was defined as a mPAP >25mmHg and
a mean pulmonary artery wedge pressure (mPAWP)
<15mmHg and post-capillary PH was defined as a
mPAP >25mmHg and mPAWP > 15mmHg according to
consensus statements>' and using previously published auto-
mated extraction methods.'” Co-morbid established PH risk
factors including liver disecase, human immunodeficiency
virus, lupus, scleroderma, interstitial lung disease, chronic
obstructive pulmonary disease (COPD), obstructive sleep
apnea, and hypoventilation syndrome were identified in
advance of our analysis.

Outcomes

The primary clinical outcome was all-cause mortality in
patients with CKD. The Synthetic Derivative is linked to
the social security death index to provide vital status.
Survivors were censored at the time of last medical contact
with the Vanderbilt system (e.g. date of last hospital dis-
charge, clinic visit, or medication prescription) through
24 December 2015.

Statistical analysis

Data are reported as median (interquartile range [IQR]) or
frequency (%), as appropriate. Clinical characteristics were
compared between groups using the Wilcoxon rank sum test
for continuous variables and the Chi-square test for categor-
ical variables. Multivariate logistic regression models were
created to assess the association between CKD stage and
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PH adjusting for variables that were selected a priori based
on clinical relevance. Kaplan—Meier curves of unadjusted
mortality during the available follow-up period were calcu-
lated and censored at the time of last medical contact.
Cox proportional hazard models were fitted to assess the
association between CKD stage and mortality adjusting
for pre-selected covariates.

Results

In total, our analysis included 4635 patients who underwent
RHC (Fig. 1). The most common indications for RHC were
ischemic heart disease, heart failure, PH, and aortic valve
disease. The median interval between RHC and eGFR
measurement was 0 days (IQR =0-2 days). CKD stage 11
or greater was present in 1873 (40%) of patients, with a
prevalence of CKD stage III, IV, and V individually being
1518 (33%), 230 (5%), and 125 (3%), respectively. PH was
present in 1267 (68%) patients with CKD and the preva-
lence of PH increased with increasing CKD stage (P < 0.001;
Fig. 2). Basic demographics and clinical characteristics of
CKD patients with and without PH are compared in
Table 1. Important differences between those with PH
versus those without include younger age (64.9 years
versus 67.0 years; P <0.001), higher percentage of black
race (14% versus 6%; P <0.001), and higher BMI (29.1
versus 28.3; P=0.002). Participants with PH had increased
rates of co-morbidities including diabetes (25% versus 16%:;
P <0.001), heart failure with reduced ejection fraction (28%
versus 17%; P <0.001), heart failure with preserved ejection
fraction (33% versus 21%; P < 0.001), scleroderma (3% ver-
sus < 1%; P <0.001), OSA (14% versus 9%; P < 0.004), and

COPD (11% versus 8%; P=0.02). Those with PH had
higher right atrial pressure (11 mmHg versus 4.0 mmHg;
P <0.001) and higher brain natriuretic peptide (BNP) (582
versus 259; P <0.001). Participants with PH were slightly
less likely to have hypertension (HTN) (76% versus 83%;
P=0.001).

Hemodynamic etiology of PH

Post-capillary PH was the predominant PH phenotype
among CKD patients referred for RHC: 965 (76%) versus
302 (24%) for pre-capillary PH (P < 0.001). The prevalence
of combined PH, defined as post-capillary PH with a dia-
stolic pressure gradient (DPG) of > 7mmHg, was 201/965
(21%). The prevalence of post-capillary PH increased with
worsening CKD stage whereas pre-capillary PH decreased
with escalating CKD stage (Fig. 2). Mean right atrial pres-
sure was greater (13.1+6.7mmHg versus 8.1 £5.4mmHg,
P<0.001) in the post-capillary PH group compared
with the pre-capillary PH group. The demographics and
clinical characteristics of CKD patients with pre-capillary
PH versus post-capillary PH are compared in Table 2.
Pre-capillary PH patients were more likely to be women
and have other established pre-capillary PH risk factors
such as intrinsic lung disease, lupus, and scleroderma.
A total of 176/302 (58%) patients with CKD and pre-
capillary PH had no established risk factors for PVD includ-
ing no evidence of liver disease, human immunodeficiency
virus, lupus, scleroderma, interstitial lung disease, COPD,
obstructive sleep apnea, and hypoventilation syndrome.
CKD patients with pre-capillary PH and no established
risk factors, were more likely to be women (75% versus

RHC
n = 4635
CKD \
n = 1873 (40%)
No CKD
PH n = 2,762 (60%)
n=1267 (68%)
a— i
Pre-Capillary Post-Capillary
n =302 (24%) || n =965 (76%)
CKD 3 CKD 3
n=257(85%) | n =751 (78%)
CKD 4 | kD4
n =30 (10%) n =140 (15%)
CKD 5 L L CKD 5
n =15 (5%) n=74(8%)

Fig. |. Flow-diagram of study population. PH, pulmonary hypertension; CKD, chronic kidney disease; RHC, right heart catheterization.
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Fig. 2. Prevalence of pulmonary hypertension by CKD stage. Bar height represents PH prevalence by CKD stage with blue bars representing
pre-capillary PH (Pre-PH), orange bars representing post-capillary PH (Post-PH), and gray bars representing the total PH prevalence. The
prevalence of PH increases with worsening CKD stage and the proportion of PH attributable to post-capillary PH also increases. CKD, chronic
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49%; P <0.001), have less coronary artery disease
(32% versus 55%; P < 0.001), and have a higher hemoglobin
(13.0gm/dL versus 12.2gm/dL; P <0.001) when com-
pared with other CKD patients without known risk factors
for PVD.

Outcomes

In the multivariate analysis of the entire cohort adjusting for
24 clinically relevant covariates, CKD stage III or greater
was independently associated with PH (odds ratio
[OR]=1.4, 95% confidence interval [CI]=1.18-1.65; Fig.
3). Other variables independently associated with PH in
our model included black race (OR=1.56, 95%
CI=1.23-1.99), congestive heart failure (OR =2.06, 95%
Cl=1.76-2.42), diabetes (OR =1.37, 95% CI=1.11-1.70),
scleroderma (OR=6.35, 95% CI=3.02-13.34), COPD
(OR=1.5, 95% CI=1.19-1.89), right atrial pressure
(OR =9.63, 95% CI=7.99-11.61), and BNP (OR=1.29,
95% CI=1.20-1.40).

Mortality among CKD patients was significantly
increased by PH status. In unadjusted analyses, CKD or
PH individually had a nearly identical impact on mortality
(Fig. 4a). The combination of both CKD and PH was asso-
ciated with the highest mortality. Among patients with PH,
mortality was lowest in those with normal renal function
and increased in a graded fashion with CKD stage
(Fig. 4b). In an adjusted Cox regression analysis of all
patients undergoing RHC, CKD was independently asso-
ciated with mortality (CKD III hazard ratio [HR]=1.35,
95% CI=1.18-1.54; CKD IV HR=23, 95% Cl=
1.85-2.87, CKD V HR =27, 95% CI=2.01-3.64) in add-
ition to age, male sex, mPAP, COPD, and interstitial lung
disease (Fig. 5). When the adjusted analysis was restricted to

participants with CKD stage III or greater, age (HR =1.55,
95% CI=1.22-1.96), male sex (HR =1.44, 95% CI=1.20-
1.73), COPD (HR =1.54, 95% CI=1.25-1.91), interstitial
lung disease (HR =2.52, 95% CI=1.59-4.0), and mPAP
(HR =1.6, 95% CI=1.23-2.10) were associated with mor-
tality. There was no mortality difference between those with
CKD and post-capillary PH versus CKD and pre-capillary
PH (P=0.16) (Fig. 6). There was also no mortality differ-
ence between post-capillary PH and pre-capillary PH when
CKD stages were considered individually (P> 0.4 for all
comparisons).

Discussion

We examined the prevalence, etiology, and outcome of PH
among CKD patients in a large electronic medical record
(EMR)-based population referred for RHC . We found that
PH is common among patients with CKD and independ-
ently associated with higher mortality. The HR of 1.4 is
relatively modest; however, CKD represents a large popu-
lation that is at risk. PH prevalence and the hazard for death
increased as the severity of CKD worsened. Consistent with
smaller studies,'® post-capillary PH was the predominant
PH phenotype among CKD patients; however, we also iden-
tified a significant number of CKD patients with pre-capil-
lary PH without any known risk factors for PH. This
observation is important because it suggests a possible
direct pathophysiologic relationship between CKD and
PH. Our study provides novel information compared with
prior studies in this area by demonstrating the prevalence of
PH within a large CKD population using invasive data and
demonstrating an independent association between CKD
and PH after controlling for 17 relevant clinical variables.
This has yet to be shown with invasive data allowing a
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Table |. Characteristics of CKD Patients with and without PH.

CKD no PH CKD w/ PH
(n=1606) (n=1267) P value

Follow-up (years) 2.4 (0.7-5.7) 1.9 (0.3-3.7) < 0.001
Age 67.0 (58.6-76.3) 64.9 (55.0-73.0) < 0.001
Male 301 (50%) 608 (48%) 0.495
Race < 0.001

Black 36 (6%) 174 (14%)

White 542 (89%) 1042 (82%)

Other 28 (5%) 51 (4%)
CKD stage 0.052

CKD Il 510 (84%) 1008 (80%)

CKD IV 60 (10%) 170 (13%)

CKD Vv 36 (6%) 89 (7%)
Dialysis 44 (7%) 153 (12%) 0.001
Diabetes 97 (16%) 319 (25%) < 0.001
BMI 28.3 (24.2-33.0) 29.1 (24.9-34.2) 0.002
HTN 501 (83%) 966 (76%) 0.002
COPD 48 (8%) 137 (11%) 0.02
ILD I (2%) 34 (3%) 0.251
SLE 10 (2%) 22 (2%) 0.893
Scleroderma 3 (<1%) 36 3%) < 0.001
Heart failure 266 (44%) 844 (67%) < 0.001
HFrEF (EF < 40%) 105 (17%) 349 (28%) < 0.001
HFpEF 126 (21%) 414 (33%) < 0.001
Any valve dz. 53 (9%) 98 (8%) 0.45

Rheumatic valve dz. 22 (4%) 33 (3%) 0.219

Aortic valve dz. 16 (3%) 37 (3%) 0.732

Mitral valve dz. 23 (4%) 49 (4%) 0.94

Tricuspid valve dz. 12 (2%) 21 (2%) 0.619

Pulmonic valve dz. 0 (0%) 5(<1%) 0.122
CAD 174 (52%) 339 (50%) 0.655
OSA 55 (9%) 174 (14%) 0.004
HIvV 6 (1%) 13 (1%) 0.942
Liver dz. 58 (10%) 117 (9%) 0.815
PA mean (mmHg) 19 (15-22) 36 (30-44) < 0.001
Pre-Cap PH - 302 (24%)
Wedge (mmHg) 9 (6-13) 19 (15-25) < 0.001
PVR (WU) 1.73 (1.26-2.3) 3.05 (2.01-4.85) < 0.001
CO (L/min) 5.58 (4.67-6.77) 4.99 (3.95-6.32) < 0.001
RAP (mmHg) 4.0 (2.0-6.75) 11.0 (7.0-16.0) < 0.001
BNP 259 (105-691) 582 (269-1283) < 0.001
Creatinine 1.34 (1.16-1.65) 1.45 (1.22-1.90) < 0.001
Hgb Alc 5.8 (54-6.3) 5.9 (5.5-6.6) < 0.001
Hgb 12.5 (11.1-13.9) 11.8 (10.3-13.5) < 0.001
Iron 53.0 (34.5-87.0) 41.0 (26.0-62.0) < 0.001

Categorical variables are presented as n (%). % is reflective of those with avail-
able data; continuous variables are presented as mean (lower, upper quartile).
HFrEF plus HFpEF do not add up to total heart failure because echocardiogram
data were not available for all patients.
CAD, coronary artery disease; CKD, chronic kidney disease; CO, cardiac
output (calculated by Fick); COPD, chronic obstructive pulmonary disease;
HIV, human immunodeficiency virus; HTN, hypertension; ILD, interstitial lung
disease; SLE, systemic lupus erythematosus; HFrEF, heart failure with reduced
ejection fraction; HFpEF, heart failure with preserved ejection fraction; OSA,
obstructive sleep apnea; PA, pulmonary artery; PVR, pulmonary vascular resist-
ance (in woods units); RAP, mean right atrial pressure.

Table 2. Characteristics of CKD Patients with PH: Pre-Capillary

versus Post-Capillary.

CKD w/ CKD w/
pre-capillary post-capillary
PH (n=302) PH (n=965) P value
Follow-up (years) 2.0 (0.54.0) 1.8 (0.3-3.7) 0.11
Age 64.5 (52.4-71.9) 65.1 (56.0-73.4) 0.032
Male 82 (27%) 526 (55%) <0.001
Race 0.864
Black 42 (14%) 132 (14%)
White 247 (82%) 795 (82%)
Other 13 (5%) 38 (4%)
CKD stage <0.001
CKD Ili 257 (85%) 751 (78%)
CKD IV 30 (10%) 140 (15%)
CKD VvV 15 (5%) 74 (8%)
Dialysis 21 (7%) 132 (14%) 0.002
Diabetes 41 (14%) 278 (29%) < 0.001
BMI 28.6 (24.6-32.6) 29.5 (25.1-34.6) 0.022
HTN 207 (69%) 759 (79%) < 0.001
COPD 37 (12%) 134 (14%) 0.47
ILD 19 (6%) 15 (2%) < 0.001
SLE 11 (4%) I (1%) 0.004
Scleroderma 29 (10%) 7 (1%) < 0.001
Heart failure 167 (55%) 677 (70%) < 0.001
HFrEF (<40%) - 317 (33%) -
HFpEF - 295 (31%) -
Any valve dz. 20 (7%) 78 (8%) 0.41
Rheumatic valve dz. 7 (2%) 26 (3%) 0.72
Aortic valve dz. 10 (3%) 27 (3%) 0.64
Mitral valve dz. 6 (2%) 43 (4%) 0.052
Tricuspid valve dz. 4 (1%) 17 (2%) 0.60
Pulmonic valve dz. 0 (0%) 5 (1%) 0.21
CAD 50 (30%) 289 (57%) < 0.001
OSA 40 (13%) 134 (14%) 0.78
HIvV 5 (2%) 8 (1%) 0.21
Liver dz. 24 (8%) 93 (10%) 0.38
PA mean (mmHg) 35 (28-48) 36 (30—44) 0.62
Wedge (mmHg) I (7-13) 22 (18-27) < 0.001
PVR (WU) 4.76 (3.0-8.8) 2.7 (1.84.3) < 0.001
CO (L/min) 5.0 (3.7-6.4) 5.0 (4.0-6.3) 0.31
RAP (mmHg) 7.0 (4.0-11.0) 13.0 (8.0-17.0) < 0.001
BNP 399 (164-850) 656 (327-1402) < 0.001
Creatinine 1.3 (1.1-1.6) 1.5 (1.3-2.0) < 0.001
Hgb Alc 5.8 (5.4-6.3) 6.0 (5.5-6.8) < 0.001
Hgb 12.8 (11.4-14.4) 115 (10.1-13.1) < 0.001
Iron 41.5 (27-58.8) 40.0 (25.0-63.0) 0.734

Categorical variables are presented as n (%). % is reflective of those with avail-
able data; continuous variables are presented as mean (lower, upper quartile).
CAD, coronary artery disease; CKD, chronic kidney disease; CO, cardiac
output (calculated by Fick); COPD, chronic obstructive pulmonary disease;
HIV, human immunodeficiency virus; HTN, hypertension; ILD, interstitial lung
disease; SLE, systemic lupus erythematosus; HFrEF, heart failure with reduced
ejection fraction; HFpEF, heart failure with preserved ejection fraction; OSA,
obstructive sleep apnea; PA, pulmonary artery; PVR, pulmonary vascular resist-
ance (in woods units); RAP, mean right atrial pressure.
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CKD and African American status were independently associated with PH, along with known PH risk factors congestive heart failure,

Scleroderma, COPD, RAP, and BNP.
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robust characterization of the hemodynamic phenotype as
well as associated clinical variables in CKD patients

with PH.

Using invasive hemodynamic data provides some import-
ant advantages over Doppler echocardiography. First,

Doppler echocardiography can both under- and overestimate
pulmonary pressures due to technical limitations.”> Second,

invasive catheterization provides a more accurate estimation

of left heart filling pressures, which allowed us to distinguish
between pre-capillary PH and post-capillary PH. Accurate
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interstitial lung disease, and mPAP.
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Fig. 6. Survival by pre-capillary or post-capillary PH status among
CKD patients. Kaplan—Meyer curves of unadjusted mortality in years
among CKD patients based on pre-capillary vs. post-capillary PH
status. There was no difference in mortality between groups. Pre-PH,
pre-capillary PH; Post-PH, post-capillary PH.

discrimination of these two phenotypes is important because
the treatment and underlying etiologies differ. In our cohort,
post-capillary PH was by far the most common PH pheno-
type among CKD patients and the post-capillary proportion
increased across CKD stages. This has been attributed to the
high frequency of co-morbidities contributing to both CKD
and post-capillary PH (e.g. hypertension and diabetes). CKD
has long been understood to co-exist with systemic

hypertension and heart disease®> and has been associated
with a high frequency of atherosclerosis and left sided struc-
tural remodeling.>* %> Similarly, age, left-ventricular hyper-
trophy, hypertension, and left ventricular systolic
dysfunction have also been associated with PH.>?!267
Given the degree of overlap between CKD and left-sided
heart disease, the predominance of post-capillary PH did
not come as a surprise. In addition, many patients with
advanced CKD have a chronic volume overloaded state
that exacerbates these conditions.

Our data include a large percentage of patients with mod-
erate CKD (stage III; n=1518) which has been less well
described in the literature.” Navaneethan et al. studied
CKD stage III and IV patients within a cohort of PH and
found increased mortality as well as a relationship between
right atrial pressure and CKD.* Our study aimed to build
off of this work by describing the hemodynamic etiology of
PH among a cohort of CKD patients referred for RHC, as
this has treatment implications. Our findings confirm
the effect of PH on the mortality of CKD patients despite
the mPAPs being only modestly increased across CKD
groups; stage III 29 mmHg, stage IV 33 mmHg, and stage
V 31 mmHg. These findings warrant careful observation for
modest elevations in pulmonary pressures even in relatively
early stage CKD.

Several potential mechanisms have been put forward to
explain the co-existence of PH and CKD. Fibroblast
growth factor 23 (FGF-23) is a marker of worsening renal
function and has also recently been implicated as a causative
factor in left heart disease.”® FGF-23 has also been shown to
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be elevated and predict prognosis in patients with CKD and
pre-capillary PH.?*° Therefore, FGF-23 may have a direct
effect on pulmonary vascular remodeling or an indirect effect
by promoting left heart disease, which in turn leads to pul-
monary vascular remodeling in those that are genetically
predisposed.

Elevated right atrial pressure, which was strongly asso-
ciated with PH in our data, may also be an important medi-
ator of this relationship. Elevated right atrial pressure
leading to renal vein hypertension is increasingly recognized
as a contributor to CKD.*" * In turn, CKD may contribute
to PH via increased renin-angiotensin-aldosterone-system
activation®® and inflammatory response®> which have both
been shown to be elevated in CKD and contribute to pul-
monary vascular remodeling.** *° Worsening PH may then
lead to further elevated right atrial pressure and worsened
CKD in a reciprocal relationship. However, this is specula-
tive and the elevated right atrial pressure may also be a
result of, rather than a cause of, PH and CKD or both.

There was an apparent protective effect of HTN on the
risk of PH in our CKD cohort. This association has been
noted in a prior report by our group.'® We suspect this is
likely to be a treatment effect due to those with diagnosed
HTN receiving more aggressive therapies compared to those
with undiagnosed HTN. Our model also already partially
corrects for the negative effects of HTN by controlling for
other associated variables (e.g. LVH, diabetes, age).

The majority (58%) of CKD patients with pre-capillary
PH did not have any identifiable risk factors for pre-
capillary PH physiology.*' This group has a striking prepon-
derance of women (75%) compared with the CKD cohort
referred for RHC at large (49%). This implies a gender-
specific mechanism for the pulmonary vascular remodeling.
The influence of sex on renin—angiotensin—aldosterone path-
way activation has also been well documented via a number
of mechanisms.*? The rates of angiotensin-converting-enzyme
inhibitor and angiotensin receptor blocker use in women
compared with men in the CKD and entire cohort, respect-
ively, were: 37% versus 47% (P <0.001) and 31% versus
41% (P <0.001). It is plausible that gender differences in
the balance of renin—angiotensin—aldosterone system activa-
tion versus blockade may contribute to the increased rate of
pre-capillary PH physiology in women with CKD, though
this is speculative.

Limitations

Our findings should be interpreted in the context of several
limitations. First, our cohort is subject to bias because all
patients were referred for a clinically indicated RHC.
Despite this limitation, EMR-based cohorts provide prag-
matic advantages compared with creating similar cohorts
prospectively, which can be expensive and impractical.'®
Although this approach limits our ability to report the true
prevalence of PH in the CKD population, the use of a referral
population may make our results more generalizable. Direct,

invasive measurement of pulmonary pressures is the gold
standard for the diagnosis of PH;*! however, it can be subject
to error.**** The RHC was performed at the discretion of the
treating physician and therefore we are unable to standardize
the technique and pressure tracings are not currently avail-
able for manual review in Vanderbilt’s Synthetic Derivative.
Notably, discrepancies between the computer-generated and
manual mPAWP determination at end-expiration have been
reported;*>*’ however, we have previously shown strong
agreement between the computer-generated mPAWP values
in our dataset and manually reviewed mPAWP values on a
population level.'” Furthermore, the large size of the dataset
and multiple operators should compensate for any systematic
error in data acquisition.

Additionally, as with all retrospective and EMR-based
studies, accurate identification of co-morbidities with
ICD-9 codes with or without supportive laboratory data is
imperfect. However, we did utilize previously published
methods to extract this data'”'® and the majority of our
definitions were designed to be sensitive but not specific,
which would bias our findings to the null hypothesis.

CKD patients with pre-capillary PH and no other risk
factors for PVD were an interesting group in our study. One
concern was that dialysis, particularly if done just before the
RHC, may produce transient low mPAWP pressures com-
pared with PAP giving the impression of pre-capillary PH
physiology, when in fact high left ventricular filling pres-
sures were present at other times. Only eight (4.5%) individ-
uals in this group were on dialysis, making artificially low
mPAWP due to recent dialysis an insignificant contributor
to the pre-capillary PH cohort.

Conclusions

In this single-center EMR-based cohort, we found that PH
is common among patients with CKD who were referred
for RHC and that PH is independently associated with mor-
tality. Although post-capillary PH is the predominant PH
etiology, many CKD patients, particularly women, with pre-
capillary PH have no identifiable risk factors suggesting the
possibility of a contributory relationship. Further research is
warranted to determine if CKD has any direct impact on the
pulmonary vasculature that may explain the association
between PH and CKD. Prospective studies utilizing bio-
logical samples would allow more accurate phenotyping,
biomarker analysis and genotyping. This information
could be used to design mechanistic studies and, potentially,
lead to novel therapeutic targets.
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