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Abstract: Background/Objectives: In recent decades, shifting demographics and ad-
vancements in treating cardiovascular disease have altered the types of patients receiv-
ing coronary angiography (CA). However, data investigating the impact of kidney dys-
function stratified by the indication for CA are limited. Methods: Consecutive patients
who underwent invasive CA at one institution between 2016 and 2022 were included
in this study. Firstly, the prevalence and extent of coronary artery disease (CAD) in
patients with different levels of kidney function was assessed. Secondly, the study ex-
amined how impaired kidney function affected long-term outcomes—specifically the
risk of rehospitalization for heart failure (HF), acute myocardial infarction (AMI), or the
need for coronary revascularization—at 36 months of follow-up. Results: A total of
7624 patients undergoing CA were included with a median estimated glomerular filtration
rate (eGFR) of 68.9 mL/min/1.73 m? (IQR: 50.8-84.3). In total, 63.7% of patients had an
eGFR > 60 mL/min/1.73 m?2, 29.0% an eGFR of 30-<60 mL/min/1.73 m?, and 7.3% an
eGFR of <30 mL/min/1.73 m2. Compared to patients with an eGFR > 60 mL/min/1.73 m?2,
those with an eGFR 30-<60 mL/min/1.73 m? and eGFR < 30 mL/min/1.73 m? had a
higher prevalence of CAD (66.8% vs. 72.9% and 80.1%, respectively; p = 0.001) and three-
vessel CAD (25.6% vs. 34.5% and 39.5%, respectively; p = 0.001). At 36 months of follow-
up, patients with an eGFR 30-<60 mL/min/1.73 m? and eGFR < 30 mL/min/1.73 m?
suffered from significantly higher risk of HF-associated rehospitalization (HR = 1.937,
95% CI:1.739-2.157, p = 0.001 and HR = 3.223, 95% CI: 2.743-3.787, p = 0.001, respec-
tively) and AMI compared to patients with an eGFR > 60 mL/min/1.73 m? (reference
group). The significantly higher risk of HF-related rehospitalization remained after mul-
tivariable adjustment. Conclusions: Both groups with impaired kidney function demon-
strated a markedly higher risk of rehospitalization for HF at 36 months—even after mul-
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tivariate adjustments. Increased risk of HF-related rehospitalization in patients with an
eGFR < 30 mL/min/1.73 m? was especially evident if they also presented with decompen-
sated HF and LVEF < 35%. In patients with an eGFR 30-<60 mL/min/1.73 m?, presenting
with angina pectoris and multivessel disease increased the risk of HF-related rehospitalization.

Keywords: coronary angiography; coronary artery disease; renal dysfunction; eGFR; prognosis

1. Introduction

Coronary artery disease (CAD) is the primary cause of mortality globally [1]. Patients
with CAD frequently suffer from comorbidities, which play a significant role in shaping
prognosis and clinical outcomes [2,3]. Kidney disease is one of these common comorbidities
with a prevalence of up to 29% in CAD patients [4]. Moreover, it represents a major risk
factor for CAD [5-7]. Despite vast improvements in treatment strategies over the past
decades, kidney dysfunction has recently been shown to independently predict adverse
outcomes in patients with CAD, arrythmias, and HF [6,8].

Patients with impaired kidney function have been found to exhibit common “tra-
ditional” CAD risk factors such as old age, hypertension, diabetes, dyslipidemia, and
physical inactivity [6,9-11]. More directly, renal failure is a vasculopathic state [10]. Other
“non-traditional” cardiovascular disease factors including sympathetic nervous system
activation, inflammation, elevated oxidized low-density lipoprotein levels [6,12-15], en-
dothelial dysfunction and renal anemia [6,16] are all associated with renal disease and act
in an atherogenic manner, serving to disrupt myocardial microcirculation and accelerate
atherosclerotic plaque formation and rupture [10,17]. Studies have found that, as the esti-
mated glomerular filtration rate (eGFR) declines, CAD is more prevalent, severe, progresses
more rapidly and clinical manifestations of CAD worsen [6,17-19].

The occurrence and prognostic value of kidney dysfunction in unselected patients
receiving coronary angiography (CA) has not been thoroughly explored. This, together
with the fact that humanity is experiencing substantial ongoing demographic changes and
that cardiovascular treatment strategies have immensely improved over the last decades,
highlights the need for the accurate characterization of individuals undergoing CA.

Consequently, this study, using a large retrospective registry-based dataset, sought
to investigate the prognostic impact of varying degrees of kidney function, in a cohort of
unselected patients undergoing CA.

2. Materials and Methods
2.1. Study Patients, Design, and Data Collection

This study included all consecutive patients who underwent CA at the University
Medical Centre Mannheim (UMM), Germany, from January 2016 to August 2022. Patient
identification was carried out using Operation and Procedure Classification (OPS) codes.
Relevant clinical data related to the index event—including presenting symptoms, ini-
tial diagnoses, medical background, angiographic findings, interventions, and discharge
medications—were retrospectively gathered using the in-house electronic hospital informa-
tion system (SAP®, Walldorf, Germany). All patients were included only once, irrespective
of the number of CA they received. The UMM operates a general emergency department
handling surgical, traumatic, cardiovascular, and neurological emergencies. The cardiology
department is equipped with a 24-h catheterization lab, an electrophysiology lab, a hybrid
operating room, and telemetry units. Additionally, the UMM is part of a well-established
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grid of medical centers providing cardiac surgeries such as coronary artery bypass grafting
(CABGQG) for referred patients.

This study’s patient collective was drawn from a retrospective, single-center registry
comprising consecutive patients receiving CA during hospitalization at the UMM (DRKS-
ID: DRKS00032897). This registry was established in accordance with the ethical standards
outlined in the Declaration of Helsinki and received approval from the Medical Ethics
Committee II of the Medical Faculty Mannheim, University of Heidelberg, Germany (ethical
approval code: 829-22).

2.2. Inclusion and Exclusion Criteria

This study included all consecutive patients undergoing invasive CA between January
2016 and August 2022 at our institution with at least 18 years of age. In-house interventional
cardiologists performed all CAs in accordance with European guidelines [20]. For the
present study, two independent cardiologists reassessed all source data of CA examinations
(such as imaging files) and reports. For the present study, patients under the age of 18
and patients without the necessary data to calculate eGFR were excluded. All eGFRs were
calculated using the Chronic Kidney Disease (CKD) Epidemiology collaboration equation.
This equation has been shown to be accurate in patients with CAD [21]. This study did not
implement any further exclusion criteria other than those mentioned above.

2.3. Risk Stratification

Patients were allocated into the following three kidney function groups: eGFR <
30 mL/min/1.73 m?, eGFR 30-<60 mL/min/1.73 m?, and eGFR > 60 mL/min/1.73 m?.
If patients had multiple eGFR measurements, risk stratification was performed accord-
ing to the median eGFR. Additional risk stratification was performed, stratifying eGFR
further into the following subgroups: >90 mL/min/1.73 m?, 60-89 mL/min/1.73 m?,
45-59 mL/min/1.73 m?, 30-44 mL/min/1.73 m?, 15-29, <15 mL/min/1.73 m?). More-
over, the prognostic impact of eGFR as a continuous variable (i.e., per 1 mL/min/1.73 m?
increase) was investigated.

2.4. Study Endpoints

The primary endpoint investigated in this study was rehospitalization for HF at
36 months. The secondary endpoints were acute myocardial infarction (AMI) and coronary
revascularization, both within 36 months. International Classification of Diseases (ICD)
codes at the UMM, Germany, were used to define all endpoints.

2.5. Statistical Methods

Quantitative data are presented as the mean =+ standard error of the mean (SEM),
the median and the interquartile range (IQR), or as ranges, depending on the associated
distributions. For data with a normal distribution, comparisons were made using the
Student’s t-test, whereas the Mann-Whitney U test was applied to data not following
a normal distribution. For the assessment of deviations from a Gaussian distribution,
the Kolmogorov-Smirnov test was used. Absolute and relative frequencies are used to
illustrate qualitative data. As applicable, either the Chi-square test or Fisher’s exact test was
utilized in the comparison of qualitative data. Kaplan-Meier (KM) analyses were executed
while investigating the risk of the three endpoints of this study within different eGFR
groups—univariable hazard ratios (HR) were presented with 95% confidence intervals.
This was also carried out for further eGFR risk stratification. The prognostic impact of
kidney dysfunction was investigated through multivariable Cox regression models. The
“forward selection” option was selected for this step. For the selection of variables for the
multivariable model, a univariate p-value threshold of p < 0.1 was used. Additionally, the
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proportional hazards assumption was investigated using weighted Schoenfeld residuals
using the SAS (Version 9.4, SAS Institute Inc., Cary, North Carolina, USA) option ZPH for
each of the following variables: sex, diabetes, CAD, myocardial infarction (MI), CABG,
ST-elevation myocardial infarction (STEMI), atrial fibrillation (AF), decompensated HF,
and eGFR groups. The prognostic impact of eGFR increases per 1 mL/min/1.73 m? was
also investigated using a multivariable cox regression model. Multivariable Cox regression
analyses were also performed for pre-specified subgroups: age > 75 and age < 75, the
existence of unstable angina (AP), (non-) ST elevation myocardial infarction (N)STEMI
and acute decompensated heart failure (ADHF) at admission to hospital, multivessel
disease, and left ventricular ejection fraction (LVEF). Forest plots were used to illustrate
multivariable Cox regression analyses.

Results were considered significantly if statistical tests issued p < 0.05. The statistics
program SPSS (Version 25, IBM, Armonk, NY, USA) was used for all statistical analyses bar
the proportional hazards assumption proof.

3. Results
3.1. Study Population

From January 2016 to August 2022, CA was performed in 7691 individuals at
the catheterization unit of the University Medical Centre Mannheim (UMM), Germany.
After excluding 67 patients due to missing eGFR data, the study cohort comprised
7624 patients. The median eGFR of this cohort was 68.9 mL/min/1.73 m? (IQR:
50.8-84.3 mL/min/1.73 m?). Of these 7624 patients, 7.28% (n = 554) had an eGFR of
<30 mL/min/1.73 m2, 29.06% (n = 2213) an eGFR of 30-<60 mL/min/1.73 m?2, and 63.79%
(n =4857) an eGFR of >60 mL/min/1.73 m?2.

Patients’ characteristics and comorbidities are outlined in Table 1. Patients with an
eGFR < 30 mL/min/1.73 m? and eGFR 30-<60 mL/min/1.73 m? were of advanced age
(median age 76 and 77 vs. 65 years; p = 0.001) and possessed a higher body mass in-
dex (BMI) (median BMI: 27.8 and 27.7 vs. 27.2; p = 0.002) compared to patients with an
eGFR > 60 mL/min/1.73 m? (Table 1). Patients with an eGFR > 60 mL/min/1.73 m? were
most commonly males (69.8%), followed by those with an eGFR < 30 mL/min/1.73 m?
(60.1%) and an eGFR 30-<60 mL/min/1.73 m? (55%) (p = 0.001). Regarding cardiovascular
risk factors, patients with an eGFR < 30 mL/min/1.73 m? and eGFR 30-<60 mL/min/1.73 m?
displayed higher prevalences of diabetes (43.0% and 39.0% vs. 24.6%, p = 0.001), but lower
prevalences of hyperlipidemia (28.2% and 31.4% vs. 38.3%, p = 0.001) than those with an
eGFR > 60 mL/min/1.73 m2. The cohort of patients with an eGFR 30-<60 mL/min/1.73 m?
had the highest rate of arterial hypertension (86.5%), followed by the eGFR > 60 mL/min/
1.73 m? (85.4%) and eGFR < 30 mL/min/1.73 m? (78.7%) cohorts (p = 0.001). More-
over, patients with an eGFR < 30 mL/min/1.73 m? and eGFR 30-<60 mL/min/1.73 m?
had higher rates of pre-existing congestive HF (21.7% and 13.7% vs. 5.1%, p = 0.001)
and pre-existing stroke (1.2% and 0.6% vs. 0.5%, p = 0.035), in comparison to patients
with an eGFR > 60 mL/min/1.73 m? (Table 1). Significantly higher rates of moderately
reduced LVEF (35-44%: 18.6% and 16.8% vs. 12.3%, p = 0.001) and markedly reduced
LVEF (<35%: 29.4% and 21.0% vs. 0.8%, p = 0.001) were found in patients with an
eGFR < 30 mL/min/1.73 m? and eGFR 30-<60 mL/min/1.73 m?2 compared to those with
an eGFR > 60 mL/min/1.73 m? (Table 1).

Accordingly, CAD was found more frequently in patients with an eGFR < 30 mL/min/
1.73 m? and eGFR 30-<60 mL/min/1.73 m? (no evidence of CAD: 19.9% and 27.1% vs.
33.2%, p = 0.001). In line, more severe CAD was also found amongst patients exhibit-
ing an eGFR < 30 mL/min/1.73 m? and eGFR 30-<60 mL/min/1.73 m?, (three-vessel
disease: 39.5% and 34.5% vs. 25.6%, p = 0.001) (Table 2). As a result, they received
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CABG (1.8% and 1.1% vs. 0.4%, p = 0.001) more often than the patients exhibit-
ing an eGFR > 60 mL/min/1.73 m?. Regarding laboratory data, the patients with an
eGFR < 30 mL/min/1.73 m? and eGFR 30-<60 mL/min/1.73 m? had higher levels of NT-
pro BNP (median 11,261 and 3287 vs. 1168 pg/mL; p = 0.001) compared to patients
exhibiting an eGFR > 60 mL/min/1.73 m? (Table 2).

Table 1. Baseline characteristics.

eGFR < 30 mL/min eGFR 30-<60 mL/min eGFR > 60 mL/min Val
(n = 554) (n = 2213) (n = 4857) p value

Age, median (IQR) 76 (68-82) 77 (69-82) 65 (56-75) 0.001
Male sex, 1 (%) 333 (60.1) 1235 (55.8) 3391 (69.8) 0.001
Body mass index, kg/mz, median (IQR) 27.8 (24.2-31.9) 27.7 (24.6-31.3) 27.2 (24.4-30.7) 0.002
Cardiovascular risk factors, n (%)

Arterial hypertension 436 (78.7) 1915 (86.5) 4148 (85.4) 0.001

Diabetes mellitus 238 (43.0) 863 (39.0) 1193 (24.6) 0.001

Hyperlipidemia 156 (28.2) 695 (31.4) 1862 (38.3) 0.001
Prior medical history, 1 (%)

Congestive heart failure 120 (21.7) 303 (13.7) 249 (5.1) 0.001

Pacemaker 16 (2.9) 62 (2.8) 38 (0.8) 0.001

COPD 38 6.9) 121 (5.5) 138 (2.8) 0.001

Liver cirrhosis 9 (1.6) 33 (1.5) 46 (0.9) 0.078

Malignancy 46 (8.3) 174 (7.9) 224 (4.6) 0.001

Stroke 6 (1.1) 29 (1.3) 25 0.5) 0.002
Comorbidities at index
hospitalization, n (%)
Acute coronary syndrome

Unstable angina 100 (18.1) 503 (22.7) 1423 (29.3) 0.001

STEMI 50 9.0) 202 9.1) 656 (13.5) 0.001

NSTEMI 111 (20.0) 375 (16.9) 899 (18.5) 0.142
Atrial fibrillation 202 (36.5) 805 (36.4) 994 (20.5) 0.001
Atrial flutter 13 (2.3) 59 2.7) 88 (1.8) 0.061
Acute decompensated heart failure 112 (20.2) 419 (18.9) 394 8.1) 0.001
Cardiogenic shock 66 (11.9) 151 (6.8) 104 (2.1) 0.001
Atrioventricular block 18 (3.2) 74 (3.3) 102 (2.1) 0.005
Cardiopulmonary resuscitation 83 (15.0) 191 (8.6) 277 (5.7) 0.001

Out-of-hospital 53 9.6) 137 (6.2) 194 (4.0 0.001

In-hospital 30 (5.4) 54 (2.4) 83 1.7) 0.001
Valvular heart disease 143 (25.8) 530 (23.9) 618 (12.7) 0.001
Stroke 11 (2.0) 76 (3.4) 201 4.1) 0.025
LVEF, 1 (%)

>55 150 (31.8) 781 (39.7) 2387 (54.2)

45-55% 95 (20.1) 442 (22.5) 997 (22.6) 0.001

35-44% 88 (18.6) 330 (16.8) 542 (12.3) :

<35% 139 (29.4) 414 (21.0) 477 (10.8)

Not documented 82 246 454

COPD, chronic obstructive pulmonary disease; LVEEF, left ventricular ejection fraction; IQR, interquartile range;
NSTEMI, non-ST-segment elevation myocardial infarction. Level of significance p < 0.05. Bold type indicates
statistical significance.

Table 2. Procedural, laboratory, and follow-up data.

eGFR < 30 mL/min eGFR 30-<60 mL/min eGFR > 60 mL/mi

(n = 554) (n = 2213) (n = 4857) p-Value
Coronary angiography, 1 (%)
No evidence of coronary artery disease 110 (19.9) 600 (27.1) 1611 (33.2)
One-vessel disease 104 (18.8) 400 (18.1) 1015 (20.9)
Two-vessel disease 121 (21.8) 449 (20.3) 987 (20.3) 0.001
Three-vessel disease 219 (39.5) 764 (34.5) 1244 (25.6)
Right coronary artery 311 (56.1) 1126 (50.9) 2113 (43.5) 0.001
Left main trunk 90 (16.2) 294 (13.3) 455 (9.4) 0.001
Left anterior descending 354 (63.9) 1297 (58.6) 2488 (51.2) 0.001
Left circumflex 299 (54.0) 1030 (46.5) 1845 (38.0) 0.001
Ramus intermedius 92 (16.6) 277 (12.5) 476 9.8) 0.001
CABG 37 6.7) 100 4.5) 87 (1.8) 0.001

Chronic total occlusion 53 9.6) 199 9.0) 358 (7.4) 0.024
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Table 2. Cont.
eGFR < 30 mL/min eGFR 30-<60 mL/min eGFR > 60 mL/mi Val
(n = 554) (n = 2213) (n = 4857) p-vaiue
PCI, 1 (%) 242 (43.7) 945 (42.7) 2086 (42.9) 0.916
Right coronary artery 93 (16.8) 351 (15.9) 828 (17.0) 0.462
Left main trunk 30 (5.4) 106 (4.8) 152 (3.1) 0.001
Left anterior descending 116 (20.9) 496 (22.4) 1091 (22.5) 0.713
Left circumflex 78 (14.1) 315 (14.2) 688 (14.2) 0.995
Ramus intermedius 14 (2.5) 39 (1.8) 83 (1.7) 0.385
CABG 10 (1.8) 24 (1.1 20 0.4) 0.001
Sent to CABG, 1 (%) 26 4.7) 95 (4.3) 216 (4.4) 0.909
Procedural data
Number of stents, median (IQR) 2 (1-3) 2 (1-3) 2 (1-3) 0.620
Stent length, median (IQR) 44 (24-76) 44 (24-76) 44 (24-76) 0.597
Contrast, median (IQR) 128 (74-200) 120 (72-200) 110 (70-190) 0.003
Baseline laboratory values, median (IQR)
Sodium, mmol/L 139 137-141) 139 (138-141) 140 (138-141) 0.001
Potassium, mmol/L 43 (4.04.7) 4.0 (3.7-4.3) 3.9 (3.7-4.1) 0.001
Calcium, mmol/L 2.2 (2.1-2.3) 2.2 (2.1-2.3) 2.2 (2.1-2.3) 0.001
Creatinine, mg/dL 31 (2.3-4.6) 14 (1.2-1.7) 0.9 (0.8-1.0) 0.001
eGFR, mL/min/1.73 m? 21.6 (13.6-26.7) 47.8 (40.3-54.0) 79.7 (70.1-92.4) 0.001
Urea, mg/dL 93.6 (72.7-122.3) 51.2 (40.2-67.8) 325 (26.9-40.1) 0.001
Hemoglobin, g/dL 10.8 (9.4-12.0) 12.5 (10.9-13.9) 13.7 (12.4-14.8) 0.001
WBC count, x 10° /L 9.5 (7.4-12.7) 9.0 (7.2-11.6) 8.9 (7.1-11.1) 0.001
Platelet count, x 10° /L 212 (167-262) 229 (185-279) 240 (199-288) 0.001
HbAlc, % 6.2 (5.5-7.2) 6.1 (5.6-7.2) 5.7 (5.4-6.3) 0.001
LDL cholesterol, mg/dL 82 (61-106) 95 (72-124) 111 (84-141) 0.001
HDL cholesterol, mg/dL 39 (31-48) 42 (35-53) 42 (35-53) 0.001
Triglycerides, mg/dL 136 (101-201) 129 (97-178) 124 (92-173) 0.001
C-reactive protein, mg/L 56 (15-127) 31 (11-86) 21 (8-73) 0.001
Procalcitonin, pg/L 0.90 (0.30-4.27) 0.43 (0.15-1.93) 0.26 (0.10-1.25) 0.001
Albumin, g/L 29.8 (25.9-33.1) 33.3 (29.3-36.3) 35.1 (31.8-37.8) 0.001
INR 1.10 (1.02-1.29) 1.08 (1.02-1.22) 1.05 (1.00-1.11) 0.001
NT-pro BNP, pg/mL 11,261 (4395-31,255) 3287 (1237-7904) 1168 (284-3172) 0.001
Creatin Kinase, U/L 134 (72-353) 125 (78-250) 138 (85-312) 0.001
Creatin Kinase MB, U/L 39 (21-85) 31 (21-61) 31 (21-65) 0.031
Medication at discharge, 1 (%)
ACE-inhibitor 160 (38.2) 927 (47.0) 2537 (53.8) 0.001
ARB 140 (33.4) 622 (31.6) 940 (19.9) 0.001
Beta-blocker 339 (80.9) 1513 (76.8) 3184 (67.5) 0.001
Aldosterone antagonist 54 (12.9) 426 (21.6) 590 (12.5) 0.001
ARNI 5 (1.2) 39 (2.0) 34 0.7) 0.001
SGLT2-inhibitor 6 (1.4) 106 (5.4) 235 (5.0 0.003
Statin 311 (74.2) 1455 (73.8) 3493 (74.1) 0.973
ASA 281 (67.1) 1163 (59.0) 3147 (66.7) 0.001
P2Y12-inhibitor 211 (50.4) 898 (45.6) 2260 (47.9) 0.097
OAC 133 (31.7) 820 (41.6) 1030 (21.8) 0.001
Follow-up data, median (IQR)
Hospitalization time 10 (4-18) 8 (4-14) 6 (4-11) 0.001
ICU time 0 (0-0) 0 (0-0) 0 (0-0) 0.032
Primary endpoint, 1 (%)
Heart failure, at 36 months 183 (43.7) 582 (29.5) 771 (16.3) 0.001
Secondary endpoints, 1 (%)
Acute myocardial infarction, at 36 months 53 (12.6) 185 (9.4) 309 (6.6) 0.001
Coronary revascularization, at 36 months 43 (10.3) 149 (7.6) 396 (8.4) 0.165

ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor neprilysin
inhibitor; ASA, acetylsalicylic acid; CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration
rate; HbAlc, glycated hemoglobin; HDL, high-density lipoprotein; ICU, intensive care unit; IQR, interquartile
range; LDL, low-density lipoprotein; NT-pro BNP, amino terminal pro-B-type natriuretic peptide; PCI, percu-
taneous coronary intervention; SGLT2, sodium glucose linked transporter 2; WBC, white blood cells. Level of
significance p < 0.05. Bold type indicates statistical significance.

3.2. Prognostic Value of Reduced Kidney Function in Patients Undergoing CA

Patients who had an eGFR < 30 mL/min/1.73 m? and eGFR 30-<60 mL/min/1.73 m?
had significantly higher risk of rehospitalization due to worsening HF at 36 months (43.7%
and 29.5% vs. 16.3%; eGFR < 30 mL/min/1.73 m?: HR = 3.223, 95% CI: 2.743-3.787, p = 0.001,
eGFR 30-<60 mL/min/1.73 m?: HR = 1.937, 95% CI: 1.739-2.157, p = 0.001) and rehospital-
ization due to AMI at 36 months (12.6% and 9.4% vs. 6.6%; eGFR < 30 mL/min/1.73 m?:
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HR = 1.988, 95% CI: 1.485-2.660, p = 0.001, eGFR 30-<60 mL/min/1.73 m?: HR = 1.419,
95% CI: 1.183-1.702, p = 0.001) compared to patients with an eGFR > 60 mL/min/1.73 m?2.
While patients exhibiting an eGFR of <15 mL/min/1.73 m? did have higher revascular-
ization rates than patients within the other two eGFR groups, this difference was not
statistically significant (10.3% vs. 7.6% and 8.4; p = 0.165). Patients exhibiting an eGFR
30-<60 mL/min/1.73 m? also did not have a significantly different risk to the reference
group (HR = 0.883, 95% CI: 0.731-1.066, p = 0.195) (Figure 1A-C).

When stratifying eGFR further (i.e., >90 mL/min/1.73 m?2, 60-89 mL/min/1.73 m?,
45-59 mL/min/1.73 m?, 30-44 mL/min/1.73 m?, 15-29, <15 mL/min/1.73 m?), patients
with lower eGFR categories were linked to a significantly higher risk of rehospitalization
due to HF at 36 months when compared to the eGFR > 90 mL/min/1.73 m? group (all
p < 0.005, Figure 2A). In contrast, only patients with an eGFR of <15 mL/min/1.73 m?,
15-<30 mL/min/1.73 m?, and 45-<60 mL/min/1.73 m? exhibited a significantly elevated
AMI risk at 36 months in contrast to patients who had an eGFR > 90 mL/min/1.73 m?2
(Figure 2B). However, the risk of coronary revascularization was not affected by eGFR (all
p > 0.05, Figure 2C).

3.3. Multivariable Cox Regression Analyses

The proportional hazards assumption held for all investigated variables bar CAD
(p = 0.0262) and STEMI (p = 0.0092). Upon analysis of the associated Kaplan-Meier curves,
however, it was evident that the overlap of the curves causing the violation of the propor-
tional hazard assumption was only at the very beginning of the observation time. When
performing the same analysis but excluding the first 5 months, the proportional hazards
assumptions were no longer violated (CAD: p = 0.2131 and STEMI: p = 0.0881).

Even after multivariable adjustments, an eGFR < 30 mL/min/1.73 m? and eGFR
30-<60 mL/min/1.73 m? were still associated with a significant increase in risk of re-
hospitalization for HF at 36 months (eGFR < 30 mL/min/1.73 m?: HR = 1.470, 95%
CI: 1.218-1.774; p = 0.001, eGFR 30-<60 mL/min/1.73 m?: HR = 1.189, 95% CI: 1.052-1.345,
p =0.006) (Figure 3A). Additionally, advanced age (HR = 1.009, 95% CI: 1.004-1.014;
p = 0.001), the presence of diabetes mellitus (HR = 1.229, 95% CI: 1.104-1.369; p = 0.001),
prior CAD (HR = 1.603, 95% CI:1.373-1.871; p = 0.001), prior CABG (HR = 1.249,
95% CI: 1.042-1.497; p = 0.016), AF (HR = 1.225, 95% CI: 1.095-1.371; p = 0.001), ADHF
(HR =1.535,95% CI: 1.351-1.744; p = 0.001), and worse LVEF (HR = 1.589, 95% CI: 1.516-1.665;
p = 0.001) were all linked to an increased likelihood of rehospitalization due to HF within
36 months (Figure 3A). On the other hand, a higher median hemoglobin was linked to a
lower risk (HR = 0.961, 95% CI: 0.935-0.989; p = 0.006) (Figure 3A).

After multivariate adjustment, eGFR was no longer linked to significantly higher
risk of AMI (eGFR < 30 mL/min/1.73 m% HR = 1.289, 95% CI: 0.923-1.800; p = 0.137,
eGFR = 30-<60 mL/min/1.73 m?: HR = 1.164, 95% CI: 0.942-1.437, p = 0.159) (Figure 3B).

Moreover, even when analyzing eGFR as a continuous variable (i.e., per 1 mL/min
increases), higher eGFR values were associated with a lower risk of HF-related rehospital-
ization at 36 months (HR = 0.994, 95% CI: 0.992-0.997, p = 0.001). No significant difference
was found for AMI at 36 months (HR = 0.999, 95% CI: 0.995-1.003, p = 0.618) or coronary
revascularization at 36 months (HR = 1.001, 95% CI: 0.998-1.005, p = 0.534) when analyzing
the prognostic impact of eGFR as a continuous variable.
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Figure 1. KM curves illustrating the prognostic impact of different eGFR groups on the risk of rehospitalization due to HF (A), AMI (B), and coronary revasculariza-
tion (C), all at 36 months. AMI, acute myocardial infarction; CI, confidence interval; eGFR, estimated glomerular filtration rate; HF, heart failure; HR, hazard ratio;
KM, Kaplan—Meier.
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Figure 2. KM curves illustrating the prognostic impact of further stratified eGFR groups on the risk of HF-related rehospitalization (A), AMI (B), and coronary
revascularization (C), all at 36 months. AMI, acute myocardial infarction; CI, confidence interval; eGFR, estimated glomerular filtration rate; HF, heart failure;
HR, hazard ratio; KM, Kaplan-Meier.



J. Clin. Med. 2025, 14, 3753 10 of 20
L. i Multivariable Analysis
IZI Multivariable Analysis Multivariable Analysis
o . E
Age P 1 Age d
* S ——— Sex A 1
L | I - Sex 1 e
] oM | DM —_ © 1
Qo ! Prior CAD ! S oM ! $
-06 E Prior CAD : —_—— 5 i =] Prior CAD : —_—
s . Prior MI P ©
8 4 Prior MI o |5 : g Prior MI . :
[7] . 1 Prior CABG
@ ® Prior CABG {— o1 £ T '—; £ Prior CABG ————————
(] [ ——1 c 1
o 5 STEMI b—o—i: 0 ol i @ o STEMI Y T S
3B i I ® AF . s E AF — 1
= e —
(] ! S D ted HF | ————— £8
“.é ‘—u Decompensated HF : —_—— E ecompensate : a. Decompensated HF I—O—:-<
=
S'a LVEF | —e—t < EVER 1 e ] LVEF i —
@ 1 ; | ]
S g Hemoglobin ol Hemoglobin oy g Hemoglobin rok
o eGFR <30 ! — eGFR <30 1 ° o €GFR <30 o b |l |
€GFR 30 - <60 : — e— €GFR 30 - <60 — €GFR 30- <60 _ [ i
0.6 0.8 1.0 12 14 16 18 20 05 075 1 1.25 15 175 225 25 275 025 05 075 1 125 15 175 2 225
Lower risk Higher risk Lower risk Higher risk Lower risk Higher risk

Figure 3. Forest plots illustrating the results of multivariable Cox regression analyses with regard to the risk of HF-related rehospitalization (A), AMI (B), and
coronary revascularization (C), all at 36 months within the entire study cohort. AF, atrial fibrillation; AMI, acute myocardial infarction; CABG, coronary artery
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elevation myocardial infarction.
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3.4. Prognostic Impact of Kidney Dysfunction in Pre-Specified Subgroups

An eGFR < 30 mL/min/1.73 m? was linked to with a significantly elevated risk of
rehospitalization due to HF at 36 months in patients presenting with AP (HR = 1.518, 95%
CI: 1.012-2.276; p = 0.044), multivessel disease (HR = 1.465, 95% CI: 1.152-1.861; p = 0.002),
and both LVEF >35% (HF = 1.307, 95% CI: 1.037-1.645; p = 0.023) and <35% (HR = 1.746,
95% CI: 1.222-2.494; p = 0.002) at index hospitalization compared to patients exhibiting
an eGFR >60 mL/min/1.73 m? (Figure 4A). There was no statistically significant increase
in the risk of rehospitalization due to HF among patients who presented with STEMI
(HR = 1.714, 95% CI: 0.740-2.971; p = 0.208), NSTEMI (HR = 1.109, 95% CI: 0.699-1.759;
p = 0.661), decompensated HF (HR = 1.288, 95% CI: 0.890-1.865; p = 1.180), or single/no
vessel disease (HR = 1.194, 95% CI: 0.858-1.662; p = 0.292) (Figure 4A).

Patients with an eGFR 30-<60 mL/min/1.73 m? faced a notably elevated risk of rehos-
pitalization due to HF at 36 months if they also presented with LVEF < 35% (HR = 1.392, 95%
CI: 1.100-1.762, p = 0.006), but not LVEF >35% (HR = 1.051, 95% CI: 0.907-1.219; p = 0.507),
AP (HR = 1.026, 95% CI: 0.783-1.345; p = 0.854), or multivessel disease (HR = 1.078, 95% CI:
0.913-1.273; p = 0.376) (Figure 4B). Moreover, an eGFR 30-<60 mL/min/1.73 m? did not
correspond to a significantly elevated risk of rehospitalization due to HF if also present-
ing with STEMI (HR = 0.972, 95% CI: 0.572-1.652; p = 0.917), NSTEMI (HR = 1.084, 95%
CI: 0.800-1.469; p = 0.603), and single /no vessel disease (HR = 1.200, 95% CI: 0.990-1.453;
p = 0.063). An eGFR 30-<60 mL/min/1.73 m? was, however, associated with a significantly
higher risk in patients presenting with decompensated HF (HR = 1.366, 95% CI: 1.077-1.733;
p = 0.010) (Figure 4B).
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Figure 4. Forest plots illustrating the results of subgroup analyses investigating the prognostic impact of different levels of eGFR regarding the likelihood of
rehospitalization due to HF within 36 months in patients with eGFR < 30 mL/min/1.73 m? (A) and eGFR 30-<60 mL/min/1.73 m? (B). GFR, glomerular filtration
rate; HE, heart failure; LVEF, left ventricular ejection fraction; N(STEMI), non-ST elevation myocardial infarction.
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4. Discussion

This study investigated the prevalence and prognostic value of the presence and
degree of kidney dysfunction in a large cohort of unselected patients undergoing CA,
recruited consecutively, without selection criteria, between January 2016 and August 2022.
From a total of 7624 patients undergoing CA, 63.7% exhibited an eGFR >60 mL/min/
1.73 m2, 29.0% presented with an eGFR 30-<60 mL/min/1.73 m?), and 7.3% had an
eGFR < 30 mL/min/1.73 m?. An eGFR < 30 mL/min/1.73 m? and eGFR 30-<60 mL/min/
1.73 m? were associated with significantly higher HF- and AMI-related rehospitalization
at 36 months. This relationship (i.e., a lower eGFR is associated with a higher risk of a
given endpoint) was also demonstrated when further stratifying eGFR groups, but only
for HF-related rehospitalization. A higher risk of HF-related rehospitalization in patients
with an eGFR < 30 mL/min/1.73 m? and eGFR 30-<60 mL/min/1.73 m? was confirmed
after multivariable adjustment even when including eGFR as a continuous variable. The
prognostic impact of having an eGFR < 30 mL/min/1.73 m? was particularly noticeable
in patients who exhibited multivessel disease, AP, and those with both an LVEF < 35%
and an LVEF >35%. In contrast, individuals with an eGFR 30-<60 mL/min/1.73 m?
faced a notably increased risk of rehospitalization due to HF when presenting with cardiac
decompensation and an LVEF < 35%.

Prevalences of kidney dysfunction in patients with CAD range from 18% to 29% [4,22]
and thus represent one of the most common non-cardiac comorbidities in CAD patients. De-
spite this, studies investigating the prognostic value of kidney dysfunction in consecutive,
unselected patients remain sparse. The prognostic impact of kidney dysfunction identified
in this study is not dependent on a specific diagnostic entity. This is due to the fact that
this study includes all consecutive patients undergoing CA, without the application of any
additional exclusion criteria. This approach allows for a broad comparison of the prog-
nostic implications of kidney dysfunction, both irrespective of underlying diagnoses and
across various patient subgroups. Consequently, this study provides a valuable representa-
tion of the contemporary patient population, which—as a result of current demographic
shifts—is burdened more and more by both cardiac and non-cardiac comorbidities, thereby
complicating risk assessment.

As mentioned previously, kidney dysfunction is associated with both traditional car-
diovascular disease (CVD) risk factors, such as diabetes mellitus and hypertension, and
non-traditional, uremia-related factors including oxidative stress, inflammation, endothe-
lial dysfunction, and the accumulation of uremic toxins [6,11]. In the present study, patients
with a lower kidney function (eGFR < 30 mL/min/1.73 m? and 30-<60 mL/min/1.73 m?)
were accompanied by significantly higher rates of diabetes than our reference group
(eGFR > 60 mL/min/1.73 m?). While traditional risk factors are primarily responsible
for the initiation of atherosclerosis in the early stages of kidney disease, evidence sug-
gests that non-traditional risk factors play a progressively dominant role as renal function
declines [6,23,24]. Lipoprotein modification—particularly the oxidation of low-density
lipoproteins—alongside higher levels of uremic toxins including indoxyl sulfate and p-
cresyl sulfate adds to endothelial dysfunction and vascular smooth muscle cell proliferation,
thereby accelerating the development and progression of CAD [6,25-30]. Moreover, asym-
metric dimethylarginine, an endogenous competitive inhibitor of endothelial nitric oxide
synthase, is often higher in kidney disease patients and impairs nitric oxide bioavailability,
exacerbating vascular dysfunction [31]. Oxidative stress and chronic inflammation further
promote coronary microcalcification, a pathological feature associated with ACS, due to its
detrimental effects on myocardial microcirculation [27-30,32]. Collectively, these interre-
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lated mechanisms likely contribute to a greater incidence of major adverse cardiovascular
events, including HF and AM]I, in individuals with kidney dysfunction [33].

When investigating the prognostic impact of kidney dysfunction, many studies fo-
cus on all-cause mortality as the primary endpoint. In a recent study that investigated
the interaction between three-vessel CAD and low eGFR (<60 mL/min/1.73 m?) in a
cohort of 1017 consecutive subjects undergoing CA, Piscitelli et al. found low eGFR to
significantly amplify the already significantly higher risk of all-cause mortality associ-
ated with three-vessel disease [34]. The same authors had also previously found a strong
association between kidney disease measures (e.g., reduced GFR and albuminuria) and
coronary atherosclerotic burden [35]. This relationship is so significant that both the authors
and the American Heart Foundation have labeled kidney disease as a CAD risk equiv-
alent for cardiovascular endpoints [34,36]. Additionally, while investigating a cohort of
23,178 CAD patients undergoing CA, Chen et al. not only found severe kidney dysfunc-
tion (eGFR < 30 mL/min/1.73 m?) to be linked to a significantly elevated risk of all-cause
mortality risk than moderate dysfunction (eGFR 30-60 mL/min/1.73 m?), but they also
discovered a U-shaped relationship between eGFR and mortality [22]. At an eGFR of above
100 mL/min/1.73 m?, all-cause mortality started to increase. This U-shaped relationship
is in line with previous studies [37-42]. Even when adjusting for muscle mass, a variable
potentially impeding eGFR calculations, hyperfiltration was still found to increase the
risk of all-cause mortality [43]. Glomerular hyperfiltration has been reported to increase
the risk of coronary artery calcification in CAD patients, while a high GFR has also been
associated with mortality risk increasing factors such as total carotid plaque area and left
ventricular hypertrophy [44,45]. As such, the interaction between hyperfiltration and CAD
may explain the aforementioned U-shaped relationship between eGFR and mortality.

The prognostic role of in-hospital bleedings in patients admitted for ACS has also
recently been investigated. Spadafora et al., through the investigation of 23,270 ACS
patients enrolled in the PRAISE registry, showed all-cause mortality, reinfarction, and major
bleeding to be significantly higher at the 1-year follow-up in the patient group suffering
in-hospital bleeding [46].

Several authors demonstrate that kidney dysfunction may be linked to a significantly
higher risk of HF-related hospitalization [47—49]. Furthermore, and in accordance with
our results, late-stage kidney disease (eGFR < 60 mL/min/1.73 m?) has been associated
with higher rates of HF-related hospitalization compared to patients with early-stage kid-
ney dysfunction patients (GFR > 60 mL/min/1.73 m?) [47,48]. Regarding HF subgroup
analysis, however, the data remains inconclusive. Hillege et al. investigated the prog-
nostic value of renal function in patients with chronic HF using data from the CHARM
study and found that renal dysfunction (eGFR < 60 mL/min/1.73 m?) was independently
associated with an elevated risk of mortality and HF-related hospitalization for both pa-
tients with HF with a reduced ejection fraction (HFrEF) and HF with a preserved ejection
fraction (HFpEF) patients [49]. Our study’s subgroup analysis confirms this result only
for patients with an eGFR < 30 mL/min/1.73 m? in a cohort of unselected patients. An
eGFR 30-<60 mL/min/1.73 m? was linked to an elevated risk of rehospitalization due to
HF only in individuals suffering from an LVEF < 35% (approximately HFrEF), not those
with an LVEF > 35% (approximately HFmrEF and HFpEF).

In contrast to the findings of Hillege et al., a recent study including 1932 acute HF
patients investigated the prognostic impact of renal function in HFpEF and HFrEF patients
and found that kidney dysfunction (eGFR < 60 mL/min/1.73 m?) was only a significant
prognostic marker for readmission in patients with HFrEF, not HFpEF [48]. The authors,
Park et al., also stratified according to severity of renal dysfunction and found that both
moderate (30-<60 mL/min/1.73 m?) and severe (GFR < 30 mL/min/1.73 m?) kidney
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dysfunction were associated with significantly higher rates of readmission, but only for
patients with HFrEF [48]. Additionally, the same authors found that, after multivariate
adjustment, only HFrEF patients with severe kidney function were subject to a higher risk
of 12-month mortality in contrast to patients with HFpEF or moderate kidney dysfunction.
Similarly, the MAGGIC meta-analysis which included 20,754 HF patients found both
moderate and severe kidney function to only be a predictor for all-cause mortality in HFrEF
patients [50].

Conversely, Ahmed et al., conducting a post-hoc propensity score matched analysis
of the Digoxin Investigation Group trial, a study including 7788 ambulatory patients
with chronic HF, were one of the first to observe significantly higher kidney dysfunction
associated mortality rates in patients with diastolic HF (HFpEF) than in those with systolic
HF (HFrEF) [51]. Since then, this phenomenon has been corroborated by several authors
including a meta-analysis by Damman et al. [52]. The authors postulate that the reason
kidney dysfunction is associated with a higher risk of mortality in patients with HFpEF
include the same traditional risk factors shared between kidney dysfunction and CAD,
such as hypertension and diabetes. These risk factors are associated both with impaired
eGFR and worse outcomes. Generally, patients with HFpEF possess differing clinical and
biochemical profiles, resulting in many potential reasons for the observed effect. [52].

Regarding HF with mildly reduced ejection fraction (HFmrEF), a recent study has
investigated the prognostic impact of the severity and etiology of CKD in 2155 patients
with HFmrEF [53]. This study found that even milder stages of CKD (i.e., Kidney Disease
Improving Global Outcomes (KDIGO) stage 3a) were associated with an increased all-cause
mortality risk at 30 months. Interestingly, the highest risk of rehospitalization due to HF
was found in patients with KDIGO stage 3b and 4, not KDIGO stage 5 [53]. In contrast to
this, the etiology of CKD was not shown to be associated with either the 30-month all-cause
mortality risk or the risk of rehospitalization due to HF.

The prognostic impact of different kidney function levels on AMI patients has been
thoroughly investigated for mortality as well as HF hospitalization [54-57]. When consid-
ering AMI subgroups, NSTEMI and STEMI cohorts are often investigated separately;
the comparison of both is scarce. The majority of authors find kidney dysfunction
(eGFR < 60 mL/min/1.73 m?) to be associated with a higher risk of mortality for both
STEMI [58-61] and NSTEMI [62-65] cohorts whether stratifying kidney dysfunction, or not.
This is also the case for HF associated rehospitalization [66]. Another interesting and highly
relevant phenomenon in AMI patients undergoing PCl—specifically diabetic patients with
AMI—is the impact of SGLT2-inhibitors on acute kidney injury (AKI) caused by contrast.
A recent multicenter international study by Paolisso et al., using the data of 636 patients
from the SGLT2-I AMI PROTECT registry, found that in type 2 diabetes mellitus patients
with AMI undergoing PCI, usage of SGLT2-I was linked to a nephroprotective effect [67].
Moreover, concomitant cardiogenic shock (CS) has been recently shown to significantly
interact with AKI regarding clinical endpoints [68]. In this study, the investigation of
219 CS patients showed that early AKI affects more than half of CS patients and is linked
to higher all-cause mortality at 30 days in CS patients [68]. The aforementioned studies
clearly indicate that kidney dysfunction remains s highly relevant and pressing issue that
warrants further investigation.

Study Limitations

The study possesses several constraints. Owing to its retrospective nature and single-
center design, the findings presented in this manuscript could be susceptible to both
measured and unmeasured confounding variables. Due to the use of Operation and
Procedure Classification (OPS) codes, lower documented event rates of prior medical
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conditions may occur. One of the primary limitations of this study was the absence of
post-discharge data on all-cause mortality, which is particularly important considering
the potential interplay between morality and rehospitalization. Despite this, however,
kidney dysfunction appeared to be an independent risk factor indicating the relevance and
importance of rehospitalization as an endpoint. Another limitation is assessment of all
endpoints at our institution only. Moreover, due to a lack of data, there was no stratification
into acute kidney failure and chronic kidney disease and no inclusion of previous eGFR
data to investigate kidney function dynamics. Furthermore, there was no separate analysis
conducted on patients receiving dialysis. Similarly, the investigation of cardiovascular
comorbidities at index hospitalization did not include chronic coronary syndrome as an
investigated medical entity and thus this was not investigated as a possible indication for
CA. Additionally, due to the fact that severely reduced kidney function may pose as a
contraindication for coronary angiography, some patients with severely reduced kidney
function may not have been included in this registry. Finally, the prognostic impact of
SGLT2 inhibitors, which are both reno- and cardioprotective, was not able to be investigated
due to the low prescription rate during the investigated time period.

5. Conclusions

Kidney dysfunction, with a recorded prevalence of 36.3%, represented a very com-
mon comorbidity in unselected patients undergoing CA. Both a kidney function of
<30 mL/min/1.73 m? and 30-<60 mL/min/1.73 m? was linked to a significantly elevated
risk of rehospitalization due to HF at 36 months—this relationship also persisted after
multivariable adjustment. Additionally, patients presenting with AP and multivessel
disease were especially susceptible to HF-related rehospitalization if they had an eGFR
of <30 mL/min/1.73 m?2, while an eGFR of 30-<60 mL/min/1.73 m? was related to a
significantly heightened risk of being rehospitalized due to HF in patients suffering from
decompensation HF and LVEF < 35%.
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