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Background: Both EPO levels and anemia have shown prognostic value in several cardiac disorders. An observational study with a prospective follow-up was performed to investigate their independent prognostic roles in severe aortic stenosis.

Methods: An up to 36-month follow-up of consecutive patients with severe aortic stenosis undergoing TAVR in a high-volume center was performed. Patients with eGRF <30 mL/min/1.73 m2 were excluded. EPO levels and/or anemia status and its association with mid-term mortality were assessed.

Results: Out of 407, 360 met eligibility criteria. Median age was 83 years, with 71.4% having a NYHA class III/IV. Anemia was present in 51.9%, and iron deficiency in 52.8%. Median (IQR) EPO levels were 14.4 (9.30–24.30) mIU/mL. Median follow-up was 566 days. Anemia was associated with overall mortality (HR 2.40, 95% CI 1.51–3.80, p < 0.001). Higher logEPO levels were associated with mid-term mortality (HR 4.05, 95% CI 2.29–7.16, p < 0.001), even after adjusting for clinically and/or statistically relevant factors (multivariate HR 2.25, 95 CI 1.09–4.66, p = 0.029). Kaplan-Meier analyses showed early diverging curves for anemia vs. non-anemia, whereas curves for patients in various EPO level quartiles started to diverge at about 100 days, with differences consistently increasing during the subsequent entire follow-up period.

Conclusions: Differently from anemia, which was a strong predictor for both early and late mortality in severe aortic stenosis after TAVR, independent prognostic value of EPO only emerged after post-TAVR recovery. EPO prognostic value was independent from anemia and mild-to-moderate renal dysfunction. High EPO levels could be useful to identify patients with severe aortic stenosis showing a compromised mid-term survival in spite of TAVR use and independently from early TAVR results.
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INTRODUCTION

Being synthesized in kidneys in response to hypoxic stimuli, erythropoietin (EPO) has a hematopoietic effect on the bone marrow, promoting an increased development of the erythroid lineage and leading to an increased production of erythrocytes. An impaired EPO production that causes anemia, can be found in patients with chronic kidney disease (CKD). Recombinant human EPO (rhEPO) has been successfully used in CKD patients with EPO deficiency (1).

Both anemia and renal dysfunction are commonly present in heart failure (2), and the use of exogenous EPO has been investigated in such patients (2). The findings suggest that EPO administration does not improve clinical outcome (2) and, thus, routine EPO use is not recommended by current guidelines (3, 4). The EPICURE randomized clinical trial, an intervention study of exogenous EPO use, has shown negative results also in patients with severe aortic stenosis (5). In fact, studies of EPO levels in patients with heart failure showed that excessive EPO synthesis predicts mortality in chronic and acute heart failure (6–8), possibly reflecting a status of advanced cardiac disease.

Aortic stenosis remains the most common heart valve disease with a poor prognosis if not treated. Trans-catheter aortic valve replacement (TAVR) has dramatically improved prognosis in selected patients with severe aortic stenosis, particularly in those not eligible for surgical replacement (9). Certain prognostic biomarkers (including those reflecting anemia, renal dysfunction, and malnutrition) (10–13) have been shown to be associated to lower survival rates. Nevertheless, available biomarkers are still limited and there is an unmet need for novel powerful predictors of mortality in such patients. To our knowledge, the impact of endogenous EPO levels on clinical outcomes in severe aortic stenosis has not yet been investigated.

Our study aimed at assessing the prognostic value of baseline endogenous EPO for short- and mid-term survival in patients with severe aortic valve stenosis undergoing TAVR, and whether this is related to or independent from the prognostic impact of anemia and renal function, in patients with preserved renal function.



METHODS


Study Population and Procedures

All consecutive patients with severe aortic stenosis undergoing TAVR between July 2016 and October 2019 in a high-volume tertiary university hospital were included, after assessment by heart team. Procedures were performed under local anesthesia unless there was a specific reason to use general anesthesia. In TAVR procedures, both balloon-expandable and self-expandable devices were implanted. No patient received exogenous EPO. Patients undergoing a valve-in-valve procedure were excluded from the analysis, in order to focus solely on native degenerative aortic stenosis. Patients with any missing value for baseline anemia, iron deficiency, and erythropoietin assessments were not included. Finally, as suggested for studies of EPO as a potential biomarker, patients with eGRF < 30 mL/min/1.73 m2 were also excluded, since erythropoiesis is severely impaired in such specific population.

An up to 36-month prospective follow-up was completed through outpatient visits or telephone interviews with patients or family members.



Baseline Clinical, Echocardiographic, and General Clinical Chemistry Data

Baseline demographic parameters, previous comorbidities, and baseline echocardiographic parameters were collected on admission. Renal function was measured by means of the estimated glomerular filtration rate (eGFR) using the abbreviated Modification of Diet in Renal Disease equation (14): GFR (ml/min/1.73 m2) = 175 × S-Creatinine −1, 154 × Age −0, 203 (×0.742 if female). Chronic kidney disease (CKD) stages were used to classify eGFR: CKD 1 (>90), 2 (60–90), 3 (30–60), 4 (15–30), and 5 (0–15) mL/min/1.73 m2. Cardiac biomarkers, including NTproBNP and high-sensitive troponin, and high-sensitive C-reactive protein (hs-CRP), an inflammatory marker, were also measured in all patients. The potential association of EPO levels with other traditional risk factors, including diabetes mellitus, smoker status, and coronary artery disease, as well as with statin use, was specifically explored.



Baseline Hematology Parameters and Definition of Anemia and Iron Deficiency

Baseline hemoglobin, platelet and white blood cell counts were measured in all patients at the time of admission. WHO guidelines were used to define anemia (Hb < 12 g/dl for women, < 13 g/dl for men) (15). Iron, ferritin, transferrin, and transferrin saturation were assessed. Iron deficiency was defined according to Kidney Disease Outcomes Quality Initiative guidelines either as ferritin levels of < 100 ng/ml or based on the percentage of transferrin saturation (defined as serum iron (μg/dL)/[serum transferrin (mg/dL) × 1.25] < 20% when ferritin is < 800 ng/mL). This dual definition takes into account both functional and absolute aspects of iron deficiency (16). Baseline EPO levels were measured in all patients using a CLIA (Siemens) assay, before TAVR procedure.

In addition to EPO levels, as suggested for studies in anemic patients (17, 18), the observed/predicted ratio was also calculated, with predicted levels being based on hemoglobin values, as per a previously validated formula: 4.640-(0.274 × hemoglobin)=log EPO (7, 18). Limits previously found in a heart failure cohort were used to determine the proportion of patients with a lower- or higher-than-expected EPO production (18).



Study Endpoints

The main study endpoint was mid-term (up to 36 months) all-cause mortality. Secondary endpoints included 30-day mortality, 1-year mortality, and complications according to Valve Academic Research Consortium 2 (VARC-2) criteria. Causes of in-hospital death were based on the assessment reported by attending physicians; causes of mid-term death were mostly provided by GPs (through interviews with a study physician) and in some cases were based on details obtained from family interviews or could not be ascertained.



Statistical Analysis

Continuous variables are presented as median (IQR). Frequencies were used to report categorical variables. Patients were split into quartiles of EPO values. Comparisons of baseline parameters between groups (EPO quartiles) were done with Kruskal-Wallis. In case of revealed significance by multi-group test, a Bonferroni correction was also used. Kaplan-Meier survival curves were plotted for EPO median or quartiles, as well as for patients with vs. without baseline anemia as defined by WHO (15). A multivariate Cox regression analysis was performed based on both the variables achieving significance (p < 0.05) in univariate regression analyses and those additional variables considered to be clinically relevant for mid-term mortality. Pre-specified subgroup analyses of logEPO prognostic value were performed for patients with and without anemia, and for patients without (CKD 1+2) and with moderate renal dysfunction (CKD 3 stage). Statistical significance was set at p < 0.05. All analyses were performed with the SPSS statistical software package version 24.0.



Ethics

Informed consent was obtained from all patients. The protocol of the present study conforms to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the ethics committee of the Goethe University Frankfurt am Main, Germany (296/16).




RESULTS


Study Population

Out of 563 patients with severe aortic stenosis undergoing TAVR at our center over the study period, a complete baseline profile including anemia status, iron status, and EPO levels was available in 407 patients. With laboratory tests having been routinely ordered in all patients, missing data were due to many different reasons and randomly distributed, with no pattern being observed. Eight patients undergoing a valve-in-valve procedure were excluded from the analysis; and 39 patients with eGFR < 30 mL/min/1.73 m2 were also excluded. Our final population with complete data consisted of a total of 360 patients with severe aortic stenosis. In TAVR procedures, both balloon- and self-expandable valves were implanted: 22.2% Sapien 3 (Edwards Lifesciences), 28.6% Symetis Acurate Neo (Boston Scientific), 36.1% Portico (Abbott Vascular), and 13.0% Evolut R (Medtronic). Nearly all procedures were performed under local anesthesia.



Baseline Characteristics

Overall median (IQR) age was 83 (79–86) and 40.8% were female, with 71.4% having a NYHA functional class III/IV; median (IQR) STS score was 3.17 (2.31–4.90). Overall median (IQR) left ventricular ejection fraction (LVEF) was 60 (50–60) and median (IQR) transvalvular gradient was 43 (33–53) mmHg. Most patients (251 out of 360) were on statins.

Baseline anemia (defined according to WHO criteria) was present in 51.9% of the population; absolute and relative iron deficiency was found in 52.8%. Baseline median (IQR) serum iron levels were 73 (52–96) μg/dl, ferritin levels were 152 (79–279) ng/ml, median transferrin saturation index was 21.54 % (15.14–28.86), and median endogenous EPO levels were 14.4 (9.30–24.30) mIU/mL.

Table 1 shows baseline characteristics and echocardiographic parameters across EPO quartiles; Table 2 shows laboratory values and STS score across EPO quartiles. NYHA class IV status, STS score, previous PCI, and history of COPD were higher in upper EPO quartiles. As for laboratory parameters, NTproBNP values increased across quartiles; and hemoglobin levels, eGFR, and iron levels decreased across EPO quartiles.


Table 1. Baseline clinical and echocardiographic parameters across EPO quartiles.
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Table 2. Baseline laboratory parameters across EPO quartiles.
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A statistically significant (p = 0.002) but weak (r2 = 0.027) correlation between logEPO and LVEF was found. Increasing median EPO levels were observed for lower LVEF categories (Median (IQR) EPO levels [mIU/mL] 13.60 [9.00–22.50], 15.80 [11.40–25.20], 17.80 [8.0–31.40], and 21.20 [10.95–40.50] for LVEF >55%, 45–54, 30–44, and <30%, respectively; p = 0.063).

No association was found between EPO levels and other traditional risk factors in both sexes. Median (IQR) EPO levels (mIU/mL) in patients with vs. without diabetes mellitus were 15.20 (12.50–29.90) vs. 13.85 (9.50–23.80) (p = 0.097) in female and 16.60 (8.00–28.30) vs. 13.75 (8.95–20.15) (p = 0.220) in male. EPO levels in patients with vs. without coronary artery disease were 15.00 (9.95–29.55) vs. 13.55 (9.58–22.60) (p = 0.272) and 15.40 (8.95–24.55) vs. 11.65 (8.00–17.60) (p = 0.092), respectively. And EPO levels in smokers/former smokers vs. never smokers were 9.30 (8.30–17.10) vs. 14.40 (10.30–24.50) (p = 0.290) and 14.70 (8.60–21.50) vs. 14.10 (9.00–24.50) (p = 0.424), respectively. No association was found between statin use and EPO levels (median [IQR] EPO values [mIU/mL] in patients with or without statin use, 14.40 vs. 14.20, p = 0.893) in our cohort.



Mortality, Complications, and Impact of EPO Levels, Anemia and Iron Deficiency

The median (min, max) follow-up was 566 (0–1,086) days. Overall mortality was 3.9% at 30 days, and 16.9% at 12 months, with rates increasing across EPO quartiles (8.79% Q1, 13.19% Q2, 21.84% Q3, 24.18% Q4). High logEPO levels on admission were significantly associated with mid-term mortality (HR 4.05, 95% CI 2.29–7.16, p < 0.001). Complications according to VARC-2 criteria in the overall population were as follows: permanent pacemaker implantation (15.8%), major cerebrovascular accident (2.5%), minor cerebrovascular accident (0.8%), pericardial tamponade (0.6%), major vascular complication (5.3%), and major bleeding (4.4%).

Kaplan-Meier curves revealed that the higher the EPO quartile, the higher the mortality over the study period. As illustrated in Figure 1, curves started to diverge at about 100 days after TAVR, with differences consistently increasing along the subsequent entire follow-up period. In a sensitivity analysis, results showed the same pattern both in male and female patients when analyzed separately, but only achieved statistical significance in female (HR 1.11 [1.01–1.02], log-rank, p < 0.001). There was no association between high levels of logEPO and complications according to VARC-2 criteria.


[image: Figure 1]
FIGURE 1. Kaplan-Maier survival curves according to baseline EPO quartiles.


Baseline anemia was also significantly associated with mortality (HR 2.40, 95% CI 1.51–3.80, p < 0.001), with Kaplan-Meier curves for anemia vs. non-anemia already diverging shortly after TAVR procedure, as opposed to EPO curves (see Figure 2). On the contrary, baseline iron deficiency had no impact on all-cause mortality after TAVR. Kaplan-Meier curves were very similar in patients with or without statin use (log rank, p = 0.919).


[image: Figure 2]
FIGURE 2. Kaplan-Meier survival curves for patients without and with anemia (A) and for patients with EPO values above/below the median EPO level (B). Insert: Kaplan-Meier survival curves for the same groups in the first 180 days after the procedure, to illustrate that anemia/no anemia curves diverge early after the procedure, whereas EPO groups only start to diverge after a few months.


All immediate and post-procedural deaths (n = 14 up to 30 days) were related to the intervention, with half of them (n = 7) directly resulting from procedural complications (including hemorrhagic shock due to vascular access complications or rupture of annulus, rhythm disorders with pulseless electrical activity, and cardiogenic shock) and others being mainly due to stroke, acute renal failure, or in-hospital acquired infection. No EPO-related trends were observed. There were 72 mid-term deaths, with only 50% being due to cardiovascular events (mainly decompensated or terminal heart failure) and others most commonly resulting from cancer (lung, prostate) or infections (pneumonia). Only two mid-term deaths were due to renal failure. No differences in cardiovascular or other causes of death were observed across EPO quartiles.



Univariate and Multivariate Regression for Mid-term Mortality

In univariate analysis, logEPO levels significantly predicted mortality (HR 4.05, 95% CI 2.29–7.16, p < 0.001). All variables showing a p < 0.05 for the association with mortality in univariate analysis (see Table 3) as well as an additional clinically relevant variable (i.e., eGFR) were included in a multivariate analysis (see Table 3). A multivariate Cox proportional hazards model showed that higher logEPO levels remained significantly associated with mortality (HR 2.25, 95% CI 1.09–4.66, p = 0.029). Specifically, the association remained statistically significant after adjusting for hemoglobin and renal function. In the adjusted Cox model, STS score was the only independent predictor for mortality apart from logEPO level (see Table 3). In a confirmatory separate model including traditional risk factors (age, sex, COPD, hypertension, diabetes), logEPO remained significantly associated with mortality (p < 0.0001).


Table 3. Cox proportional hazards model for cumulative mortality in overall population.
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Median (IQR) level of EPO in the subset of anemic patients (n = 187) was 20 (12.2–34.9) mIU/mL. The previously described O/P ratio was calculated in this subgroup. The majority of patients showed a lower than expected level of EPO production (72.7%) based on their O/P ratio; 15.5% had levels as expected; and 11.8% showed higher than expected levels of EPO. However, higher than expected levels of EPO did not correlate with mortality.



EPO Impact on Mortality in Selected Subgroups

An exploratory subanalysis on the impact of EPO levels on mortality was performed in patients without and with anemia, as well as in patients with normal (CKD 1+2) and moderately impaired renal function (CKD 3) (see Figure 3.) Results were fully consistent in all subgroups, with logEPO significantly predicting mortality in all of them. Interestingly, the highest HR value (6.67 [1.50–29.73]) was observed in non-anemic patients.


[image: Figure 3]
FIGURE 3. Hazard ratios and 95% confidence intervals of LogEPO in subgroups. CKD: chronic kidney disease stage.





DISCUSSION

To our knowledge, this is the first study to demonstrate that high baseline EPO levels are a significant predictor for mid-term mortality in patients with severe aortic stenosis undergoing TAVR. Importantly, a clinically relevant multivariate HR value (HR 2.25, 95% CI 1.09–4.66, p = 0.029, Table 3) was found to be statistically significant after adjusting for a number of important risk factors (particularly anemia and renal function). In exploratory analyses, findings were also consistent in several relevant subgroups, such as patients with/without anemia, and mild-to-moderate renal dysfunction (Figure 3). Several clinical, echocardiographic, and laboratory parameters have been shown to have some prognostic value in severe aortic stenosis (19). However, there is still a need for powerful prognostic biomarkers that can help us at identifying patients with poor prognosis even in the TAVR era and at paving the way to explore novel pathophysiological mechanisms in severe aortic stenosis. If our findings are confirmed in future studies, EPO could be considered as a potentially contributing biomarker in patients not having a severe renal dysfunction.

As previously observed (20, 21), anemia was also a strong predictor for both early and late mortality in our study. However, differently from anemia, the independent prognostic value of EPO appears to emerge only after post-TAVR recovery is completed. This can be clearly observed in Kaplan-Meier curves for the first months after TAVR (Figure 2). One potential explanation for this could be that anemia may have both a mid-/long-term and a short-term deleterious effect through an impact on severe peri-/post-procedural bleeding/vascular complications, whereas high EPO levels may not be associated to immediate complications but only to later clinical course. In fact, several previous investigations have shown baseline anemia to be associated with a higher number of post-TAVR complications (vascular, bleeding), causing a higher mortality in the short-term (22). In spite of this, HR values for cumulative mortality were higher for EPO than for anemia (HR 4.05, 95% CI 2.29–7.16, p < 0.001 for logEPO vs. HR 2.40, 95% CI 1.51–3.80, p < 0.001 for hemoglobin). As opposed to previous studies in patients with severe aortic stenosis undergoing TAVR (23), baseline iron deficiency did not have an impact on mortality in our cohort. Causes of both post-procedural and mid-term deaths showed no differences across EPO quartiles, suggesting EPO impact was not directly related to TAVR complications. This is consistent with our finding of Kaplan-Meier curves for EPO quartiles only starting to diverge after the immediate post-procedural period. Renal failure was very uncommon as a cause of mid-term death, which supports our findings of EPO impact being independent from renal function.

Renal function (as measured by CKD stage) is also a well-known prognostic factor. As in other studies on EPO (24), in our population, patients with eGFR < 30 mL/min/1.73 m2 were excluded because their erythropoiesis is severely impaired and is likely to result in altered EPO levels. Prognostic value of EPO in our study was independent from mild-to-moderate renal dysfunction. Our results are therefore not applicable to patients with severe kidney failure. It should be highlighted, however, that patients excluded for severe kidney failure account for only 9.8% (39/399) of patients in our severe aortic stenosis population.

In this context, the finding of a most pronounced EPO effect in patients with no baseline anemia (HR 6.67, 95% CI 1.50–29.73, p < 0.001, Figure 3) is particularly interesting. It would appear that high endogenous EPO confers a higher mortality risk that is not directly related to anemia or mild-to-moderate renal dysfunction and cannot be explained by immediate general operative risk (as assessed by STS score), relevant specific heart disorders such as atrial fibrillation, age, key cardiac laboratory biomarkers such as NTproBNP, and hs-CRP, an inflammatory marker.

In patients with anemia, observed EPO levels were lower than expected in 73% of patients, whereas 12% of patients had higher than expected levels of EPO. This trend has been previously observed for EPO in anemia in other populations, such as heart failure patients (7). However, contrary to such studies, no association of higher-than-expected EPO levels with mortality was observed in our study in aortic stenosis. This could be due to the limited number of patients, but could also suggest distinct mechanisms underlying the impact of EPO on clinical outcomes in patients with or without anemia (24).

The fact that elevated baseline EPO levels are associated with a worse mid-term prognosis in severe aortic stenosis is in line with findings from previous studies in patients with chronic (6) or decompensated heart failure (8); and this could suggest an overall association with heart conditions (i.e., ischemic or dilated cardiomyopathy), not limited to aortic stenosis. Furthermore, high EPO levels were also associated with mortality in an overall elderly population in the Leiden-85-plus study (24). Since severe aortic stenosis requiring TAVR mainly occurs in old patients (median age in our population was 83 years; similar to other series), this is also a factor to be taken into account.

At present, we can only speculate on several potential pathophysiological mechanisms, beyond anemia and renal function, that can be proposed to explain our findings. Firstly, taking into account that low oxygen availability triggers EPO production in the kidney, chronic hypoxia itself, due to a subclinical disorder even with no anemia, rather than renal dysfunction, could elevate EPO levels as a physiologic response (24–26).

Secondly, in our study, although being prognostically independent, EPO levels showed some association with NTproBNP levels and NYHA functional class. In fact, the higher the EPO quartile, the higher the levels of NTproBNP and the proportion of NYHA class IV patients (see, Table 1). This finding was previously observed in patients with chronic heart failure by Van der Meer et al., who found EPO levels to be correlated with severity of chronic heart failure (6). Elevated EPO levels could in some way reflect a more advanced state of decompensation due to valvular obstruction, which could result, symptomatically, in an advanced NYHA stage and, more objectively, in higher levels of NTproBNP. Maybe EPO could represent a biomarker encompassing several pathophysiological aspects that could help us detect patients with an advanced disease status when considering a high-risk TAVR procedure.

Thirdly, in an elderly population, bone marrow senescence and exhaustion could lead to elevated EPO levels in an attempt to overcome a potential bone marrow resistance (18, 24) in a proinflammatory state (7). However, such relative EPO deficiency would imply rhEPO use could be beneficial (15), which has not been the case in clinical studies in heart failure (3, 4). EPO is also related to inflammatory processes (27). However, EPO prognostic value in our cohort was independent from hs-CRP, an inflammatory biomarker. More detailed studies on the relationship between EPO and inflammation are needed in this population.

Fourthly, EPO is synthetized by the kidney not only as a response to anemia or hypoxia, but also when stimulated by reduced renal perfusion caused by low cardiac output (15). Thus, it could be worth to specifically investigate the impact of endogenous baseline EPO levels in patients with a low-flow low-gradient aortic stenosis, since this population can be characterized by a reduced cardiac output.

Lastly, although it appears difficult to find plausible mechanisms to explain it, EPO impact could also be specifically related to the effects of TAVR therapy itself. This seems, however, very unlikely, because EPO levels showed no association with TAVR complications, and EPO prognostic impact only emerged a few months after TAVR once post-procedural recovery was completed.


Study Limitations

This is an exploratory study and findings should be taken as hypothesis-generating. In interpreting our findings, we acknowledge as a limitation that patients with severe aortic stenosis not undergoing TAVR were not included in our study. However, in our center, few patients are excluded from the procedure, usually because of their very poor short-term prognosis or comorbidities resulting in an extremely high procedural risk. Such few patients have a low short-term survival and would not have influenced in the mid-/long-term results. And including them in our analysis would have interfered also with the interpretation of the short-term results potentially related to the TAVR procedure itself. Patients undergoing surgical aortic valve replacement were also excluded. The effects of the significant acute surgical insult and the required postsurgical therapy make them a distinct population with their prognosis being dependent on other factors.

This is a single center study; thus, extrapolation to other populations needs to be performed cautiously. Our results are not applicable to patients with severe renal dysfunction (accounting for 9.8% of patients in our cohort), as they were excluded from our analyses. Although we report a mid-term follow-up of up to 3 years, cause of mortality was not always available and could not be specifically evaluated.



Future Insights

Whilst endogenous EPO levels have been shown to predict survival in this cohort, it remains to be studied whether EPO is also a useful marker for monitoring, follow-up and clinical management of patients with severe aortic stenosis after TAVR, as has been observed in a few studies in patients with heart failure (8). Additional post-baseline EPO measurements could provide us with better insights into the prognostic usefulness of EPO.




CONCLUSIONS

Differently from anemia, which was a strong predictor for both early and late mortality in patients with severe aortic stenosis undergoing TAVR, high baseline EPO levels were an independent biomarker for mid-term mortality, with its prognostic value only emerging after post-TAVR recovery was completed. EPO prognostic value was independent from anemia and mild-to-moderate renal dysfunction. EPO levels add to the existing prognostic biomarkers in patients with severe aortic stenosis in the TAVR era.
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