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The importance of the development and implementation of targeted, 
need-based treatment strategies for the management of AHF patients 
is well-recognized. To this end, there is an ever increasing acknowl-
edgment of the importance of optimal risk stratification. This thesis 
addressed several methodological and conceptual issues with the main 
goal of optimizing clinical risk stratification in AHF patients.

Part I: Competing risks in AHF research

Competing risks are often overlooked in prognostic heart failure re-
search. Understanding the need for proper competing risks analysis 
and the potential impact of ignoring this phenomenon could facilitate 
implementation of appropriate competing risk methodology in future 
studies. This can diminish the negative impact of the unaccounted pres-
ence of competing events on risk prediction and stratification in AHF 
patients.

Chapter 1 illustrated the need for proper estimation of the cumula-
tive incidence in the presence of right censoring and competing risks. 
Data from the COACH trial – a multicenter, randomized controlled 
trial that included 1023 patients hospitalized for AHF – was utilized 
for this purpose. The 18-month risk of heart failure rehospitalization in 
this cohort of patients was estimated to be 28.4% using the commonly 
utilized one-minus Kaplan-Meier estimator. This is greater than the 
risk estimated by the true cumulative incidence estimator which took 
competing event of death into account; 26.0%. Subsequently, failure 
to account for competing event of death lead to overestimation of risk 
of 18-month heart failure related rehospitalization by more than 2.0%. 
Interestingly, this bias got larger (i.e. >5%) when subgroup of patients 
with BNP levels above the median were analyzed separately. This is 
related to the fact that the risk of the competing event of death and 
total event rate (including both heart failure related rehospitalization 
and death) increased significantly in the subgroup of patients with high 
BNP levels.
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In conclusion, the presence of competing risks, unless accounted for 
with the appropriate methodology, could lead to significantly biased 
estimates of risk. This phenomenon should, particularly, be given spe-
cial consideration in heart failure studies involving high risk patient 
populations in which interest primarily lies in the evaluation of rehos-
pitalization outcomes or individual components of frequently utilized 
composite endpoints like the MACE. Such consideration should also 
extend to heart failure studies involving longer duration of follow-up.

In Chapter 2, we examined the practical implications of ignoring 
competing events on risk prediction and stratification with a classic 
example from preventive cardiology. The SCORE – a 10-year cardio-
vascular mortality risk prediction model – is widely utilized in many 
European countries to facilitate total cardiovascular risk estimation 
in apparently healthy individuals in the general population with the 
ultimate goal of guiding initiation of interventions aimed at prevention 
of atherosclerotic cardiovascular diseases. Simplicity, coupled with the 
utilization of easy-to-measure traditional cardiovascular risk factors, 
make the SCORE model quite appealing for daily clinical use. However, 
competing non-cardiovascular causes of death were not accounted for 
during the development of the model. We evaluated the impact of non-
cardiovascular mortality on the prognostic performance and yield of 
the SCORE model using data from 5752 individuals included in the 
PREVEND – a general population-based prospective cohort study 
primarily designed to investigate the natural course of increased levels 
of urinary albumin excretion and its association with long-term renal 
and cardiovascular outcomes. We developed a competing risk model 
(CSH) which accounted for non-cardiovascular causes of death apply-
ing the same variables and procedures utilized in the SCORE model. 
The CSH model showed better performance compared to the SCORE as 
evidenced by improvement in model calibration and risk classification. 
However, the improvement in risk classification did not reach clinical 
significance and based on this observation we concluded that incorpo-
ration of competing non-cardiovascular-related deaths into the estima-
tion of total cardiovascular risk in the SCORE model is not warranted.
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This does not, nonetheless, minimize the importance of taking compet-
ing risks into consideration in acute heart failure studies as the latter 
primarily affects more frail, older patient population for whom the in-
fluence of the competing risks phenomenon is likely to be much greater 
in comparison to the setting of preventive cardiology which typically 
involves both middle- and old-age populations.

Part II: Biomarker-based risk stratification in AHF

Biomarkers are the most promising tools for enhancing prognostica-
tion and risk stratification in AHF. The natriuretic peptides, B-type 
natriuretic peptide (BNP) and N-terminal pro-BNP (NT-proBNP) in 
particular, are by far the most estabilished biomarkers in heart failure. 
These biomarkers are currently an integral component of diagnostic 
work-up of patients presenting to the emergency department with acute 
dyspnea. Besides their diagnostic value, both BNP and NT-proBNP 
have shown great potential as prognostic biomarkers in AHF patients. 
More interestingly, the massive search for better prognostic biomarkers 
in heart failure have led to the identification of plenty of additional 
highly promising markers reflecting the diverse involved pathophysi-
ologic pathways. This is evidenced by the dramatic increment of the 
number of publications on prognostic biomarkers in heart failure over 
the last two decades (figure 1).  In contrast to the huge success in terms 
of identification of these biomarkers, however, translation into clinical 
use is still highly limited.
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Figure 1: Number of publications on prognostic biomarkers in heart failure; re-
sult of PubMed search using “biomarkers” AND “prognosis” AND “heart fail-
ure”

One drawback of current biomarker-based risk stratification strategies 
is the main focus on single biomarkers evaluated at single time-points, 
often during hospital admission. This approach fails to capture the 
complex pathophysiologic pathways involved in acute heart failure 
besides ignoring the short and long-term prognostic implications of 
the hemodynamic and pathophysiologic changes that occur in these 
patients during inhospital treatment or the early post-discharge phase. 
Chapter 3 dealt with a pair of issues related to this drawback utiliz-
ing biomarker data collected as part of a biomarker research program 
in the PROTECT trial. The first centered around the added value, on 
top of readily available baseline clinical parameters, of a multimarker 
panel based on a combination of biomarkers representing a spectrum 
of pathophysiologic pathways. Forty-eight established and novel bio-
markers were measured from blood samples collected during baseline 
assessment. After identification of individual biomarkers that showed 
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added prognostic value on top of the baseline clinical model, six in-
dependent clusters of these prognostic biomarkers were defined using 
principal component analysis. A panel of six biomarkers comprising 
best performing markers from each of the clusters (i.e. IL-6, BUN, 
chloride, cTnI, sST-2 and VEGFR-1) was selected. The addition of 
this multimarker panel on top of the clinical model yielded marked 
improvement in prognostic performance unmatched by any of the 
individual biomarkers, particularly for short- and intermediate-term 
mortality outcomes.

Optimal risk stratification as early as hospital admission is essential 
as it facilitates early decision making regarding intensity of inhospital 
treatment and could lead to timely initiation of interventions that can 
potentially improve prognosis. However, shifting the goal to optimiz-
ing further inhospital care or post-discharge management in an outpa-
tient setting inevitably raises the possibility of the need for subsequent 
biomarker measurements. There is already a robust evidence highlight-
ing the importance of post-admission measurements of BNP and NT-
proBNP, particularly predischarge, for maximizing prognostic utility. 
Among the 48 biomarkers evaluated in PROTECT, 46 were subsequently 
measured from samples collected on days 2 or 3, 7 and 14. This rich 
biomarker data was analyzed with the main objective of determining 
how well different moments of measurements of a biomarker predicted 
clinical outcome over time. As in the case of the natriuretic peptides, 
measurements beyond the time of hospital admission, particularly on 
day 14 (i.e. a week after hospital discharge for the typical hospitalized 
AHF patient) provided greater prognostic value for the prediction of 
6-month survival for most of the biomarkers. Galectin-3 and BUN were 
notable exceptions as baseline measurements were observed to be at 
least comparable to later measurements in terms of predictive value. 
Another interesting finding from this analysis was that the prognostic 
performance of several biomarkers including IL-6, sST2, CRP and cTnI 
(among others) decreased significantly after the first 60-90 days of 
follow-up. This raises an intriguing proposition suggesting that even 
more frequent measurements might be needed to sustain the prognostic 
value for some biomarkers in the longer term.
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In chapter 4, we further inquired the incremental prognostic value of 
a multimarker panel based on serially evaluated biomarkers. For this, 
we utilized biomarker data that included a set of seven estabilished and 
well-studied novel biomarkers (i.e. NT-proBNP, hs-TnT, sST-2, CRP, 
galectin-3, cystatin-C and GDF-15) measured from blood samples col-
lected at baseline and on days 2, 5, 14 and 60 as part of the RELAX-AHF 
trial.Consistent with the findings observed in the previous chapter, 
serial evaluation of biomarkers provided incremental predictive value 
over baseline-only assessment for all the biomarkers except galectin-3. 
Interestingly, a single repeat evaluation of NT-proBNP as early as 48 
hours after baseline assessment appeared to be sufficient for maximiz-
ing the predictive value of the biomarker within the first 6 months of 
the index hospitalization. On the other hand, subsequent measurements 
(particularly on day 14) provided further incremental values for most 
of the other biomarkers. A multi-time-point based multimarker panel 
combining hs-TnT, NT-proBNP, sST-2 and GDF-15 yielded significant 
incremental prognostic value over a comprehensive baseline model 
that included readily available clinical and laboratory parameters. It is 
worth noting here that all these four biomarkers provided prognostic 
information independent of each other in the multimarker model, fur-
ther strengthening the notion that no single biomarker can adequately 
capture the prognostic implications of the complex array of hemody-
namic and pathophysiologic processes involved in AHF.

Assessment of the added value of biomarkers over readily available 
parameters is an essential step towards ascertaining the potential 
clinical usefulness of a single biomarker or multimarker panel for 
prognostication and risk stratification purposes. However, integration 
of routine evaluation of prognostic biomarkers into the management of 
AHF patients requires establishment of their utility in terms of untan-
gling important clinical challenges doctors experience in daily clinical 
practise. Among the most important of these challenges is related to 
the difficulty in diagnosing bacterial infections in patients presenting to 
the emergency department with signs and symptoms of AHF. It is well 
known that the clinical diagnosis of bacterial infections in AHF patients 
is associated with worse outcomes unless treated early and adequately. 
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However, there is no clear data on the magnitude  and prognostic im-
plications of biochemical evidence suggestive of bacterial infections in 
AHF patients with no overt clinical signs and symptoms. In chapter 5, 
we examined the prevalence and prognostic implications of significant 
procalcitonin elevation – a highly specific marker of bacterial infection 
– in 1781 hospitalized AHF patients with no clinically overt bacterial 
infections. Significant procalcitonin elevation was considered present 
if procalcitonin levels were ≥0.20 ng/mL. This was present in 6.0% of 
analyzed patients. Patients with significant procalcitonin elevation 
had significantly lower inhospital treatment success rate compared to 
those with low procalcitonin levels. In addition, this group of patients 
had poorer post-discharge outcomes which was particularly robust for 
short- and intermediate-term mortality outcomes. Associations with the 
latter remained statistically significant after adjustment for estabilished 
prognosticators including BNP.

The need for procalcitonin assessment in patients with AHF is already 
being increasingly acknowledged. For instance, the most recent ESC 
guideline for the diagnosis and management of acute and chronic 
heart failure suggests that measurement of procalcitonin levels may be 
considered in patients with AHF with suspected coexisting infection. 
However, as observed in this chapter, plenty of AHF patients with no 
overt clinical manifestations of bacterial infections harbor biochemical 
evidence suggesting otherwise. Subsequently, a case could even be 
made for the extension of this targeted indication for procalcitonin 
assessment to a routine evaluation in the broader AHF patient popula-
tion although we acknowledge that more evidence is needed before the 
implementation of this approach is considered. 

The lack of objective decision making tools regarding intensity of inhospital 
and post-discharge care is another clinical challenge in hospitalized AHF 
patients. Currently, a one-size-fits-all approach that is primarily based on 
physicians’ subjective assessment of congestion relief is utilized to make 
decisions regarding timing of hospital discharge. Such decisions are highly 
relevant as inhospital care is the major driver of the cost of heart failure 
care. In addition, longer hospital stay and more intensive post-discharge 
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care have been indicated to be potentially beneficial. Nevertheless, these 
are less likely to be needed in all patients and might contribute to further 
inflation of cost of care. A demand-based strategy in which low risk 
patients are discharged early and high risk patients are treated longer 
inhospital and monitored more aggressively post-discharge appears to be 
promising in terms of both improving outcomes and reducing cost of care. 
Biomarkers can serve as objective tools that can enhance predischarge risk 
ascertainment and facilitate the development and implementation of such 
demand-based strategies. In chapter 6, we evaluated the value of biomark-
ers measured close to discharge for the identification of hospitalized AHF 
patients at low and high risk for post-discharge events. In this comparative 
analysis, we showed that plenty of biomarkers have predictive values for 
low and high post-discharge risk. Interestingly, findings from this analysis 
suggest that different sets of biomarkers might need to be assessed for 
optimal identification of low versus high risk patients. Biomarkers such 
as cTnI, syndecan-1, GDF-15, serum creatinine and BNP showed good 
performance for the identification of low risk patients while ET-1, procalci-
tonin, sST-2, galectin-3 and proADM showed good performance for iden-
tification of high risk patients. These risk-region dependent differences in 
performance of biomarkers need to be considered in future studies aiming 
at the optimization of biomarker-based predischarge risk stratification in 
hospitalized AHF patients. 

Part III: Risk-based evaluation of phase III clinical 
trials in AHF

Several mechanisms by which risk stratification tools could be used to 
improve patient care have been proposed, and some have significantly 
evolved over the past years. However, in contrast to their crucial value in 
the setting of primary preventive cardiology care or management of acute 
coronary syndromes, the role of risk stratification tools in the management 
of AHF patients is not clearly defined in the guidelines at this stage.

One (probably most important) area of application of risk stratification 
tools in AHF is facilitation of development and implementation of more 
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targeted, personalized treatment strategies. Current drug development 
strategies, which follow a more general approach targeting the broader 
patient population, have largely failed to yield successful results and 
the need for new therapeutic agents that can improve outcome in AHF 
patients remains as high as ever. There is an increasing recognition 
among experts in the field on the importance of a shift to more tailored, 
need-based strategies. Risk stratification tools can play an essential role 
in terms of facilitating the development and implementation of such 
strategies through enhancing the process of identification of subpopu-
lations that might benefit from a specific therapy in clinical trials. We 
examined this proposition in the last chapter of this thesis using the 
case of rolofylline. Rolofylline was considered to be a promising po-
tential novel therapy for the treatment of AHF patients about a decade 
ago and had undergone significant clinical testing. Inspite of a strong 
pathophysiologic rationale for its administration and positive results 
in phase II and small phase III trials, it did not show overall benefit in 
the pivotal PROTECT trial, and subsequently its clinical development 
was halted. In chapter 7, we evaluated risk-based heterogeneity in re-
sponse to rolofylline therapy in AHF patients with a post-hoc analysis 
of the PROTECT trial. Individual risk was estimated using a simple 
8-item model encompassing readily available clinical and laboratory 
parameters. A STEPP analysis revealed that while rolofylline is not 
beneficial in low to intermediate risk patients (there is even a trend 
towards harm), it showed significant beneficial effect in selected high 
risk AHF patients with regard to both improving survival and reducing 
heart failure rehospitalizations. This pattern of response to rolofylline 
therapy was confirmed in an independent cohort of AHF patients. Our 
findings indicate that a window of opportunity might still exist for 
rolofylline in the treatment of high risk AHF patients with significant 
cardiorenal syndrome. In summary, this case study demonstrated that 
risk stratification tools can have a very important utility in terms of 
enhancing evaluation of heterogeneity in treatment effect in AHF clini-
cal trials, and therefore, might play a key role towards advancing the 
development and implementation of need-based individualized treat-
ment strategies ultimately leading to improved patient care.
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Prognostic biomarker research remains among the most studied areas 
in heart failure. There has been a tremendous amount of success in 
identifying prognostic biomarkers and developing reliable measure-
ment assays in heart failure. Unfortunately, there is still a huge gap 
in terms of utilization of these prognostic biomarkers to improve the 
day-to-day care of AHF patients. The following statement from the ESC 
2016 guideline on the management of acute and chronic heart failure is 
a clear testament to this assertion;

“Multiple other biomarkers, including those reflecting inflammation, oxidative 
stress, neurohormonal disarray and myocardial and matrix remodelling, have 
been investigated for their diagnostic and prognostic value in AHF; however, 
none has reached the stage of being recommended for routine clinical use”.

In this thesis, we addressed plenty of methodological and conceptual 
issues that could enhance the clinical utility of biomarkers in AHF. 
However, a great deal of work still remains to be done to facilitate the 
integration of risk stratification tools, biomarkers in particular, into the 
routine management of AHF patients.

Risk-based treatment in AHF

An essential feature of any diagnostic, therapeutic or prognostic tool 
that is often taken into consideration when its integration into patient 
management guidelines is contemplated revolves around its ability 
to change or advance clinical practise. Although significant progress 
has been made regarding the improvement of prognostication and risk 
stratification, there is hardly any evidence on the role of such tools for 
the advancement of care in AHF patients. This, by far, remains the major 
factor hampering the clinical use of risk stratification tools, including 
prognostic biomarkers, in AHF. 

The best proxy for the potential value of risk stratification tools for 
improving quality of care emanates from primary preventive cardiol-
ogy and acute coronary syndrome (ACS) guidelines. Risk scores like 
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the Framingham or SCORE in primary preventive cardiology and the 
thrombolysis in myocardial infarction (TIMI) score in ACS are cur-
rently integral components of daily clinical practise and their use has 
led to marked advancement in quality of care. There are plenty of areas 
where risk stratification tools could be utilized to improve manage-
ment of AHF patients potentially leading to better outcomes, in addi-
tion to facilitating efficient distribution of scarce health care resources. 
Triaging of patients in the emergency department, decision making 
regarding intensity of inhospital and post-discharge care are among the 
major areas that could be bettered by risk stratification tools. Systematic 
evaluation of effectiveness of risk-guided treatment strategies, prefer-
ably in randomized controlled trials, is a major step that needs to be 
undertaken in the future to advance the clinical utility of risk stratifica-
tion tools in AHF. 

Simple externally validated risk score

Although plenty of risk prediction models have been developed in AHF 
patients over the past years, there is no specific model recommended for 
potential clinical application. There are differences among published 
models with respect to clinical setting, characteristics of patient popula-
tion, candidate variables, model performance and outcomes assessed. 
Furthermore, most of these models have not been externally validated in 
independent cohorts of patients. Interestingly, however, few variables 
emerged as highly consistent and strong predictors across the spectrum 
of the prediction models regardless of underlying differences in several 
parameters. Subsequently, an initial first step that should be accom-
plished to hasten clinical use of risk stratification tools in AHF is the 
establishment of a simple, universally accepted risk score encompass-
ing both readily available clinical predictors and a panel of biomarkers. 
This can be best achieved with individual patient data meta-analysis 
that incorporates data collected in different settings including clinical 
trials, prospective observational cohort studies and registries. The im-
portance of close collaboration among different consortia could not be 
overstated in this case. It must be emphasized that external validation 
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in an independent cohort of patients is paramount to the development 
of a universally applicable risk score.

Biomarker-guided AHF management

The clinical utility of biomarkers in AHF relies on not only their value as 
prognostic markers but also as their potential role in guiding therapy. 
Procalcitonin is, probably, the closest novel biomarker to being con-
sidered for inclusion in the routine evaluation of AHF patients. This 
is primarily related to its anticipated value in guiding initiation and 
discontinuation of antibiotic therapy in AHF patients with suspected 
or confirmed concomitant bacterial infections. Whether procalcitonin-
guided antibiotic therapy yields improved outcomes in AHF patients 
is being investigated in the ongoing IMPACT-EU trial and results are 
eagerly awaited. Positive outcome is highly likely to prompt consid-
eration of routine assessment of procalcitonin in this patient popula-
tion. Biomonitoring of patients during the inhospital treatment phase 
or in the ambulatory setting is another very promising target for the 
utilization of biomarkers. The natriuretic peptides have shown en-
couraging results as accurate objective tools for inhospital treatment 
response monitoring. Moreover, although results were inconclusive, 
several trials indicated that natriuretic peptide-guided therapy in the 
ambulatory setting could be beneficial in terms of reducing mortality 
and rehospitalization, particularly in patients with reduced ejection 
fraction. However, as highlighted in this thesis, a single biomarker 
is very unlikely to capture the whole array of pathophysiologic and 
hemodynamic processes that determine outcome in AHF patients. A 
multimarker panel-guided biomonitoring and management appears 
to be a more optimal approach that merits further investigation. This 
requires more future work in terms of identification and validation of 
multimarker panels, in addition to the enhancement of the practical 
feasibility and cost-effectiveness of assessment of such panels. This 
calls for the strengthening of recent efforts aimed at developing point-
of-care devices that enable expedited simultaneous measurement of a 
panel of biomarkers. 
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Risk-based evaluation of heterogeneity in treatment 
effect

Perhaps largely under-recognized application of risk stratification 
tools in AHF is evaluation of heterogeneity in treatment effect in phase 
III clinical trials. In the last part of this thesis, we have shown that a 
risk prediction model could help identify subpopulations of patients 
that might benefit from a specific novel therapy in spite of apparent 
lack of overall treatment effect. This is likely to be a common scenario 
across plenty of past and future phase III clinical trials involving AHF 
due to the enormous heterogeneity in the treated patient population. 
In addition to serving as methodologically robust tools for detecting 
heterogeneity in treatment effect, multivariable risk prediction models 
can also enhance interpretation and extrapolation of findings. Subse-
quently, the routine utilization of risk stratification tools for the evalu-
ation of heterogeneity in treatment effect in phase III clinical trials in 
AHF should be encouraged. Moreover, these tools can also be utilized 
to improve design of pivotal phase III clinical trials. Larger phase III 
pilot trials are increasingly becoming the norm in AHF drug develop-
ment practise. This provides a unique opportunity for the performance 
of robust analysis of heterogeneity in treatment effect before the main 
phase III trials are conducted and could help identify more suitable tar-
gets for the treatment under investigation. Such information could be 
used to improve design of pivotal phase III trials potentially increasing 
the chance of success. It must be noted here that development of a uni-
versally accepted risk score is crucial before routine application of risk 
stratification tools for the evaluation of clinical trials in contemplated.

In conclusion, biomarker-guided risk stratification and management 
holds promise with respect to optimizing patient care and improving 
outcome in AHF. Yet, realization of this promise requires enormous 
amount of work in the future. More attention needs to be given to the 
translational aspect of biomarker research and ascertainment of the 
utility of biomarkers in terms of solving clinical challenges should be 
prioritized as it could play an essential role towards facilitating the in-
corporation of biomarkers into daily clinical practise. The importance of 
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collaboration among different consortia involved in biomarker research 
could not be overstated. It is high time that we make a wise use of the 
ever growing biomarker data generated by researchers and consortia 
around the world. Last but not least, development of innovative tech-
nology that can enhance not just the validity and reliability of assays 
but also the accessibility and cost-effectiveness of measurements, is 
crucial to advancing the clinical utility of biomarkers.



  


