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Abstract
Background High mortality and rehospitalization rates demonstrate that improving risk assessment in heart failure patients 
remains challenging. Individual temporal evolution of kidney biomarkers is associated with poor clinical outcome in these 
patients and hence may carry the potential to move towards a personalized screening approach.
Methods In 263 chronic heart failure patients included in the prospective Bio-SHiFT cohort study, glomerular and tubu-
lar biomarker measurements were serially obtained according to a pre-scheduled, fixed trimonthly scheme. The primary 
endpoint (PE) comprised cardiac death, cardiac transplantation, left ventricular assist device implantation or heart failure 
hospitalization. Personalized scheduling of glomerular and tubular biomarker measurements was compared to fixed schedul-
ing in individual patients by means of a simulation study, based on clinical characteristics of the Bio-SHiFT study. For this 
purpose, repeated biomarker measurements and the PE were jointly modeled. For personalized scheduling, using this fitted 
joint model, we determined the optimal time point of the next measurement based on the patient’s individual risk profile as 
estimated by the joint model and the maximum information gain on the patient’s prognosis. We compared the schedule’s 
capability of enabling timely intervention before the occurrence of the PE and number of measurements needed.
Results As compared to a pre-defined trimonthly scheduling approach, personalized scheduling of glomerular and tubular 
biomarker measurements showed similar performance with regard to prognostication, but required a median of 0.4–2.7 
fewer measurements per year.
Conclusion Personalized scheduling is expected to reduce the number of patient visits and healthcare costs.  Thus, it may 
contribute to efficient monitoring of chronic heart failure patients and could provide novel opportunities for timely adapta-
tion of treatment.
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Introduction

Since reduced kidney function is associated with poor prog-
nosis in patients with chronic heart failure (CHF), [1] guide-
lines recommend monitoring kidney function [2]. However, 
monitoring frequency has not yet been scientifically sub-
stantiated. In the Bio-SHiFT study, we demonstrated that 
individual temporal evolution of kidney biomarkers is asso-
ciated with poor outcome in CHF patients [3]. Moreover, 
we demonstrated a method to derive personalized, dynamic 
risk estimates for adverse outcome based on such temporal 
biomarker evolutions in individual CHF patients [3]. These 
estimates are updated after every measurement, providing 
incremental information on the patient’s prognosis [4].

Such personalized dynamic risk assessments could poten-
tially also be used to derive personalized screening intervals 
for individual CHF patients. Thus, timing of the patient’s 
next outpatient visit could be tailored to their individual bio-
marker evolution so far [5]. Personalized screening intervals 
aim to maximize information gain on the individual patient’s 
disease progression, while minimizing the number of neces-
sary measurements [5]. Using data of the Bio-SHiFT study, 
we recently demonstrated that personalized scheduling of 
N-terminal pro-B-type natriuretic peptide (NT-proBNP) 
measurements, as compared to a pre-defined trimonthly 

fixed scheduling approach, shows similar prognostic per-
formance but requires fewer NT-proBNP measurements [6].

The individual temporal patterns we examined in the 
Bio-SHiFT study that were associated with adverse cardiac 
outcome included glomerular function markers [creatinine, 
cystatinC and estimated Glomerular Filtration Rate (eGFR)], 
tubular markers [N-acetyl-beta-d-glucosaminidase (NAG), 
and the kidney injury molecule (KIM)-1] [3]. Moreover, we 
found a similar association with adverse outcome for high-
sensitive troponin T (HsTNT) [7]. In the current study, using 
Bio-SHiFT data, we aim to compare personalized schedul-
ing of these biomarkers to a pre-defined fixed scheduling 
approach in individual CHF patients.

Short methods

In 263 stable CHF patients from the Bio-SHiFT study who 
underwent trimonthly sampling, we measured glomeru-
lar function [creatinine, cystatinC,  eGFRcreat,  eGFRcysC 
(both based on CKD-EPI equation)] in a total of 1984 
plasma samples [median: 9 (25th–75th percentile: 5–10) 
per patient] and assessed tubular function (NAG, KIM-
1) in 1912 urine samples [median: 8 (25th–75th percen-
tile: 5–10) per patient] [3]. The primary endpoint (PE) 
was defined as the composite of cardiac death, cardiac 
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transplantation, left ventricular assist device implantation 
or heart failure hospitalization, whichever occurred first. 
Using joint models for time-to-event and longitudinal data, 
we modeled the association between repeated kidney bio-
marker measurements and the PE [3, 8]. After adjustment 
for age, sex, diabetes, atrial fibrillation, NYHA class, diu-
retics, systolic blood pressure, and  eGFRcreat (for tubular 
markers), we obtained a hazard ratio (HR) with 95% confi-
dence interval (CI) that estimated the risk of the PE associ-
ated with a 20% increase or decrease in biomarker level.

Measurements in the Bio-SHiFT study were obtained 
according to a pre-scheduled, fixed trimonthly scheme. In 
the Bio-SHiFT study, there was no study arm that applied 
a personalized screening procedure, and thus direct assess-
ment of personalized scheduling was not possible. There-
fore, we performed a simulation study in which we could 
compare the performance of the personalized versus the 
fixed schedule. First, we generated 263 patients with base-
line characteristics and biomarker profiles similar to the 
original Bio-SHiFT population [5]. Based on this, we fit-
ted a new joint model for these 263 patients. By using the 
latter model, we compared scheduling of biomarker meas-
urements according to a pre-defined, fixed (trimonthly) 
screening design and a personalized screening design in 
these patients.

In the personalized screening design, in each patient at 
each follow-up visit, the fitted joint model was used to find 
the time point at which the patients’ cumulative risk of PE 
was 7.5% (arbitrarily chosen threshold). The next biomarker 
measurement was scheduled between the current visit and 
this time point. Subsequently, we used the fitted joint model 
to estimate the expected information gain on the patient’s 
prognosis at every time point within this specified time win-
dow. Then, based on the Kullback-Leibler divergence, we 
scheduled the next biomarker measurement at the optimal 
time point at which we expect the maximum information 
gain on the patient’s prognosis (Fig. 1a, b) [5]. After this 
additional biomarker measurement was performed in the 
patient, the personalized cumulative risk of PE was updated. 
Based on this updated personalized cumulative risk of PE, 
again, the time point at which the cumulative risk of PE was 
7.5%, was determined. If the personalized cumulative risk 
of PE within 3 months was less than 7.5%, we scheduled the 
next biomarker measurement in this way. However, if the 
personalized cumulative risk of PE exceeded 7.5% within 
3 months of a screening visit, scheduling was stopped in 
order to allow for a (potential) timely intervention and avoid 
the imminent PE [5]. We compared personalized schedul-
ing with fixed trimonthly scheduling in terms of capability 
of identifying the start of high-risk intervals (i.e., whether 
timely intervention was possible before the occurrence of 
PE) and number of measurements needed (Fig. 1c).

Results

Baseline characteristics

Baseline characteristics and biomarker levels of the 263 
patients who were included in the Bio-SHiFT study are 
shown in Table S1. Briefly, the mean (standard deviation) 
age of the Bio-SHiFT patients was 67 (13) years and 72% 
were men. Baseline characteristics of a simulated dataset 
were similar (Table S2) and no significant differences were 
found in the median values of the first three biomarker 
measurements in the original and simulated datasets 
(Table S3). In original Bio-SHiFT data, the PE occurred 
in 70 (26.6%) patients during a median (25th–75th per-
centile) follow-up of 2.2 (1.4–2.5) years. In the simulated 
dataset, since we used the first three biomarker measure-
ments as a run-in period for the joint model, maximum 
follow-up duration was somewhat longer (specifically, 
we set the maximum at 3 years, instead of 2.5 years as 
in Bio-SHiFT). For example, for the creatinine dataset, 
median (25th–75th percentile) follow-up duration was 3.0 
(1.9–3.0) years. Associations of temporal biomarker pat-
terns with the PE have previously been described in detail 
[3], and are provided in Table S4 (original cohort and a 
simulated dataset).

Personalized screening versus fixed schedule: 
high‑risk interval and number of measurements

The simulation study demonstrated that personalized sched-
uling required fewer glomerular biomarker measurements 
as compared to predefined, trimonthly fixed scheduling 
(Fig. 2). Specifically, over the full follow-up period, person-
alized scheduling of creatinine required a median (25th–75th 
percentile) of 5 (4–6), while fixed scheduling required a 
median of 13 (5–13) measurements. In other words, per-
sonalized scheduling of creatinine saved a median of 2.0 
(0.0–2.7) measurements per year. Personalized scheduling 
for cystatinC also required a median (25th–75th percentile) 
of 2.7 (0.0–5.0) fewer measurements per year as compared 
to fixed scheduling [cystatinC, overall, personalized: median 
of 4 (25th–75th percentile: 3–5) and fixed: median of 6 
[25th–75th percentile: 3–13)]. As demonstrated in Fig. 2, 
personalized scheduling of eGFR based on creatinine and 
cystatin C yielded similar results, and required a median 
(25th–75th percentile) of 2.7 (0.0–5.0) and 0.4 (0.0–3.4) 
fewer measurements per year, respectively. The same was 
true for tubular biomarker measurements KIM-1 [required 
median (25th–75th percentile) of 1.3 (0.0–2.2) fewer meas-
urements per year] and NAG [median (25th–75th percen-
tile): 1.5 (0.5–2.3) fewer measurements per year] (Fig. 2).
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The performance of personalized and fixed scheduling 
regarding identification of the start of the high-risk inter-
val (whether scheduling was stopped to enable treatment 
adaptation since the patient was at high-risk of the PE; 
and thus whether timely intervention was possible before 
the occurrence of PE) was similar, both for creatinine and 
cystatinC, as well as  eGFRcreat and  eGFRcysC (Fig. 2). The 
same was true for the tubular biomarkers KIM-1 and NAG 
(Fig. 2).The result of personalized scheduling of HsTNT 
is presented in the Supplementary Materials.

Discussion

We demonstrate that personalized scheduling of glomerular 
and tubular biomarkers in patients with CHF, as compared 
to fixed scheduling, requires fewer measurements per year, 
while performance regarding prediction of adverse cardiac 
events is similar. The frequency we used for the fixed sched-
ule, i.e. trimonthly sampling, was chosen based on our study 
protocol, thus subjectively. Notably, even though our fixed 
schedules consisted of these rather frequent (trimonthly) 
biomarker measurements, the high-risk intervals identified 
by the personalized schedules were still similar, illustrating 
the value of the personalized approach. Since personalized 
scheduling required fewer measurements, this approach is 
expected to improve patient-relevant outcomes (fewer hospi-
tal visits and blood draws) as well as reduce healthcare costs 

Fig. 1  Illustration of personalized scheduling of biomarker measure-
ments. a Example of a patient with three serially measured biomarker 
levels (dots) available until the current visit (tcurrent). A personalized 
risk profile is derived using these three serially measured biomarker 
levels. In particular, the fitted joint model is used to find the time 
point at which the patient’s cumulative risk of PE (blue curve) is 7.5% 
(tthreshold). The next biomarker measurement (tnext) will be scheduled 
between the current visit and this time point. Subsequently, we use 
the fitted joint model to estimate the expected information gain on the 
patient’s prognosis at every time point within this specified time win-
dow. Then, based on the Kullback-Leibler divergence, we schedule 
the next biomarker measurement at the optimal time point at which 
we expect the maximum information gain on the patient’s prognosis. 
b After this additional fourth biomarker measurement is performed in 
the patient, the personalized cumulative risk of PE is updated. Based 
on this updated personalized cumulative risk of PE, again, the time 
point at which the cumulative risk of PE is 7.5%, is determined. If the 
personalized cumulative risk of PE within 3 months is less than 7.5%, 
we proceed to schedule the next biomarker measurement. However, 
if the personalized cumulative risk of PE within the next 3  months 
exceeds 7.5%, scheduling is stopped in order to adjust therapy and 
avoid the imminent PE. c Definition of high-risk interval as used in 
the personalized scheduling approach. The ‘true PE time’ is generated 
by the simulation study. Based on the estimated biomarker profile, the 
patient’s risk of PE (%) is estimated by the personalized scheduling 
approach (curve). The time point at which this risk of PE exceeds the 
risk threshold is defined as the ‘estimated intervention time’. The start 
of the high-risk interval is defined as the estimated intervention time 
minus the true PE time (in months).

▸
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Fig. 2  Comparison of personalized and fixed scheduling of kidney biomarkers.
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compared to fixed scheduling. A further illustration on the 
practical application of the personalized screening approach 
to individual patients, with an elaborate individual example, 
is given in the Supplementary Material, Table S5–S6.

Study limitations include the use of only one testing set, 
and arbitrary assumptions that were made when developing 
the model and defining the risk threshold and risk window. 
Validation in larger studies is warranted. Of further note, we 
simulated the data for both the fixed and the personalized 
screening design and we did so to obtain a ‘fair’ comparison. 
In the original Bio-SHiFT data, pre-defined fixed trimonthly 
sampling was based on an underlying natural longitudinal 
process in the individual patients, which remains unknown. 
Since we do not have real data available on the personal-
ized sampling approach, this personalized sampling can only 
be based on an estimated longitudinal process. If we had 
compared this personalized sampling approach to the fixed 
approach in the ‘real’ patient data (based on the unknown 
natural process), we may have obtained overly optimistic 
results.

Altogether, our results support the value of maximizing 
information gain by estimating prognosis in an individual 
and optimal manner. Because of the strong interaction 
between kidney function and CHF, such a personalized 
screening strategy may contribute to efficient monitoring of 
these complex patients by their treating physicians, and may 
provide novel opportunities for timely adaptation of treat-
ment. Ultimately, randomized clinical trials should inves-
tigate whether personalized screening intervals for kidney 
biomarkers improve and individualize patient monitoring 
and herewith improve treatment in patients with CHF.
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