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Abstract

The high morbidity and poor survival rates associated with chronic heart failure still represent a big challenge, despite

improvements in treatments and the development of new therapeutic opportunities. The prediction of outcome in heart

failure is gradually moving towards a multiparametric approach in order to obtain more accurate models and to tailor

the prognostic evaluation to the individual characteristics of a single subject. The Metabolic Exercise test data combined

with Cardiac and Kidney Indexes (MECKI) score was developed 10 years ago from 2715 patients and subsequently

validated in a different population. The score allows an accurate evaluation of the risk of heart failure patients using only

six variables that include the evaluation of the exercise capacity (peak oxygen uptake and ventilation/CO2 production

slope), blood samples (haemoglobin, Naþ, Modification of Diet in Renal Disease) and echocardiography (left ventricular

ejection fraction). Over the following years, the MECKI score was tested taking into account therapies and specific

markers of heart failure, and it proved to be a simple, useful tool for risk stratification and for therapeutic strategies in

heart failure patients. The close connection between the centres involved and the continuous updating of the data allow

the participating sites to propose substudies on specific subpopulations based on a common dataset and to put together

and develop new ideas and perspectives.
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Introduction

Over the past 20 years, despite improvements in treat-

ments and the development of new therapeutic oppor-

tunities that have reduced mortality, the prevalence of

heart failure has increased.1 This is probably due to

population ageing and to the prolonged survival of

patients obtained with new treatments, along with the

increasing prevalence of cardiovascular risk factors,

such as hypertension, diabetes and obesity.2

The high morbidity and poor survival rates associ-

ated with chronic heart failure still represent a big chal-

lenge for the scientific community, and different

approaches have been attempted to improve the treat-

ment of these patients. Beside the therapeutic strate-

gies, identifying patients at higher risk has become a

crucial point in order to define those on which to focus

the greatest efforts and, from a healthcare point of
view, to best direct the economic resources.

Due to the ageing of the population and the hetero-
geneity of comorbidities, the prediction of outcome in
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heart failure is gradually moving towards a multipara-
metric approach. This allows stratifying patients by
taking into account different parameters simultaneous-
ly and at the same time to tailor the prognostic (or
therapeutic) evaluation to the individual characteristics
of a single subject.

This evidence has boosted the identification and
study of the parameters that, combined, allow calculat-
ing the prognosis of a patient as accurately as possible,
and therefore to identify high-risk patients. From these
studies, different scores have emerged, which can com-
bine different variables through an algorithm and
return the probability of death of the individual
patient.3–8

In this context, 10 years ago we conceived the idea of
developing a new risk score based on the exercise
capacity of patients and aiming to isolate only few var-
iables able to identify high-risk patients with an easy,
reproducible approach.9 Indeed, the most used scores
available at that time had some limitations, such as the
large number of variables required,4,7 or they were
totally7 or partially4,8 lacking the main exercise param-
eters, which are crucial for the prognostic evaluation of
heart failure patients.

The choice to limit the evaluation to subjects able to
perform exercise was made for different reasons. First
of all, in parallel with variables that can be collected at
rest, a complete evaluation of the patient should be
made also during their activities, in order to mirror
their daily life. This is, in fact, the only way to represent
the real health status of a subject, because in real life
they constantly need to perform at least simple exer-
cises and not only to stay at rest. Second, cardiopul-
monary exercise test (CPET) is considered the gold
standard for the functional evaluation of heart failure
patients, since peak oxygen uptake (VO2),

10,11 ventila-
tory efficiency (VE/VCO2 relationship)

10,12–14 and their
combination15,16 are recognized as independent predic-
tors of heart failure prognosis, routinely used to guide
heart transplant lists.11,17,18 These CPET-derived
parameters need to be integrated into clinical practice,
choosing from among demographic data, medical his-
tory and laboratory samples the ones more strictly
related to the prognosis of the patients.

The MECKI score project

The Metabolic Exercise test data combined with
Cardiac and Kidney Indexes (MECKI) score project
was initially conducted by 13 Italian centres with
proven experience in heart failure and CPET. The data-
base was conceived to collect a large amount of data
generally available during a standard hospitalization
for heart failure: demographic data, echocardiography,
electrocardiography (ECG), complete CPET variables,

main procedures, previous cardiac resynchronization
therapy (CRT)/implantable cardioverter-defibrillator
(ICD) implant, hospitalization history, therapy at
enrolment, heart failure aetiology, main laboratory
results were retrospectively collected. Information
about the follow-up of the patients was also registered
to collect information about vital status and outcome.

Inclusion criteria were: previous or present heart
failure symptoms (New York Heart Association
(NYHA) functional class I–III, stage C of American
College of Cardiology/American Heart Association
classification) and former documentation of left ven-
tricular systolic dysfunction (left ventricular ejection
fraction <40%), stable clinical conditions with
unchanged medications for at least three months, abil-
ity to perform a CPET, no major cardiovascular inter-
vention scheduled. Notably, also patients with a history
of left ventricular systolic dysfunction but with
improved left ventricular ejection fraction at the
moment of enrolment were included. Furthermore,
only subjects who performed what they considered a
maximal effort, regardless of the respiratory quotient
reached, were included in the study population.
Exclusion criteria were: history of pulmonary embo-
lism, moderate-to-severe aortic and mitral stenosis,
pericardial disease, severe obstructive lung disease,
exercise-induced angina and significant ECG altera-
tions,19 or presence of any clinical co-morbidity inter-
fering with exercise performance.

Details about CPET procedures have already been
reported.9

Patient follow-up was carried out according to the
local heart failure programme in a theoretically endless
fashion. Follow-up ended with the last clinical evalua-
tion in the centre where the patient had been enrolled,
or with the patient’s death or urgent cardiac transplan-
tation. The study endpoint was the composite of car-
diovascular death or urgent heart transplant.

We also put much effort into data management and
cleaning procedures to avoid errors in the database.
Centro Cardiologico Monzino was the coordinator
centre, responsible for data collection, while individual
investigators were responsible for their own records.
Moreover, two ‘external’ experts, not involved in
patient recruitment, reviewed all the patients’ data,
supported by one data manager for checking data qual-
ity and consistency.

After this first phase of data collection and quality
check, the Biostatistics Unit of Centro Cardiologico
Monzino was asked to develop a score to quantify
patients’ risk of the designated outcome (death or
need for urgent heart transplant). The basic idea was
to develop a tool similar to those most commonly used
in cardiology for risk stratification, which would pro-
vide an accurate quantification of the probability of
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developing a major cardiovascular event within two

years. The score had to be based on a set of variables

collected at baseline, including all the parameters

potentially predictive of the endpoint occurrence.
The strategy of development was based on three

points:

• To start from a large set of variables measured at

baseline;
• To select a small subset of strongly predictive vari-

ables (according to a ‘parsimony rule’);
• To perform an internal cross-validation of the vari-

ables included in order to guarantee the robustness

and the reproducibility of the results.

Candidate variables

Among the collected parameters, the candidate varia-

bles chosen to be included in the score are listed in

Table 1, and they consisted in demographic, biometric,

laboratory, echocardiographic and CPET data. All

variables were screened, regardless of their univariable

association with the endpoint (Table 1). Moreover, in

order to account for the potential heterogeneity

between clinical sites, the analysis was also stratified

by recruiting centre.

Variable selection

To identify the independent predictors of the study out-

come we employed a Cox proportional hazard regres-

sion model with stepwise selection of variables. Yet, it

is well known that automated variable selection proce-

dures, such as stepwise selection, can introduce a dis-

proportionate number of false positives, serious

problems of selection bias, and an over optimistic esti-

mation of the predictive value of the model.20

Therefore, in order to minimize the false positives

and to overcome the problem that the model was

built and tested on the same sample, we employed a

cross-validation procedure. The sample was randomly

split in half, and a Cox model, with stepwise selection

procedure, was applied to the complete variable set in

the first half of the sample (training set); then the var-

iables selected in the training set were tested on the

second half (testing set), using a multivariable Cox

model. After 200 iterations, we computed the number

of times a single variable was selected in the first step,

and the number of times it was confirmed (deemed as

significant) in the second step. The covariates that were

selected and confirmed at least 70% of the times were

considered as independent predictors of the outcome.
Six variables – peak VO2 (% of predicted value),

VE/VCO2 slope, haemoglobin (g/dL), Naþ (mmol/L),

left ventricular ejection fraction (%) and Modification

of Diet in Renal Disease (mL/min) – were considered

independent predictors of the study outcome after the

Cox analysis and cross-validation procedure.

Risk score

In order to develop a risk score able to accurately

quantify the probability of an event (mortality or

urgent transplant) within two years, we proceeded as

follows: all patients with a censoring time shorter than

two years were excluded from the analysis; all patients

with events occurring after two years were considered

as censored. Then we used a logistic regression model

including all the previously selected and validated inde-

pendent predictors of outcomes.
The predicted probability of event was computed,

for each subject, by incorporating into a logistic for-

mula the individual values of the six predictors, weight-

ed for the estimated logistic coefficients:

Ppredicted ¼ e
P

bi�Xið Þ
1þ e

P
bi�Xið Þ

Where bi is the estimated coefficients for the six var-

iables and Xi is the actual values of six predictors.
In analogy with the risk score for events at two

years, we also computed risk scores devised to predict

events occurring within one, three and four years.
The calibration analysis, performed by dividing the

sample into deciles of risk, showed a remarkable con-

cordance between the observed and the predicted events

in each decile (p¼ 0.36 at Hosmer–Lemeshow test).
Finally, the predictive capacity of the score in the

classification of patients undergoing and not undergo-

ing an event was quantified and tested by receiver oper-

ating characteristic (ROC) curve analysis. Again, to

correctly estimate the area under the ROC curve, we

applied a cross-validation procedure, similar to that

employed to select independent predictors.
Figure 1 shows that the predictive capacity of the

risk scores, although slightly decreasing in more

extended time frames, is always remarkable, ranging

from 0.80 for events occurring within one year to

0.76 for events occurring within four years.

The evolution of the MECKI score

To simplify the calculation of the score, we developed a

free online calculator, available at https://www.cardio

logicomonzino.it/en/mecki-score/.
Some years later, these findings were confirmed by a

validation study21 that applied the MECKI score to a

new population and confirmed its usefulness as a prog-

nostic tool in daily heart failure routine. Later, other
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internal and external studies confirmed the value of the
MECKI score also in comparison with other scores
used in heart failure.22,23 Moreover, over the following
years, the population of the MECKI score registry was

enlarged and continuously updated, so that the
MECKI group conducted a number of studies in dif-
ferent subpopulations of patients according to comor-
bidities or to study-specific parameters.22,24–43

Table 1. Characteristics of the population used to build the MECKI score.

Mean� SD

Median (75–25 interquartile) n (%) HR Lower CI Upper CI p

Age, years 60.3 �12.4 2716 1.267 1.142 1.405 <0.0001

Males/females 2286 (84%)/

430 (16%)

1.108 1.006 1.219 0.0367

Height, cm 170 �8 2708 1 0.915 1.093 1

BMI, kg/m2 26.5 �4.3 2707 0.815 0.742 0.895 <0.0001

NYHA class 2.2 �0.6 2716 2.257 1.951 2.61 <0.0001

HF aetiology 0.07

Idiopathic 1273 1

Ischaemic 1240 1.234 1.017 1.496 0.03

Valvular 72 0.911 0.510 1.625 0.75

Other 130 1.160 0.760 1.771 0.49

PM 498 (18%) 1.954 1.558 2.45 <0.0001

ICD 461 (17%) 1.504 1.184 1.909 0.0008

CRT 208 (8%) 2.329 1.692 3.206 <0.0001

Hb, g/dL 13.5 �1.6 2271 0.722 0.652 0.8 <0.0001

Naþ, mmol/L 139 �3 2524 0.775 0.712 0.844 <0.0001

Kþ, mmol/L 4.3 �0.5 2517 0.93 0.846 1.023 0.1368

Crea, mg/dL 1.21 �0.40 2532 1.343 1.248 1.446 <0.0001

MDRD, mL/min 69.5 �22.0 2531 0.698 0.631 0.772 <0.0001

LVEF, % 30.8 �9.1 2716 0.539 0.486 0.597 <0.0001

LVeSV, mL 111 (153–80) 2203 1.423 1.303 1.554 <0.0001

LVeDV, mL 163 (211–121) 2203 1.435 1.326 1.552 <0.0001

Ramp protocol, W/mina 10.4 �2.3 2250

Peak VO2, L/min 1.102 �0.396 2699 0.538 0.483 0.599 <0.0001

Peak VO2/kg, mL/kg per min 14.4 �4.4 2696 0.535 0.481 0.596 <0.0001

Peak VO2, % of pred. 52.9 �15.8 2695 0.52 0.47 0.576 <0.0001

Peak HR, beats/min 124 �25 2689 0.792 0.72 0.87 <0.0001

Peak HR, % of pred. 79 �16 2689 0.845 0.768 0.93 0.0006

Peak work rate, W 81.1 �33.3 2408 0.527 0.459 0.605 <0.0001

Peak O2 pulse, mL/beats per min 9.0 �3.1 2672 0.616 0.555 0.684 <0.0001

Peak TV, L 1.5 �0.5 2516 0.759 0.688 0.839 <0.0001

Peak RR, beats/min 32.0 �6.9 2441 1.16 1.056 1.275 0.002

Peak VE, L/min 45.4 �13.6 2640 0.845 0.769 0.93 0.0005

Peak RER 1.12 �0.12 2552 1.026 0.927 1.137 0.6154

VO2 at AT, mL/kg per min 10.1 �3.2 2274 0.581 0.47 0.718 <0.0001

VO2 at AT, % of peak 69 �14 2274 1.162 1.043 1.296 0.0066

HR at AT, beats/min 99.2 �20 2198 0.864 0.774 0.964 0.0092

Work rate at AT, W 50.8 �23.8 2139 0.69 0.603 0.79 <0.0001

O2 pulse at AT, mL/beats per min 8.0 �2.7 2199 0.67 0.595 0.754 <0.0001

VE/VCO2 slope 33.0 �7.7 2526 1.571 1.465 1.685 <0.0001

VO2/work slope, mL/min per Wa 9.4 �2.0 1689 0.868 0.745 1.01 0.067

Atrial fibrillation 448 (17%) 1.395 1.118 1.741 0.0033

Periodic breathing 540 (20%) 1.19 1.00 1.179 0.03

aBike ergometer.

Reproduced with permission from Agostoni et al.9

AT: anaerobic threshold; BMI: body mass index; CI: confidence interval; Crea: creatinine; CRT: cardiac resynchronization therapy; Hb: haemoglobin; HF:

heart failure; HR: heart rate; ICD: implantable cardioverter-defibrillator; Kþ: potassium; LVeDV: left ventricular end-diastolic volume; LVEF: left

ventricular ejection fraction; LVeSV: left ventricular end-systolic volume; MDRD: Modification of Diet in Renal Disease; Naþ: sodium; NYHA: New York

Heart Association; PM: pacemaker; pred.: predicted; Prob. chi sq: RER: respiratory exchange ratio; RR: respiratory rate; TV: tidal volume; VCO2:

carbon dioxide consumption; VE: ventilation; VO2: oxygen uptake
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At present, 25 Italian centres participate in the col-

lection of data, and the registry counts more than

7000 patients so far, with a median follow-up of 1421

(627–2713) days and 1899 events. Table 2 shows the

evolution of the MECKI score registry over time with

the main steps of data collection.
In parallel with the Italian work, two new projects

started in Europe and China, with the aim of extending

the prognosis study through the MECKI score tool to

different populations and ethnicities, and eventually to

improve and correct the score according to their results.

Limitations and strengths of the

MECKI score

Although it is easy to calculate, the main limitation of

the score is the capability of the patient to perform a

maximal CPET. Thus, the MECKI score could not be

applied to very severe heart failure patients (i.e. NYHA

class IV and inotropic-dependent patients), who are

not sufficiently represented in the study population,

or to patients who are not able to pedal. However,

most patients with reasonably stable severe heart

failure can undergo a full exercise evaluation with a

significant improvement in their prognostic evaluation.
Due to the different impact of single prognostic values

in different patients (e.g. different subjects can have a

dramatically different prognosis even though they have

the same ejection fraction), a MECKI score evaluation

can offer a common ground to compare patients from

different institutions and, even more, to compare differ-

ent stages of the disease in the same patient during follow-

up. Moreover, due to the length of the study, which has

collected data since 1993, the MECKI score dataset also

carries a paramount importance in assessing the real

weight of different prognostic values over time. In this

regard, the ‘fixed’ cutoff usually reported in literature (i.e.

peak VO2< 14 mL/min per kg or 12mL/min per kg for

patients receiving beta-blockers) should be interpreted in

a dynamic fashion, since the impact of heart failure treat-

ments (i.e. new drugs, CRT/ICD implant, biomarkers,

risk factor control, coronary and valvular interventions)

have clearly modified the prognosis of heart failure

patients also in advanced stages of the disease.41,44,45

In conclusion, the MECKI score initiative has proven

to be a simple, useful tool for risk stratification and for

Figure 1. Receiver operating characteristic analysis of the MECKI score. The MECKI score AUC was 0.804 (0.754–0.852) at one
year (1758 survivors and 83 events), 0.789 (0.750–0.828) at two years (1254 survivors and 152 events) 0.762 (0.726–0.799) at three
years (1114 survivors and 205 events) and 0.760 (0.724–0.796) at four years (891 survivors and 246 events).
Reproduced with permission from Agostoni et al.9

AUC: area under the curve; MECKI: Metabolic Exercise test data combined with Cardiac and Kidney Indexes
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therapeutic strategies in heart failure patients. The close

connection between the heart failure centres involved

and the continuous updating of the data allows the par-

ticipating sites to propose substudies on specific subpo-

pulations based on a common dataset and to put

together and develop new ideas and perspectives.
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