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ABSTRACT

Objective: The aim of this study was to examine frailty measures for risk prediction in patients undergoing percutaneous mitral
valve repair (PMVR).

Background: Performance of current risk prediction models based on organ morbidity is only moderate.

Methods: The frailty domains exhaustion, slowness, inactivity, weakness, and unintentional weight loss were prospectively
assessed in patients undergoing PMVR. The association with mortality and heart failure hospitalization (HFH) during a median
follow-up of 506 days was examined and relevant domains were assessed for additive predictive performance over the MitraScore.
Results: Five hundred twenty-four patients were included in the study (mean age [SD]: 77 (9) years, 54.6% male). The risk of mor-
tality and mortality/HFH were significantly increased in patients with exhaustion (hazard ratio: 2.24 [95% CI: 1.63-3.08]/1.83
[1.21-2.77]), slowness (2.74 [1.75-4.30]/1.92 [1.34-2.75]), inactivity (1.96 [1.26-3.05]/1.61 [1.12-2.31]) and weakness (1.83 [1.12—
2.96]/1.34[0.92-1.95]), but not in patients with weight loss (1.24 [0.80-1.92]/1.12 [0.78-1.61]). A simplified frailty (S-frailty) meas-
ure derived from the domains exhaustion and slowness was associated with mortality (4.45 [2.42-8.19]) and mortality/HFH (2.60
[1.64-4.13]) independently of clinical risk factors and the MitraScore, respectively. Prediction of mortality by the MitraScore was
significantly improved when adding S-frailty (Harrell's C 0.645 vs. 0.700, p =0.002). Classification of 1-year mortality risk by the
MitraScore improved when adding S-frailty (net reclassification index 0.21, p=0.012 and integrated discrimination index 0.07,
p<0.001).

Conclusions: A simplified frailty measure comprising self-reported exhaustion and gait speed significantly improved risk pre-
diction in patients undergoing PMVR. Assessment of frailty measures should be part of the decision-making process and mul-
tiparametric risk scores in patients with severe mitral regurgitation.

1 | Introduction mitral valve regurgitation (MR) who are inoperable or at high

surgical risk [1]. Given the high morbidity in patients selected for
Percutaneous mitral valve repair (PMVR) has been shown to be an PMVR, an individualized risk-benefit estimation is essential prior
effective and safe therapeutic option in patients with symptomatic to the treatment decision [2]. However, there is still a lack of means
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Mitral regurgitation; MVARC, Mitral Valve Academic Research Consortium; NT-proBNP, N-terminal pro-brain natriuretic peptide; NYHA class, New York Heart
Association class; PMVR, Percutaneous mitral valve repair; RAS, Renin-angiotensin-system; S-frailty, Simplified frailty; TAVR, Transcatheter aortic valve
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for accurate risk prediction in patients undergoing PMVR. Risk
scores, such as the well-established MitraScore, which have been
validated in or derived from patients undergoing PMVR [3-6] are
focusing on cardiovascular and noncardiovascular organ morbid-
ity. Accordingly, the MitraScore includes age, left ventricular ejec-
tion fraction (LVEF), anaemia, kidney function, peripheral arterial
disease, chronic obstructive pulmonary disease (COPD), high dose
of diuretics and no therapy with renin-angiotensin-system (RAS)
inhibitors [6]. However, the risk scores ignore more holistic mea-
sures of patient health status that might be more relevant for out-
comes in these patients.

Current guidelines recommend assessment of frailty by validated
instruments during the clinical evaluation process of patients with
valvular heart disease [7]. Frailty is a complex clinical syndrome
determined by age, multimorbidity, nutrition and psychosocial
factors, which collectively contribute to reduced physiological
reserves and accumulation of functional deficits [8]. Albeit a gen-
erally accepted definition of frailty is lacking, physical frailty ac-
cording to Fried is one of the most used frailty measures in studies
and clinical routine. Physical frailty according to Fried is defined
by the presence of distinct domains such as exhaustion, weakness,
slowness, low activity levels and weight loss [9]. Frailty is a strong
risk factor for mortality and rehospitalization in elderly people, pa-
tients with cardiovascular disease and patients undergoing cardio-
vascular interventions and cardiac surgery [8, 10-12]. However,
the prognostic impact of frailty components is weakly character-
ized in patients undergoing PMVR so far.

We have shown earlier that frailty assessed by different measures
is common in patients undergoing PMVR and associated with
short- and mid-term mortality [13, 14]. However, the prognostic
contribution of individual frailty domains is unclear and might
be of differential relevance in PMVR patients. In this context we
have recently shown that inactivity, exhaustion and slowness are
significantly improved shortly after PMVR therapy, which might
attenuate their long-term prognostic impact [15]. We hypothesize
that only selected frailty components are of prognostic relevance
and that these might add predictive value to existing risk scores.

The aim of this study was to examine the impact of individual
frailty domains on outcomes in a large prospective cohort of
patients undergoing PMVR and to evaluate whether selected
frailty domains improve risk discrimination based on clinical
routine parameters.

2 | Methods
2.1 | Patients

All consecutive patients who were admitted for nonurgent PMVR
between May 2014 and December 2019 at the Heart Center of
Cologne University Hospital were eligible for this prospective
observational study. Exclusion criteria were an age of <18years
and impossible or refused consent. All patients had symptomatic
MR grade 3 or 4 with a treatment indication according to current
guidelines [16] and were discussed in the interdisciplinary heart
team consisting of cardiac surgeons, interventional and non-
interventional cardiologists. After evaluating the surgical risk
based on validated scores and clinical variables, the decision on

interventional mitral valve repair was made. The interventions
were performed with the MitraClip system (Abbott Vascular, Santa
Clara, California, USA), the PASCAL system or the Cardioband
Mitral Repair system (both Edwards Lifesciences Corp., Irvine,
California, USA). The study was approved in its present form by
the local ethics committee of the Medical Faculty of the University
of Cologne (Reference 14-116).

2.2 | Baseline Assessments

Baseline clinical characteristics were collected before PMVR
from the medical record. Euroscore II was calculated online
(www.euroscore.org/calcold.html). Transthoracic echocardiog-
raphy (TTE) with quantification of MR was performed before
the procedure and at discharge according to guideline recom-
mendations [16]. Laboratory findings were also obtained before
the procedure. Frailty was assessed using the following five do-
mains according to Fried [9]:

1. Self-reported exhaustion: ‘In the past week (for 3 days or
more) I felt everything I did was an effort, and I was not
able to brace myself up for anything’

2. Slowness: Walking speed for 4.57m> 65

3. Inactivity: Positive response of ‘strongly’ or ‘very strongly’
to the following question: ‘In the past month, did your heart
failure prevent you from living the lifestyle you wanted, by
requiring you to lie down or sit down to rest during the day?’

4. Weakness: Grip strength of the dominant hand measured
by dynamometer averaged over 3 passes < 18 kg for women
and <30kg for men

5. Unintentional weight loss: More than 5% of body weight or
more than 4.5kg within the past 12months

Assessment of inactivity in our study was modified from the orig-
inal Fried scale using a question from the Minnesota Living with
Heart Failure questionnaire. This might be a reasonable approach
because activity levels in heart failure patients show a high cor-
relation with symptom burden-based questionnaires [17]. Patients
meeting at least three domains were classified as frail.

2.3 | Follow-Up

Prespecified complications were collected according to the
Mitral Valve Academic Research Consortium (MVARC) [18],
including mortality, neurological complications, heart failure-
associated rehospitalization and vascular complications requir-
ing intervention. Long-term follow-up regarding mortality and
heart failure-related rehospitalization was collected by chart
review and telephone call with patients, relatives or treating pri-
mary care physicians.

2.4 | Statistics
Patient baseline parameters and outcomes were compared ac-

cording to the presence or absence of the five frailty domains.
When normally distributed, continuous variables were reported
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as mean and standard deviation. Statistical significance of
differences was calculated using the Student ¢ test. When not
normally distributed, variables were presented as median and
interquartile range (IQR) and differences across groups were
tested using the Mann-Whitney U test. Because the distribution
of NT-proBNP levels was skewed, natural logarithmic (In) trans-
formation was performed. For nominal as well as ordinal data,
the absolute number and percentage were given. The statistical
significance of differences was calculated using the chi-square
test. For cells with an expected frequency less than five, Fisher's
exact test was used. For factor level comparisons of survival dis-
tribution, we used the log-rank test. Univariate and multivari-
ate Cox regression analysis was used to examine the association
between frailty domains and clinical outcomes. Multivariate
models included all baseline characteristics reported in Table 1,
which showed a significant association (p < 0.05) with mortality
in univariate analysis.

Since distinct frailty domains showed no association with mor-
tality or no independent association in analysis including all five
domains, a new and simplified definition of frailty (S-frailty)
was proposed using only domains with an independent asso-
ciation with mortality. Primary analysis used for derivation of
S-frailty was executed in patients enrolled till October 2017, and
patients enrolled from November 2017 to December 2019 were
used for validation of S-frailty.

To assess the additive prognostic impact of S-frailty in com-
parison to the MitraScore, we generated a logistic regression
model with 1-year mortality as the primary outcome as well
as a Cox regression model with mortality as the primary out-
come and both with MitraScore as a univariate predictor, and
subsequently with S-frailty in a bivariate model. The respective
predicted probabilities or hazard ratios (HRs) were used to cal-
culate the receiver operating characteristic area under the curve
(AUC) or Harrell's c-statistic, respectively. Additionally, net
reclassification index (for risk categories <10%, 10%-20% and
>20%) and integrated discrimination improvement were calcu-
lated for 1-year mortality. These calculations were carried out in
Stata 17.0. All other statistical analyses were carried out in SPSS
Software (Version 28.0). Statistically significant p values were
defined as <0.05.

3 | Results

Six hundred two patients with written informed consent were
eligible within the study period. Two patients died of termi-
nal heart failure before the intervention. Seventy-six patients
were excluded because of incomplete data on frailty domains.
Thus, 524 patients were included in the study. Mean age (stan-
dard deviation) was 77 (9) years, and 54.6% were male. Median
Euroscore II was 5.3%. Four hundred fifty-eight patients (87.4%)
underwent edge-to-edge mitral valve repair with MitraClip and
32 patients (6.1%) with PASCAL, with combined mitral and tri-
cuspid valve repair in 23 cases (4.4%). Direct annuloplasty with
Cardioband was performed in 11 patients (2.1%). Three hundred
thirty-seven patients were selected for analyzing the prognos-
tic impact of individual frailty domains and derivation of a new
frailty measure based on outcome prediction and this measure
was validated in an additional 187 patients. There were no

relevant differences between the derivation and the validation
cohort despite a slightly higher Euroscore II in the validation
cohort (6.6 vs. 5.0) (Supp. Table S2).

3.1 | Frailty Domains

In the derivation cohort 164 of 337 patients (48.7%) were clas-
sified as frail according to Fried. Two hundred twenty-three
patients (66.2%) showed exhaustion, 138 patients (40.9%) each
showed slowness and inactivity, 205 patients (60.8%) showed
weakness, and 143 patients (42.4%) showed unintended weight
loss. There were no significant differences in the aetiology of
MR and comorbidities between patients with and without the
respective five frailty domains (Table 1). Exhausted, slow, inac-
tive and weak patients presented with significantly more severe
heart failure assessed by NYHA class and NT-proBNP levels
than patients without the respective frailty domains. Slow and
inactive patients had a higher median Euroscore II compared to
patients without the respective domains. Patients with weight
loss were significantly older but otherwise did not differ from
patients without weight loss.

322 (95.5%) procedures were technically successful, with 289
(85.8%) showing a reduction of MR to grade 2 or lower at dis-
charge. No intraprocedural death or emergency cardiac surgery
occurred. Eight patients (2.4%) died within the first 6 weeks
after the procedure, and six patients (1.8%) had a stroke during
the procedural hospital stay. There were no differences in proce-
dural complications, reduction of MR at discharge and 6 weeks
mortality between patients with and without the respective
frailty domains (Supp. Table S1).

At a median follow-up of 517days (IQR: 379-621days), 80 pa-
tients (23.7%) died, and 64 patients (19%) were hospitalized for
heart failure. A total of 249 patients (73.9%) survived free of
heart failure hospitalization (HFH) at 1year. Exhausted, slow,
inactive, and weak patients showed significantly increased 1-
year mortality with absolute differences of 9.4%-19.3% compared
to patients without the respective domain (Table 2). One-year
mortality did not differ by weight loss. The HRs of death ranged
from 1.83 to 2.74 for exhausted, slow, inactive and weak patients
(Figure 1, Table 2). The HR of mortality or HFH ranged from
1.61 to 1.92 for slow, inactive and exhausted patients. Mortality
or HFH did not differ by weakness or weight loss. In multivar-
iate Cox regression analysis of mortality and mortality or HFH
including all five individual frailty domains only exhaustion and
slowness remained significant.

3.2 | Simplified Frailty Measure

S-frailty was calculated from the domains exhaustion and
slowness and defined if both domains were present concom-
itantly (in n =113 [33.5%] patients). Patients with none or only
one of the two domains were defined as not S-frail (n=224
[66.5%] patients). S-frail patients had a significantly increased
risk of mortality and mortality or HFH (Central Illustration,
Figure 2, Table 3), with a 1-year event rate of 30.1% for death
and 39.8% for death or HFH in S-frail patients compared to
8.03% and 18.3%, respectively in non-S-frail patients. After
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FIGURE1 | Kaplan-Meier survival plots by individual frailty domains. p value by log-rank test.

adjustment for other clinical risk factors S-frailty remained
significantly associated with adverse outcome, with a HR of
4.45(95% CI: 2.42-8.19) for mortality and a HR of 2.60 (95% CI:
1.64-4.11) for mortality or HFH (Table 3). There were also no
changes in the results after adjustment for residual MR after
the intervention. S-frailty showed similar risk discrimination
in the derivation and validation cohort (Central Illustration,
Supp. Table S3, Supp. Figure S1).

3.3 | Predictive Value of S-Frailty Beyond
the MitraScore

In the total study cohort combining derivation and validation
groups, the MitraScore [6] was significantly associated with
mortality with a HR of 1.49 (95% CI: 1.30-1.70; p<0.001) and
with mortality or HFH with an HR of 1.43 (95% CI: 1.25-1.64;
p <0.001) per score point. When combining the MitraScore and
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S-frailty as predictors in a Cox regression model, S-frailty re-
mained significantly associated with mortality (HR: 2.57; 95%
CI: 1.78-3.71, p<0.001) and the combined endpoint of mortality
or HFH (HR: 1.90; 95% CI: 1.32-2.74; p<0.001). Prediction of
mortality risk was improved in a model with both S-frailty and
MitraScore compared to MitraScore alone, improving Harrell's
C statistic by 0.054 (Table 4). Net reclassification index (0.21,
standard error 0.08, p=0.012) and integrated discrimination
index (0.07, standard error 0.01, p <0.001) demonstrated a sig-
nificant improvement in the prediction of 1-year mortality when
adding S-frailty to the MitraScore.

Patients with high MitraScore (supramedian, > 3 points) had
significantly increased risk of mortality (HR: 2.82, 95% CI:
1.95-4.07, p<0.001). When patients were further stratified by S-
frailty, patients with high MitraScore and S-frailty had the high-
est risk of mortality compared to patients with low MitraScore
and no S-frailty, and patients with high MitraScore and no S-
frailty (HR: 2.83, 95% CI: 1.75-4.59) while patients with low
MitraScore and S-frailty had intermediate risk (HR: 2.48, 95%
CI: 1.40-4.38) (Central Illustration).

4 | Discussion

This study is the first to examine the impact of individual frailty
domains on outcomes in patients undergoing PMVR. The asso-
ciation with long-term clinical outcomes substantially differed
across frailty domains, with a significant association with mor-
tality and mortality or HFH observed for exhaustion, slowness,
inactivity and weakness but not weight loss. Within the do-
mains, only exhaustion and slowness showed an independent
association with adverse outcomes, and we propose an S-frailty
measure based on these two domains. S-frailty was associated

with mortality and mortality or HFH after adjustment for other
clinical risk factors and significantly improved risk prediction
of the MitraScore.

Most scores evaluated for risk stratification in patients undergo-
ing PMVR so far showed weak or moderate performance [3-5,
19, 20], which is not unexpected given that the majority of these
scores were not derived from PMVR cohorts. The MitraScore is
one of very few scores that was originally derived from a large
population undergoing PMVR and validated in an independent
cohort [6]. Even though the discriminatory performance of the
MitraScore is moderate. A likely explanation is that only clinical
and demographic variables were considered that were retrospec-
tively available from routine assessments. However, patients
selected for PMVR show a broad spectrum and combination of
cardiovascular and noncardiovascular diseases of different se-
verity potentially accompanied by aging-related processes. Such
complex interplay of pathologies is difficult to cover by a prag-
matic clinical score comprising a small number of variables.

Contrarily, the concept of frailty can be regarded as a global
summary phenotype resulting from deficits in different physi-
ological systems finally contributing to a failure of homeostatic
mechanisms [21]. A huge body of evidence supports the strong
and additive prognostic role of the frailty syndrome not only in
elderly populations but also in cohorts with a variety of rele-
vant organ morbidity [22-24]. For instance, frailty substantially
improved risk discrimination of the MAGGIC score in a heart
failure population [25]. Similarly, in patients undergoing tran-
scatheter aortic valve replacement (TAVR), frailty improved risk
prediction of the Euroscore and STS score [26].

The frailty model by Fried was developed from the prog-
nostic impact of distinct functional domains in an elderly,
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population-based cohort [9]. Frailty was finally defined by sum-
ming up the five equally weighted domains. Albeit this frailty
measure proved to be of high prognostic relevance in many car-
diovascular populations such as acute and chronic heart failure,
TAVR and PMVR, the impact of distinct domains might differ
across populations and outcomes of interest. For instance, a
study on patients hospitalized for heart failure showed that only
four of the five Fried domains were predictive of mortality and
the weight of individual domains differed by a factor of 2.5 [27].

In patients with a background of heart failure, validation of in-
dividual frailty domains is highly expedient given that there is
a large phenotypical overlap between physical frailty and heart
failure. For example, unintentional weight loss was not asso-
ciated with mortality and heart failure hospitalization in our
and other cohorts with heart failure [28]. Albeit patients with
heart failure measure body weight regularly, unintended weight
loss has been shown to be a strong predictor of poor prognosis
in chronic heart failure [29]. The self-assessment of long-term
changes of body weight and in consequence unintended weight
loss might be inaccurate considering the strong dynamics of
body weight by shifts in volume status [30].

Another point to consider when assessing patients before PMVR
is that valve repair can modify the expression of certain domains
and hence their prognostic value. We have shown that PMVR
significantly improves the domains slowness, exhaustion and
inactivity but not weakness [15]. One might expect that weak-
ness, since unaffected by PMVR, is a particularly robust risk
marker. However, the association of exhaustion and slowness
with adverse outcomes was stronger than that of weakness in
our cohort. Basically, both weakness and slowness are deter-
mined by sarcopenia and loss of muscle mass. Nonetheless,
several studies demonstrated that measures of lower body
weakness such as gait speed are more strongly associated with
overall frailty, functional decline and prognosis than weakness
assessed by hand dynamometer [31-35]. One likely explanation
is that slowness concomitantly represents dysfunction in multi-
ple organ systems, such as cardiovascular, pulmonary, nervous
and musculoskeletal [36].

Differences in the prognostic weight of individual frailty do-
mains observed across studies might also be attributable to the
tools of assessment. We used a simplified assessment of inactiv-
ity when compared to the initial report by Fried where an exten-
sive questionnaire on physical activity was used. However, tools
aimed to be applied in clinical routine need to be rapid and easy,
and the accuracy of assessment needs to be balanced against
feasibility.

The relevance of frailty in the management of patients with car-
diovascular disease is undisputable [37-39] and the prognostic
impact of frailty for different cardiovascular outcomes has been
extensively demonstrated [40]. However, particularly in the con-
text of limited resources in routine care assessment of frailty
needs to be adapted to patient characteristics and clinical aims.
Our study provides important first evidence supporting routine
frailty assessment for risk stratification in PMVR as a basis for
shared decision making with patients. We demonstrated that for
this situation only two of the five frailty domains provide inde-
pendent information regarding mortality and HFH, which will

enable simple and rapid assessment by asking one question and
measuring time of walking through a room. Importantly, this
frailty measure added prognostic information to clinical param-
eters and improved risk discrimination of the MitraScore, which
was specifically developed for PMVR patients.

5 | Limitations

This was a monocentre study, which might limit the general-
izability of results. However, our study population was com-
parable to other PMVR registries in terms of comorbidities,
age, Euroscore, procedural results and outcomes [41, 42].
Furthermore, the large sample size allowed independent valida-
tion of the risk discrimination performance of the S-frailty defi-
nition. Although the Fried scale is one of the most used frailty
assessment tools and is well validated, it is restricted to physical
impairment and other frailty domains such as cognitive impair-
ment or social deprivation need further evaluation. We have
recently shown that a multidimensional prognostic index based
on a comprehensive geriatric assessment is additive to the Fried
phenotype in predicting risk in PMVR patients [13]. However,
from the clinical perspective, the additive gain of information
must be wisely balanced with limited resources for the assess-
ment process. A comprehensive geriatric assessment is unlikely
to be available for every patient undergoing PMVR.

6 | Future Directions

Our findings highlight the need for validation in independent,
preferably multicenter cohorts, and for prospective interven-
tional studies to evaluate whether incorporating this simplified
frailty measure into clinical algorithms can improve procedural
outcomes, optimize patient management, and guide healthcare
resource allocation. These findings may extend beyond PMVR,
guiding future research on the integration of functional and
geriatric assessments into cardiovascular care and other high-
risk interventions.

7 | Conclusions

Individual frailty domains are of variable prognostic relevance
in patients undergoing PMVR. An independent association
with long-term mortality and HFH was observed only for ex-
haustion and slowness. An S-frailty definition based on these
domains showed a strong association with adverse outcomes
when adjusted for other risk factors and significantly im-
proved risk prediction of the well-established MitraScore. Our
findings provide the first evidence supporting the integration
of frailty measures in the risk estimation of patients undergo-
ing PMVR.
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