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Abstract
Background  In the hospital setting, frailty is a significant risk factor, but difficult to measure in clinical practice. We 
propose a reweighting of an existing diagnoses-based frailty score using routine data from a tertiary care teaching 
hospital in southern Germany.

Methods  The dataset includes patient characteristics such as sex, age, primary and secondary diagnoses and 
in-hospital mortality. Based on this information, we recalculate the existing Hospital Frailty Risk Score. The cohort 
includes patients aged ≥ 75 and was divided into a development cohort (admission year 2011 to 2013, N = 30,525) and 
a validation cohort (2014, N = 11,202). A limited external validation is also conducted in a second validation cohort 
containing inpatient cases aged ≥ 75 in 2022 throughout Germany (N = 491,251). In the development cohort, LASSO 
regression analysis was used to select the most relevant variables and to generate a reweighted Frailty Score for the 
German setting. Discrimination is assessed using the area under the receiver operating characteristic curve (AUC). 
Visualization of calibration curves and decision curve analysis were carried out. Applicability of the reweighted Frailty 
Score in a non-elderly population was assessed using logistic regression models.

Results  Reweighting of the Frailty Score included only 53 out of the 109 frailty-related diagnoses and resulted in 
substantially better discrimination than the initial weighting of the score (AUC = 0.89 vs. AUC = 0.80, p < 0.001 in the 
validation cohort). Calibration curves show a good agreement between score-based predictions and actual observed 
mortality. Additional external validation using inpatient cases aged ≥ 75 in 2022 throughout Germany (N = 491,251) 
confirms the results regarding discrimination and calibration and underlines the geographic and temporal validity 
of the reweighted Frailty Score. Decision curve analysis indicates that the clinical usefulness of the reweighted score 
as a general decision support tool is superior to the initial version of the score. Assessment of the applicability of the 
reweighted Frailty Score in a non-elderly population (N = 198,819) shows that discrimination is superior to the initial 
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Introduction
With the global rise in the elderly population, the fragility 
of older adults is a significant concern for healthcare sys-
tems. Older, frail individuals, in particular, often neces-
sitate additional care and services, leading to a higher 
likelihood of hospitalization [1]. Frailty typically mani-
fests as a reduced physiological capacity and heightened 
susceptibility to stressors [2, 3]. Previous studies have 
shown that frailty correlates with increased mortality 
rates [4, 5], and considerable economic burdens [6]. As 
the world ages demographically, it is anticipated that the 
number of frail individuals will substantially increase 
[7], emphasizing the need to understand its prevalence. 
However, there is no consensus on how to assess frailty in 
clinical settings [8].

Given that frailty significantly influences resource allo-
cation and care planning, its assessment should guide 
these processes. Yet, identifying frail older individuals 
faces significant obstacles. Existing tools for measuring 
frailty exhibit only moderate agreement [9], causing vari-
ability in their selection and usage. Moreover, most tools 
are too complex for acute care settings. Even simpler 
tools like the Clinical Frailty Scale [10] and Identification 
of Seniors at Risk [11] require manual assessment, lead-
ing to time consumption and potential errors.

Recently, Gilbert et al. introduced the Hospital Frailty 
Risk Score utilizing International Statistical Classification 
of Diseases and Related Health Problems, Tenth Revision 
(ICD-10) codes [12]. This score was developed in a cohort 
of older patients (aged 75 and older, n = 22 139) that were 
hospitalized between 2013 and 2015 in England. Follow-
ing the publication of the frailty score in 2018, it attracted 
considerable attention in the scientific community. This 
was followed by several external validations of the score 
in general patient populations [13–17], disease-specific 
populations [18–21], and even within patients admit-
ted to the intensive care unit [22]. With the exception of 
intensive care admissions, all of these validations were 
positive. However, the individual factors contained in the 
score were not adjusted or reweighted.

In this paper, we propose a reweighting of Gilbert’s 
score (subsequently referred to as the original Frailty 
Score) using routine data from a single tertiary care 
teaching hospital in southern Germany. We hypothesize 

that this reweighted score (subsequently referred to as 
the reweighted Frailty Score) will improve the predictive 
performance with regard to in-hospital mortality in the 
German setting. Development of the reweighted Frailty 
Score takes place using all older patients (aged 75 and 
older) of the years 2011, 2012 and 2013 (N = 30,525) in a 
German tertiary care teaching hospital. Validation of the 
reweighted Frailty Score takes place in the same hospi-
tal using all older patients of the year 2014 (N = 11,202). 
Furthermore, additional external validation is conducted 
in a second validation cohort containing inpatient cases 
aged ≥ 75 in 2022 throughout Germany (N = 491,251).

Methods
The study cohort includes information on all patients 
hospitalized between 2011 and 2014 at the University 
Medical Centre Freiburg, a tertiary care teaching hospi-
tal in southern Germany [23]. By including all patients 
of a maximum care provider over several years, it can 
be assumed that the full range of hospitalized patients in 
Germany is included. The dataset includes patient char-
acteristics such as sex, age, primary and secondary diag-
noses and in-hospital mortality. Diagnoses were coded 
according to the ICD-10 German modification. Gilbert 
et al. used a multistep process to identify a total of 109 
frailty-related diagnoses on which their Hospital Frailty 
Risk Score was based. We used the same 109 frailty-
related diagnoses to recalculate the Score from Gilbert et 
al. [12], and to generate a reweighted Frailty Score for the 
German setting.

The patient cohort was divided into a development 
cohort (all patients aged 75 years and older hospitalized 
between 2011 and 2013, N = 30,525) and a validation 
cohort (all patients aged 75 years and older hospitalized 
in 2014, N = 11,202). Furthermore, a second validation 
cohort was collected using Germany’s Federal Bureau 
of Statistics (Destatis). The Destatis cohort includes all 
cases that were hospitalised in Germany in 2022. For 
reasons of data economy, a random sample of 10% was 
initially taken and further limited to the inclusion of all 
patients aged 75 and over (N = 491,251). We were able 
to request analyses of this cohort, but received only sum-
mary results without direct access to individual records. 
This approach, in line with German law, negates the need 

version of the score (AUC = 0.92 vs. AUC = 0.87, p < 0.001). In addition, we observe a fairly age-stable influence of the 
reweighted Frailty Score on in-hospital mortality, which does not differ substantially for women and men.

Conclusions  Our data indicate that the reweighted Frailty Score is superior to the original Frailty Score for 
identification of older, frail patients at risk for in-hospital mortality. Hence, we recommend using the reweighted Frailty 
Score in the German in-hospital setting.

Keywords  Aged, Machine learning, Supervised learning, Clinical frailty scale, Risk adjustment, Clinical decision 
making
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for ethics committee approval or informed consent for 
studies as Destatis ensures data protection by censoring 
any details that could identify patients or hospitals.

In the development cohort in Freiburg (admission year 
2011 to 2013, N = 30,525), variable selection was used to 
identify the variables relevant for the association with in-
hospital mortality. In contrast to previous studies on this 
topic, variable selection was not based on p-values but on 
the adaptive lasso [24]. The adaptive lasso is a modifica-
tion of the standard lasso (Least Absolute Shrinkage and 
Selection Operator) [25] and is applied using the ‘lasso 
logit’ command in Stata, a binary logistic regression lasso 
model. A major advantage of the adaptive lasso is its 
oracle property, which improves the selection of relevant 
variables. Unlike other machine learning appraches, the 
adaptive lasso estimates coefficients that can be directly 
applied to other settings, enhancing the model’s utility 
and adaptability. This transferability is crucial for ensur-
ing that the findings are applicable across different set-
tings. The oracle property ensures that as the sample 
size increases, the adaptive lasso consistently selects the 
true relevant variables with high probability [24]. In a 
second step, the penalized coefficients of the model are 
used to obtain weights for each dichotomous condition. 
As in Gilbert et al. [12], the regression coefficients were 
rounded to one decimal point and simply summarized.

Model performance is assessed using the area under 
the receiver operating characteristic curve (AUC). The 
AUC is assessed in the development cohort and in the 
validation cohort. 95% confidence intervals and tests 
between two AUC ranges are performed using the non-
parametric DeLong test [26]. In the development cohort, 
internal validation was conducted using bootstrap resam-
pling with 1000 samples. We compared bootstrap model 
discrimination with apparent model discrimination.

In the validation cohort in Freiburg (admission year 
2014, N = 11,202), calibration plots are constructed as 
recommended [27]. In Calibration plots, observed mor-
tality was plotted against model predicted mortality 
with a local regression (loess) smoother fitted across all 
individuals in the validation cohort to produce a flex-
ible calibration curve [28]. Furthermore, the validation 
cohort was used to carry out decision curve analysis with 
the Stata package DCA to assess the net benefit of using 

the reweighted frailty score, the original frailty score, and 
the CCI. For prediction models, compared with univer-
sal intervention for all or intervention for none, decision 
curve analysis allows calculation of a ‘net benefit’. The net 
benefit is equal to the true positives minus the false nega-
tives, weighted by the threshold at which an intervention 
would be warranted. In our study, the risk thresholds 
under consideration are equivalent to the mortality risk 
at which a clinician would recommend that a patient 
not receive the respective treatment, in accordance with 
the respective score assessment. Net benefit curves are 
smoothed using a robust nonlinear smoother.

In the validation cohort in Germany (admission year 
2022, N = 491,251), we were able to prespecify analyses 
for the calculating the AUCs, ROC-Curves and calibra-
tion plots in accordance to the descriptions above. The 
application of decision curve analysis, however, was not 
possible due to technical constraints.

Last but not least, the applicability of the reweighted 
Frailty Score in a non-elderly population was assessed. 
Therefore, we used all patients aged 18 years and older 
hospitalized between 2011 and 2014 in Freiburg, 
N = 198,819 and used logistic regression models to 
observe the impact of the reweighted Frailty Score on 
in-hospital mortality across different age groups and the 
patients sex.

No imputation for missing values could be conducted 
due to the absence of codes indicating that data were 
missing. If the patient’s electronic health record did not 
include information on a clinical characteristic, it was 
assumed that that characteristic was not present. All 
analyses were performed using Stata 18 (StataCorp, Col-
lege Station, Texas, USA).

Results
In total, N = 30,525 and N = 11,202 hospitalizations were 
recorded in the development and validation cohort in 
Freiburg. In-hospital mortality was 4.12% and 3.85%, 
respectively, the mean patient’s age was ~ 81 years 
and ~ 50% of patients were female in both cohorts (see 
Table 1). According to the weighting proposed by Gilbert 
et al., the mean original Frailty Score was 4.22 and 4.13 in 
the development and validation cohort, respectively.

Table 1  Patient characteristics in the development cohort in Freiburg (admission year 2011 to 2013, N = 30,525) and the validation 
cohorts in Freiburg (admission year 2014, N = 11,202) and Germany (admission year 2022, N = 491,251)
N 30,525 11,202 491,251
Age at admission (in years), mean SD 81.01 4.84 80.87 4.95 82.90 5.12
Female sex, % 50.47% 50.56% 54.67%
Charlson Index, mean SD 2.31 2.75 2.26 2.76 2.12 2.20
Original Frailty Score, mean SD 4.22 5.01 4.13 4.86 6.17 6.25
Reweighted Frailty Score, mean SD 0.21 1.19 0.25 1.23 0.18 1.15
In-hospital mortality, % 4.12% 3.85% 6.08%
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For the reweighting of the Frailty Score, 56 out of 109 
comorbidities were removed within the score develop-
ment process. In the end, only 53 comorbidities were 
associated with in-hospital mortality risk. Supplemental 
Table S1 provides an overview over the prevalence of the 
selected comorbidities in the development and validation 
dataset. The mean reweighted Frailty Score was 0.21 and 
0.25 in the development and validation cohort, respec-
tively (see Table 1).

As shown in Fig. 1, reweighting of the Hospital Frailty 
Risk Score resulted in substantially higher AUCs than the 
initial weighting of the score. This result is nearly iden-
tical in the development (Fig. 1A) and validation cohort 
(Fig. 1B). In addition, internal validation using bootstrap-
ping shows that overfitting is low, as there is very little 
difference between the apparent (AUC = 0.90 [0.89–0.91]) 
and bootstrapped results (AUC 0.89 [0.88–0.90]) in the 
development cohort (N = 30,525).

In the validation cohort in Germany (admission year 
2022, N = 491,251), patients were slightly older (~ 83 
years) and more often female (~ 55%) than in Freiburg. 
Interestingly, the mean original Frailty Score was higher 
than in Freiburg, although the Charlson Score and 
the mean reweighted Frailty Score were comparable 
(Table  1). In addition, in-hospital mortality was higher 
across Germany (6.08%) than in the Freiburg cohorts 
(4.12% and 3.85%). As shown in Fig.  1C, reweighting of 
the Hospital Frailty Risk Score resulted in substantially 
better discrimination (AUC = 0.81 [0.80–0.81]) than the 
initial weighting of the score (AUC = 0.73 [0.73–0.73]) 
and the Charlson Score (AUC = 0.63 [0.62–0.63]).

Calibration of the three scores was compared in the 
cohorts in Freiburg (admission year 2014, N = 11,202) 
and Germany (admission year 2022, N = 491,251) and 
shown in Fig.  2. Calibration plots show the extent to 
which the respective scores predict death in patients at 
low, medium and high risk for in-hospital mortality. 

Calibration of the Charlson Score and the original Frailty 
Score lack granularity among the patients with the low-
est risk. In the validation cohort in Germany (admis-
sion year 2022, N = 491,251), the Charlson Score is 0 for 
a total of 26% and the original Frailty Score is 0 for 17% 
of the patients. The reweighted Frailty Score, in contrast, 
contains negative coefficient, and is thus more granular 
among patients in the lowest risk groups. In Fig. 2, this is 
particularly shown for patients with a predicted in-hospi-
tal mortality risk of < 4%. More detailed calibration plots 
are presented in the supplemental appendix (Figure S1).

Figure 3 shows the decision curves demonstrating the 
clinical usefulness of the three scores as a general deci-
sion support tool. Decision curves were constructed 
using information from the cohort in Freiburg (admis-
sion year 2014, N = 11,202) to avoid overfitting. It should 
be noted that there is no single, specific treatment deci-
sion in the patient population observed. Instead, there 
are a multitude of heterogeneous decisions to be made 
regarding the further clinical course. Often several per 
hospitalization. The net benefit shown in Fig. 3 describes 
the clinical benefit resulting from the additional infor-
mation contained in the risk scores. This can be either 
the continuation of an existing treatment or the initia-
tion of a new treatment. Overall, the net benefit of the 
reweighted Frailty Score is superior to that of the origi-
nal Frailty Score and the Charlson score and the results 
are consistent across the threshold values observed. This 
means that the reweighted frailty score can be of signif-
icantly greater benefit than the other two scores in any 
treatment decision.

Applicability of the reweighted Frailty Score in a non-
elderly population was assessed using all patients aged 
18 years and older hospitalized between 2011 and 2014, 
N = 198,819. As the incidence of frailty is much lower in 
the younger population, a frailty score is unlikely to be 
used to support treatment decisions. However, such a 

Fig. 1  ROC-curves in the development cohort in Freiburg (admission year 2011 to 2013, N = 30,525) and the validation cohorts in Freiburg (admission 
year 2014, N = 11,202) and Germany (admission year 2022, N = 491,251)
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score can be used for risk adjustment. Considering dis-
crimination alone, the AUC of 0.92 [0.91–0.92] of the 
reweighted frailty score is significantly superior to that 
of the Charlson score (AUC = 0.76 [0.75–0.77]) and the 
original frailty score (AUC = 0.87 [0.87–0.88]) in this pop-
ulation as well. The relative influence of the reweighted 
frailty score on hospital mortality is shown in Fig. 4. Here 
we use odds ratios to show the influence of an increase 
in the reweighted frailty score on hospital mortality in 
individual age groups. Overall, it must be said that the 
influence is surprisingly uniform across the different age 
groups. If women and men are considered separately, a 
similar picture emerges: We observe a fairly age-stable 

influence of the reweighted frailty score on hospital mor-
tality, which does not differ significantly for women and 
men.

Discussion
Gilbert et al. [12] developed the Hospital Frailty Risk 
Score based on data from patients admitted to England’s 
National Health Service (NHS) hospitals. Its primary 
advantage lies in its reliance solely on ICD-10 codes, 
allowing its use wherever this coding system is in opera-
tion. Notably, this score can seamlessly integrate into 
hospital information systems, eliminating variability 
among operators and the burdens associated with man-
ual scoring methods. To our knowledge, the present work 
is the first external validation of Gilbert’s Hospital Frailty 
Risk Score. Our approach to reweighting the Frailty Score 
resulted in substantially better discrimination than the 
initial weighting of the score. In addition, calibration 
curves show a good agreement between score-based 

Fig. 4  Analysis of the applicability of the reweighted Frailty Score in a not-
only-elderly population in Freiburg N = 198,819

 

Fig. 3  Decision curves in the validation cohort in Freiburg (admission year 
2014, N = 11,202). Decision curve analysis showing the clinical utility Charl-
son Score (red), the original Frailty Score (green) and the reweighted Frailty 
Score (blue) in predicting in-hospital mortality in the validation cohort in 
Freiburg (N = 11,202). The black dashed line represents the net benefit of 
treating all patients without recognition of any of the three risk scores, as-
suming that all patients would survive. The black solid line represents the 
net benefit of refusing treatment for all patients similarly, assuming that all 
would die after treatment

 

Fig. 2  Calibration plots in the validation cohorts in Freiburg (admission year 2014, N = 11,202) and Germany (admission year 2022, N = 491,251). In the 
validation cohorts, the observed risk of in-hospital mortality is plotted against the predicted risk from the Charlson Score (red), the original Frailty Score 
(green) and the reweighted Frailty Score (blue). The solid line represents perfect calibration (with a slope of 1), and the dashed line represents the respec-
tive loess smoothed calibration curves. Relative frequencies of the predicted values of the three scores are shown at the top
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predictions and actual observed mortality. Additional 
external validation using inpatient cases aged ≥ 75 in 2022 
throughout Germany further underlines the geographic 
and temporal validity of the reweighted Frailty Score.

There are evident advantages in regularly identify-
ing older individuals at risk of adverse outcomes during 
acute hospital stays. This identification facilitates tai-
lored interventions for frailty starting from admission 
and continuing throughout the hospitalization. Other 
advantages encompass better service planning, resource 
allocation, and assessment specifically directed towards 
older individuals with frailty. The benefits of a country-
specific frailty score are particularly relevant in the light 
of the German billing system of diagnosis-related groups 
(DRGs). The DRG system reimburses hospitals based on 
the specific diagnoses and procedures performed. This 
structure can create a financial incentive to perform 
more interventions or procedures, even if they may not 
be in the best interest of frail patients. Consequently, the 
DRG system may undervalue conservative, non-invasive 
treatments that are often more suitable for frail patients.

Moreover, a key area of application for the risk score 
is risk adjustment in observational studies. Billing data 
is often used to compare competing treatment methods 
[29]. In contrast to randomized studies, a simple direct 
comparison is not very meaningful here and great efforts 
must be made to establish comparability for groups that 
are not actually comparable [29]. Three aspects are usu-
ally used for this purpose: (1) disease-specific relevant 
comorbidities, (2) disease-specific risk scores and (3) 
cross-disease risk scores. The Charlson score is often 
used for the latter [30–33]. Due to the complexity of its 
collection, frailty is rarely used for risk adjustment in this 
context, although it can be extremely relevant [12]. And 
this is precisely where we believe that the frailty score 
presented here can be used. The frailty score also has 
advantages over general risk scores such as the Charlson 
score. As the Charlson score contains many internal and 
cardiovascular comorbidities, its use for cardiovascular 
diseases is sometimes problematic: it is always possible 
that a comorbidity only arises during the course of the 
stay, as an outcome of the treatment, so to speak. If this 
possibility exists, the respective risk score should not be 
used for risk adjustment. The frailty score, on the other 
hand, is only slightly affected by this circumstance, as 
frailty-related comorbidities can usually occur little or 
not at all in the course of an individual hospitalization.

There were a few research limitations. First, the main 
part of the presented research is a single-center study, the 
findings of which might not be generalizable. Although 
we were able to verify the results using a Germany-wide 
sample, the entire score development process is still asso-
ciated with the limitations of a single-center study. Sec-
ond, there are no time-stamps attached to the ICD-10 

data. This complicates the external validity and general-
izability of the reweighted Frailty Score in the following 
ways: It is very likely that not all frailty-related diagno-
ses are coded at admission of the patients. Instead, some 
aspects may only be noticed during the course of hospi-
talization and then documented using ICD-10 coding. 
As a result, the likelihood of an aspect finding its way 
into the coding is strongly correlated with the length of 
stay [34]. For example, a patient who is hospitalized for a 
medical emergency and dies shortly after admission has 
a very low probability that all aspects will be fully coded. 
As a result, the score can only ever be used if a complete 
patient history is available or a systematic anamnesis was 
carried out. In everyday clinical practice, this require-
ment is not always met, particularly in the case of emer-
gency patients and/or short-stay patients, which is why 
the reweighted Frailty Score tends to underestimate the 
degree of frailty among these patients.
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