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ABSTRACT　
 
BACKGROUND　 Individuals with heart failure (HF) frequently experience limitations in mobility, but specific aspects of these
limitations are not well understood. This study investigated the association of HF severity, based on the New York Heart Associ-
ation (NYHA) classes, with digital mobility outcomes (DMOs) and handgrip strength in older inpatients with HF.
 
METHODS　  For  this  explorative analysis,  hospital  admission and discharge data  from an ongoing,  prospective cohort  study
were  used.  The  sample  included  older  participants  with  HF  and  a  sub-sample  of  heart-healthy  individuals.  Participants  were
equipped with a wearable inertial measurement unit (IMU) system during mobility performance (balancing, sit-to-stand transfer,
walking). We analyzed the association between 17 DMOs and HF severity with multiple linear regression models.
 
RESULTS　The total sample included 61 older participants (65–97 years of age, 55.7% female). Of all DMOs, only sway path in a
semi-tandem stance position (m/s²) showed a relevant association with NYHA classes (admission: β = −0.28, P = 0.09; discharge:
β = −0.39, P = 0.02). Handgrip strength showed a trend towards a significant association (admission: β = −0.15, P = 0.10; discharge:
β = −0.15, P = 0.19).
 
CONCLUSIONS　 This is to our best knowledge the first analysis on the association of HF severity and IMU-based DMOs. Sway
path and handgrip strength may be the most promising parameters for monitoring mobility aspects in treatment of HF.

  

H eart failure (HF, with preserved and re-
duced ejection fraction[1]) is one of the
most common, costly and disabling chro-

nic conditions worldwide. HF primarily affects
older people and the prevalence increases with age.[2]

Approximately 80% of patients with HF are ≥ 65
years old[3,4] and in people ≥ 70 years, the preva-
lence is ≥ 10%.[5,6] The prognosis of HF is threaten-
ing and does not differ significantly from that of
common malignant diseases. Therapy of HF is es-
sentially based on the adjustment of risk factors and
fluid intake, stage-appropriate pharmacotherapy
and cause-dependent device therapy.[7]

HF is commonly classified using the New York
Heart Association (NYHA) classification.[8,9] In stage I,
there are no limitations of physical activity, while
a person in stage IV is unable to carry on any phy-
sical activity without discomfort and may experi-
ence symptoms of HF or the anginal syndrome even
at rest.

HF can affect mobility in several ways. On one
hand, chronic HF leads to a variable state of malnu-
trition and consequently to sarcopenia. On the other
hand, the reduced cardiopulmonary reserve allows
only reduced activity, which promotes the process
of sarcopenia.[10] Almost 60% of patients with HF
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have mobility disability, indicated by the inability
to walk 2 to 3 blocks or walk up 10 steps.[11] Muscle
wasting and sarcopenia[12,13,10] and reduced transfer,
balance and walking abilities[12,11,14] may be the main
reasons for this limitation, which conversely is the
most consistently reported cause for reduced qual-
ity of life in this patient cohort.[15] Thus, interven-
tions to increase mobility in HF are highly recom-
mended.[16,17]

For this purpose, objective and robust outcome
parameters are required. Mobility is usually as-
sessed either with patient-reported outcomes (per-
ception measures), or with clinical outcome assess-
ments, such as the 6-min walk test, the Short Phys-
ical Performance Battery (SPPB), the Timed Up and
Go Test (TUG) and timed walking tests.[18−21] For ex-
ample, a study reported that SPPB scores differed
significantly across NYHA classes in a sample of ol-
der hospital patients with HF (patients with less
severe HF performed better).[22] However, these as-
sessments were not designed to capture specific para-
meters of mobility. Recent developments in the area
of digital mobility outcomes (DMOs), mainly with
wearable inertial measurement units (IMUs), allow a
more granular and detailed mobility assessment.[23−25]

IMUs commonly consist of accelerometers, gyro-
scopes and magnetometers, and provide the oppor-
tunity to assess mobility aspects without the need
for a dedicated laboratory.[26] The use of IMUs for
the assessment of mobility parameters is feasible in
a clinical and home setting and extracted paramet-
ers might reveal more information about mobility
impairment than established clinical outcome as-
sessments.[26,27]

To our knowledge, IMUs have never been used to
quantify specific mobility parameters in patients
with HF and it is unclear if DMOs are associated
with disease severity in this population. Thus, this
exploratory study aimed to assess the association
between disease severity and DMOs as well as han-
dgrip strength in patients with HF.[28]

 Methods

 Study Design and Setting

Data has been obtained from the ‘Cognitive and
Motor Interactions in the Older Population’ (ComOn)

trial,[28] an ongoing, prospective, explorative obser-
vational multi-center cohort study. Participants are
geriatric inpatients recruited in hospitals in Europe.
Details of the ComOn study have been reported re-
cently.[28]

This report includes a sub-sample of geriatric in-
patients admitted to the internal medicine ward of
the Universitätsklinikum Schleswig-Holstein (UK-
SH), Campus Kiel, Germany. Ethical approval was
provided from the ethics committee of the medical
faculty of the University of Kiel (D427/17). The in-
vestigation conforms with the principles outlined in
the Declaration of Helsinki (2013 version) and all
participants provided written informed consent. Re-
porting is informed by the STROBE reporting guide-
line for cross-sectional studies.[29]

 Participants

Inclusion criteria of the ComOn study are:[28] (a) in-
patients aged ≥ 60 years with at least two chronic
conditions; (b) the ability to stand without personal
assistance for at least 10 s; and (c) to walk at least 3 m
(walking aids permitted). Exclusion criteria are: (a)
severe deficits in consciousness (clinical diagnosis);
(b) > 2 falls during the previous week (risk of fall-
ing too high during the examination); (c) score of ≤
5 points in the Montreal Cognitive Assessment
(MoCA) test;[30] (d) history of or current drug abuse
(except nicotine); and (e) (corrected) visual acuity
below 60%. This study is based on data from inpa-
tients submitted to the hospital between 11 January
2018 and 29 May 2019 (504 days, approximately 17
months). Participants received standard procedure
for older inpatients in Germany, the so called “early
rehabilitation in geriatric medicine” (“Geriatrische
Frührehabilitative Komplexbehandlung”, GFK).[31]

The GFK procedure includes, among others, the fol-
lowing aspects: care by a multidisciplinary team, com-
prehensive geriatric assessment, activating-thera-
peutic nursing care, regular physiotherapy, occupa-
tional therapy, and speech and language therapy.
We included all participants with HF based on the
medical diagnosis reported in the hospital disch-
arge report. Participants with HF were classified ac-
cording to the NYHA classes (class I to IV).[32,9] The
clinical diagnosis of HF was made by experienced
doctors with special training in internal medicine,
cardiology and geriatric medicine. An additional
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convenience sample of participants without any
known structural heart disease (e.g., coronary heart
disease) and inconspicuous amino-terminal pro-
brain natriuretic peptide (NT-proBNP) levels < 125
pg/mL was included in this analysis, to represent a
group that has no HF-related limitation of physical
activity. For every participant, the number of dia-
gnoses according to the 10th revision of the Interna-
tional Statistical Classification of Diseases and Re-
lated Health Problems (ICD-10), was recorded from
the hospital report. In addition, the patients’ exact
ICD-10 codes were grouped into the categories of
diagnoses coded by the first three characters of the
ICD-10 code to illustrate the multimorbidity of the
present sample.

 Procedures

Participants were recruited at hospital admission
and assessed within the first two days and during
the last two days before discharge of their inpatient
stay (approximately 14–21 days). Participants re-
ceived multidisciplinary care according to GFK pro-
cedures.

 Outcome Measures

Outcome measures were derived from an extens-
ive comprehensive geriatric assessment.[33] In addi-
tion, a detailed assessment of cognition and physic-
al functioning was conducted. Clinical and demo-
graphical data were taken from the participants’
hospital records and additional semi-standardized
clinical interviews. Gait and balance were assessed
with two standardized performance-based clinical
outcome assessments, the SPPB[34] and the TUG.[19]

Both assessments were performed in a supervised
environment (i.e., the hospital ward) on level gro-
und. Participants wore solid footwear and the use
of walking aids, such as canes or wheeled walkers,
was permitted during the walking tasks if the parti-
cipant was dependent on the walking aid in daily
life. The SPPB is a measure of mobility and physi-
cal functioning, including objective tests of lower
body motor functions: a hierarchical test of stand-
ing balance in 3 positions (feet closed, semi-tandem
stance, tandem stance), a 4-m walk test (usual gait
speed), and a 5-times chair rise test.[34] The SPPB has
a scoring from 0 (unable) to 4 points for every sub-
test, with a maximum of 12 points in total. Suffi-

cient validity and reliability of the SPPB have been
described for older people with and without cardi-
opulmonary diseases.[34,18,35,22] The TUG measures
basic mobility functions. The participants are asked
to stand up from a chair, walk 3 m, turn around, walk
back, and return to the chair.[19] In the present stu-
dy, participants were instructed to stand up without
using their arms, if possible. In the first trial, the
participant’s first step was with the left leg. In the
second trial, the first step was with the right leg.
The mean score of both trials in seconds was used
as the final score. There was no familiarization trial.
Shorter times indicate higher mobility capacity.
There is evidence of sufficient reliability and con-
struct validity of the TUG in people with HF.[36,37]

During the administration of the SPPB and the
TUG, participants were equipped with a wearable IMU
system (Rehagait®, Hasomed, Magdeburg, Ger-
many) consisting of three IMUs worn at both ankles
(lateral fixation) and at the lower back (L5). Each IMU
contains a 3D accelerometer (± 16 g), a 3D gyro-
scope (± 2000 °/s), and a magnetometer (± 1.3 Gs),
resulting in nine degrees of freedom. Based on IMU
data recorded during SPPB and TUG administra-
tion, 17 different DMOs were calculated. An over-
view of those outcomes, according to the mobility-
related activities, is given in Table 2. The selection
of DMOs was based on the requirement to reflect
mobility aspects of sit-to-stand, balance, and walk-
ing as broadly as possible, and to use parameters
that have already been used for such measure-
ments in other cohorts.[24,25,38]

The IMU data was processed by custom-written
scripts using MATLAB (MathWorks, Nantick, MA)
based on Mancini, et al.[39,40] For static balance, the
collected outcomes provided information about the
sway area [cm2/s5], path [m/s2], acceleration [cm/s2],
jerk [cm/s3], and frequency [Hz] in a semi-tandem
stance position.[39] Acceleration and jerk were ex-
pressed as the root mean square value and com-
puted in both anterior-posterior (AP) and medio-
lateral (ML) directions, as there is evidence that dif-
ferences in both directions can represent different
pathologies or compensation strategies of the
body.[39,41] For sit-to-stand, we calculated total dura-
tion [s], total trunk flexion [°], maximum trunk flex-
ion velocity [°/s], and maximum trunk extension
velocity [°/s].[42] In addition, we calculated 8 differ-
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[(
sstance

sswing

)
/
(m

s

)]
ent walking-related mobility outcomes: gait speed
[m/s], number of steps [n], step-time [s] step-time
variability [SD (step time)/(speed)], stance time/

swing time ratio , double support time

[s/(m/s)], double support time variability [SD
(double support time)/(m/s)], asymmetry index α
[α/(m/s)].[43]

Handgrip strength in kg was measured with an
hydraulic dynamometer (Saehan® Corporation Ko-
rea, Hydraulic Hand Dynamometer, Model SH5001)
according to the protocol proposed by Roberts et al.[44]

The highest score of 4 measures (each side two
times) was used as the final score.

 Statistical Analyses

For continuous data, descriptive statistics are pres-
ented as means and standard deviations. Categorical
data are presented as frequencies (percentages).
Data were analysed using SPSS 23.0 (IBM Corp., Ar-
monk, New York, USA), JASP (University of Ams-
terdam, version 0.16), and MATLAB (MathWorks,
Nantick, MA, USA). Sample characteristics are pre-
sented descriptively. Missing values are due to un-
availability of patients or assessors, unplanned dis-
charges, physical impairment/fatigue, and record-
ing errors. Significance was set to P ≤ 0.05 in all ana-
lyses.

Multiple linear regression was used to estimate
the association between the predictors (NYHA cl-
ass, age, sex, walking aid use) and the outcome vari-
ables (DMOs, handgrip strength). The potential
confounders age, sex, and walking aid use were in-
cluded in the models since these variables are asso-
ciated with the degree of physical impairment in
this population.[45,46,12]

We assessed the following assumptions prior to
model calculation:[47] normality (Shapiro-Wilk-test),
homogeneity (Levene-test), and multicollinearity
(Spearman’s rho). All assumptions were met. For
each overall model, we report the coefficient of de-
termination (R2), adjusted by the number of predict-
ors.[48] Standardized beta coefficients (β), i.e., the re-
gression coefficients referring to how many stand-
ard deviations the outcome variable will change,
per standard deviation increase in the predictor var-
iable, were reported to allow comparison of the str-
ength of the effect of each individual predictor. We

did not correct any P-values due to the exploratory
character of the analyses.

 RESULTS

During the study period, 61 older patients of the
internal geriatric ward of the hospital were recru-
ited and included in this analysis. Of those, 49 indi-
viduals were diagnosed with HF and 12 individu-
als presented without any known structural heart
disease (heart-healthy sample). The mean age of
participants was 82.2 ± 6.3 years (range: 65–97 years)
and 34 participants (55.7%) were female.

Participants’ baseline characteristics are reported
in Table 1. The medical diagnoses of the sample ac-
cording to ICD-10 classification are listed in the Sup-
plementary file 1. DMOs and handgrip strength at
admission and discharge are presented in Table 2.
The associations between the predictors (NYHA
class, age, sex, walking aid) and the outcome vari-
ables (DMOs, handgrip strength) are reported in
Table 3 for admission and discharge.

The following overall regression models includ-
ing DMOs/hand grip strength were significant
(Table 3): gait speed at admission and discharge, sit-
to-stand total duration at discharge, and total trunk
flexion at admission. However, for none of these pa-
rameters did the NYHA class show a significant as-
sociation with the respective DMO. Rather, sex (for
sit-to-stand total duration and total trunk flexion, and
tendentially also for gait speed) and use of a walk-
ing aid (for gait speed) were found to be significan-
tly contributing variables to the overall model. Use
of a walking aid had an influence on the overall mo-
del for some DMOs. For handgrip strength, the
overall model was also statistically significant at ad-
mission and discharge, with the highest variance
resolutions observed in our analyses, respectively.
The NYHA classes tended to contribute to this ef-
fect, especially at admission. Moreover, sex and age
contributed relevantly to the overall model. Associ-
ations of handgrip strength with NYHA classes at
admission and discharge are presented in Figure 1A
and Figure 1B, respectively. Although not signific-
ant in the overall model, a notable association was
shown between the following DMO and NYHA class.
At admission, sway path showed a trend towards
significance with NYHA classes. This association
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was significant at discharge (Figure 1C and Figure 1D,
respectively). All other dependent outcome vari-
ables did not show relevant associations with NYHA
classes (Table 3).

 DISCUSSION

The main finding of this exploratory study in
geriatric patients with HF is that regression models
including NYHA class, age, sex, and use of walking
aid showed significant associations with some
DMOs and hand grip strength, suggesting that the
(digital) assessment of mobility aspects could aid
relevant information to presence and severity of HF
in older adults. Moreover, static sway (more spe-
cifically, sway path) and hand grip strength turned
out to be the most promising quantitative paramet-
ers associated with HF in our cohort.

To our knowledge, this work is the first to exam-
ine the above associations both before and after in-
patient optimization of therapy. The results show
that the existing associations between NYHA and
DMOs hold for both assessment times. We are not

aware of any other study that used IMUs to quanti-
fy specific mobility aspects in individual with HF.[49]

Thus, comparability with existing evidence is lim-
ited. However, some studies have used at least par-
tially comparable methods[50] which will be dis-
cussed in the following.

Based on the multiple linear regression models,
sway path [m/s2] was the DMO most strongly asso-
ciated with NYHA classes at admission and dis-
charge, decreasing with higher NYHA classes. Pos-
tural sway is the seemingly random movement aro-
und the center of mass of a body during stance.
Typically, less postural sway is considered to indic-
ate higher stability and better balance ability,[40,51]

and increased sway is considered a risk factor for
falls in older adults.[52] Therefore, our result is sur-
prising at first view. However, it could be that sev-
erely affected patients with HF, similar to severely
affected patients with Parkinson’s disease,[53] re-
duce their movements around the center of mass,
therefore reducing the risk of moving the body to
the limit of stability and thus avoiding fall risk.[54] In

 

Table 1    Participant characteristics at hospital admission.

Characteristic Participants with HF
(n = 49)

Participants without any diagnosis of a
structural heart disease (n = 12)

Total sample
(n = 61)

Age in years, mean ± SD (range) 83.1 ± 5.9 (65–97) 78.6 ± 6.9 (70–88) 82.2 ± 6.3 (65–97)

Sex, females 31 (63.3%) 3 (25.0%) 34 (55.7%)

Number of ICD-10 diagnoses per participant,
median (IQR) 19 (14 – 22) 18 (12 – 19) 19 (16 – 25)

*New York Heart Association class

　No diagnosis of HF 0 12 (100%) 12 (19.7%)

　I 0 0 0

　II 26 (53.1%) 0 26 (42.6%)

　III 13 (26.5%) 0 13 (21.3%)

　IV 10 (20.4%) 0 10 (16.4%)

Walking aid

　None 10 (20.4%) 4 (33.3%) 14 (23.0%)

　Cane 5 (10.2%) 0 5 (8.2%)

　Other 27 (55.1%) 6 (50.0%) 33 (54.1%)

　Missing 7 (14.3%) 2 (16.7%) 9 (14.8%)

Data are presented as n (%) unless other indicated. *New York Heart Association classification system [The Criteria Committee of the
New York Heart Association 1994].[11]  Class I. Patients with cardiac disease but without resulting limitation of physical activity.
Ordinary physical activity does not cause undue fatigue, palpitation, dyspnoea, or anginal pain. Class II. Patients with cardiac disease
resulting in slight limitation of physical activity. They are comfortable at rest. Ordinary physical activity results in fatigue, palpitation,
dyspnoea, or anginal pain. Class III.  Patients with cardiac disease resulting in marked limitation of physical activity.  They are
comfortable at rest. Less than ordinary activity causes fatigue, palpitation, dyspnoea, or anginal pain. Class IV. Patients with cardiac
disease resulting in inability to carry on any physical activity without discomfort. Symptoms of heart failure or the anginal syndrome
may be present even at rest. If any physical activity is undertaken, discomfort increases. HF: heart failure; ICD-10: 10th revision of the
International Statistical Classification of Diseases and Related Health Problems; IQR: interquartile range.
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line with our findings, a previous study found that
patients with HF showed reduced maximum excur-
sion in forward and backward directions compared
with healthy controls.[14]

Interestingly, a recent meta-analysis showed a
calculated decrease of falls and fall-related injuries
by > 40% in controlled trials that performed gait
and balance training at the limit of stability.[55,56] Al-
though there is evidence from a systematic review
that the fall rate in individuals with HF is higher
than in community-dwelling older adults,[57] there
are unfortunately only a few studies focusing on the
balance abilities in patients with HF.[14] Our results
may be a cautionary signal that in HF, as in many
other conditions, balance training at the limit of sta-
bility is effective in reducing disease-related mobil-
ity deficits.

Besides static sway performance, sit-to-stand mov-
ements are inevitable prerequisites for successful
performance of the activities of daily living[58] and
chair-rise impairment is frequently reported by in-
dividuals with HF.[10] There was no statistically sig-

nificant association between any of the four transfer-
related DMOs and NYHA classes to observe in our
study cohort. This is a surprising result as it can be
assumed that increasing HF is associated with de-
creasing muscle strength,[59] and this limitation be-
comes relevant especially during sit-to-stand trans-
fer. We collected the movement in the context of the
TUG (at self-selected speed), and assume that by in-
creased demand (e.g., as fast as possible, or repea-
ted standing up) the expected effect would rather
have been observed. For that purpose, the applica-
tion of a repeated instrumented sit-to-stand test, for
example the five times chair rise test,[60] seems par-
ticularly promising. This is supported by a recent
study, which compared the durations recorded with
an instrumented repeated sit-to-stand performance
with manually recorded test durations in a sample
of 63 older participants.[61] The instrumented sit-to-
stand durations were more strongly associated with
participant health status, functional status, and
physical activity, indicating added value in clinical
testing of older adults.

 

Table 2    Handgrip strength and digital mobility outcome values at hospital admission and discharge.

Admission Discharge
n Mean ± SD n Mean ± SD

Handgrip strength, kg
Mobility-related activity Digital mobility outcome [unit] 59 19.6 ± 7.8 47 19.4 ± 8.6

Static balance (based on
SPPB semi-tandem stance
position test performance)

Area, m2/s5 46 0.0023 ± 0.0017 42 0.0027 ± 0.0035

Path, m/s2 46 2.30 ± 1.09 42 2.42 ± 1.27

Acceleration, cm/s2 46 1.61 ± 0.56 42 1.68 ± 0.97

Jerk, cm/s³ 46 0.30 ± 0.31 42 0.32 ± 0.35

Mean frequency, Hz 46 2.03 + 0.35 42 2.04 ± 0.30

Sit-to-stand (based on Timed
Up and Go test performance)

Total duration, s 22 2.49 ± 0.77 26 2.57 ± 0.88

Total trunk flexion, ° 22 40.93 ± 13.39 26 36.80 ± 12.55

Maximum trunk flexion velocity, °/s 22 129.91 ± 31.17 26 120.18 ± 43.75

Maximum trunk extension velocity, °/s 22 43.55 ± 15.02 26 42.00 ± 15.37

Walking (based on SPPB
4-meter walk test
performance)

Gait speed, m/s 52 0.48 ± 0.14 47 0.48 ± 0.11

Number of steps, n 52 9.23 ± 3.25 47 9.02 ± 2.41

Step-time, s 52 0.72 ± 0.20 47 0.71 ± 0.16

Step-time variability, SD (step time)/(m/s) 52 0.25 ± 0.45 47 0.23 ± 0.30

(
sstance

sswing

)
/
(m

s

)
Stance time/swing time ratio, 

52 3.90 ± 1.62 47 3.66 ± 1.00

Double support time, s/(m/s) 52 0.46 ± 0.44 47 0.40 ± 0.20

Double support time variability, SD (double support time)/(m/s) 52 0.14 ± 0.31 47 0.09 ± 0.11

Asymmetry index α, α/(m/s) 47 0.20 ± 0.30 41 0.15 ± 0.17

SD: standard deviation; SPPB: short physical performance battery.
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In our regression analyses, no walking-related
DMO was significantly influenced by NHYA class,
sex or age. This result is surprising since evidence
from systematic reviews suggests that walking ca-
pacity, as measured with the 6-min walk test, is in-
fluenced by the NYHA classes in patients with HF,
that older females walk significantly slower than
men, and that gait speed decreases with age.[62−64]

The following reasons might explain why our fin-
dings deviate from the results of those studies. First-
ly, mobility capacity and walking speed was not as-
sessed with IMUs in the other studies and DMOs
are not directly comparable with mobility out-
comes of “classical” clinical outcome assessments.[25]

Secondly, walking was measured over a short dis-
tance in our study; longer distances for test admin-
istration can impact mobility parameters, such as
gait speed.[65] Thirdly, about two third of our HF pa-
tients used a walking aid for ambulation. This rate
is much higher than in other studies (e.g., Lee, et al.,
2020)[66], indicating relatively severe physical im-
pairment in our participants. We addressed this is-
sue by including the ‘walking aid use’ predictor in
the regression models since a significant impact of
walking aids on gait parameters in various clinical
populations has been described.[67,68] Gait speed has
been used frequently to measure mobility perfor-
mance in older adults and in patients with HF.[69] This

 

Figure  1      Associations  between  handgrip  strength/sway  path  and  New  York  Heart  Association  (NYHA)  classes. (A):  Handgrip
strength and NYHA classes at admission (β = –0.15, P = 0.10);  (B):  handgrip strength and NYHA classes at discharge (β = –0.15, P =
0.19);  (C):  sway path and NYHA classes  at  admission (β =  –0.28, P = 0.09);  and (D):  sway path and NYHA classes  at  discharge (β =
–0.39, P = 0.02).
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parameter has prognostic value for various health
outcomes in patients with HF, including disability,
hospitalizations, and mortality.[70−72,50] For example,
a recent meta-analysis found that patients with HF
who showed a slower gait speed had a higher risk
of all-cause mortality than those patients who sho-
wed a faster gait speed [hazard ratio = 1.49, 95% CI:
1.24–1.79].[50] In another review, gait speed was re-
ported consistently different between known groups,
such as patients with Parkinson’s disease or Mul-
tiple Sclerosis and healthy controls [25]. In our sam-
ple, mean gait speed was 0.48 m/s, which is sub-
stantially slower than gait speeds of healthy adults
aged ≥ 80 years (0.95 m/s)[63] and patients with
acute HF in other studies (e.g., 0.74 m/s at admis-
sion and 0.98 m/s at discharge).[73] Thus, the cohort
presented here might be more severely affected
than other cohorts. Severely affected (sub)cohorts
are often excluded in studies and trials, which should
be avoided if possible due to the often-different
results (and then also different therapy options). Fu-
ture research should thus examine mobility aspects,
as measured with DMOs, in relation to NYHA clas-
ses in an as diverse as possible cohort of patients
with HF. These studies should report key informa-
tion on test administration and data collection in
detail, including the measurement method (e.g.,
wearable sensor), setting (e.g., clinic or home), wal-
king bout lengths (e.g., short distance or real-
world), and other aspects (e.g., habitual, fast or real-
world walking performance).[25,65,74]

Handgrip strength has prognostic value for nega-
tive health outcomes in patients with HF, includ-
ing postoperative complications, cardiac adverse
events, and mortality.[75−77] Moreover, handgrip
strength plays a key role in the assessment and dia-
gnosis of frailty and sarcopenia.[78,79] Concerning the
association between handgrip strength and HF
severity, two previous studies reported that hand-
grip strength decreased with increases in NYHA
classes in patients with HF.[59,80] A further recent
study with 500 inpatients with HF showed that
handgrip strength was independently associated
with HF severity, even after adjustment for sex and
age (risk ratio per 1 kg increase for NYHA class
III/IV: 0.98, 95% CI: 0.97–0.99).[81] We found com-
parable results. Since handgrip strength has a pre-
dictive validity for decline in cognition, mobility

and functional status as well as for mortality,[82] the
routine assessment of handgrip strength in older
patients with HF is recommended to identify indi-
viduals at high risk, to identify those patients who
may benefit from interventions to improve muscle
strength and function, and to monitor such inter-
ventions.[83] More research will help to better under-
stand how handgrip strength is influenced by dis-
ease severity in hospitalized patients with HF. We
suggest to further explore this parameter with digit-
al assessment tools. In addition, repeated and rap-
idly performed handgrip strength assessments may
be useful to assess, for example, muscular fatigabil-
ity aspects.[84]

 Strengths and Limitations

The study sample included inpatients with HF
and heart-healthy individuals from a geriatric
ward.[28] Our sampling strategy, including very
broad inclusion and only a few exclusion criteria,
aims to produce a representative sample of geriat-
ric inpatients. To our knowledge, although the sam-
ple is relatively small, this is the first analysis on the
association of disease severity and IMU-based
DMOs in patients with HF. A broad set of 17 differ-
ent DMOs was extracted in this study, including
some of the most frequently assessed parameters in
common medical conditions of older people such as
gait speed, step time, step time variability, and step
count.[25] These mobility outcomes were derived
from the performance of two standardized clinical
outcomes assessments (SPPB, TUG) and based on
three central mobility activities (balancing, sit-to-
stand transfer, walking). This is an explanatory
study aimed to generate hypotheses for further re-
search. There might be selection bias since parti-
cipants with (very advanced) HF might have been
excluded due to the requirement of walking ability
of at least 10 m. The measurement of DMOs based
on standardized clinical outcome assessments (e.g.,
TUG, SPPB) is very difficult in individuals with pro-
nounced physical and/or cognitive impairment,[85,86]

who are thus excluded from the ComOn study. How-
ever, 38% of participants were classified with NYHA
III or IV, gait speed was very low, and most parti-
cipants used a walking aid, indicating a relatively
impaired cohort sample. Furthermore, it is possible
that some participants in the heart-healthy sample
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might suffer from undiagnosed HF. Many patients
with HF of NYHA class I do not exhibit symptoms
attributable to heart disease and therefore remain
undiagnosed until symptoms occur.[7] However, we
carefully checked hospital patient records and NT-
proBNP levels to ensure that no patients with HF
were included in the heart-healthy sample. This stu-
dy focused on the general impact of HF on mobility.
Future studies may also investigate the impact of
preserved versus reduced ejection fraction.

Another reason for caution when interpreting the
present results is the instruction on test perform-
ance used in this study. Participants were allowed
to use their arms and the arm rests or a walking aid
to rise up from the chair, subjected to their physical
abilities and individual preferences. This procedure
is not in agreement with the instruction of a stand-
ardized repeated chair rise test (e.g., 5-times or 30-s
chair rise test),[60,87] but closer to the performance in
everyday life. Since joint movements and shift in
the center-of-gravity during sit-to-stand movement
is highly affected by the use of the upper limbs,[88,89]

the present findings might be biased and need fur-
ther investigation.

Another aspect that should be considered when
interpreting our results is the selection of DMOs.
Although we included 17 parameters, some other
mobility parameters that have been used in other
conditions might be informative as well in patients
with HF, such as stride length, cadence, turn dura-
tion and turn velocity.[25,38] Balance-related outcomes
were derived from the semi-tandem stance position
only and outcomes from other positions, such as a
more challenging tandem-stance, might be used in
further studies to better understand the association
of balance abilities and NYHA class. Walking-re-
lated outcomes were based on a short distance walk.
Real-world walking bouts or data from longer dis-
tances might provide different information.[25] The
outcomes used in this study are most probably also
influenced by factors not included in the regression
models, such as nutritional status, comorbidities,
cognition, medication, daytime of the examination,
fatigue, motivation, or exercise capacity of the parti-
cipants, and from factors that we simply do not
know according to the current state of knowledge.

Another limitation may be the analysis approach.
The measurement properties of most DMOs, in-
cluding validity, reliability and responsiveness to

change, are insufficiently examined and mostly un-
clear.[38,25] This is especially true for patients with
HF. To our knowledge, the key measurement prop-
erties of IMU-based mobility parameters have nev-
er been reported for this population. A recent re-
view concluded that some walking-related DMOs,
including gait speed and step length, exhibited con-
sistent evidence of validity and responsiveness in
multiple conditions, but evidence was inconsistent
or lacking for other DMOs.[25] Our group has re-
cently assessed the day-to-day reliability of eight
static balance parameters using IMUs in a neuro-
geriatric cohort.[90] We found only moderate to poor
relative and absolute reliability. More research is
needed to establish the measurement properties of
DMOs in various clinical conditions before we can
encourage an uptake into clinical practice or clini-
cal trials.[25,91,38] Extensive attempt to develop, valid-
ate and approve DMOs in various health conditions,
including Parkinson’s disease and HF, are cur-
rently performed by the Mobilise-D and IDEA-
FAST projects, both being multidisciplinary consor-
tia that aim to stimulate widespread adoption of
DMOs.[38,92]

 Conclusions

This explorative study suggests that particularly
sway path and handgrip strength are associated
with HF disease severity in geriatric patients. Par-
ticularly DMOs measuring capacity aspects might
be examined as potential biomarkers for the pre-
sence, severity, progression and treatability of HF.[91]

Future studies should also consider an evaluation of
mobility in the place where it is really needed by
patients: the usual environment.
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