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Abstract: The aim of this study was to identify in-hospital fall risk factors specific for multimorbid
hospitalized geriatric patients with dementia (PwD) during hospitalization. Geriatric inpatients
during ward-based rehabilitation (n = 102; 79.4% females; 82.82 (6.19) years of age; 20.26 (5.53) days of
stay) were included in a comprehensive fall risk assessment combining established clinical measures,
comprehensive cognitive testing including detailed cognitive sub-performances, and various
instrumented motor capacity measures as well as prospective fall registration. A combination
of unpaired t-tests, Mann–Whitney-U tests, and Chi-square tests between patients with (“in-hospital
fallers”) and without an in-hospital fall (“in-hospital non-fallers”), univariate and multivariate
regression analysis were used to explore the best set of independent correlates and to evaluate their
predictive power. In-hospital fallers (n = 19; 18.63%) showed significantly lower verbal fluency and
higher postural sway (p < 0.01 to 0.05). While established clinical measures failed in discriminative
as well as predictive validity, specific cognitive sub-performances (verbal fluency, constructional
praxis, p = 0.01 to 0.05) as well as specific instrumented balance parameters (sway area, sway path,
and medio-lateral displacement, p < 0.01 to 0.03) significantly discriminated between fallers and
non-fallers. Medio-lateral displacement and visuospatial ability were identified in multivariate
regression as predictors of in-hospital falls and an index combining both variables yielded an accuracy
of 85.1% for fall prediction. Results suggest that specific cognitive sub-performances and instrumented
balance parameters show good discriminative validity and were specifically sensitive to predict falls
during hospitalization in a multimorbid patient group with dementia and an overall high risk of
falling. A sensitive clinical fall risk assessment strategy developed for this specific target group should
include an index of selected balance parameters and specific variables of cognitive sub-performances.

Keywords: fall prediction; dementia; hospitalization; neuro-psychological assessment; instrumented
motor assessment; discriminative validity; predictive validity

1. Introduction

Among older persons at risk of falling, persons with dementia (PwD) or cognitive impairment (CI)
represent the highest risk populations with a twice as high fall risk compared to cognitively unimpaired,
and a fall incidence of 70–85% per year [1,2]. In institutionalized settings, fall rates are dramatic,
especially so in PwD/CI, with a threefold fall risk compared to cognitively unimpaired patients [3].
During a considerably shorter observation period as compared to annual fall rates as the established
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incidence rate, 17% of geriatric rehabilitation hospital patients in mixed populations with respect to
cognitive status sustain a fall [4], while about 40% of patients with dementia in psychogeriatric wards
fall at least once during a hospital stay [5].

Falls occur as an interaction of multiple individuum-related and environment-related risk
factors [2,6], with fall risk drastically increasing as the number of risk factors, such as motor impairment,
polypharmacy, history of falls, advancing age, female gender, and visual impairment, increases [6,7].
The elevated fall risk in PwD relates to disease-specific impairments of motor function, such as
impaired gait, balance, and reduced functional mobility [1,2,8], as well as deficits in specific cognitive
subdomains consistently related to increased fall risk, such as impaired executive function [9].
Behavioral disturbances (e.g., wandering) along with psychotropic medication [1,2,10] and lack of
self-awareness for functional and cognitive impairments further contribute to fall risk in PwD [11,12].

In this vulnerable patient group with dementia, fall risk is additionally increased by the hospital
setting representing an environmental risk factor for falls. The interaction of hospitalization-specific
factors, such as unfamiliar physical surrounding and need of assistance [13], with behavioral and
psychiatric symptoms affecting judgment and ability to safely negotiate in the environment negatively
contribute to fall risk [14]. Moreover, hospitalized PwD are likely to experience progression of behavioral
and psychological symptoms due to hospitalization-related distress and disruption of routine [15] and
to develop further geriatric syndromes, such as delirium, functional decline, and hospital-acquired
incontinence [16], further increasing their risk of falls.

Falls may represent critical landmarks in older adults’ lives leading to a wide range of adverse
events, such as increased morbidity, deconditioning and delayed recovery, mobility decline, post fall
anxiety, reduced quality of life, nursing home admission, and increased mortality [17,18]. For PwD,
consequences of falls are even more pronounced. Compared to peers without CI, PwD have a
substantially increased risk of serious injuries, such as a twofold higher rate of hip fracture [1,19],
as well as decreased functional recovery [20]. In hospitalized PwD, falls result in a longer length of
stay (LOS) in hospitals and up to a 4.5 times higher mortality rate following hospitalization compared
to those without dementia [19], with the mortality risk soaring up tenfold with at least one adverse
clinical event, such as a fall, during hospitalization [21].

In this respect, hospitalized persons with dementia represent a particularly vulnerable population
with an urgent need for adequate assessment to identify persons with the highest fall risk. To date,
various approaches have been used to predict falls in various settings, including clinical assessments
with a dual use for clinical routines, such as the geriatric assessment or use as variables for
fall prediction [22,23]. These clinical assessments include multiple domains, such as functional,
psychological, cognitive, or social status, using different assessment strategies, such as anamnesis
(e.g., subjective report on previous falls, use of assistive devices), standardized assessments, using
reporting by validated questionnaires or test-based measures (e.g., Falls Efficacy Scale-International
(FES-I), Mini-Mental State Examination (MMSE)) and also including established capacity measures,
(e.g., Short Physical Performance Battery (SPPB), Timed Up Go (TUG)) [24].

However, with most of the assessments being developed for various screening purposes and
for non-institutionalized older people, or persons without CI, they may not accurately predict falls
in hospital settings [13,25], or may not be applicable in PwD [26], with reduced ability to follow
instructions and difficulties to keep up attention or motivation, resulting in potential inappropriateness
of established assessment tools or instruments to assess fall risk.

Previous studies identified single cognitive sub-performances as potential risk factors for falls in
community-dwelling older persons [9], but no comprehensive approach including a wider range of
cognitive subdomains have been undertaken in PwD.

In systematic reviews on specific fall risk assessments in institutionalized settings, which were not
specified for cognitive status despite the high incidence of cognitive impairment in hospital settings,
none of the identified established fall risk assessments presented with sufficient accuracy to identify
persons with the highest risk for falls [27–29]. Among those clinical fall risk assessments, even the one
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which received a superior rating (St. Thomas’s Risk Assessment Tool (STRATIFY) [30] presented with
limitations due to inhomogeneous results depending on the setting and population [28] and a general
low predictive accuracy [27,31].

Two systematic reviews with a focus on fall risk assessments for PwD documented the inferiority
of established clinical fall risk assessment, such as the Performance Oriented Mobility Assessment
(POMA) and TUG, compared to objective instrumented measures for gait analysis [22,23].

The combination of risk factors from different domains, such as mobility measures, with clinical
fall risk assessment tools documenting cognition, health status, or age improved the accuracy of fall
prediction in PwD in non-hospital settings [32–34]. While the combination with global measures of
cognition had no effect on the accuracy of fall prediction [33,34], specific cognitive measures, such as
executive function, increased the accuracy for multiple falls in community-dwelling older persons
with mild to moderate CI [34].

In summary, there is evidence suggesting an added value for combined fall prediction models in
community-dwelling PwD. However, no study has evaluated such combined models in hospitalized
PwD. It is not clear which clinical, motor, and cognitive factors are useful for developing accurate fall
prediction assessment in this specific setting. A PwD-tailored assessment approach combining the
most relevant variables derived from clinical assessment, motor assessment (i.e., instrumented gait
and balance analysis), and comprehensive cognitive assessment including multiple subdomains could
be a useful approach to identify fall-prone PwD in a hospital setting.

It therefore was the objective of this study to identify risk factors for falls combining different
domains with high association to the target group of older multimorbid hospitalized persons with a
confirmed dementia diagnosis.

2. Materials and Methods

2.1. Study Design and Method

We present a cohort study of geriatric PwD consecutively recruited during ward-based
rehabilitation. Data collection started within 48 h after admission and included predominantly
baseline measures with the exception of the number/incidence of falls, which was documented at the
end of rehabilitation based on strictly standardized electronic patient charts. The study was part of
the project “Geriatric Rehabilitation for Patients with Dementia Study” (GREDE) conducted at the
AGAPLESION Bethanien Hospital/Geriatric Center, Heidelberg University, Germany [35] and was
approved by the Ethics Committee of the Medical Faculty at Heidelberg University in accordance with
the Helsinki Declaration.

The inclusion criterion for GREDE was the diagnosis of mild to moderate dementia as a
secondary diagnosis confirmed by a geriatrician according to core criteria for all-cause dementia
based on a standardized approach, including clinical history, physical and neurological examination,
neuroimaging, laboratory tests, and neuropsychological testing [36]. Exclusion criteria were medical
and/or psychological conditions not allowing the application of neuropsychological and functional
assessments, such as acute confusion, aphasia, severe visual or auditory impairment, severe psychiatric
disorders, severe functional-motor deficits, inadequate language level, or lack of written informed
consent by participants or their legal representatives.

Each participant received personalized rehabilitation, depending on individual abilities and
rehabilitation needs based on comprehensive geriatric assessments. Interventions included exercise,
physiotherapy, assistive technology, psychological, and social interventions. The coordinated
multidisciplinary team of health professionals involves physicians, nurses, physical and occupational
therapists, speech language pathologists, psychologists, therapeutic recreation therapists, as well as
social workers. A main focus of the routine geriatric rehabilitations is given to established rehab goals,
such as functional strength (e.g., as documented by sit-to-stand performances), stair climbing, walking
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performances, or postural control as basic key motor features to regain or defend autonomy of this
vulnerable study population.

2.2. Measurements

Measures were assessed by trained research assistants and comprised well-established assessments,
validated in older persons and in cognitively impaired patients.

2.2.1. Patient Characteristics

Patient characteristics included age, gender, global cognitive status (MMSE, range 0–30) [37],
activities of daily living (Barthel-Index, range 0–100) [38,39], indication for geriatric rehabilitation by
diagnostic groups as documented in patient charts, number of medications, depressive symptoms
(Geriatric Depression Scale (GDS), 15-item version) [40], frailty status (Clinical Frailty Scale (CFS),
range 1–9) [41], physical activity during ward-based rehabilitation (Physical Activity of Inpatient
Rehabilitation questionnaire (PAIR), range 0–7) [42], and length of stay (days).

2.2.2. Definition of Outcomes

• Documentation of in-hospital falls

Outcomes were “in-hospital fallers” versus “non-fallers”. “In-hospital fallers” were defined
as patients having one or more falls during ward-based rehabilitation. Classification was based
on documentation in hospital charts as part of the hospital critical incident reporting system and
risk management during the 3-week rehabilitation period using the standard definition of a fall as
“an incident in which a patient suddenly and involuntarily comes to rest upon the ground or a surface
lower than their original situation” [43].

• Fall risk assessed by fall risk screening instrument

Risk for in-hospital falls was assessed by the STRATIFY risk assessment [30]. The well-established
instrument has been developed to predict patients at high risk of falling [28]. It comprises five questions
about the absence (score 0) or presence (score 1) of fall risk factors: (1) previous falls, (2) disorientation,
mental agitation (3) visual impairment, (4) frequent toileting, and (5) mobility impairment (score 15–20
in the Barthel Index mobility subscale). Thus, the score ranges from 0 (low falls risk) to 5 (high falls
risk), with a score of 2 or more indicating high fall risk [30].

• Fall-associated clinical measures

Based on the literature review, we identified fall-associated characteristics, including age, sex,
number of medication, previous fallers (defined as people who had at least one injurious fall or at least
two non-injurious falls during the last 12 months [44,45]), concerns about falling (measured with the
Short Falls Efficacy Scale-International (Short FES-I; range 7–28) [46]), global cognitive functioning
(MMSE), and motor capacity measures [8,22,47–49].

• Fall-associated motor capacity measures

Muscle strength was documented by the standardized one repetition maximum (1-RM) achieved
at a leg-press training machine for maximal dynamic concentric strength in hip and knee extensors
(in kg) (Kaphingst, Lahntal, Germany) and the 5-chair stand test as an established functional assessment
in older adults [50]. The Performance Oriented Mobility Assessment (POMA) assessed a person’s
mobility and requires both static and dynamic balance abilities [51] (maximal score 28). The Timed
Up and Go test (TUG) is a reliable and valid clinical test to quantify functional mobility. The time
needed, in seconds, to stand up from a regular arm chair, walk a 3-m distance at a comfortable pace,
turn around, return to the chair, and sit-down again is measured [52,53].
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• Assessment of cognitive subdomains

Cognitive subdomains commonly affected in demented patients were comprehensively assessed
by subtests of the Consortium to Establish a Registry for Alzheimer’s Disease Neuropsychological
Assessment Battery (CERAD) [54], including aspects of five different cognitive domains: executive
functioning (verbal fluency: number of words starting with the letter S generated in 60 s), language
semantic memory (modified version of the Boston Naming Test: naming 15 objects presented as line
drawings, maximum score (MS) = 15); episodic memory encoding and recall (Word List-Learning):
sum of words learned in three trials in 10-word learning list, MS = 30 and Word List –delayed recall:
delayed recall of the 10 words presented in WL, MS = 10); visuospatial abilities (Constructional Praxis:
figures—copy, MS = 11); and speed of information processing (Modified Trail Making Test from the
Nuremberg Gerontopsychological Inventory [55]: connecting numbers, mean time of 2 trials, max. 300 s).

• Instrumented measures for gait and balance

Temporo-spatial gait capacity (gait speed, cadence, and stride length) was obtained using the
pressure-sensitive GAITRite-system (CIRSystems, Havertown, PA, USA; length: 4.8 m). Subjects
walked with maximum speed using a walking aid if necessary [56].

Balance capacity was assessed by a wearable sensor (DynaPort® Hybrid, McRoberts, The Hague,
The Netherlands) consisting of a tri-axial accelerometer inserted in an elastic belt and positioned on the
patients’ lower back at the height of the second lumbar vertebra [57]. Balance capacity was assessed
during quiet standing with feet close together (parallel stand) for a 30-s period while data analysis was
executed automatically using online software (http://www.mcroberts.nl/analysis). Center of mass sway
area (mm2), sway path (mm/s), and the root mean square (RMS) of anterior-posterior and medio-lateral
displacement (mm) were documented [57]. The RMS indicates the average amplitude of sway in the
respective direction [58].

During the five-chair stand tests, the patients also wore the wearable sensor DynaPort® Hybrid.
They were instructed to come to a full upright standing position and back to the initial sitting
position in between each sit-to-stand cycle. A sit-to-stand cycle is comprised of sitting, standing up,
standing, sitting down and sitting. After an automated identification of these phases, the duration
of the sit-to-stand and stand-to-sit phase and the duration of the flexion and extension phase of the
sit-to-stand and stand-to-sit phase (in seconds) were calculated [59].

2.3. Statistical Analysis

Socio-demographic and clinical characteristics of participants were documented as frequencies
(n, %), means with standard deviations, or medians with interquartile ranges as appropriate for the
distribution of the variables.

2.3.1. Discrimination between In-Hospital Fallers and Non-Fallers

Unpaired t-tests, Mann–Whitney-U tests, and Chi-square tests as appropriate were used for
comparison of patient characteristics between patients with (“in-hospital fallers”) and without an
in-hospital fall (“in-hospital non-fallers”). As sample sizes were unequal between groups, we used
Welch’s t-test as the default strategy.

2.3.2. Prediction of In-Hospital Falls

A two-step approach was applied to identify the best set of independent predictors with
in-hospital-falls in the study sample. In a first step, we used univariate analysis to describe transparently
the associations between the dichotomized criterion “in-hospital faller/non-faller” and fall-associated
variables found statistically different between subgroups [60]. In the second step, variables significantly
correlated in the univariate analysis (p ≤ 0.05) were subsequently included in in the final multivariate
forward stepwise analysis to explore the best set of independent correlates and to evaluate their

http://www.mcroberts.nl/analysis
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predictive power. Effects were quantified by odds ratios (ORs) with corresponding 95% confidence
intervals (95% CIs) and coefficient of determination (R2). All variables were treated as continuous
except “previous faller”, which was treated dichotomously (yes/no).

For the variables remaining significantly in the multivariate analysis, the receiver operating
curve (ROC), the area under the curve (AUC), and the accuracy (%) were calculated in three different
fall-prediction models (single versus combined models).

A two-sided p-value ≤ 0.05 was considered to be statistically significant. Statistical analyses were
performed using SPSS statistics 25.0 (IBM, Armonk, NY, USA).

3. Results

The sample population comprised 102 multimorbid (number of medication: 9.9 ± 3.3), high-aged
inpatients (82.82 ± 6.19 years of age) with cognitive (MMSE score: median: 22; IQR: 20.75–24) and
functional impairment (Barthel Index: median: 65; IQR: 55–80) (see Table 1).

Table 1. Participants’ baseline characteristics of the total study sample (n = 102).

Variable All (n = 102)

Age, years, mean (SD) 82.82 (6.19)
Gender, female, % 79.4

MMSE score (0–30), median (IQR) 22 (20.75–24)
Barthel-Index (0–100) median (IQR) 65 (55–80)

Indication for geriatric rehabilitation by diagnostic groups, %

Orthopedic problem 25.0
Cerebrovascular disease 19.3

Heart disease 15.9
Other internal disease 21.6

Miscellaneous 18.2

Medication, n, mean (SD) 9.93 (3.27)
GDS score (0–15), median (IQR) 4.0 (1.25-5)

CFS score (1–9), median (IQR) (n = 101) 6 (5–6)
PAIR score (0–7), median (IQR) (n = 87) 6 (4–7)

In-hospital fall, yes, % 18.63
Length of stay (days), median (IQR) 20 (19–21)

Presented are baseline values for the total study sample. MMSE, Mini Mental State examination; GDS, Geriatric
Depression Scale, short version; CFS Clinical frailty scale; PAIR, Physical Activity in Inpatient Rehabilitation
Assessment; Total range of scores are given in brackets behind the variable with higher scores indicating less
impairment in MMSE, Barthel Index and PAIR. For GDS and STRATIFY higher scores indicate higher degree
symptoms. Actual n was indicated for variables with incomplete data.

3.1. Discriminating between In-Hospital Fallers and Non-Fallers

During the study period, 19 patients (18.63%; 84.2% females) sustained an in-hospital fall.
Table 2 presents the characteristics and differences between the two subgroups (in hospital fallers vs.
non-fallers). The established clinical fall risk assessment instrument STRATIFY indicated a high risk of
falling in both groups (median = 2) but did not discriminate between groups (p = 0.22). Comparisons
between groups indicated no differences for global cognitive functioning, age, gender, number of
medications, previous falls, and established motor capacity measures (POMA, TUG, 5-chair rise,
and 1RM) (p = 0.10 to 0.97).

In contrast, significant differences were found in measures of the comprehensive cognitive
assessments and instrumented measures for gait and balance. While the Boston naming task,
the Trail-Making Test, and the memory tasks did not discriminate between subgroups, in-hospital
fallers showed significantly lower scores in the verbal fluency (mean z-score = −1.76 (SD 0.93) vs.
mean z-score = −2.26 (SD 1.01) and the constructional praxis task (mean z-score = −1.93 (SD 1.20)
vs. mean z-score = −2.78 (SD 1.51)) compared to the non-fallers indicating better performance in the



Sensors 2020, 20, 5385 7 of 17

cognitive subdomains of executive (p = 0.039) and visuospatial abilities (p = 0.01) in patients who did
not fall during hospital stay.

Table 2. Characteristics and differences between in-hospital fallers and non-fallers.

Variable a All
(n = 102)

In-Hospital
Non-Fallers (n = 83)

In-Hospital
Fallers (n = 19) p-Value

Fall risk screening instrument

STRATIFY (0–5), median (IQR) 3 (2–3.5) 3 (2–3) (n = 82) 3 (2–4) 0.22 2

Established fall associated clinical measures

Age, years 82.82 (6.19) 83.04 (6.01) 81.89 (6.73) 0.47 1

Gender female, % 79.4 78.3 84.2 0.57 3

Medication, n 8.93 (3.27) 9.02 (3.35) 8.53 (2.98) 0.55 1

Fallers (retrospective) 4, yes, % 50.0 49.4 52.6 0.80 3

FES-I score (7–28), median (IQR) 10 (8–12) 10 (8–12) 11 (8–14) 0.24 2

MMSE score (0–30), median (IQR) 22.03 (2.59–24) 23 (19–24) 22 (21–24) 0.88 2

Fall associated motor capacity measures

1 RM, kg 110.21 (60.77) 114.27 (60.27) (n = 75) 94.21 (61.68). 0.20 1

5-chair stand, s 16.16 (5.91) 16.33 (6.10) (n = 70) 15.30 (4.93) (n = 14) 0.66 1

POMA score (0-28) 21.07 (6.76) 21.62 (6.59) (n=81) 18.74 (7.19) 0.10 1

TUG, s 21.15 (12.06) 20.86 (12.61) (n = 78) 22.38 (9.52) (n = 18) 0.64 1

Assessment of cognitive subdomains (z-scores)

Verbal Fluency −1.85 (0.96) −1.76 (0.93) −2.26 (1.01) 0.04 1

Boston Naming −1.28 (1.11) −1.31 (1.13) −1.15 (1.07) 0.57 1

Word List-Learning −2.90 (1.24) −2.83 (1.22) −3.22 (1.31) 0.22 1

Word List- Delayed Recall −2.01 (1.13) −1.93 (1.12) −2.38 (1.10) 0.11 1

Constructional Praxis −2.09 (1.30) −1.93 (1.20) (n = 82) −2.78 (1.51) 0.01 1

Trail Making Test −1.61 (0.83) −1.57 (0.84) (n = 81) −1.82 (0.76) (n = 15) 0.30 1

Instrumented measures for gait and balance

Sway Analysis (DynaPort)
Sway area, mm2 1011.26 (99.98) 892.67 (749.13) 1529.31 (1280.69) 0.05 1

Sway path, mm/s 20.55 (8.11) 19.44 (7.37) 25.39 (9.58) <0.01 1

Anterior-posterior displacement,
RMS, mm 9.15 (4.72) 8.60 (3.58) 11.58 (7.68) 0.11 1

Medio-lateral displacement,
RMS, mm 8.66 (3.84) 8.00 (3.34) 11.49 (4.65) <0.01 1

Gait Analysis (GaitRite) n = 94 (92.2%) n = 76 (91.6%) n = 18 (94.7%)
Gait speed, cm/s 79.47 (36.00) 80.12 (37.02) 76.74 (32.12 0.72 1

Cadence, steps/min 105.07 (19.50) 104.43 (19.31) 107.82 (20.60) 0.82 1

Stride length, cm 89.04 (29.36) 98.92 (30.32) 85.32 (25.32) 0.25 1

Sit-to-Stand Transfer Analysis
(DynaPort) n = 78 (76.5%) n = 64 (77.1%) n = 14 (73.7%)

Sit-to-Stand duration, s 1.61 (0.44) 1.60 (0.43) 1.65 (0.51) 0.67 1

Sit-to-Stand flexion duration, s 0.81 (0.20) 0.81 (0.20) 0.79 (0.22) 0.78 1

Sit-to-Stand extension duration, s 0.80 (0.26) 0.78 (0.25) 0.86 (0.30) 0.33 1

Stand-to-Sit duration, s 1.65 (0.47) 1.65 (0.50) 1.60 (0.29) 0.72 1

Stand-to-Sit flexion duration, s 0.84 (0.32) 0.85 (0.35) 0.79 (0.17) 0.51 1

Stand-to-Sit extension duration, s 0.81 (0.22) 0.81 (0.23) 0.82 (0.19) 0.21 1

Summary statistics for the two groups of in-hospital fallers and non-fallers. a = Given are mean (SD) unless
otherwise stated. Differences were compared using 1 = Unpaired t-test, 2 = Mann–Whitney-U and 3 = Chi-square test.
STRATIFY, St. Thomas’s Risk Assessment Tool in falling elderly inpatients; MMSE, Mini Mental State examination;
Short FES-I, Short Falls Efficacy Scale-International; TUG, Timed up and go test; 1 RM, Maximal Strength leg
press; POMA, Performance Oriented Mobility Assessment; 4 = fallers were defined as persons with >2 falls or at
least 1 injurious fall during last year. Total range of scores are given in brackets behind the variable with higher
scores indicating less impairment in MMSE and 1 RM and GaitRite analysis. For POMA, TUG, 5 chair rise, FES-I,
STRATIFY and DynaPort analyses higher scores indicate higher degree symptoms. Actual n was indicated for
variables with incomplete data.

Additionally, significant differences were found for the instrumented measures sway area (p = 0.05)
and sway path (p < 0.01) as well as highly significant differences for medio-lateral displacement (p < 0.01),
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indicating better static balance ability in patients who did not fall during hospital stay. Instrumented
gait and sit-to-stand measures did not differ between groups.

3.2. Prediction of In-Hospital Falls

Two cognitive subdomain measures, verbal fluency (p = 0.05) and constructional praxis (p = 0.01),
and the three sensor-based balance measures from the sway analysis (medio-lateral displacement,
sway path, and sway area; p < 0.01 to 0.03) were significantly associated with in-hospital falls according
to univariate regression analysis (Table 3). Medio-lateral displacement explained the highest proportion
of variance (Nagelkerkes R2 = 0.18) (Table 3).

Table 3. Results of the univariate logistic regression and area under the receiver operating characteristic
curve (AUC) analysis.

Variable ∆R2 OR 95% CI p-Value

Cognitive subdomains

Verbal Fluency (z-scores) 0.07 0.58 0.34–0.99 0.05
Constructional Praxis (z-scores) 0.11 0.57 0.35–0.88 0.01

Instrumented measures for balance

Static sway analysis (DynaPort)

Sway area (mm2) 0.10 1.00 1.00–1.00 0.01
Sway path (mm/s) 0.12 1.09 1.02–1.15 0.01

Medio-lateral displacement, RMS (mm) 0.18 1.25 1.01–1.44 <0.01

Presented are univariate logistic regressions for the significantly discriminating variables (Table 2). Abbreviations:
CI: confidence interval; OR: odds ratio: R2: Nagelkerkes R2; RMS: root mean square.

Based on the results of the univariate logistic regression analyses, significant variables were
included in the multivariate logistic regression analysis to explore the best set of independent correlates
with in-hospital falls.

In the multivariate analysis, only the two variables “constructional praxis” (p = 0.05) and
“medio-lateral displacement” (p = 0.01) remained as significant predictors for in-hospital falls, explaining
24% of the variance (Table 4). Lower performance in visuospatial abilities and higher medio-lateral
displacement during standing was associated with a higher risk for in-hospital falls (OR: 0.57, p = 0.01
and OR: 1.25, p < 0.01, respectively) in our sample.

Table 4. Results of the multivariate regression analysis to predict in-hospital falls.

Variable ∆R2 OR 95% CI p-Value

Constructional Praxis (z-scores) 0.06 0.62 0.38–1.00 0.05
Medio-lateral displacement, RMS (mm) 0.18 1.23 1.07–1.42 0.01

Total R2 = 0.24 (p < 0.001)

Presented are results of the multivariate logistic regression. Abbreviations: CI: confidence interval; OR: odds ratio:
R2: Nagelkerkes R2; RMS: root mean square.

For the significant variables that were identified in the multivariate analysis, the receiver operating
curve (ROC), the area under the curve (AUC), and the accuracy (%) were calculated in three different
fall-prediction models (univariate versus combined models).

Predictive properties were determined using receiver operating characteristic (ROC) curves
with in-hospital falls as the criterion variable and “constructional praxis” (model 1), “medio-lateral
displacement” (model 2), and a combination of both variables (model 3) as the independent variables.
The ROCs are shown in Figure 1. “Constructional praxis” (model 1) had an AUC of 0.62 (95% CI:
0.45–0.79) and an accuracy of 83.2% for predicting in hospital falls. “Medio-lateral displacement”
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(model 2) had an AUC of 0.74 (95% CI: 0.60–0.87) and an accuracy of 81.2%. The index combining these
variables (model 3) showed the highest AUC (0.75; 95% CI: 0.61–0.88) and most predictive accuracy
(84.2%) (Figure 1).
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Figure 1. Receiver operating characteristic curve for the two individual and the combined predictors
for in-hospital falls in patients with dementia. Presented are receiver operating curves of different
models for predicting future in-hospital falls in PwD: Model 1 used ‘constructional praxis’ (AUC: 0.64),
model 2 used ‘medio-lateral displacement’ (AUC: 0.74), and model 3 combined these two variables to a
combined model (0.75).

4. Discussion

This study evaluated the discriminative and predictive validity of parameters to identify in-hospital
falls in multimorbid people with confirmed mild to moderate stage dementia. To our knowledge,
this is the first study using a combined methods approach, which compared clinically established
measures, neuropsychological variables for detailed cognitive sub-performances, and instrumented
objective motor capacity parameters to predict in-hospital falls in PwD. Our findings suggest that both
motor biomarkers derived from instrumented assessments and specific cognitive variables based on
comprehensive neuro-psychological tests are superior to traditional fall risk assessment in this high
risk in-hospital population with dementia.

• Clinical measures

In the present study, we included clinically established measures, which have all been identified
as fall risk factors in previous studies. These multi-domain variables comprise social, psychological,
functional, health status, and demographic variables documented in established clinical routines,
such as geriatric assessment. They are therefore available in most patient-related hospital data sets.
These variables were included to cover most relevant clinical information in this specific rehab setting
with acutely impaired multimorbid persons, in which such information seemed mandatory and highly
relevant for the analysis of in-hospital fall risk factors.
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Results of the present study, however, indicate that these measures have only limited relevance
for the identification of risk of falling in the studied population. None of the included clinical variables
neither allowed a significant discrimination between fallers and non-fallers, nor was identified as a
predictor of falls in the univariate or multivariate regression models. Additionally, a well-established
fall assessment tool for in-hospital falls (STRATIFY) based on a number of such single clinical measures
showed similar negative results. The present results are in line with systematic reviews indicating only
a limited predictive validity of such specific risk assessment tools for in-hospital falls [25–27,29] or for
single clinical variables, such as established functional tests [22,23,61] or other assessments established
in clinical settings [24].

Those limitations may be based on different reasons. Some of the parameters show only moderate
associations to falls and may only be highly relevant in subgroups most affected by the parameter [62].

Other parameters are based on subjective reporting with known limitations of accuracy in PwD [63].
For most established measures, no modified version of the assessment tools in order to accommodate
for the attention and memory deficit in PwD are available [30], thus limiting the applicability of such
measures in PwD. In general, all these parameters have not primarily been developed to identify
risk of falling and may therefore not be specific enough to identify the highest risk sub-populations
among multimorbid acutely impaired patients with dementia during hospital stay with an overall
high risk of falling [61]. This challenging task may serve as a background for deviating results for
the use of such parameters in community-dwelling older persons but also for the negative results of
the established risk of falling assessment tool (STRATIFY), rated best in systematic reviews among
comparable assessment tools [26], which was also analyzed in the present study. STRATIFY correctly
identified a general risk of the total sample but not those with the highest risk within such a high-risk
group, documenting sufficient sensitivity, but not limited specificity, as already reported in a previous
review [27,29].

• Cognitive measures

Cognitive status has long been a neglected domain for fall risk assessment despite the fact that CI
represents a major risk factor for falls with direct negative consequences to interventional programs
in which related cognitive training approaches have hardly been included [64]. Surprisingly, and in
contrast to the high risk of falling in hospitalized PwD, we could not identify comprehensive assessment
tools for risk of falling, which were specifically developed for this most affected population [10].
In order to allow an adjusted risk profile in this study for the target sample with diagnostically
confirmed dementia, we included a comprehensive cognitive assessment to document various cognitive
sub-performances in addition to an established screening measure of global cognitive status (MMSE).

In the present study, the overall cognitive status or specific subdomains (e.g., memory-related
performances) did not predict falls neither in the univariate nor multivariate regression model nor
discriminated between fallers and non-fallers. In line with previous studies for different settings in
older persons with or without CI [33,34,65,66], results indicate that, at least in this rather homogeneous
sample with respect to cognitive status, the general cognitive status was not specific and sensitive
enough to predict in-hospital falls in PwD and that cognitive sub-domains have high specificity to
qualify for fall prediction.

In contrast, specific measures for cognitive sub-performances added to the prediction of such falls.
Decreased frontal executive function as operationalized by the verbal fluency test [67] and constructional
praxis for visuo-spatial performances [68,69] stood out, showing significant discriminative validity
for fallers vs. non fallers in the present study. While verbal fluency and constructional praxis were
also significantly associated with in-hospital falls in univariate regression analysis, only constructional
praxis survived in a multivariate model. Visuo-spatial results also improved the fall prediction model,
including both cognitive and motor variables, which were identified by multiple regression, yielding
a comparatively high accuracy for two single parameters of 84% with an AUC of 0.75. The study
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results thereby document a superior specificity and sensitivity of specific measures of cognitive
sub-performances as compared to global cognitive measures and established clinical measures.

The constructional task is a test of visuospatial function or the representation of objects in a spatial
array and impairment in this function may impact the ability to navigate safely between two places by
judging distances or avoiding objects. However performance on this test also relies upon the integrity
of executive functions (organization and planning), which means that the task can be seen to have
executive functioning demands as well [70,71]. Many facets of the umbrella term executive function
are relevant for risk of fall, including working memory, planning, shifting, fluency, and inhibition,
and are often associated to multiple other fall risk factors, such as female gender, higher consumption
of centrally acting medications, and poorer functional capacity [34], including balanced impairment as
a major contributor to risk of falling as in the present study. We therefore interpret the constructional
praxis finding as a specific cognitive indicator for a complex interaction to multiple accumulating
fall risks.

The results are in line with other studies identifying visuospatial abilities [71], executive
functions [8], and other cognitive sub-performances, such as processing speed [9,34], as risk factors
for falls. However, such cognitive risk factors have, to our knowledge, so far not been identified and
specified for in-hospital falls and in PwD.

• Instrumented measures

We included instrumented measures as they give a detailed insight into motor functional deficits
with a high incidence of partly specific functional limitations in PwD as compared to cognitively intact
peers [1,2,8], representing the highest impact factor for falls for the general population [72].

We used instrumented assessment to capture key gait and balance parameters, previously
linked to fall risk in PWD, as described in a recent review paper [30]. In line with this review,
we found instrumented balance measures as significant predictors for prospective falls in our sample.
More specifically, we identified medio-lateral displacement as an independent fall predictor remaining
in the final regression model. Increased center of mass sway in the medio-lateral direction has been
repeatedly identified as a predictor for future falls [73,74]. From the general model of balance control,
for side-by-side standing, the medio-lateral neuromuscular control is a hip load/unload mechanism
while anterior-posterior control is controlled at the ankle [75]. Previous studies in subjects with
subjective memory impairment have shown that the medio-lateral neuromuscular control mechanism
is affected by cognitive impairment, while the anterio-posterior control mechanism is not affected [76].
This may explain our findings about the sensitivity of medio-lateral displacement for predicting falls
in PwD.

We did not find any differences in gait characteristics between fallers and non-fallers. This contrasts
the finding of a recent review reporting gait speed and stride length to differentiate between fallers and
non-fallers [30]. However, none of the studies included in this review were conducted in a hospital
setting with an overall high-risk vulnerable population. Furthermore, no study was conducted for
short-term fall prediction within a geriatric rehabilitation period of 20 days but predicted falls within a
period of 2 to 24 months. Therefore, a direct comparison of our study results in our specific setting
and population with those of previous studies is not possible. We also observed floor effects for gait
analysis in some of our participants, which may have limited the predictive validity of the gait analysis.

People with dementia show disease-specific sit-to-stand movement disorders, which relate to
deficits of integrating cognitive aspects of motor processes into motor action organization [77]. Reduced
performance in the 5-chair stand test is linked to fall risk in older persons [78]. Results of our sit-to-stand
analysis revealed that both groups (fallers and non-fallers) had substantial impairments in the sit-stand
transfer, as indicated by the total time needed. However, no significant between-group differences were
found, indicating that the 5-chair stand time has limited discriminative validity for fall risk in geriatric
inpatients. In order to explore potential differences in specific sub-phases of the sit-stand transfer,
we additionally performed an instrumented analysis of the 5-chair stand, based on an approach
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published previously by our group [59]. We found that the times needed to execute the trunk flexion
and extension during both the sit-to-stand and stand-to-sit did not significantly differ between groups.
The 5-chair stand test is a motor-demanding task and 23.5% of our participants were unable to complete
this assessment at the beginning of the rehabilitation phase. These floor effects reduced the sample size
for this specific assessment and may explain the limited sensitivity of this measure for estimating fall
risk in our sample.

In summary, our results for the instrumented assessment suggest that specific balance parameters
predict falls in geriatric rehabilitation inpatients, confirming previous findings [8]. In our sample,
these parameters had superior predictive validity as compared to instrumented gait and sit-stand
variables. They also outperformed the standard motor assessments, such as the TUG and POMA,
which is in line with findings from systematic reviews [30].

• Combined measured

We combined fall risk measures as such combinations best cover the complex nature of fall
mechanisms, which are based on multiple domains, including clinical, cognitive, and motor risk factors,
in the multimorbid hospitalized acutely impaired high-risk sample for falls with dementia.

Using multiple regression analysis, we aimed to identify those variables independently associated
with falls in our sample. Variables in the domains of postural sway (i.e., medio-lateral displacement)
and cognitive performance (constructional practice) remained in a multivariate model. In line with our
results, previous studies using multivariate analysis have reported postural sway to be significantly
and independently associated with falls while controlling for age. Impaired balance is a key risk
factor for falls in cognitively intact older people [73], and there is increasing evidence that impaired
balance is also an important risk factor for falls in the cognitively impaired [30]. Our study emphasizes
the importance of postural balance impairment as a key risk factor for experiencing a fall during
the geriatric rehabilitation period. The assessed postural balance performance in a quiet standing
position can be considered a surrogate measure of overall sensorimotor performance [79]. Our findings
suggest that those PWD admitted to rehab with a low sensorimotor performance had a greater risk to
experience a fall.

In our study sample, the combination of specific instrumented postural balance parameters
(medio-lateral displacement) and specific cognitive deficits (constructional praxis) was the most
accurate for predicting falls. Using a similar approach, Taylor et al. (2014) also identified several
risk factors in univariate models (first step) and included relevant factors in a multivariate model
(second step). In line with our study, authors found that specific cognitive performances, including
visuospatial deficits, were significantly associated with fall rates in univariate models [8]. However,
in Taylor’s study, cognitive variables did not remain in the multivariate model, as found in our study.

Several characteristics of Taylor’s and our study are comparable, including age (mean: 82.2 vs.
82.8 years), level of cognitive impairment (mean MMSE 22.7 vs. 22.0 points), and motor impairment
(mean TUG: 21.0 vs. 21.2 s). On the same note, studies differ with respect to sample size (n = 174
vs. n = 102), gender distribution (women: 56% vs. 80%), and follow-up period for monitoring
falls (12 months vs. 20 days), which may explain the results discrepancy between both studies.
Furthermore, Taylor et al. (2014) included cognitively impaired but not exclusively those with a
confirmed dementia diagnosis, as performed in our study. Specific cognitive variables related to
dementia may therefore have played a specific role in fall risk assessment in our study. Moreover,
Taylor et al. (2014) observed falls risk in a community-dwelling setting while our study was conducted
in a geriatric inpatient rehabilitation setting. Systematic review papers have requested tailored fall
risk assessments depending on the setting [48]. One could speculate that the specific cognitive deficits
found in our sample increased fall risk specifically in the rehabilitation environment and should
therefore be considered when assessing fall risk in this setting. In summary, our study findings suggest
that the best predictive accuracy can be achieved when combining specific instrumented balance
measures and cognitive measures.
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We see the strength of the present study in the combination of different highly relevant domains,
such as clinical measures, in-depth neuropsychological assessment, and multiple instrumented
measures, with a strong focus on the target population of hospitalized multimorbid geriatric PwD,
which, to our knowledge, have not been analyzed before in this comprehensive density for fall
prediction purpose in this setting.

As a generic limitation, we refer to the fact that the generalizability of the results is restricted to
the study setting and sample, although the results may translate into other samples to a certain extent.
As in previous comparable studies in hospital settings, the number of documented falls is limited by
the short individual observation period and the random nature of fall events, which are still rare events
even in such high-risk populations, with consequences on the modeling to identify risk factors for
in-hospital falls. A study with a larger sample size could verify the validity of the parameters found in
the present study. We did not include activity-related and environmental factors, which are important
in the etiology of falls and may combine with intrinsic risk factors to increase risk [80]. On the same
note, the intrinsic fall risk factors found in our study could be modifiable to potentially inform future
prevention strategies for the specific setting and population.

5. Conclusions

In conclusion, we found that the combination of selected balance parameters and specific variables
of cognitive sub-performances has the potential to provide a clinically meaningful surveillance of
PwD at high risk of falling. The sensor-based balance assessment used in the present study can
be quickly and safely administered during routine care. In contrast to traditional rater-based falls
risk assessment, the sensor-based assessment generates an objective unbiased estimate of fall risk.
Established global functional status measures, such as the TUG, seem to have limited sensitivity in the
ward rehabilitation setting. Instead, our study shows an added value of a specific balance analysis,
extending the current guidelines of fall risk assessment. Systematic reviews have pointed out that
different types of settings should probably use different assessment approaches [48], but no specific
recommendations exist for PwD in a geriatric ward setting. The present findings may help to design
a specific assessment strategy for this setting incorporating sensor-based balance assessment and
specific assessment of cognitive sub-performances going beyond the currently used cognitive screening
instruments. Our study suggests that an assessment of specific cognitive sub-performances could
have an added value for predicting falls in this specific setting. The identified variables should be
considered in the future development of fall prediction strategies for PwD. Beyond the identification
of specific cognitive risk factors, the results may also serve as a first stepping stone to develop specific
intervention programs tailored for this specific target sample. Risk factors as identified in this study
may qualify as candidates for such specific training targets for future fall prevention programs.

Author Contributions: All authors substantial contributed to the conception or design of the work, or the
acquisition, analysis, or interpretation of data for the work, and to the drafting of the work or critical revision
for important intellectual content, and final approval of the version to be published. All authors agreed to be
accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of
the work are appropriately investigated and resolved. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Baden Württemberg Foundation, and the Dietmar-Hopp Foundation.
The funding source had no role in the design and conduct of the study; collection, management, analyses and
interpretation of the data; preparation, review or approval of the manuscript.

Acknowledgments: We thank Phoebe Ulrich, Elena Litz, and Malte Liebl-Wachsmuth for support in
literature search.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Shaw, F.E. Falls in cognitive impairment and dementia. Clin. Geriatr. Med. 2002, 18, 159–173. [CrossRef]

http://dx.doi.org/10.1016/S0749-0690(02)00003-4


Sensors 2020, 20, 5385 14 of 17

2. Zhang, W.; Low, L.-F.; Schwenk, M.; Mills, N.; Gwynn, J.D.; Clemson, L. Review of Gait, Cognition, and Fall
Risks with Implications for Fall Prevention in Older Adults with Dementia. Dement. Geriatr. Cogn. Disord.
2019, 48, 17–29. [CrossRef] [PubMed]

3. Härlein, J.; Halfens, R.J.; Dassen, T.; Lahmann, N.A. Falls in older hospital inpatients and the effect of
cognitive impairment: A secondary analysis of prevalence studies. J. Clin. Nurs. 2010, 20, 175–183. [CrossRef]
[PubMed]

4. Vassallo, M.; Vignaraja, R.; Sharma, J.; Briggs, R.; Allen, S. Tranquilliser use as a risk factor for falls in hospital
patients. Int. J. Clin. Pract. 2006, 60, 549–552. [CrossRef] [PubMed]

5. Tängman, S.; Eriksson, S.; Gustafson, Y.; Lundin-Olsson, L. Precipitating factors for falls among patients
with dementia on a psychogeriatric ward. Int. Psychogeriatr. 2010, 22, 641–649. [CrossRef]

6. Tinetti, M.E.; Speechley, M.; Ginter, S.F. Risk Factors for Falls among Elderly Persons Living in the Community.
N. Engl. J. Med. 1988, 319, 1701–1707. [CrossRef] [PubMed]

7. Ambrose, A.F.; Paul, G.; Hausdorff, J.M. Risk factors for falls among older adults: A review of the literature.
Maturitas 2013, 75, 51–61. [CrossRef]

8. Taylor, M.E.; Delbaere, K.; Lord, S.R.; Mikolaizak, A.S.; Brodaty, H.; Close, J.C. Neuropsychological, Physical,
and Functional Mobility Measures Associated with Falls in Cognitively Impaired Older Adults. J. Gerontol.
Ser. A 2013, 69, 987–995. [CrossRef]

9. Muir, S.W.; Gopaul, K.; Montero-Odasso, M. The role of cognitive impairment in fall risk among older adults:
A systematic review and meta-analysis. Age Ageing 2012, 41, 299–308. [CrossRef]

10. Härlein, J.; Dassen, T.; Halfens, R.J.G.; Heinze, C. Fall risk factors in older people with dementia or cognitive
impairment: A systematic review. J. Adv. Nurs. 2009, 65, 922–933. [CrossRef]

11. Rosen, H.J.; Alcantar, O.; Rothlind, J.; Sturm, V.; Kramer, J.H.; Weiner, M.; Miller, B.L. Neuroanatomical
correlates of cognitive self-appraisal in neurodegenerative disease. NeuroImage 2010, 49, 3358–3364. [CrossRef]
[PubMed]

12. Shany-Ur, T.; Lin, N.; Rosen, H.J.; Sollberger, M.; Miller, B.L.; Rankin, K.P. Self-awareness in neurodegenerative
disease relies on neural structures mediating reward-driven attention. Brain 2014, 137, 2368–2381. [CrossRef]
[PubMed]

13. Oliver, D.; Healey, F.; Haines, T.P. Preventing Falls and Fall-Related Injuries in Hospitals. Clin. Geriatr. Med.
2010, 26, 645–692. [CrossRef] [PubMed]

14. Kallin, K.; Gustafson, Y.; Sandman, P.O.; Karlsson, S. Factors associated with falls among older, cognitively
impaired people in geriatric care settings: A population-based study. Am. J. Geriatr. Psychiatry 2005, 13,
501–509. [CrossRef] [PubMed]

15. Fogg, C.; Griffiths, P.; Meredith, P.; Bridges, J. Hospital outcomes of older people with cognitive impairment:
An integrative review. Int. J. Geriatr. Psychiatry 2018, 33, 1177–1197. [CrossRef] [PubMed]

16. Mudge, A.; McRae, P.; Barnett, A.; Inouye, S. Reducing hospital associated complications in older people:
Results from the CHERISH cluster randomised controlled study. J. Am. Geriatr. Soc. 2019, 67, S142.

17. Hartholt, K.A.; Van Beeck, E.F.; Polinder, S.; Van Der Velde, N.; Van Lieshout, E.M.M.; Panneman, M.J.M.; Van
Der Cammen, T.J.M.; Patka, P. Societal Consequences of Falls in the Older Population: Injuries, Healthcare
Costs, and Long-Term Reduced Quality of Life. J. Trauma Inj. Infect. Crit. Care 2011, 71, 748–753. [CrossRef]

18. Rubenstein, L.Z. Falls in older people: Epidemiology, risk factors and strategies for prevention. Age Ageing
2006, 35. [CrossRef]

19. Harvey, L.; Mitchell, R.; Brodaty, H.; Draper, B.; Close, J. The influence of dementia on injury-related
hospitalisations and outcomes in older adults. Injury 2016, 47, 226–234. [CrossRef]

20. Xu, B.Y.; Yan, S.; Low, L.L.; Vasanwala, F.F.; Low, S.G. Predictors of poor functional outcomes and mortality
in patients with hip fracture: A systematic review. BMC Musculoskelet. Disord. 2019, 20, 1–9. [CrossRef]

21. Marengoni, A.; Corrao, S.; Nobili, A.; Tettamanti, M.; Pasina, L.; Salerno, F.; Iorio, A.; Marcucci, M.;
Bonometti, F.; Mannucci, P.; et al. In-hospital death according to dementia diagnosis in acutely ill elderly
patients: The REPOSI study. Int. J. Geriatr. Psychiatry 2010, 26, 930–936. [CrossRef] [PubMed]

22. Dolatabadi, E.; Van Ooteghem, K.; Taati, B.; Iaboni, A. Quantitative Mobility Assessment for Fall Risk
Prediction in Dementia: A Systematic Review. Dement. Geriatr. Cogn. Disord. 2018, 45, 353–367. [CrossRef]
[PubMed]

http://dx.doi.org/10.1159/000504340
http://www.ncbi.nlm.nih.gov/pubmed/31743907
http://dx.doi.org/10.1111/j.1365-2702.2010.03460.x
http://www.ncbi.nlm.nih.gov/pubmed/21158990
http://dx.doi.org/10.1111/j.1368-5031.2006.00813.x
http://www.ncbi.nlm.nih.gov/pubmed/16700852
http://dx.doi.org/10.1017/S1041610209991724
http://dx.doi.org/10.1056/NEJM198812293192604
http://www.ncbi.nlm.nih.gov/pubmed/3205267
http://dx.doi.org/10.1016/j.maturitas.2013.02.009
http://dx.doi.org/10.1093/gerona/glt166
http://dx.doi.org/10.1093/ageing/afs012
http://dx.doi.org/10.1111/j.1365-2648.2008.04950.x
http://dx.doi.org/10.1016/j.neuroimage.2009.11.041
http://www.ncbi.nlm.nih.gov/pubmed/19961939
http://dx.doi.org/10.1093/brain/awu161
http://www.ncbi.nlm.nih.gov/pubmed/24951639
http://dx.doi.org/10.1016/j.cger.2010.06.005
http://www.ncbi.nlm.nih.gov/pubmed/20934615
http://dx.doi.org/10.1097/00019442-200506000-00009
http://www.ncbi.nlm.nih.gov/pubmed/15956270
http://dx.doi.org/10.1002/gps.4919
http://www.ncbi.nlm.nih.gov/pubmed/29947150
http://dx.doi.org/10.1097/TA.0b013e3181f6f5e5
http://dx.doi.org/10.1093/ageing/afl084
http://dx.doi.org/10.1016/j.injury.2015.09.021
http://dx.doi.org/10.1186/s12891-019-2950-0
http://dx.doi.org/10.1002/gps.2627
http://www.ncbi.nlm.nih.gov/pubmed/21845595
http://dx.doi.org/10.1159/000490850
http://www.ncbi.nlm.nih.gov/pubmed/30041187


Sensors 2020, 20, 5385 15 of 17

23. Modarresi, S.; Divine, A.; Grahn, J.A.; Overend, T.J.; Hunter, S.W. Gait parameters and characteristics
associated with increased risk of falls in people with dementia: A systematic review. Int. Psychogeriatr. 2018,
31, 1287–1303. [CrossRef] [PubMed]

24. Lusardi, M.M.; Fritz, S.; Middleton, A.; Allison, L.; Wingood, M.; Phillips, E.; Criss, M.; Verma, S.; Osborne, J.;
Chui, K.K. Determining risk of falls in community dwelling older adults: A systematic review and
meta-analysis using posttest probability. J. Geriatr. Phys. Ther. 2017, 40, 1–36. [CrossRef]

25. Haines, T.P.; Hill, K.D.; Walsh, W.; Osborne, R.H. Design-related bias in hospital fall risk screening tool
predictive accuracy evaluations: Systematic review and meta-analysis. J. Gerontol. Ser. A 2007, 62, 664–672.
[CrossRef]

26. McGough, E.L.; Logsdon, R.G.; Kelly, V.E.; Teri, L. Functional Mobility Limitations and Falls in Assisted
Living Residents With Dementia: Physical performance assessment and quantitative gait analysis. J. Geriatr.
Phys. Ther. 2013, 36, 78–86. [CrossRef]

27. Matarese, M.; Ivziku, D.; Bartolozzi, F.; Piredda, M.; De Marinis, M.G. Systematic review of fall risk screening
tools for older patients in acute hospitals. J. Adv. Nurs. 2014, 71, 1198–1209. [CrossRef]

28. Aranda-Gallardo, M.; Asencio, J.M.M.; Canca-Sánchez, J.C.; Barrero-Sojo, S.; Jiménez, C.P.; Fernández
Ángeles, M.; Rodríguez, M.E.D.L.; Moya-Suárez, A.B.; Mora-Banderas, A.M. Instruments for assessing the
risk of falls in acute hospitalized patients: A systematic review and meta-analysis. BMC Health Serv. Res.
2013, 13, 122. [CrossRef]

29. Da Costa, B.R.; Rutjes, A.W.S.; Mendy, A.; Freund-Heritage, R.; Vieira, E.R. Can Falls Risk Prediction Tools
Correctly Identify Fall-Prone Elderly Rehabilitation Inpatients? A Systematic Review and Meta-Analysis.
PLoS ONE 2012, 7, e41061. [CrossRef]

30. Oliver, D.; Britton, M.; Seed, P.T.; Martin, F.C.; Hopper, A.H. Development and evaluation of evidence based
risk assessment tool (STRATIFY) to predict which elderly inpatients will fall: Case-control and cohort studies.
BMJ 1997, 315, 1049–1053. [CrossRef]

31. Oliver, D.; Papaioannou, A.; Giangregorio, L.; Thabane, L.; Reizgys, K.; Foster, G. A systematic review and
meta-analysis of studies using the STRATIFY tool for prediction of falls in hospital patients: How well does
it work? Age Ageing 2008, 37, 621–627. [CrossRef] [PubMed]

32. Gietzelt, M.; Wolf, K.-H.; Marschollek, M.; Haux, R. Predicting falls in people with dementia using
accelerometry–A one-year prospective multi-center field study. Biomed. Tech./Biomed. Eng. 2014, 59,
S712–S715.

33. Camicioli, R.; Licis, L. Motor impairment predicts falls in specialized Alzheimer care units. Alzheimer Dis.
Assoc. Disord. 2004, 18, 214–218. [PubMed]

34. Taylor, M.E.; Lord, S.R.; Delbaere, K.; E Kurrle, S.; Mikolaizak, A.; Close, J.C. Reaction Time and Postural
Sway Modify the Effect of Executive Function on Risk of Falls in Older People with Mild to Moderate
Cognitive Impairment. Am. J. Geriatr. Psychiatry 2017, 25, 397–406. [CrossRef] [PubMed]

35. Dutzi, I.; Schwenk, M.; Micol, W.; Hauer, K. Patients with dementia as a secondary diagnosis. Care in geriatric
inpatient rehabilitation. Zeitschrift für Gerontologie und Geriatrie 2013, 46, 208–213. [CrossRef] [PubMed]

36. McKhann, G.M.; Knopman, D.S.; Chertkow, H.; Hyman, B.T.; Jack, C.R.; Kawas, C.H.; Klunk, W.E.;
Koroshetz, W.J.; Manly, J.J.; Mayeux, R.; et al. The diagnosis of dementia due to Alzheimer’s disease:
Recommendations from the National Institute on Aging-Alzheimer’s Association workgroups on diagnostic
guidelines for Alzheimer’s disease. Alzheimer’s Dement. 2011, 7, 263–269. [CrossRef]

37. Folstein, M.F.; E Folstein, S.; McHugh, P.R. “Mini-mental state”. A practical method for grading the cognitive
state of patients for the clinician. J. Psychiatr. Res. 1975, 12, 189–198. [CrossRef]

38. I Mahoney, F.; Barthel, D.W. Functional Evaluation: The Barthel Index. Md. State Med. J. 1965, 14, 61–65.
39. Lübke, M.N.; Meinck, P.M.; Von Renteln–Kruse, M.W.; Renteln–Kruse, W. Der Barthel–Index in der Geriatrie.

Eine Kontextanalyse zum Hamburger Einstufungsmanual. Zeitschrift für Gerontologie und Geriatrie 2004, 37,
316–326. [CrossRef]

40. Yesavage, J.A. Geriatric Depression Scale. Psychopharmacol. Bull. 1988, 24, 709–711.
41. Rockwood, K.; Song, X.; Macknight, C.; Bergman, H.; Hogan, D.; McDowell, I.; Mitnitski, A. A global clinical

measure of fitness and frailty in elderly people. Can. Med Assoc. J. 2005, 173, 489–495. [CrossRef] [PubMed]
42. Denkinger, M.D.; Lindemann, U.; Nicolai, S.; Igl, W.; Jamour, M.; Nikolaus, T. Assessing Physical Activity in

Inpatient Rehabilitation: Validity, Practicality, and Sensitivity to Change in the Physical Activity in Inpatient
Rehabilitation Assessment. Arch. Phys. Med. Rehabil. 2011, 92, 2012–2017. [CrossRef] [PubMed]

http://dx.doi.org/10.1017/S1041610218001783
http://www.ncbi.nlm.nih.gov/pubmed/30520404
http://dx.doi.org/10.1519/JPT.0000000000000099
http://dx.doi.org/10.1093/gerona/62.6.664
http://dx.doi.org/10.1519/JPT.0b013e318268de7f
http://dx.doi.org/10.1111/jan.12542
http://dx.doi.org/10.1186/1472-6963-13-122
http://dx.doi.org/10.1371/journal.pone.0041061
http://dx.doi.org/10.1136/bmj.315.7115.1049
http://dx.doi.org/10.1093/ageing/afn203
http://www.ncbi.nlm.nih.gov/pubmed/18829693
http://www.ncbi.nlm.nih.gov/pubmed/15592133
http://dx.doi.org/10.1016/j.jagp.2016.10.010
http://www.ncbi.nlm.nih.gov/pubmed/28063853
http://dx.doi.org/10.1007/s00391-013-0483-y
http://www.ncbi.nlm.nih.gov/pubmed/23474871
http://dx.doi.org/10.1016/j.jalz.2011.03.005
http://dx.doi.org/10.1016/0022-3956(75)90026-6
http://dx.doi.org/10.1007/s00391-004-0233-2
http://dx.doi.org/10.1503/cmaj.050051
http://www.ncbi.nlm.nih.gov/pubmed/16129869
http://dx.doi.org/10.1016/j.apmr.2011.06.032
http://www.ncbi.nlm.nih.gov/pubmed/22133250


Sensors 2020, 20, 5385 16 of 17

43. Lamb, S.E.; Jørstad-Stein, E.C.; Hauer, K.; Becker, C.; Prevention of Falls Network Europe and Outcomes
Consensus Group. Development of a Common Outcome Data Set for Fall Injury Prevention Trials: The
Prevention of Falls Network Europe Consensus. J. Am. Geriatr. Soc. 2005, 53, 1618–1622. [CrossRef]

44. Hauer, K.; Lamb, S.E.; Jorstad, E.C.; Todd, C.; Becker, C. Systematic review of definitions and methods of
measuring falls in randomised controlled fall prevention trials. Age Ageing 2006, 35, 5–10. [CrossRef]

45. Schwenk, M.; Lauenroth, A.; Stock, C.; Moreno, R.R.; Oster, P.; McHugh, G.A.; Todd, C.; Hauer, K. Definitions
and methods of measuring and reporting on injurious falls in randomised controlled fall prevention trials:
A systematic review. BMC Med. Res. Methodol. 2012, 12, 50. [CrossRef] [PubMed]

46. Hauer, K.; Yardley, L.; Beyer, N.; Kempen, G.I.J.M.; Dias, N.; Campbell, M.; Becker, C.; Todd, C. Validation of
the Falls Efficacy Scale and Falls Efficacy Scale International in Geriatric Patients with and without Cognitive
Impairment: Results of Self-Report and Interview-Based Questionnaires. Gerontology 2010, 56, 190–199.
[CrossRef] [PubMed]

47. Najafpour, Z.; Godarzi, Z.; Arab, M.; Yaseri, M. Risk Factors for Falls in Hospital In-Patients: A Prospective
Nested Case Control Study. Int. J. Health Policy Manag. 2019, 8, 300–306. [CrossRef] [PubMed]

48. Perell, K.L.; Nelson, A.; Goldman, R.L.; Luther, S.L.; Prieto-Lewis, N.; Rubenstein, L.Z. Fall Risk Assessment
Measures: An Analytic Review. J. Gerontol. Ser. A 2001, 56, M761–M766. [CrossRef]

49. Bittencourt, V.L.L.; Graube, S.L.; Stumm, E.M.F.; Battisti, I.D.E.; Loro, M.M.; Winkelmann, E.R. Factors
associated with the risk of falls in hospitalized adult patients. Rev. Esc. Enferm. USP 2017, 51. [CrossRef]

50. Guralnik, J.M.; Simonsick, E.M.; Ferrucci, L.; Glynn, R.J.; Berkman, L.F.; Blazer, D.G.; Scherr, P.A.; Wallace, R.B.
A Short Physical Performance Battery Assessing Lower Extremity Function: Association with Self-Reported
Disability and Prediction of Mortality and Nursing Home Admission. J. Gerontol. 1994, 49, M85–M94.
[CrossRef]

51. Tinetti, M.E. Performance-Oriented Assessment of Mobility Problems in Elderly Patients. J. Am. Geriatr. Soc.
1986, 34, 119–126. [CrossRef] [PubMed]

52. Podsiadlo, D.; Richardson, S. The Timed “Up & Go”: A Test of Basic Functional Mobility for Frail Elderly
Persons. J. Am. Geriatr. Soc. 1991, 39, 142–148. [CrossRef] [PubMed]

53. Menezes, K.V.R.S.; Auger, C.; Menezes, W.R.D.S.; Guerra, R.O. Instruments to evaluate mobility capacity of
older adults during hospitalization: A systematic review. Arch. Gerontol. Geriatr. 2017, 72, 67–79. [CrossRef]
[PubMed]

54. Morris, J.C.; Mohs, R.C.; Rogers, H.; Fillenbaum, G.; Heyman, A. Consortium to establish a registry
for Alzheimer’s disease (CERAD) clinical and neuropsychological assessment of Alzheimer’s disease.
Psychopharmacol. Bull. 1988, 24, 641–652.

55. Oswald, W.D.; Fleischmann, U.M. Psychometrics in aging and dementia: Advances in geropsychological
assessments. Arch. Gerontol. Geriatr. 1985, 4, 299–309. [CrossRef]

56. Webster, K.E.; E Wittwer, J.; Feller, J.A. Validity of the GAITRite® walkway system for the measurement of
averaged and individual step parameters of gait. Gait Posture 2005, 22, 317–321. [CrossRef]

57. Palmerini, L.; Rocchi, L.; Mellone, S.; Valzania, F.; Chiari, L. Feature Selection for Accelerometer-Based
Posture Analysis in Parkinson’s Disease. IEEE Trans. Inf. Technol. Biomed. 2011, 15, 481–490. [CrossRef]

58. Reynard, F.; Christe, D.; Terrier, P. Postural control in healthy adults: Determinants of trunk sway assessed
with a chest-worn accelerometer in 12 quiet standing tasks. PLoS ONE 2019, 14, e0211051. [CrossRef]

59. Schwenk, M.; Gogulla, S.; Englert, S.; Czempik, A.; Hauer, K. Test–retest reliability and minimal detectable
change of repeated sit-to-stand analysis using one body fixed sensor in geriatric patients. Physiol. Meas. 2012,
33, 1931–1946. [CrossRef]

60. Montgomery, D.C.; Peck, E.A.; Vining, G.G. Introduction to Linear Regression Analysis; John Wiley & Sons:
Hoboken, NJ, USA, 2012; Volume 821.

61. Bassett, A.M.; Siu, K.C.; Honaker, J.A. Functional Measures for Fall Risk in the Acute Care Setting: A Review.
West. J. Nurs. Res. 2017, 40, 1469–1488. [CrossRef]

62. Scott, V.; Votova, K.; Scanlan, A.; Close, J. Multifactorial and functional mobility assessment tools for fall risk
among older adults in community, home-support, long-term and acute care settings. Age Ageing 2007, 36,
130–139. [CrossRef] [PubMed]

63. Zieschang, T.; Schwenk, M.; Becker, C.; Oster, P.; Hauer, K. Feasibility and accuracy of fall reports in persons
with dementia: A prospective observational study. Int. Psychogeriatr. 2011, 24, 587–598. [CrossRef]

http://dx.doi.org/10.1111/j.1532-5415.2005.53455.x
http://dx.doi.org/10.1093/ageing/afi218
http://dx.doi.org/10.1186/1471-2288-12-50
http://www.ncbi.nlm.nih.gov/pubmed/22510239
http://dx.doi.org/10.1159/000236027
http://www.ncbi.nlm.nih.gov/pubmed/19729878
http://dx.doi.org/10.15171/ijhpm.2019.11
http://www.ncbi.nlm.nih.gov/pubmed/31204446
http://dx.doi.org/10.1093/gerona/56.12.M761
http://dx.doi.org/10.1590/s1980-220x2016037403237
http://dx.doi.org/10.1093/geronj/49.2.M85
http://dx.doi.org/10.1111/j.1532-5415.1986.tb05480.x
http://www.ncbi.nlm.nih.gov/pubmed/3944402
http://dx.doi.org/10.1111/j.1532-5415.1991.tb01616.x
http://www.ncbi.nlm.nih.gov/pubmed/1991946
http://dx.doi.org/10.1016/j.archger.2017.05.009
http://www.ncbi.nlm.nih.gov/pubmed/28599140
http://dx.doi.org/10.1016/0167-4943(85)90037-8
http://dx.doi.org/10.1016/j.gaitpost.2004.10.005
http://dx.doi.org/10.1109/TITB.2011.2107916
http://dx.doi.org/10.1371/journal.pone.0211051
http://dx.doi.org/10.1088/0967-3334/33/11/1931
http://dx.doi.org/10.1177/0193945917705321
http://dx.doi.org/10.1093/ageing/afl165
http://www.ncbi.nlm.nih.gov/pubmed/17293604
http://dx.doi.org/10.1017/S1041610211002122


Sensors 2020, 20, 5385 17 of 17

64. Hauer, K.; Ullrich, P.; Werner, C. Dual-Task Training in Cognitively Impaired and Intact Older Populations
to Reduce Fall Risk: Evidence from Previous Intervention Trials by Using a Systematic Review Approach.
In Falls and Cognition in Older Persons; Springer Science and Business Media LLC.: Berlin/Heidelberg,
Germany, 2019; pp. 343–372.

65. Asada, T.J.K.k.j. Relationship between dementing illnesses and falls and fractures sustained by elderly.
Kotu Kansetu Jintai 1996, 9, 751–759.

66. Salva, A.; Roqué, M.; Rojano, X.; Inzitari, M.; Andrieu, S.; Schiffrin, E.J.; Guigoz, Y.; Vellas, B. Falls and Risk
Factors for Falls in Community-Dwelling Adults with Dementia (NutriAlz Trial). Alzheimer Dis. Assoc. Disord.
2012, 26, 74–80. [CrossRef] [PubMed]

67. Schmid, N.S.; Ehrensperger, M.M.; Berres, M.; Beck, I.R.; Monsch, A.U. The Extension of the German CERAD
Neuropsychological Assessment Battery with Tests Assessing Subcortical, Executive and Frontal Functions
Improves Accuracy in Dementia Diagnosis. Dement. Geriatr. Cogn. Disord. Extra 2014, 4, 322–334. [CrossRef]
[PubMed]

68. Aebi, C. Validierung Der Neuropsychologischen Testbatterie CERAD-NP: Eine Multi-Center Studie. Ph.D.
Thesis, University of Basel, Basel, Switzerland, 2002.

69. Rosen, W.G.; Mohs, R.C.; Davis, K.L. A new rating scale for Alzheimer’s disease. Am. J. Psychiatry 1984, 141,
1356–1364. [CrossRef] [PubMed]

70. Harvey, P.D. Domains of cognition and their assessment. Dialog Clin. Neurosci. 2019, 21, 227–237. [CrossRef]
71. Martin, K.; Thomson, R.; Blizzard, L.; Wood, A.; Garry, M.I.; Srikanth, V.K. Visuospatial Ability and Memory

Are Associated with Falls Risk in Older People. Dement. Geriatr. Cogn. Disord. 2009, 27, 451–457. [CrossRef]
72. Gillespie, L.; Gillespie, W.; Cumming, R.; Lamb, S.; Rowe, B. American Geriatrics Society; British Geriatrics

Society; American Academy of Orthopaedic Surgeons Panel on Falls Prevention. Guideline for the prevention
of falls in older persons Interventions for preventing falls in the elderly. J. Am. Geriatr. Soc. 2001, 49, 664–672.

73. Maki, B.E.; Holliday, P.J.; Topper, A.K. A Prospective Study of Postural Balance and Risk of Falling in An
Ambulatory and Independent Elderly Population. J. Gerontol. 1994, 49, M72–M84. [CrossRef]

74. Lizama, L.E.C.; Pijnappels, M.; Faber, G.S.; Reeves, P.N.; Verschueren, S.; Van Dieën, J.H. Age Effects on
Mediolateral Balance Control. PLoS ONE 2014, 9, e110757. [CrossRef]

75. Winter, D. Human balance and posture control during standing and walking. Gait Posture 1995, 3, 193–214.
[CrossRef]

76. Shin, B.M.; Han, S.J.; Jung, J.H.; Kim, J.E.; Fregni, F. Effect of mild cognitive impairment on balance.
J. Neurol. Sci. 2011, 305, 121–125. [CrossRef] [PubMed]

77. Werner, C.; Wiloth, S.; Lemke, N.C.; Kronbach, F.; Hauer, K. Development and Validation of a Novel
Motor-Cognitive Assessment Strategy of Compensatory Sit-to-Stand Maneuvers in People with Dementia.
J. Geriatr. Phys. Ther. 2018, 41, 143–154. [CrossRef] [PubMed]

78. Zhang, F.; Ferrucci, L.; Culham, E.; Metter, E.J.; Guralnik, J.; Deshpande, N. Performance on Five Times
Sit-to-Stand Task as a Predictor of Subsequent Falls and Disability in Older Persons. J. Aging Health 2013, 25,
478–492. [CrossRef]

79. Hughes, M.A.; Duncan, P.W.; Rose, D.K.; Chandler, J.M.; Studenski, S.A. The relationship of postural sway to
sensorimotor function, functional performance, and disability in the elderly. Arch. Phys. Med. Rehabil. 1996,
77, 567–572. [CrossRef]

80. Institute of Medicine (US). The Second Fifty Years: Promoting Health and Preventing Disability; Berg, R.L.,
Cassells, J.S., Eds.; National Academies Press (US): Washington, DC, USA, 1992.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1097/WAD.0b013e318215ca90
http://www.ncbi.nlm.nih.gov/pubmed/22354139
http://dx.doi.org/10.1159/000357774
http://www.ncbi.nlm.nih.gov/pubmed/25298776
http://dx.doi.org/10.1176/ajp.141.11.1356
http://www.ncbi.nlm.nih.gov/pubmed/6496779
http://dx.doi.org/10.31887/DCNS.2019.21.3/pharvey
http://dx.doi.org/10.1159/000216840
http://dx.doi.org/10.1093/geronj/49.2.M72
http://dx.doi.org/10.1371/journal.pone.0110757
http://dx.doi.org/10.1016/0966-6362(96)82849-9
http://dx.doi.org/10.1016/j.jns.2011.02.031
http://www.ncbi.nlm.nih.gov/pubmed/21420690
http://dx.doi.org/10.1519/JPT.0000000000000116
http://www.ncbi.nlm.nih.gov/pubmed/27893569
http://dx.doi.org/10.1177/0898264313475813
http://dx.doi.org/10.1016/S0003-9993(96)90296-8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Design and Method 
	Measurements 
	Patient Characteristics 
	Definition of Outcomes 

	Statistical Analysis 
	Discrimination between In-Hospital Fallers and Non-Fallers 
	Prediction of In-Hospital Falls 


	Results 
	Discriminating between In-Hospital Fallers and Non-Fallers 
	Prediction of In-Hospital Falls 

	Discussion 
	Conclusions 
	References



