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Interactions during falls with environmental ==

objects: evidence from real-life falls in long-term
care captured on video
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Abstract

Background Falls are the leading cause of injuries in older adults. Environmental objects (such as furniture, walls,
and handrails) may act as hazards or facilitators to balance maintenance and safe landing. There is lack of objective
evidence on how older adults interact with objects during falls. We addressed this gap by characterizing body part
contacts with objects other than the floor during real-life falls in long-term care.

Methods We analyzed videos of 1759 falls experienced by 584 residents to characterize the prevalence of contacts
with objects before, during, and after fall initiation. Using generalized estimating equations, we compared the preva-
lence of falls with versus without contact to objects after fall initiation. Using linear mixed models, we tested for differ-
ences across body parts in the probability of contacting objects after fall initiation.

Results In nearly one-third of falls, interactions with objects (e.g., trips over objects, loss of support with objects)

or with other people (e.g., being pushed by another person) had a primary role in causing imbalance and initiating
the fall. After fall initiation, participants contacted objects in 60% of falls, with intentional hand contacts to objects

via reach-to-grasp or bracing being the most common type of interaction (Probability + SE=0.32+0.01), followed

by unintentional impacts to the torso (0.21+£0.01) and head (0.16+0.01). Intentional hand contact to an object

was more common during forward than backward falls (p < 0.001), while head and torso contacts to objects were
more common during backward and sideways falls than forward falls (multiple p values <0.003). The hand most often
contacted chairs, wheelchairs or couches, followed by tables or counters, walls, other people, walkers, and handrails.
The head, torso, and shoulder most often contacted a wall.

Conclusions Most falls in long-term care involved contacts with objects other than the ground, indicating that com-
plex environments often accompany falls in long-term care. Higher probabilities of intentional hand contacts in for-
ward falls, versus unintentional head and torso impacts in backward and sideways falls may reflect the influence

of being able to visualize and adjust one’s falling patterns to nearby objects.
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Background

Falls are the number one cause of injuries in adults over
age 65 [1]. The rates of falls and fall-related injuries are
at least twice as common among residents of long-term
care (LTC) than in older adults living independently
[2-4]. An important component of falls management
in LTC is the development of “safe movement environ-
ments” that reduce the risk for falls and fall-related
injuries. To inform these efforts, we must better under-
stand how environmental features (i.e., objects such as
handprails, furniture, or walls) act as hazards or facilita-
tors to balance maintenance, balance recovery, and safe
landing [5, 6].

A barrier to the design of safe movement environ-
ments is the lack of objective evidence on how older
adults interact with environmental objects during falls.
Our knowledge of environmental interactions in real-life
falls is limited to studies summarizing self-reports by the
faller or witness (if any) on environmental contributors
to imbalance [5-9]. These studies suggest that environ-
mental factors have a primary role in causing most falls,
through factors such as missing or inappropriate hand-
rails, unstable or poorly positioned furniture, tripping
or slipping hazards, and obstructed walkways. However,
self-reported fall circumstances may be inaccurate and
subject to recall bias [10]. Furthermore, few studies have
considered environmental interactions beyond fall initia-
tion, including reach-to-grasp attempts during descent
[11], and body-part impacts to walls, furniture, or other
objects. There is a need for a better understanding on
how interactions with objects influence injury risk during
falls, and how falls could be made safer through environ-
mental design [9, 12, 13].

In the current study, we analyzed videos, collected
from a 13 year observational study, of real-life falls expe-
rienced by older adults in common areas (dining rooms,
hallways, and lounges) at two LTC facilities. We clas-
sified falls based on body part contacts to objects other
than the ground before, during, and after fall initiation,
and compared the probability of body parts in contacting
objects. We also classified whether the contacts appeared
to be intentional interactions (i.e., held objects, reach-to-
grasp objects, or hand bracing on objects to arrest the
fall) versus unintentional impacts between body parts
and objects. We hypothesized that most falls in com-
mon areas of LTC result in contact of the body to objects
other than the ground (Hypothesis 1), given that previ-
ous studies of self-reported fall circumstances found that
environmental factors had a primary role in causing falls
[5-9]. We also hypothesized that the prevalence of con-
tacts to objects would differ across body parts and would
depend on fall direction (Hypothesis 2). In particular,
we expected that hand-to-object contacts would be
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more likely in forward falls, and head-to-object contacts
would be more likely in backward falls. This hypothesis is
based on two lines of evidence. First, body parts differ in
their frequency of contact during falls, in a manner that
depends on fall direction [14]. Second, vision allows one
to tailor one’s falling patterns to environmental objects
[15], and it seems reasonable to expect that people would
be more able in forward than backward falls to visualize
and coordinate hand contact to objects in the path of the
fall, and avoid head contact to objects.

Methods

Participants and setting

This observational study was conducted between Janu-
ary 2007 and March 2020 at two LTC facilities in Brit-
ish Columbia, Canada [13, 14, 16]. Upon admission, all
residents provided permission (by themselves or via a
proxy decision maker) for the facility to obtain video
footage in common areas (e.g., lounges, dining halls, and
corridors) for safety purposes. Video footage of falls and
corresponding fall incident reports were shared with
our research team as secondary data. Most videos were
recorded with a resolution of at least 640x480 pixels
and a frame rate of 15-30 Hz. There were no cameras
in bedrooms or bathrooms. A subset of participants (or
their proxy decision makers) provided additional writ-
ten informed consent to access their health records. This
study was conducted in accordance with the Declara-
tion of Helsinki. The Office of Research Ethics at Simon
Fraser University (protocol number H21-00741) and the
equivalent review board in the Fraser Health Authority
reviewed and approved the study protocol.

Fall inclusion criteria

Over the period of the study, we collected 3003 falls by
778 residents over the age of 65 (who we hereafter refer
to as “participants”; Fig. 1). A team of three trained
raters analyzed each video using a structured question-
naire to classify characteristics of the initiation, descent,
and impact stages of the fall [17]. For each question, the
team agreed on the best available response. In the cur-
rent study, we only analyzed falls from standing height,
which present a different context, and are more likely
to result in injury when compared to falls from a sit-
ting or lying position [18—20]. Accordingly, we excluded
falls from lower than standing height (#=1199), and
falls from greater than standing height (n = 3). For cases
where there were interactions between the faller and
another person during the fall, we included cases where
the faller held, reached-to-grasp, or otherwise initiated
contact with the other person. However, we excluded
cases (1 =42) where participants were held or grabbed by
another person during the fall, since these contacts were
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Fig. 1 Flow chart of video selection process

not initiated or controlled by the faller. The resulting
dataset used in our analyses included 1759 falls by 584
participants.

Participant-object interactions during falls

Based on our video analysis, we classified four types of
interactions between participants and objects during
falls: (a) interactions with objects that were perceived to
have a primary role in causing imbalance leading to the
fall; (b) held objects at the time of fall initiation; (c) hand
contacts to objects after fall initiation that appeared to
be intentional, including reach-to-grasp movements or
bracing of the hands on objects to arrest the fall; and (d)
impact after fall initiation between objects and any part
of the body (e.g. head, torso, shoulder, pelvis/hip, knee,
elbow/forearm, and hand/wrist), that were not due to
reach-to-grasp movements or hand bracing, and gener-
ally appeared to be unintentional. Only hand contacts
with objects had the potential to be classified as inten-
tional, whereas all other body part contacts were consid-
ered unintentional.

We defined “objects” as fixed features of the environ-
ment, or movable entities that rested on a fixed feature
of the environment. We classified objects as: (1) chair,
couch, or wheelchair; (2) wall or face of a door or of a
counter, (3) table or edge of counter, (4) walker or rol-
lator, (5) handrail, (6) another person, and (7) other. We
classified the impacting body part as head, pelvis/hip,
torso, hand/wrist, elbow/forearm, shoulder, or knee. We
classified the initial fall direction as forward, sideways,
or backward. In cases where the initial fall direction was
classified as straight-down, the fall direction was clas-
sified (as forward, sideways, or backward) based on the
body configuration at landing.

Reliability of video analyses

In developing the questionnaire, we assessed the inter-
rater reliability of each question by comparing responses
(based on kappa values) from two independent teams of
raters (with 3 raters per team) who analyzed the same 15
videos. We also assessed intra-rater reliability by com-
paring responses from the same team of raters in ana-
lyzing 15 videos at two time points separated by a year
[17]. A minimal required sample of 15 videos was calcu-
lated based on guidelines for observer agreement studies
[21]. We estimated that the average agreement between
teams (for a given question) would be 85 percent, or 15
percent disagreement. We calculated that a sample size
of 15 falls would allow us to detect a desired 90% confi-
dence interval of 0 to 30 percent disagreement between
teams [17]. Questions regarding body part impacts had
good inter-rater reliability for the head, torso, and shoul-
der (Cohen’s Kappa>0.60, percent agreement>80%),
and outstanding reliability for the pelvis/hip, hand/wrist,
elbow/forearm, and knee (>0.84,>93%). Intra-rater reli-
ability was moderate for impact to the torso (0.41, 67%),
good for the hand/wrist (0.67, 87%), and outstanding for
the head, pelvis/hip, elbow/forearm, knee, and shoulder
(>0.82,>93%). The occurrence of reach-to-grasp had
moderate inter-rater (0.44, 80%) and intra-rater (0.44,
87%) reliability. Held objects had moderate inter-rater
reliability (0.33, 73%) and outstanding intra-rater reliabil-
ity (1.0, 100%).

Health status

A subset of 193 participants (accounting for 643 falls,
36.6%) provided consent to access their medical records.
Information on disease diagnoses, medications, and
visual status was collected from the Minimum Data
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Set (MDS 2.0; interRAI Corporation 1999), which was
updated quarterly by nursing staff at the facilities [22].
MDS data were used to determine physical and cogni-
tive status based on the Activities of Daily Living (ADL)
Self-Performance Hierarchy Scale [23] and the Cogni-
tive Performance Scale (CPS) [24], respectively. For each
fall, we collected health status information from the MDS
assessment conducted prior and closest to the date of the
fall, which we regarded as most representative of health
status at the time of the fall. While the majority of health
status variables were updated quarterly by nursing staff,
visual impairment and disease diagnoses other than dia-
betes and stroke were updated annually. The average time
interval between the MDS assessment and the date of the
fall was 51.7 days (SD =35.6, range =0-267) for ADL and
CPS assessments, diabetes and stroke diagnoses, and use
of medications. The average time interval was 101.2 days
(SD=100.1, range=0-533) for visual impairment, and
disease diagnoses other than diabetes and stroke.

Statistical analyses

We provide descriptive statistics on the frequency of
human-environmental interactions during falls, includ-
ing held objects and contact by body parts to objects
after fall initiation, and the types of objects involved in
these interactions. We addressed Hypothesis 1 (that
most falls result in contacts with objects) using General-
ized Estimating Equations (GEE; SPSS, version 25; IBM
Corporation, NY) to test whether there were differences
between environmental classifications in the odds that (a)
a participant would fall at least once for a given classifica-
tion (using binary logistic regression), and (b) the average
number of falls per participant for a given classifica-
tion (using log-linear Poisson regression). Environmen-
tal classifications included whether there was contact
with an object after fall initiation; whether contact with
an object after fall initiation, if present, was intentional
or unintentional; and whether the person (also) grasped
held objects. We report odds ratios (OR) and 95% confi-
dence intervals (CI) for all GEE analyses. We addressed
Hypothesis 2 (that the prevalence of contacts to objects
would differ across body parts) using binary logistic
regression linear mixed models (MIXED Procedure, SAS
Version 9.4, Cary, NC) to test for differences in the prob-
ability of body parts contacting an object other than the
floor after fall initiation. We regarded our sample size
as sufficient for testing these hypotheses, based on our
previous analysis using similar statistical approaches.
For example, in a previous study that used a sample size
nearly tenfold smaller than the current study (227 ver-
sus 1759 falls), we were able to detect differences smaller
than 10% between categories in the proportion of partici-
pants falling, using a similar GEE-based approach [16]. In
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a more recent study that had a sample size similar to the
current study (2388 falls), we were able to detect differ-
ences as small as 5% in the probability to contact to dif-
ferent body parts, using binary logistic regression linear
mixed models [25].

As fall direction influences injury risk and protective
responses for balance recovery and safe landing [25-27],
we examined how the prevalence of contacts to objects
in the different environmental classifications and by dif-
ferent body parts depended on fall direction, by running
separate GEE models with only forward falls, sideways
falls, or backward falls and by including fall direction as
an exploratory variable in the linear mixed models. Fur-
thermore, we included sex and age (below versus above
median age) as covariates in GEE models and as explora-
tory variables in mixed models, given that each of these
variables influence the rates of falls and fall-related inju-
ries [14, 28—-30]. We included Participant ID as a random
factor in all analyses to account for repeated falls in the
same participants, and we used the “exchangeable” cor-
relation matrix structure in all GEE analyses. We used a
level of significance of p < 0.05 for all analyses.

Results

Participant characteristics

For the 584 participants included in our analysis, 55%
were females and the mean age at time of first fall cap-
tured on video was 83.8 years (SD=8.0). Among the 1759
falls included in the analyses, 1004 (57%) were experi-
enced by females and 755 by males. The 193 participants
who provided consent to assess their medical records
experienced a total of 643 falls (Table 1). Of these falls,
79% were experienced by participants who had moderate
to very severe cognitive impairment, 67% by participants
dependent in their ADLs, and 28% by participants with
impaired vision. The most common disease diagnosis
was hypertension (48% of falls), followed by Alzheimer’s
disease (34%) and diabetes (18%).

There were few differences in the demographics and
the clinical characteristics of participants who fell and
contacted objects, and those who fell and did not contact
objects (Table 1). When compared to falls with no con-
tact to objects, the proportion of falls that involved con-
tact to objects was higher in participants older than the
median age (56% versus 30%, p=0.005 for held objects;
49% versus 30%, p =0.004 for intentional hand contacts;
and 52% versus 30%, p < 0.001 for unintentional impacts).
The proportion of falls that involved held objects and
unintentional impact to objects was also higher in partic-
ipants with stroke (13% versus 6%, p<0.024), and lower
in participants who used antipsychotics (31% and 33%
versus 43% respectively, p<0.028). Finally, the proportion
of falls that involved intentional hand contact to objects
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Table 1 Characteristics of participants who experienced 643 falls and provided consent for access to medical records

All falls included in the Falls that did not Falls that Falls that involved Falls that involved
analyses with MDS? involve contacted involved held intentional hand contact unintentional impact to
(n=643) objects objects to objects objects

(n=128)" (n=324) (n=201) (n=290)

Demographics and health status

Age—older 309 (48.1%) 38(29.7%) 180 (55.6%)* 99 (49.3%)* 151 (52.1%)*
than median n (%)°
Sex—female, n (%) 429 (66.7%) 84 (65.6%) 211 (65.1%) 130 (64.7%) 188 (64.8%)
Dependent ADLY perfor- 433 (67.3%) 85 (66.4%) 213 (65.7%) 139 (69.2%) 202 (69.7%)
mance, n (%)
Moderate to severe cog- 510 (79.3%) 105 (82.0%) 246 (75.9%) 164 (81.6%) 238 (82.1%)
nitive impairment®, n (%)
Impaired vision', n (%) 180 (28.0%) 37 (28.9%) 90 (27.8%) 57 (28.4%) 82 (28.3%)
Disease diagnoses
Diabetes, n (%) 114 (17.7%) 15 (11.7%) 58 (17.9%) 45 (22.4%)* 58 (20.0%)
Cardiac dysrhythmia, 44 (6.8%) 14 (10.9%) 15 (4.6%) 17 (8.5%) 23 (7.9%)
n (%)
Congestive heart failure, 21 (3.3%) 3(2.3%) 11 (3.4%) 7 (3.5%) 8 (2.8%)
n (%)
Hypertension, n (%) 309 (48.1%) 49 (38.3%) 171 (52.8%) 100 (49.8%) 144 (49.7%)
Hypotension, n (%) 30 (4.7%) 10 (7.8%) 13 (4.0%) 13 (6.5%) 13 (4.5%)
Alzheimer’s disease, 219 (34.1%) 57 (44.5%) 77 (23.8%) 72 (35.8%) 100 (34.5%)
n (%)
Stroke, n (%) 69 (10.7%) 7 (5.5%) 41 (12.7%)* 24 (11.9%) 38(13.1%)*
Parkinson’s disease, n (%) 44 (6.8%) 10 (7.8%) 29 (9.0%) 16 (8.0%) 13 (4.5%)
Emphysema /COPD?, 74 (11.5%) 9 (7.0%) 46 (14.2%) 19 (9.5%) 29 (10.0%)
n (%)
Cataract, n (%) 85 (13.2%) 17 (13.3%) 52 (16.0%) 22 (10.9%) 32 (11.0%)
Glaucoma, n (%) 54 (84%) 6 (4.7%) 32(9.9%) 20 (10.0%) 28(9.7%)
Macular degeneration, 35 (5.4%) 4(3.1%) 20 (6.2%) 7 (3.5%) 20 (6.9%)
n (%)
Use of medications
Antipsychotics, n (%) 31 (35.9%) 5 (43.0%) 100 (30.9%)* 78 (38.8%) 95 (32.8%)*
Antianxiety agents, n (%) 107 (16.6%) 6 (12.5%) 51 (15.7%) 40 (19.9%) 54 (18.6%)
Antidepressants, n (%) 332 (51.6%) 72 (56.3%) 154 (47.5%) 114 (56.7%) 155 (53.4%)
Hypnotics, n (%) 125 (19.4%) 5(11.7%) 70 (21.6%) 47 (23.4%) 67 (23.1%)
Diuretics, n (%) 105 (16.3%) 9 (14.8%) 57 (17.6%) 29 (14.4%) 44 (15.2%)
Analgesics, n (%) 245 (38.1%) 38(29.7%) 136 (42.0%) 83 (41.3%) 106 (36.6%)
NOTES AND ABBREVIATIONS:

2 MDS = Data in this table is based on the “Minimum Data Set” assessment

b Age was available for all 584 participants included in the study. The mean (SD) participant age was 83.8 (8.0) years, and the median age was 85 years
€ Sex was available for all 584 participants included in the study, 324 (55.5%) of whom were female

4 ADL - “Activities of Daily Living”. Scores of 0-2 were classified as “independent”and scores of 3-6 were classified as “dependent”

€ Cognitive impairment was assessed using the “Cognitive Performance Scale”. Scores of 0-2 were classified as “intact to mild cognitive impairment” and scores of 3-6
were classified as “moderate to very severe cognitive impairment”

fVisual impairment — Score of 0 in the MDS was classified as “no visual impairment”and scores of 1-4 were classified as “visual impairment”
9 COPD - “Chronic Obstructive Pulmonary Disease”

P falls that did not involve any interactions or contacts to objects

ifalls that involved held objects at the time of fall initiation

Jfalls that involved hand contacts to objects after fall initiation that appeared to be intentional, including reach-to-grasp movements or bracing of the hands on
objects to arrest the fall

kfalls that involved impact after fall initiation between objects and any part of the body (e.g. head, torso, shoulder, pelvis/hip, knee, elbow/forearm, and hand/wrist),
that were not due to reach-to-grasp movements or hand bracing, and generally appeared to be unintentional

P falls that did not involve any interactions or contacts to objects
" Significant association with contact to object category versus no object (p<.05), based on generalized estimating equation comparisons

The columns with different types of contacts to objects (right three) include all falls for each category. Accordingly, falls with more than one type of contact may
appear in more than one of these columns
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was higher in participants with diabetes (22% versus 12%,
p=0.045).

Interactions with objects causing a fall

In nearly one-third of falls, interactions with objects or
other people before fall initiation had a primary role in
causing imbalance leading to the fall. Trips caused 21%
of falls (n=374), and 51% of trips (n=190) involved the
foot becoming caught on an object, most often a chair/
couch/wheelchair (n=285), walker/rollator (n=62), per-
son (n=16), floor surface transition (e.g., raised edge of
a carpet) (n=11), other (n=11), or table/counter (n=5).
The 49% of trips that were not caused by interactions
with objects involved the foot being caught on level
ground (1#=119) or on the faller’s other foot (#=65). Loss
of support with an external object contributed to 7% of
falls (n=122). Of these, the most common scenario was
loss of support with a chair/couch/wheelchair (n=49),
walker/rollator (n=49), other (n=9), another person
(n=7), table/counter (n=6), wall (n=1), and handrail
(n=1). In 13% of falls (n=221), the faller was pushed or
pulled by another person, and 2% of falls (n = 37) involved
bumping into another person or object.

Held objects at fall initiation

Participants held objects at fall initiation in 51% of falls
(n=2898). Objects were held in both hands in 519 falls,
and in only one hand in 379 falls. The most commonly
held object was a walker/rollator (n =339), followed by a
chair/couch/wheelchair (n=292), person (n=132), table/
counter (n=123), other (#=53), handrail (»=38), and a
wall (n=13).

Interactions with objects initiated after the onset of the fall
Contact with objects was initiated after the onset of the
fall in 60% of falls (n=1060; Figs. 2 and 3). 16% of falls
(n=273) involved only intentional hand contacts to
objects, 29% (n =507) of falls involved only unintentional
contacts to objects, and 16% (1n=280) involved both
intentional hand contact and unintentional impact by at
least one body part. Among these three groups of falls,
96, 337 and 95 falls also involved held objects, respec-
tively. Of the 699 falls not involving contact to objects
after the onset of the fall, 370 (21% of all falls) involved
held objects at fall initiation, whereas 329 (19% of falls)
involved no interactions with objects at or after fall
initiation.

Odds for contacting objects after fall initiation
Falls were more likely to involve contact to objects ini-
tiated after the onset of the fall (Table 2). The estimated
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proportion of participants who fell and contacted an
object was greater than the proportion falling without
contacting an object (0.77 versus 0.60, p<0.001). The
average number of falls per participant was also greater
for falls where objects were (versus were not) contacted
(1.80 versus 1.19; p<0.001). These trends held for all
fall directions except for forward falls, where there were
no differences in the proportion of participants who fell
and contacted (versus did not contact) an object [see
Additional files 1-3].

Falls involving contact to an object after fall ini-
tiation were more likely to involve unintentional than
intentional impact to objects (Table 2). The estimated
proportion of participants who fell and unintentionally
impacted an object was higher than the proportions
who intentionally contacted an object, or fell and both
intentionally and unintentionally contacted objects in
the same fall (0.51 versus 0.33 and 0.31, p< 0.001). The
average number of falls per participant was also higher
for falls where objects were contacted unintentionally
versus intentionally (0.86 versus 0.46, p < 0.001). These
trends held for all fall directions except for forward
falls, where there were no differences in the propor-
tion of participants who fell and unintentionally versus
intentionally contacted an object [see Additional files
1-3].

Of the participants who fell while holding an object, a
higher proportion also contacted an object after fall ini-
tiation (0.53 versus 0.42, p<0.001). This trend held for
backward and sideways falls, but not for forward falls
[see Additional files 1-3].

Differences in probability of body parts contacting objects
The probability of distinct body parts contacting objects
differed during falls (p<0.001; Table 3 and Fig. 4).
The most common type of interaction was inten-
tional contact of the hand/wrist with objects (Prob-
ability+ SE=0.32+0.01), followed by unintentional
impacts of the torso (0.21%0.01), head (0.16+0.01),
elbow/forearm (0.13+0.01), shoulder (0.08+0.01), pel-
vis/hip (0.08+0.01), knee (0.04+0.01) and hand/wrist
(0.04+0.01). Pairwise comparisons showed differences
between all body parts (multiple p values <0.003), except
for the pelvis and shoulder (p =0.742), and for the knee
and unintentional hand/wrist impacts (p = 0.748).

The probability of contact to objects depended on
fall direction, and fall direction interacted with the
probability of body part contacts to objects (p < 0.001;
Table 3). Intentional hand/wrist contact with objects
was more common during forward and sideways
than during backward falls (p<0.014). The head was
less likely to impact an object during forward than
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Fig. 2 Snapshots from videos of real-life falls. Videos display different types of interactions between participants and environmental objects. a-e
Falls with contacts after the onset of the fall to the (a, b) forward, (c, e) sideways, and (d) backward directions. Falls (a) and (c) involved intentional
hand contacts with (a) a chair, and (c) a door, whereas falls (b-e) involved unintentional impacts of the (c, d) torso, (d) head, and (e) pelvis to (c)

a door, (d) a wall, and (e) a chair. Falls (d) and (e) also involved held (d, ) walker and (d) a handrail. (f, g) Sideways falls without contact to objects. (h,

i) Falls with only held (h) handrail and (i) table before the onset of the fall

backward (p=0.001) or sideways falls (p=0.003).
Impact of the torso with objects was more com-
mon during backward than sideways or forward falls
(p<0.001).

The probability of contact to objects depended on age
(Table 3). Participants older than the median age were
more likely than participants younger than the median
age to experience contacts to the head (p =0.012), torso
(p=0.001), and elbow/forearm (p=0.004). There was
also a higher probability of head contacts to objects

in females than males (0.18+0.01 versus 0.15+0.01,
p=0.028).

Types of contacted objects

The types of objects most often contacted depended on
the body part (Fig. 5). The most common object con-
tacted by the head, torso and shoulder was a wall. The
most common object contacted by the hand/wrist (both
intentionally and unintentionally), elbow/forearm and
pelvis/hip was a chair/couch/wheelchair. The next most
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Fig. 3 Distribution of falls with different types of interactions with objects

common objects to be contacted intentionally by the
hand/wrist were table/counter, wall/door, handrail,
walker/rollator and another person.

Discussion

Safe environments are essential for promoting mobil-
ity and preventing falls and fall-related injuries in older
adults. A barrier to the design of safe movement environ-
ments is lack of evidence on how environmental features
act as hazards or safeguards for falls [5, 6]. In the cur-
rent study, we provide objective evidence on how older
adults interact with objects (and other people) before,
during, and after falls, based on analysis of video foot-
age of real-life falls in LTC. We found that most falls in
common areas of LTC involved interactions with objects
other than the floor. We also found that intentional inter-
actions with objects were more common during forward
falls, whereas unintentional impacts with objects were
more common during backward falls. These direction-
dependant differences suggest that the ability to visualize
the falling environment has a role in adjustment of falling
patterns to environmental objects.

In line with previous findings [13], participants held
objects before the onset of imbalance in over one-half
of falls. The most commonly held objects were walkers
(19% of falls, Fig. 2d, e) and chairs (17% of falls). Partici-
pants held handrails at the onset of only 2% of falls. These
trends either reflect the value of handrails in protecting
against falls, or the relatively small amount of time that

=96/

0 5 10 15 20
Percentange of falls

participants held handrails. In support of the former,
falls often occurred while crossing hallway intersec-
tions, where participants needed to release their grip on
a handrail to cross the intersection (e.g., Fig. 2h). How-
ever, we cannot determine whether it was safer for par-
ticipants to hold handrails than walkers or chairs because
we had no measures of the amount of time people held
various objects.

Interactions with objects or other people had a central
role in causing about one third of falls. These interac-
tions most often involved chairs, wheelchairs, or walkers,
which participants either tripped upon while walking, or
lost contact with while standing or walking. Our results
expand previous work [16, 31] by showing how specific
objects contributed to falls, and highlight the importance
of further research on the design of chairs and walkers
that are less likely to cause trips, or suddenly give way
and create falls due to loss of support. We also found
that 13% of falls were due to being pushed or pulled by
another person. This observation supports the need for
improved strategies for reducing aggressive behaviour to
reduce falls in the LTC setting [32, 33].

In 60% of falls, participants came into contact with
objects after the onset of the fall. In 45% of all falls,
there were unintentional impacts between body parts
and objects other than the floor, most notably to the
head, which was the third most common body part
to impact objects, after the hands and torso. Indeed,
the head was nearly as likely to impact an object, as it
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Table 2 Odds that a participant would contact objects during falls
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Environment Number of falls Frequency Proportion Odds ratio Pvalue Average Ratio of counts P value
(% of falls) (of the 584 (95%Cl) number of falls  (95%Cl)
participants) per participant
who fell at
least once
(a)
Contacted objects 1060 60.3 0.77 (0.73-0.80)  2.14(1.66-2.75) p<0.001 1.80(1.62-2.01) 1.52(137-1.68) p<0.001
after fall initiation’ ¢
Did not contact 699 39.7 0.60 (0.56-064) 1 1.19(1.05-1.35) 1 O
objects after fall
initiation”
(b)
Did not contact 699 397 060 (0.56-0.64)° 1.48(1.17-1.86) p=0.001 1.18(1.04-134)C 1.38(1.22-155) p<0.001
objects after fall
initiation”
Intentionally 273 15.6 0.33(0.29-0.37)* 048 (0.38-0.61) p<0.001 046 (0.39-0.54)" 0.54 (0.46-0.63) p<0.001
contacted objects
after fall initiation)
Intentionally’ 280 15.9 0.31(027-0.35)" 043 (0.34-055) p<0.001 047 (040-0.56)" 0.55(047-0.65) p<0.001
AND unintentionally®
contacted objects
after fall initiation
Unintentionally 507 28.8 0.51 (047-0.55) 1 0.86 (0.76-0.96)% 1 O
impacted objects
after fall initiation*
()
Contacted objects 528 300 0.53 (049-0.57)° 252 (1.99-3.20) p<0.001 0.90 (0.80-1.00)® 1.61 (1.32-1.95) p<0.001
after fall Wtiatiorf'k
AND held object'
Contacted objects 532 303 047 (043-0.51)8 194 (1.53-247) p<0.001 0.90(0.78-1.05)® 1.62(1.38-1.90) p<0.001
after fall initiation”
k AND did not hold
object?
Did not contact 370 210 042 (0.38-046)® 1.59(1.25-202) p<0.001 0.63(0.55-0.72)" 1.13(0.90-141) p=0302
objects after fall
initiation™ AND held
object’
Did not contact 329 187 0.31(027-035 1 0.56 (046-0.68)" 1 0

objects after fall
initiation” AND did
not hold object?

-Significant differences (p <0.05) in the odds that a participant would fall at least once between environments, and differences in the average number of falls between
environments are bolded

-Superscript capital letters indicate the results of statistical comparisons between environmental classifications. Environmental classifications that differed significantly
(p<0.05) are indicated by different letters; environmental classifications that did not differ (p >0.05) are indicated by the same letter. The sequence of the letters is
from lowest to highest proportions and average number of falls. For example, the proportion of participants who fell at least once and “Did not contact objects after
fall initiation AND did not hold object” (0.31 (0.27-0.35)") was significantly smaller than all other categories. The proportion of participants who fell at least once and
“Did not contact objects after fall initiation AND held object” (0.42 (0.38-0.46)%) was significantly larger than the proportion of participants who fell at least once and
“Did not contact objects after fall initiation AND did not hold object” (0.31 (0.27-0.35)"), but was not different than the proportion of participants who fell at least once
and “Contacted objects after fall initiation AND did not hold object” (0.47 (0.43-0.51)8). The proportion of participants who fell at least once and “Contacted objects
after fall initiation AND held object” (0.53 (0.49-0.57)) was significantly larger than all other categories

-Superscript lower case letters indicate the types of interactions with objects included in each category:

9 falls that did not involve held objects at the time of fall initiation

P falls that did not involve any interactions or contacts to objects after fall initiation (may have involved held objects at the time of fall initiation)
ifalls that involved held objects at the time of fall initiation

i falls that involved hand contacts to objects after fall initiation that appeared to be intentional, including reach-to-grasp movements or bracing of the hands on
objects to arrest the fall (in comparisons (a) and (b), these falls may have also involved held objects at the time of fall initiation)

K falls that involved impact after fall initiation between objects and any part of the body (e.g. head, torso, shoulder, pelvis/hip, knee, elbow/forearm, and hand/wrist),
that were not due to reach-to-grasp movements or hand bracing, and generally appeared to be unintentional (in comparisons (a) and (b), these falls may also have
involved held objects at the time of fall initiation)

{Significant effect of age as a covariate (p <0.05)
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Fig. 5 Distribution of impacted objects by body parts during falls in the event of impact

was to impact the floor (42% of all head impacts were
to objects). The most common object for the head
to impact was a wall, followed by a chair or couch.
Of falls that involved contacts to objects, contacts to

walls were over 2-fold more likely to involve the head,
torso, or shoulder than the pelvis or hands. These
results reflect that falls tended to occur nearby but not
directly adjacent to walls.
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Nearly one-third of all falls (31%) involved intentional
contacts to objects by the hands, either through reach-
to-grasp or bracing after the onset of the fall (falls (a, )
of Fig. 2). These findings show that older adults adjusted
their fall-protective responses to features of the environ-
ment [34, 35]. Of note, hand contacts to handrails were
relatively rare — again perhaps reflecting the value of
handrail grasping for maintaining balance and preventing
falls. Hand contacts to chairs and couches were nearly 4
times more common than to handrails; hand contacts to
tables and counters were twice as common as to hand-
rails (see falls (a), (b) and (i) in Fig. 2).

The speed and accuracy of reach-to-grasp responses
for balance recovery depend on both visual mapping
before the onset of imbalance, and online visual informa-
tion after the perturbation [34-36]. Our results provide
several lines of evidence supporting the importance of
visual mapping on the mechanics of falls. First, inten-
tional hand contacts to objects (reach-to-grasp and
bracing) were most common in forward falls (as shown
in fall (a) of Fig. 2), where participants were likely bet-
ter able to visualize and tailor their falling movements to
objects in the path of the fall, than they would have been
in backward or sideways falls. In contrast, backward and
sideways falls were more likely to involve impact of the
elbows with nearby objects (as shown in fall (c) of Fig. 2).
Second, unintentional impacts by the head and torso to
objects were more common in backward and sideways
falls than in forward falls (as shown in falls (c) and (d)
of Fig. 2), perhaps because participants were less able to
visualize and coordinate their falling patterns to nearby
environmental features in backward and sideways falls.
Interventions to enhance visual attention and mapping
strategies [37, 38] may have an important role in both
preventing and reducing the severity of falls. At the same
time, it is important to recognize the high demands that
balance recovery by grasping places on reaction time as
well as on upper limb and core muscle strength and flex-
ibility, all of which are often impaired in older adults [39,
40]. Examining these factors was outside of the scope of
our study, and further research is warranted to character-
ize the physiological demands required for interactions
with objects during falls.

Interactions with objects during falls were common for
a wide range of the LTC population that we studied, and
were not strongly predicted by clinical or demographic
status, with four notable exceptions. First, when com-
pared to participants younger than the median age, par-
ticipants older than the median age were between 1.6 and
1.9-fold more likely to hold objects prior to the onset of
the fall, and contact objects during the fall. Similarly, par-
ticipants with stroke were 2-fold more likely to hold and
unintentionally impact objects while participants with
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diabetes were 1.8-fold more likely to intentionally contact
objects by the hands. These trends may be explained by
higher use of mobility aids in older individuals [41] and
in individuals with stroke, or the tendency for individu-
als who were older or with greater mobility impairment
to stay in close proximity to objects (e.g., furniture walk-
ing) for perceived safety. Finally, the opposite trends were
observed for participants who were taking antipsychot-
ics, who were 1.3-fold less likely to contact objects before
and during falls.

Our observation that 60% of falls involved contacts
between body parts and objects other than the floor
during falls has implications for the design and evalua-
tion of strategies to prevent falls and fall-related injuries.
Efforts to prevent falls and fall-related injuries through
the removal of environmental hazards in private homes,
and installation of protective features such as handrails
and anti-slip mats, have yielded mixed results, with some
studies showing a reduction in falls [42, 43] and fall-
related injuries [44], and others showing no effect [7].
Also, efforts to prevent fall-related injuries in LTC with
compliant flooring (designed to cushion the impact of the
fall) have yielded mixed results, with a recent randomized
controlled trial showing no effect on falls and fall-related
injuries [12]. In attempting to explain these results,
Mackey et al. noted “it was not possible to know which
body parts experienced impact during falls and whether
there was impact with walls, furniture, or other objects
during fall descent that would render floor stiffness less
important in determining risk for injury” Our results
support Mackey et al’s suggestion that the geometry and
stiffness of the furniture and walls may be as important as
reducing the stiffness of the floor to prevent fall-related
injuries in the LTC environment [12].

Our results also have implications for the design and
evaluation of systems for automatically detecting falls
based on wearable sensors or video cameras [45-48].
Most research in this field has trained and evaluated fall
detection algorithms based on laboratory-based falls in
“empty rooms,” which accounted for 19% of falls in our
study. Our results highlight the need to develop and eval-
uate these systems for falls in cluttered environments.

Our study has several limitations. First, we examined
environmental interactions with objects in common areas
of LTC. The prevalence of nearby objects and the interac-
tion with these objects might be different in other environ-
ments, such as in private bedrooms, bathrooms, staircases
or outdoors. Second, our results might not generalize to
other older adult populations, such as community dwell-
ing older adults or those in assisted living; populations
who might have different falling patterns and better cog-
nitive and ADL status. However, we did not find differ-
ences in cognitive status between falls with and without
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contacted objects. Third, we did not explore the location
of the objects and their distance relevant to participants,
factors that likely affect the odds for sustaining impact
with objects. Fourth, unlike initially forward, backward,
and sideways falls, we classified straight-down falls based
on the body configuration at landing. We repeated the
analysis with straight-down falls excluded, or considered
as a separate category. When compared to the results we
have reported, we found no differences in our study con-
clusions. However, intentional hand contacts with objects
were no longer more common in sideways than backward
falls, and intentional hand contacts with objects became
more frequent in forward than sideways falls. Further-
more, while we classified hand contacts to objects as inten-
tional or unintentional, we regarded all contacts to objects
by body parts other than the hands as unintentional. While
it is unlikely that body parts such as the head, torso or pel-
vis intentionally impacted objects, it is possible that some
of the elbow or forearm contacts with objects were inten-
tional, and this merits further investigation. Additionally,
we did not examine the forces generated during body-part
contacts with objects. Future studies might examine the
feasibility of measuring contact forces with sensors inte-
grated into objects that are commonly contacted in the
LTC setting. Finally, we did not consider the injury conse-
quences of falls. We instead focused on documenting the
frequency and nature of human interactions with environ-
mental objects during falls in LTC. This is an important
step in the development of safe movement environments
for older adults. An important next step is to examine how
different types of human-environmental interactions affect
the odds for injury during a fall.

Conclusions

Our study provides objective evidence on how older
adults interact with environmental objects and other
people during falls, and on the high prevalence of these
interactions. Overall, 81% of falls from standing height
in LTC involved interactions with objects, reflecting the
importance of considering environmental objects in the
design and evaluation of strategies to prevent falls and
fall-related injuries. Intentional interactions with objects
were more common during forward falls, while uninten-
tional impacts with objects were most frequent during
backward falls, supporting the importance of visual map-
ping on the mechanics of falls.

Abbreviations

ADL  Activities of Daily Living

CPS Cognitive Performance Scale

GEE  Generalized Estimating Equations
LTC Long-Term Care

MDS  Minimum Data Set
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Additional file 1. Odds that a participant would contact objects while
falling forward. A table that describes the odds that a participant would
fall forward at least once between environments, and differences in the
average number of falls between environments.

Additional file 2. Odds that a participant would contact objects while
falling backward. A table that describes the odds that a participant would
fall backward at least once between environments, and differences in the
average number of falls between environments.

Additional file 3. Odds that a participant would contact objects while
falling sideways. A table that describes the odds that a participant would
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records. This consent process was also reviewed and approved by the Office
of Research Ethics at Simon Fraser University (approval number H21-00741),
and the by the Fraser Health Authority.
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