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Retrospective Analysis of Movement Data
Before and After an Ankle Fracture: A
Descriptive Study Using Apple Health
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Erik Borjesson, MD; Emilia Mdller Rydberg, MD, PhD; Carl Bergdahl, MD, PhD;
Sebastian Andreasson, MSc; Torbjorn Lundh, PhD; Michael Méller, MD, PhD;
and David Wennergren, MD, PhD

Abstract

Objective: To evaluate movement patterns in patients with ankle fractures before and after injury.
Patients and Methods: This descriptive study analyzed movement data from patients treated for ankle
fractures at Sahlgrenska University Hospital, Sweden (January 1 to December 31, 2022). Patients were
identified using ICD-10 codes and medical records. Inclusion criteria: surgical and nonsurgically treated
patients with >6 months of preinjury iPhone use. Step count, length, and speed were collected through a
mobile application integrated with Apple Health. Double support and gait asymmetry were excluded due
to limited external validity. Data spanned 6-12 months preinjury to 1 year post-injury. The primary aim
was to evaluate whether patients reach their preinjury movement patterns.

Results: Of 1131 patients, 90 were analyzed. Preinjury means: 5435.0 steps (SD 4215.3), step length
0.70 m (SD 0.07), and step speed 1.28 m/s (SD 0.2). At 1 year: 5420.3 steps (SD 3887.0), step length
0.68 m (SD 0.08), and step speed 1.22 m/s (SD 0.19). A post-injury plateau was reached in step pa-
rameters at 84.8 days, with no further recovery thereafter. Step count largely recovered, but deficits in
step length and speed persisted at 12 months.

Conclusion: Smartphone-derived movement data provide a cost-effective alternative to laboratory gait
analysis, enabling long-term monitoring. Preinjury data allow individualized baseline comparisons and
may support earlier identification of patients needing adjusted rehabilitation.

© 2026 THE AUTHORS. Published by Elsevier Inc on behalf of Mayo Foundation for Medical Education and Research. This is an open access article
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nkle fractures are common across all
ages and activity levels.'” They can
lead to long-term disability, mobility
limitations, and decreased quality of life.*”
Stable ankle fractures are generally treated
nonsurgically with a cast, orthosis, or elastic
bandage, while unstable fractures are typically
managed surgically with plates and screws.”
Most studies assess ankle fracture out-
comes using ankle range of motion and
radiology; a few studies have focused on
patient-reported outcomes. ™’ Many indi-
viduals improve substantially after an ankle
fracture, but newer studies suggest that move-
ment or functional patterns may not fully
reach preinjury levels, especially in surgically
treated patients.''" To date, there is a lack of
research focusing on comprehensive objective

data, beginning from the preinjury phase and
continuing throughout the first year of recov-
ery after an ankle fracture.

Today, most of the global population
owns a smartphone or a smartwatch.'” These
devices feature a built-in step counter and ac-
celerometers that continuously collect infor-
mation about users’ daily activity and
movement patterns. Data from these devices
can be collected and analyzed, providing in-
sights into the user’s everyday activity and
movement patterns. The Apple Health appli-
cation, introduced with iOS 8, is preinstalled
on all iPhones and automatically collects data
on various movement parameters, including
step count, step length, speed, distance, and
the number of floors climbed, storing the in-
formation continuously. The validity and
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accuracy of data from the Apple Health appli-
cation have been confirmed in several
studies.' '

Restoring walking ability is regarded by
many patients as one of the most important
outcomes after an ankle fracture. Derived
from smartphone-based devices, these move-
ment parameters reflect overall gait ability
and can help identify clinically relevant gait
disturbances that might not be detected
through traditional patient-reported out-
comes or radiographic imaging.

The primary aim of this study was, from
an exploratory perspective, to analyze the
impact of an ankle fracture on individuals’
normal movement patterns, and the timeline
for the restoration of preinjury movement pat-
terns after the injury. Secondary aims were to
investigate whether other factors (eg, fracture
type, age, or sex assigned at birth) affect the
return to preinjury movement patterns.

PATIENTS AND METHODS

Study Setting

This retrospective observational cohort study
analyzed movement recovery in adults after
an ankle fracture. Participants were recruited
from Sahlgrenska University Hospital, Goth-
enburg, Sweden, which is the only emergency
hospital for orthopedic trauma patients in the
Gothenburg metropolitan area. Eligible for
the study were all patients aged >16 years
who had been iPhone users for over 6 months
before the injury, with a radiologically verified
ankle fracture treated at SU from January 1,
2022 to December 31, 2022. A fracture of
the ankle involves one or more of the malleoli
of the tibia and the fibula and is sometimes
accompanied by damage to adjacent ligament
structures. All fractures were classified ac-
cording to the AQO classification system
(Type A, B, and C), and the orthopedic sur-
geon determined treatment. Treatment was
categorized as nonsurgical or surgical. Exclu-
sion criteria included polytrauma, significant
cognitive impairment, non-iPhone use, or
inability to speak and understand Swedish.

Study Design

Data collection took place from February
2024 to December 2024 through medical re-
cords, relevant ICD-10 codes, and an iPhone

mobile application. To facilitate data collec-
tion from patients, a mobile application
known as Brytpunkten (The Breaking Point)
was created in collaboration with colleagues
from  Gothenburg University’s Human-
Computer Interaction department in Sweden
for this study. Patients who met the inclusion
criteria were invited to download the applica-
tion and participate in the study. Selection
bias was mitigated by contacting all eligible
patients who sustained an ankle fracture in
2022. To address measurement bias, only
the validated Apple Health application was
used to collect movement data. The diverse
methodologies employed by Android smart-
phone manufacturers for collecting move-
ment data introduce a potential for bias.
Therefore, confidence in the validity of data
from other devices was difficult due to quality
concerns.

Data obtained from the mobile application
through the Apple Health application encom-
passed: (1) step count, (2) step length, and (3)
step speed. Movement parameters such as
double support time, gait asymmetry, walking
and running distance were not collected due
to concerns about external validity. The data
collection period spanned from 6-12 months
before the injury to 12 months after. In total,
81 (90%) of the patients had movement data
spanning at least 1 year before the injury. The
information gathered from the mobile appli-
cation was pseudonymized and stored on an
encrypted server at GU in compliance with
general data protection regulations standards
and Swedish law. This study was approved
by the Swedish Ethical Review Authority
(reference number 2024-00068-01).

The iPhone Mobile Application

On installing the application, the participants
shared their Apple Health data, which was
uploaded in a JavaScript Object Notation
format to a secure server at the University of
Gothenburg. The data was processed and
analyzed using Python with Jupyter Note-
books. The application was built for iOS to
specifically extract data from Apple Health.
To address smartphone-carrying bias, days
with no data (eg., when the phone was turned
off) were excluded. Additionally, for users
with multiple devices, such as an iPhone

Mayo Clin Proc Digital Health ®m June 2026:4(2):100362 m https://doi.org/10.1016/j.mcpdig.2026.100362

www.mcpdigitalhealth.org


https://doi.org/10.1016/j.mcpdig.2026.100362
http://www.mcpdigitalhealth.org

MOVEMENT DATA BEFORE AND AFTER AN ANKLE FRACTURE

and an Apple Watch, data from the device
with the most recorded parameters was used.

Patient Inclusion Process

A total of 1131 patients were identified using
medical records and relevant ICD-10 codes.
Each medical record was reviewed to extract
patient characteristics, such as treatment,
and to confirm that the inclusion criteria
were met. Subsequently, 783 patients were
invited to voluntarily participate in the study
by telephone and letter. Around half of these
individuals were iPhone users. The letter
included a link to the mobile application
and study information, where the Bryt-
punkten application could be downloaded.
Patients were required to sign a digital con-
sent before using the application. All patients
received information about the study and
gave written consent. Participation was volun-
tary, and participants could withdraw at any
time. Data were managed under general data
protection regulations, and all data were ano-
nymized before analysis. Finally, 110 patients
enrolled in the study and downloaded the
iPhone mobile application. See Figure 1.

Statistical Methods

Changes in movement parameters were inter-
preted relative to the standard error of mea-
surement (SEM). As no reliable threshold
exists for smartphone-derived movement pa-
rameters, SEM values were derived from pre-
viously published inertial-sensor-based gait
analysis in patients with bimalleolar ankle
fractures.

The minimal detectable change at the 95%
CI (MDC95), calculated using the formula
(MDC=1.96 x +2 x SEM), was used to
determine whether changes exceeded mea-
surement error. Changes exceeding the
MDC95 were considered to represent true
change beyond measurement error. The step
count was interpreted descriptively due to a
lack of validated SEM or MDC thresholds
for iPhone-derived movement parameters in
the literature. The SEM values for walking
speed and step length were 0-02 m/s and
002 m (MDC95=0.055), respectively.'’

To estimate the different phases of recov-
ery of patients’ movement, daily step count
was modeled as a piecewise-linear (broken-
stick) function of time relative to injury. The

model defines 3 phases: a preinjury plateau
a, a linear recovery phase, and a post-injury
plateau b. The recovery duration ¢ defines
the transition point between linear increase
and post-injury plateau. f(x)=a if x < 0, to
b/o)xif0<x<c bifx>c

The model was fitted individually to each
participant using nonlinear least squares. Of
the 90 participants, stable answers were
received from 87 (95.6%), confirming model
convergence. Model parameters were esti-
mated using a bounded nonlinear least square
from the Python (version 3.13) package.
Initial parameter estimates were derived
from the mean preinjury and post-injury
step counts, along with a default recovery
duration of 30 days. Descriptive statistics
were reported as counts (%) for categorical
variables and means =+ SD for continuous var-
iables. The (broken-stick) statistical model
was not used to differentiate phases in step
speed or step length, and these variables
were handled descriptively.

RESULTS

Total of 1131 patients with ankle fractures
were screened using medical records. Before
data analysis, 348 patients were excluded
because of incorrect diagnosis (n=134,
38.5%), patient fatality (n=40, 11.5%), frac-
ture in a year other than 2022 (n=86,
24.7%), treatment abroad (n=53, 15.2%),
cognitive impairment (n=11, 3.1%), and
missing contact information (n=24, 6.9%).
The initial eligibility criteria were satisfied
by 783 participants. Of these 783 partici-
pants, 110 (14.0%) were successfully
included, downloaded the application, and
provided their movement data. After data
analysis, 20 participants were excluded due
to insufficient data quality (n=13, 65.0%),
and technical difficulties encountered during
app setup (n=7, 35.0%). The final analysis
included 90 participants.

The mean age at injury was 52 years (SD
16.1). The cohort comprised 64 women (SD
71.1%) and 26 men (28.9%). The mean age
at the time of injury was higher in women
(55.30 years, SD 14.5) than men (47.15 years
SD 18.5). Most patients had a type B ankle frac-
ture (n=57, 63.3%), followed by type A (n=28,
31.1%), and type C fractures (n=5, 5.6%). Sur-
gical treatment was administered to 44 (48.8%)
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TABLE 1. Baseline Characteristics of the Study Population

Characteristics All fractures N=90 (100%)  Type An=28 Type Bn=57 Type C n=5
% of all cases 31.1% 63.3% 5.6%
Sex assigned at birth, n (%)
Male 26 (28.9%) 7 (25.0%) 16 (28.1%) 3 (60.0%)
Female 64 (71.1%) 21 (75.0%) 41 (71.9%) 2 (40.0%)
Age, mean (range)
Total 529 (16-79) 49.7 (16-79) 55.0 (19-79) 47.6 (37-62)
Male 47.1 (16-77) 36.1 (16-65) 52.0 (19-77) 46.6 (37-62)
Female 553 (20-79) 542 (21-79) 56.1 (20-79) 49.0 (39-59)
Age groups in y
16-39, n (%) 18 (20.0%) 7 (25.0%) 9 (15.7%) 2 (40.0%)
40-59, n (%) 35 (38.8%) Il (39.3%) 22 (38.6%) 2 (40.0%)
60-99, n (%) 37 (41.2%) 10 (35.7%) 26 (45.6%) | (20.0%)
Treatment, n (%)
Surgical treatment, n (%) 44 (48.8%) 3 (10.8%) 37 (65.0%) 4 (80.0%)
Nonsurgical treatment, n (%) 46 (51.2%) 25 (89.2%) 20 (35.0%) | (20.0%)

patients and 46 (51.2%) received nonsurgical
treatment. (See Table 1 for baseline characteris-
tics of study population.)

Recovery of Movement Parameters

The mean number of steps taken per day
before their ankle fracture was 5435.0 (SD
4215.3, 95% CI, 4836-6074). After the frac-
ture, the mean values were 1797.5 steps (SD
2491.1) at 0-30 days, 3373.7 steps (SD
3159.2) at 31-60 days, and 4628.9 steps
(SD 3559.6) at 61-90 days (Figure 2). At 1
year post-injury, the mean steps was 5420.3
(95% CI, 4943-6045) per day.

The average step length before the ankle
fracture was 0.70 m (SD 0.07). During the first
30 days, the value was 0.62 m (SD 0.11); from
31 to 60 days, it remained at 0.62 m; and from
61 to 90 days, it increased to 0.65 m (SD 0.09).
A gradual increase in step length was observed
over the course of the observation period (0.62
m at baseline, reaching 0.65 m after the initial
90 days). At 1 year post-injury, the mean step
length was 0.68 m. This reduction did not
exceed the minimal detectable change at the
95% CL (MDC95=0.055 m). See Figure 2.

The mean walking speed 1 year before the
injury was 1.28 m/s (SD 0.2). From 0 to 30
days, the mean walking speed was 0.97 m/s
(SD 0.3); from 31 to 60 days, it was 0.99
m/s (SD 0.2); and from 61 to 90 days, it
was 1.11 m/s (SD 0.2). The average walking
speed from 0 to 90 days after the fracture

decreased by 0.17 m/s (from 1.28 to 1.11).
At 1 year post-injury, walking speed was
1.22 my/s. This reduction did exceed the min-
imal detectable change at the 95% CI
(MDC95=0.055 m/s). See Figure 2.

A comparison of fracture types revealed
that Type A fractures decreased stride length
from 0.71 m to 0.69 m and speed from
1.31 m/s to 1.25 m/s, whereas step count
remained relatively unchanged, at 5678 to
5665. Type B fractures reduced stride length
from 0.70 m to 0.67 m and walking speed
from 1.26 m/s to 1.20 m/s. The step count
remained relatively constant, ranging from
5092 to 5286. Type C fractures reduced their
step count from 9085 to 7300. See Figure 3.

The post-injury plateau phase in step
count recovery was reached after an average
of 85 days (95% CI, 72.8-96.9). Type A frac-
tures reached the plateau phase in 47.4 days
(95% CI, 33.9-60.9), Type B in 99.9 days
(95% CI, 84.8-115), and Type C in 118
days (95% Cl, 5.8-230.2). While the average
step count of Type A and B fractures remained
consistent 1 year after the fracture, Type C
fractures exhibited a decline from 9085.0 to
7300.0 steps. Both men and women reached
their post-injury plateau phase at ~85 days.
However, younger participants (<65 years)
reached their plateau phase faster than those
aged >65, at 73.7 days (95% CI, 60.3-87.4)
and 103.6 days (95% CI, 80.0-125.0), respec-
tively (Table 2).
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All patients with ankle
fractures 2022

(n=1131)
Excluded in medical
record review before
data analysis
(n=348) Y
Eligible
for inclusion
(n=783)
Excluded after contact
(n=673)
* No iphone'smartphone <
* Did not respond Y
* Declined participation
Patients
included for data
analysis
Excluded due to (n=110)
insufficient or lack of
quality data
(n=20)
* Insufficient quality data
(n=13) v
 Technical failure . . Inclusion criteria: > |6 years, radiologically confirmed
during app setup Patients available for ankle fracture, iPhone user >6 months
(h=7) final data analysis : L L g
(n=90) Exclusion criteria: Cognitive impairment, non-swedish
speaker, concomitant fracture not in ankle

FIGURE 1. A flow diagram illustrating the study cohort (N=90) and the inclusion criteria.

DISCUSSION

This study demonstrates that most patients
experience a satisfactory recovery in step count,
but not in step length and speed, 12 months af-
ter the trauma. This study represents the first to
analyze movement patterns in individuals with
ankle fractures. The study covers the year pre-
ceding the trauma and the first year of recovery,
using Apple Health data. A post-injury plateau
was reached in step parameters at 84.8 days,
with no further recovery thereafter. Notably,
neither step speed nor step length showed
further progress beyond this point. This implies
that even with recovered step counts in A and B
fracture types, patients’ recovery is incomplete.
Our data may offer valuable insights to patients
and health care providers on movement pat-
terns before injury and changes that occur dur-
ing rehabilitation.

Strengths

The study’s major strength lies in the acquisi-
tion of unbiased movement data spanning the
time before the injury through 1 year post-
injury. Due to the study’s retrospective
design, patients were not informed of future
data collection, which provided unique in-
sights into movement and general activity
levels years before the injury and throughout
the recovery phase. Approximately half of all
smartphone users in Sweden, where roughly
95% of those over 16 years old use smart-
phones, are iPhone wusers from diverse
demographics. '

Limitations

The most important limitation is that obtain-
ing movement data from a smartphone or
smartwatch hinges on the user’s possession
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FIGURE 2. Mean number of steps, step length and step speed taken by all participants (N=90) in the
year preceding and following an ankle fracture.
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FIGURE 3. Average step count, walking speed, and length of fracture type A, B and C, | year before and
after an ankle fracture.
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TABLE 2. Average Number of Steps Pre-Ankle and Post-Ankle Fracture, Categorized by Fracture Type, Age Group, and Sex Assigned at

Birth, as well as the Duration to Achieve the Post-Injury Plateau Phase During Recovery

Time to Reach the Post-Injury

Number of Steps

Number of Steps

Groups Plateau Phase (D) 95% Cl Preinjury 95% Cl Post-Injury 95% Cl

All patients 84.8 72.8-96.9 5435 4836-6074 5420 4943-6045
Fracture type

Type A fracture 47.4 33.9-60.9 5678 4661-6695 5665 4833-6498

Type B fracture 999 84.8-115.0 5092 4372-5812 5286 4534-6037

Type C fracture 118 5.8-230.2 9085 294-17,877 7300 5116-9483
Sex assigned at birth

Male 854 60.5-1104 6415 4924-7907 6750 5508-7993

Female 84.6 70.5-98.7 5039 4425-5653 4950 4402-5497
Age groups

<65y 737 60.3-87.4 5926 5173-6661 6033 5310-6734

>65y 103.6 80.0-125.0 4660 3626-5800 4584 3816-5475

of the device. Without this device, data
cannot be collected. The study excluded 13
individuals whose data did not meet quality
standards, predominantly due to participant
behavior. This included not carrying their
smart devices or disabling their Apple Health
application, which precluded the acquisition
of movement data. Another limitation is that
the study only included iPhone users. Despite
representing over 50% of the total smart-
phone user population, this could result in
the omission of data from other smartphone
users.!” However, iPhone users in Sweden
are evenly distributed across age and sex
groups and thus do not present any apparent
differences when compared with Android
users.'” Another limitation is the small num-
ber of patients in the type C fracture category
(n=5).

Validity of Apple Health

The Apple Health application on the iPhone
has been validated in several studies and is
considered a reliable tool for evaluating daily
steps, walking speed, and step length in
everyday activities, particularly in adults and
seniors.'” Data accuracy is further enhanced
when integrated with a smartwatch.'*'®

Step Count

In fracture types A and B, the step count
returned to preinjury levels within one year,
including more complex fractures that
required surgical intervention. Type C frac-
tures, however, showed a reduction in step

count, yet a greater number of steps were
recorded before the trauma. Stigevall et al” re-
ported that type C fractures are associated
with a poorer prognosis and that patients
tend to be younger. Before the injury, the
study cohort’s activity level was roughly
6000 steps per day, higher than the global
average of 5000 steps per day.'”’ Nevertheless,
these figures correlate with extant Swedish
population data, with a mean daily step count
of 6,000 (16). Increasing evidence suggests
that step counters may help identify patients
at risk of delayed recovery after injuries,
even as early as 1 month post-injury.
Enhanced patient outcomes can be attained
by prioritizing these individuals and
providing  comprehensive  rehabilitation
support.”’

Step Length

Across all fracture types, the average step
length declined from 0.70 m before injury
to a post-injury steady state of 0.68 m per
step, indicating a 0.02 m reduction in mean
step length at one year. Directly after the
trauma, step length remained at 0.62 m for
the initial 60 days; however, a gradual in-
crease of 0.03 m was observed between days
60 and 90, ultimately reaching a post-injury
steady state. The reduction in step length
(—0.02 m) did not exceed the MDC threshold
(MDC95=0.055 m), suggesting variability
rather than a definitive impairment. Step
length is regarded as an important component
of a person’s overall gait and is reported to
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contribute to gait speed.”’ Thus, a shorter
step length could result in a lower overall
step speed.”’ Evidence suggests that low
step length and speed are linked to an
elevated risk of falls among older adults (age
>65 years).”” Espy et al”' differentiated be-
tween walking speed and walking length,
concluding that reduced step length corre-
lated with diminished confidence in ambula-
tion.”" This assertion may be valid after an
ankle fracture. Hancock et al” found that pa-
tients with an ankle fracture who exhibited
reduced ankle dorsiflexion after cast removal
also showed lower outcome measures at a 6
month follow-up. The authors concluded
that this might affect ankle function.” Addi-
tionally, Aquino et al®’ demonstrated that
limited ankle dorsiflexion resulted in shorter
step lengths during ambulation, potentially
contributing to the compromised step length
observed in these patients.””’

Step Speed

The mean walking speed of participants with
all fracture types decreased from 1+28 m/s to
111 m/s between the pre-trauma and 90-day
post-injury assessments. The greatest recovery
occurred between days 61 and 90, with an in-
crease from 0.99 m/s to a new peak at 1.11 m/
s. At 1 year post-injury the step speed was
1.22 m/s. An observed reduction in step
speed was seen (0.06 m/s); that exceeded
the minimal detectable change (MDC
95=0.055 m/s), suggesting that the observed
difference may be clinically meaningful at
the individual level. As previously noted, an
ankle fracture can adversely affect both step
length and speed, as these factors are interde-
pendent. Walking speed analysis is increas-
ingly recognized as a reliable indicator of
overall health. A slow walking speed has
been associated with a higher risk of falls,
hospital admissions, lower limb disability,
and overall cause of mortality.”" Finally,
Dumurgier et al”’ showed that people with
slower gait had a threefold increase in the
likelihood of cardiovascular death. Schoen-
makers et al’® showed that patients with tri-
malleolar fractures reduced their walking
speed and range of motion after the injury,
suggesting that more complex fractures have
poorer outcomes. Our study patients
exhibited a reduction in walking speed that

persisted for 12 months after the injury event.
Whether this will affect their long-term gen-
eral health remains to be determined.

Interpretation

This study shows that while most patients
treated for an ankle fracture achieve satisfac-
tory recovery in step count, their step length
and step speed remain compromised 12
months after the trauma. Reduced step length
may be attributed to decreased range of mo-
tion and psychological factors (eg, fear of fall-
ing, anxiety) following ankle trauma, thus
reducing step speed. Once the patient attains
the post-injury plateau, typically around 84.8
days, there is negligible improvement in step
movement parameters. This observation sug-
gests that the first 3 months post-injury are
critical for rehabilitation. Targeted early reha-
bilitation for select individuals after trauma
may improve patient recovery.

Generalisability

Our findings may be applicable to adults in
comparable populations who have access to
smartphones, which represent about 60% of
the global population in 2024.'” However,
generalisability to those with limited smart-
phone access may be limited. Although this
study was conducted at a single center and
included only iPhone users, the demographic
profile of our participants closely mirrors that
of the general Swedish population, as well as
findings from previous large demographic
studies in Sweden." We found no apparent
skewness between our study population and
broader Swedish demographics; Therefore,
we believe our results are likely applicable
or useful to a broader range of people. Future
studies are needed to confirm these findings
across different populations and healthcare
systems, including those with limited health
literacy.”’

Implications for Clinical Use

This study’s analysis of Apple Health move-
ment data revealed that patients with ankle
fractures did not recover their step length
and speed post-trauma. However, for most
patients, the step count returned to preinjury
levels after the trauma event. As previously
mentioned, this finding suggests that the
most significant improvement in movement
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parameters happens within the first three
months after the trauma; therefore, it may
be beneficial to target certain individuals early
in their rehabilitation to facilitate a more effi-
cient recovery. These parameters could serve
as additional information when assessing the
recovery of a patient suffering from an ankle
fracture. Routinely collecting data for each
case can help identify patients who may
need extensive rehabilitation early, potentially
improving recovery outcome. The study
format, which examines movement patterns,
could prove valuable in evaluating the reha-
bilitation of a wider array of lower extremity
traumas that impact gait and overall mobility
in the future.

CONCLUSION

This study offers innovative evidence on pa-
tient mobility before and during recovery
from an ankle fracture. While most patients
show satisfactory recovery in step count, re-
ductions in step length and walking speed
remain evident even 12 months after trauma.
Future studies should aim to validate these
findings in larger cohorts. The wuse of
smartphone-derived movement data offers a
cost-effective and accessible alternative to
laboratory-based gait analysis, enabling long-
term follow-up in patients’ everyday settings.
Access to preinjury movement data also al-
lows recovery to be interpreted relative to
each patient’s baseline rather than on a popu-
lation basis. Future validations and the use of
integrated smartphone gait analysis may sup-
port individualized rehabilitation strategies
following an ankle fracture.

POTENTIAL COMPETING INTERESTS
The authors report no competing interests.

ETHICS STATEMENT

The study followed the Declaration of Helsinki
(2024) and was approved by the Swedish
Ethical Review Authority (2024-00068-01).

ACKNOWLEDGMENTS

The authors thank Pontus Andersson of Pon-
tus Art Production for the illustration in
Figure 1. We are also grateful to colleagues
Victor Gatzinsky and Dara Banna for

facilitating patient inclusion on high-volume
workdays.

Abbreviations and Acronyms: m, Meters; m/s, Meters
per second

Affiliations (Continued from the first page of this
article.): Sciences Visiting Program, Okinawa Institute of
Science and Technology, Okinawa, Japan (T.L.); Depart-
ment of Mathematical Sciences, University of Gothenburg,
Gothenburg, Sweden (T.L.)); Department of Mathematical
Sciences, Chalmers University of Technology, Gothenburg,
Sweden (T.L).

Grant Support: This study was funded by grants from the
Swedish state under the agreement between the Swedish
Government and the county councils, the ALF-agreement
(ALFGBG-1006458). The study was supported by research
grants from Sahlgrenska University Hospital to develop the
mobile application.

Correspondence: Address to Erik Borjesson, MD, Depart-
ment of Orthopaedics, Sahlgrenska University Hospital,
Candidate, Institute of Clinical Sciences, Sahlgrenska Acad-
emy, University of Gothenburg, Goéteborgsvagen 31, SE-
431 80 Moindal, Sweden (erikborjesson@vgregion.se;
Twitter: @ErikBorjesson;  LinkedIn: https://www.linkedin.
com/in/erik-lindseth-borjesson-4b9 | 16189).

ORCID

Erik Borjesson:
Emilia Moller Rydberg:
0813-4508

https://orcid.org/0000-0002-5664-285X;
https://orcid.org/0000-0003-

REFERENCES

1. Rydberg EM, Wennergren D, Stigevall C, Ekelund J, M&ller M.
Epidemiology of more than 50,000 ankle fractures in the
Swedish Fracture Register during a period of 10 vyears.
J Orthop Surg Res. 2023;18(1):79. https//doi.org/10.1 186/
s13018-023-03558-2.

2. Elsoe R, Ostgaard SE, Larsen P. Population-based epidemi-
ology of 9767 ankle fractures. Foot Ankle Surg. 2018;24(1):34-
39. https://doi.org/10.1016/j.fas.201 6.1 1.002.

3. Court-Brown CM, McBimie }, Wilson G. Adult ankle fractur-
es—an increasing problem? Acta Orthop Scand. 1998;69(1):
43-47. https://doi.org/10.3109/17453679809002355.

4. Ribeiro de Avila V, Bento T, Gomes W, Leitdo J, Fortuna de
Sousa N. Functional outcomes and quality of life after ankle
fracture surgically treated: A systematic review. | Sport Rehabil.
2018;27(3):274-283. https://doi.org/10.1123/jsr.2016-0199.

5. Stigevall C, Moller M, Wennergren D, Wolf O, Ekelund },
Bergdahl C. Patients with more complex ankle fractures are
associated with poorer patient-reported outcome: an observa-
tional study of | 1,733 patients from the Swedish Fracture Reg-
ister. Acta Orthop. 2024;95:212-218. https://doi.org/10.2340/
17453674.2024.40607.

6. Michelson |D. Ankle fractures resulting from rotational injuries.
J Am Acad Orthop Surg. 2003;1 1 (6):403-412. https://doi.org/ 10
5435/00124635-2003 1 1000-00004.

7. Egol KA, Tejwani NC, Walsh MG, Capla EL, Koval K]. Predic-
tors of short-term functional outcome following ankle fracture
surgery. | Bone Joint Surg Am. 2006;88(5):974-979. https.//doi.
org/10.2106/JBJS.E.00343.

Mayo Clin Proc Digital Health ®m June 2026:4(2):100362 m https://doi.org/10.1016/j.mcpdig.2026.100362

www.mcpdigitalhealth.org


mailto:erik.borjesson@vgregion.se
https://twitter.com/ErikBorjesson
https://www.linkedin.com/in/erik-lindseth-b&ouml;rjesson-4b9116189
https://www.linkedin.com/in/erik-lindseth-b&ouml;rjesson-4b9116189
https://orcid.org/0000-0002-5664-285X
https://orcid.org/0000-0002-5664-285X
https://orcid.org/0000-0003-0813-4508
https://doi.org/10.1186/s13018%2D023%2D03558%2D2
https://doi.org/10.1186/s13018%2D023%2D03558%2D2
https://doi.org/10.1016/j.fas.2016.11.002
https://doi.org/10.3109/17453679809002355
https://doi.org/10.1123/jsr.2016%2D0199
https://doi.org/10.2340/17453674.2024.40607
https://doi.org/10.2340/17453674.2024.40607
https://doi.org/10.5435/00124635%2D200311000%2D00004
https://doi.org/10.5435/00124635%2D200311000%2D00004
https://doi.org/10.2106/JBJS.E.00343
https://doi.org/10.2106/JBJS.E.00343
https://doi.org/10.1016/j.mcpdig.2026.100362
http://www.mcpdigitalhealth.org

MOVEMENT DATA BEFORE AND AFTER AN ANKLE FRACTURE

Hancock M), Herbert RD, Stewart M. Prediction of outcome
after ankle fracture. | Orthop Sports Phys Ther. 2005;35(12):
786-792. https://doi.org/10.2519/jospt.2005.35.12.786.

Dehghan N, McKee MD, Jenkinson R|, et al. Early weightbearing
and range of motion versus non-weightbearing and immobilization
after open reduction and intemal fixation of unstable ankle frac-
tures: A randomized controlled trial. /| Orthop Trauma. 2016;
30(7):345-352. https/doi.org/10.1097/BOT.0000000000000572.

. Zhu T, Wang Y, Tian F, et al. Clinical assessments and gait anal-

ysis for patients with trimalleolar fractures in the early postop-
erative period. BMC Musculoskelet Disord. 2022;23(1):663.
https://doi.org/10.1186/s12891-022-056 1 5-z.

. Tan F, Bagdatli SB, Kinikli Gl, Topuz S, Deniz HG. Persistent

functional deficits after ankle fracture surgery: A long-term
gait and functional analysis. | Orthop. 2025;67:253-258.
https://doi.org/10.1016/jjor.2025.05.045.

Matthew Shanahan KB; GSMA. The state of mobile
internet connectivity report. October |1, 2023: http://gsma.
com/solutions-and-impact/connectivity-for-good/mobile-for-
development/gsma_events/the-state-of-mobile-internet-
connectivity-report-2024/. Accessed November 20, 2025.

. Wermner C, Hezel N, Dongus F, et al. Validity and reliability of

the Apple Health app on iPhone for measuring gait parameters
in children, adults, and seniors. Sci Rep. 2023;13(1):5350.
https://doi.org/10.1038/s41598-023-32550-3.

Fuller D, Colwell E, Low J, et al. Reliability and validity of commer-
cially available wearable devices for measuring steps, energy expen-
diture, and heart rate: systematic review. JMIR MHealth UHealth.
2020;8(9):e18694. httpsi//doi.org/10.2196/18694.
Femdndez-Gorgojo M, Salas-Gémez D, Sénchez-juan P,
Barbado D, Laguna-Bercero E, Pérez-Nufez MI. Clinical-func-
tional evaluation and test-retest reliability of the G-W A L K
Sensor in subjects with bimalleolar ankle fractures 6 months af-
ter surgery. Sensors (Basel). 2022;22(8):3050. https://doi.org/
10.3390/522083050.

. Andersson J. The Swedes and the Intemet annual report. The

Swedish Intemet Foundation; 2019:18.
IDC. Worldwide Quarterly Mobile Phone Tracker. IDC Publishing;
2024.

20.

21.

22.

23.

24,

25.

26.

27.

Veerabhadrappa P, Moran MD, Renninger MD, Rhudy MB,
Dreisbach SB, Gift KM. Tracking steps on Apple Watch at
different walking speeds. | Gen Intem Med. 2018;33(6):795-
796. https://doi.org/10.1007/s11606-018-4332-y.

Althoff T, Sosi¢ R, Hicks JL, King AC, Delp SL, Leskovec .
Large-scale physical activity data reveal worldwide activity
inequality. Nature. 2017,547(7663):336-339. https://doi.org/
10.1038/nature23018.

Braun BJ, Histing T, Menger MM, et al. Wearable activity data
can predict functional recovery after musculoskeletal injury:
feasibility of a machine learning approach. Injury. 2024;,55(2):
111254 https://doi.org/10.1016/}.injury.2023.1 1 1 254.

Espy DD, Yang F, Bhatt T, Pai Y-C. Independent influence of gait
speed and step length on stability and fall risk. Gait Posture. 2010;
32(3):378-382. https://doi.org/10.1016/j.gaitpost.2010.06.013.

Verghese |, Holtzer R, Lipton RB, Wang C. Quantitative gait
markers and incident fall risk in older adults. | Gerontol A Biol
Sci Med  Sci. 2009;64(8):896-901. https://doi.org/10.1093/
gerona/glp033.

Aquino MRC, Resende RA, Kirkwood RN, Souza TR,
Fonseca ST, Ocarino JM. Spatial-temporal parameters, pelvic
and lower limb movements during gait in individuals with
reduced passive ankle dorsiflexion. Gait Posture. 2022;93:32-
38. https://doi.org/10.1016/j.gaitpost.2022.01.010.

Cromwell RL, Newton RA. Relationship between balance and
gait stability in healthy older adults. | Aging Phys Act. 2004;12(1):
90-100. https://doi.org/ 0.1 123/japa.12.1.90.

Dumurgier ), Elbaz A, Ducimetiére P, Tavernier B, Alpérovitch A,
Tzourio C. Slow walking speed and cardiovascular death in well
functioning older adults: prospective cohort study. BMJ. 2009;
339:b4460. https://doi.org/10.1 | 36/bmj.b4460.

Schoenmakers S, Houben M, van Hoeve S, Willems P,
Meijer K, Poeze M. The influence of size and comminution
of the posterior malleolus fragment on gait in trimalleolar ankle
fractures. Clin Biomech (Bristol). 2022;91:105550. https://doli.
org/10.1016/j.clinbiomech.202 1.105550.

Kripalani S, Goggins K, Couey C, et al. Disparities in research
participation by level of health literacy. Mayo Clin Proc. 2021;
96(2):314-321. https//doi.org/10.1016/j.mayocp.2020.06.058.

Mayo Clin Proc Digital Health ®m June 2026:4(2):100362 ®m https://doi.org/10.1016/j.mcpdig.2026.100362
www.mcpdigitalhealth.org

11


https://doi.org/10.2519/jospt.2005.35.12.786
https://doi.org/10.1097/BOT.0000000000000572
https://doi.org/10.1186/s12891%2D022%2D05615%2Dz
https://doi.org/10.1016/j.jor.2025.05.045
http://gsma.com/solutions-and-impact/connectivity-for-good/mobile-for-development/gsma_events/the-state-of-mobile-internet-connectivity-report-2024/
http://gsma.com/solutions-and-impact/connectivity-for-good/mobile-for-development/gsma_events/the-state-of-mobile-internet-connectivity-report-2024/
http://gsma.com/solutions-and-impact/connectivity-for-good/mobile-for-development/gsma_events/the-state-of-mobile-internet-connectivity-report-2024/
http://gsma.com/solutions-and-impact/connectivity-for-good/mobile-for-development/gsma_events/the-state-of-mobile-internet-connectivity-report-2024/
https://doi.org/10.1038/s41598%2D023%2D32550%2D3
https://doi.org/10.2196/18694
https://doi.org/10.3390/s22083050
https://doi.org/10.3390/s22083050
https://doi.org/10.1007/s11606%2D018%2D4332%2Dy
https://doi.org/10.1038/nature23018
https://doi.org/10.1038/nature23018
https://doi.org/10.1016/j.injury.2023.111254
https://doi.org/10.1016/j.gaitpost.2010.06.013
https://doi.org/10.1093/gerona/glp033
https://doi.org/10.1093/gerona/glp033
https://doi.org/10.1016/j.gaitpost.2022.01.010
https://doi.org/10.1123/japa.12.1.90
https://doi.org/10.1136/bmj.b4460
https://doi.org/10.1016/j.clinbiomech.2021.105550
https://doi.org/10.1016/j.clinbiomech.2021.105550
https://doi.org/10.1016/j.mayocp.2020.06.058
https://doi.org/10.1016/j.mcpdig.2026.100362
http://www.mcpdigitalhealth.org

	Retrospective Analysis of Movement Data Before and After an Ankle Fracture: A Descriptive Study Using Apple Health
	Patients And Methods
	Study Setting
	Study Design
	The iPhone Mobile Application
	Patient Inclusion Process
	Statistical Methods

	Results
	Recovery of Movement Parameters

	Discussion
	Strengths
	Limitations
	Validity of Apple Health
	Step Count
	Step Length
	Step Speed
	Interpretation
	Generalisability
	Implications for Clinical Use

	Conclusion
	Potential Competing Interests
	Ethics Statement
	Acknowledgments
	References


