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Objectives: To assess style and themes of feedback provided by artificial intelligence (Al) mobile
application and physical therapist (PT) to participants during bodyweight squat exercise. Methods:
Research population was age 20-35, without any pre-existing condition that precluded participation
in bodyweight exercise. Qualitative methodology followed directed content analysis. Cohen’s kappa
coefficient verified consistency between coders. Results: Both Al and PT groups had seven female and
eight male participants. Three themes emerged: affirmation schema, correction paradigms and physical
assessments. Average kappa coefficient calculated for all codes was 0.96, a value that indicates almost
perfect agreement. Conclusion: Themes generated highlight the Al focus on congruent, descriptive and
prescriptive feedback, while the PT demonstrated multipoint improvement capabilities. Further research
should establish feedback comparisons with multiple PTs and correlate qualitative data with additional
quantitative data on performance outcomes based on feedback.
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Background

Technology is evolving healthcare and one catalyst for improvement is artificial intelligence (AI). Al is a general term
describing computers that exhibit humanlike intelligence and reason [1]. Al can replicate complex cognitive tasks
to assist clinical practice. Examples include image analyses for cancer and heart disease, evaluations of unstructured
data from electronic medical records and assistive robots providing exercise coaching for the elderly [2-4]. These
examples demonstrate Al integrations into software systems such as electronic medical records and hardware systems
such as robots or devices.

Al research applications in sports performance progressed in the last decade with advances in new computing tech-
niques (5]. This qualitative study is a follow-up analysis to the associated primary randomized trial (NCT 04624594
12/11/2020, retrospectively registered) evaluating the ability of an Al exercise mobile application (app) to identify
and improve bodyweight squat form when compared with a physical therapist (PT) [6]. This primary trial showed
that Al had satisfactory ability to identify correct squat form and limited ability to identify incorrect squat form,
which reduced diagnostic capabilities. Other separate trials previously demonstrated the Al effectiveness in treating
lower back pain and providing feedback for dynamic and static exercises excluding squats [7,8].

Similar mobile apps provide audiovisual instruction, but do not provide corrective feedback to the user during
exercise [9]. Recent revolutions in economical mobile device camera capabilities and Al models have enabled
powerful motion analysis on smartphones. The app used in this study is built with patent-pending motion-tracking
technology which monitors and provides real-time audiovisual feedback on a person’s exercise performance for
different types of exercises; no qualitative assessment of this app’s feedback has been conducted in prior literature.
This follow-up study explores the app’s style and themes of feedback provided for bodyweight squats when compared
with a PT, since this exercise is understood to be a key compound movement used in daily living [10,11].

For functional movement patterns such as squats, there are different paradigms of feedback that can be provided.
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feedback and aligned developmental feedback as strategies for improvement. Augmented feedback is provided by
an external source and is focused on movement execution or result [12]. For example, when an individual performs
a squat, knowledge of performance (e.g., individual descended asymmetrically with center of mass favoring left
side) or outcome (e.g., individual completed ten bodyweight squat repetitions) can be provided [13]. This feedback
strategy stands in contrast to intrinsic feedback, which involves information that can be detected by an individual
themself [14].

Congruent feedback refers to the synchronicity among the intent and content of instruction [15]. For example,
if a coach asks an individual to squat until the thighs are parallel with the ground, yet provides immediate
feedback regarding head positioning, this would be considered incongruent. Aligned developmental feedback
delivers information at an age-appropriate level for student comprehension [1¢]. This strategy is based on the
cognitive and motor skills acquired at different ages. These feedback approaches have been researched and proposed
as best practices when helping individuals acquire new skills.

This study was completed to provide a qualitative feedback context for the previously published primary trial.
Incorporating successful feedback strategies into Al apps is paramount for the success of safe and effective exercise.
Analyzing the feedback style of Al and PT coaches, the aim of this research, is valuable because it can identify
benefits or flaws of incorporating Al and best practices to improve performance and outcome, as well as educate
and inspire communities with personal exercise solutions.

Design

Eligibility criteria

The research population was 30 academic institution affiliates, age 20-35, without any pre-existing medical
condition that precluded participation in bodyweight exercise for 10 min.

Population sample

Participants were part of the primary randomized controlled trial; person-to-person recruitment and flyers were
used in October 2019 [6]. A total of 42 people were eligible, but six people did not sign up for a time slot and
three people were injured prior to participation. This research sought a standardized population to increase internal
validity before studying patient populations. Participation was voluntary and could be withdrawn at any time.
Participants were not paid to participate. Participants were randomly assigned to the Al or PT group in a 1:1 ratio
using the random choice selection function in Excel. Participants were also assigned a unique identifier number to
sign up for a time slot.

Squat definition

Based on pre-existing squat literature descriptions and published squat best practices [17-23], the PT and three
independent raters collectively agreed on this study’s official squat definition:

“Individual starts in a standing position with feet flat on the floor knees and hips in a neutral, extended anatomical
position, spine in an upright position with preservation of its natural curves and hands held in front of body. Squat
movement begins with descent phase initiated by Sitting back’ as hips, knees and ankles flex simultaneously. Individual
should descend until hip joint becomes level with knee joint, without letting the knees extend past toes. Ascent is achieved
through simultaneous extension of the hips, knees and ankles, continuing until the subject has returned to starting position.”

Intervention
After the participant consent process, bodyweight squat exercises and evaluation occurred in the subsequent 10
min. Participants were observed by Al (operating from an Apple iPhone X) and PT from the lateral right plane 3 m
away (Figure 1). The PT providing feedback had more than a decade of training and practice in neurorehabilitation
and extensive experience training athletes. The PT was provided with a standardized list of corrections based
on the common Al evaluations and was also free to provide any necessary feedback not contained in the list.
The standardized list of corrections included upper body leaning too far to the front, not squatting deep enough
(<90°), squatting too deep (>90°), knees extending past toes, neck extended too far upwards, neck flexed too far
downwards, motion was too fast and motion was too slow. One supervising researcher was always present for added
safety.

As part of the primary trial, those in the Al group (n = 15) performed ten squat repetitions with real-time
audiovisual feedback from the app; the Al's design provided one piece of feedback, if necessary, with a vocal
statement and on-screen video per repetition. For example, if the volunteer performed squat repetition with
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\ Figure 1. Artificial intelligence identifies body landmarks

and joint angles in video to provide movement feedback.
Artificial intelligence and physical therapist observed
3 meters participants from lateral right plane 3m away.
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Table 1. Coding themes with associated artificial intelligence and physical therapist group subthemes.

Subthemes
Artificial intelligence Physical therapist
Themes Affirmation schema Reinforcement of praise Locus of improvement
Correction paradigms Dyad analysis Movement prescription
Physical assessments Cervical spine Multipoint judgment

the neck flexed downward, Al suggested keeping their head up, with on-screen instruction. Those in the PT group
(n = 15) also performed ten repetitions with one piece of feedback per repetition, if necessary, from the PT.

Data organization & analysis

Feedback provided by Al and PT for each repetition was transcribed and entered into NVivo [24]. Internal and
external code generation followed directed content analysis, whereby literature review of sport coaching pedagogy
and various feedback strategy research helped create 16 codes defined before and during a double-pass analysis
(Supplementary Material C) [13,14,16,25-27]. Coding was completed independently by the two authors. These coders
established partnership at study commencement, as both previously conducted qualitative research. Cohen’s kappa
coefficient, a measure of agreement that takes random variation into account, was calculated to verify consistency
between coders [28].

Written analytic memos were completed after each coding round to interpret themes developing in the data.
Noting the patterns and resultant themes was a method of extracting data; exploring contrasts and comparisons
tested the conclusions and practical significance across both groups [29]. To verify conclusions drawn from matrix
building and directed content analysis, two tactics were used: looking for negative evidence and making if—
then tests. Firstly, looking for negative evidence was a natural complement to the previous method of drawing
conclusions through patterns. Outliers and rival explanations were actively sought in the feedback responses to
disconfirm findings [29]. Secondly, if-then tests were made into formalized propositions for testing relationships

among codes [29]. For example, “Iffeedback response is marked with the code ‘encouragement’, zhen they are more
likely to have been coached by the AI”.

Results

Both Al and PT groups had seven female and eight male participants. Coding themes and subthemes are shown in
diagrammatic form in Table 1. The three main themes generated were affirmation schema, correction paradigms
and physical assessments, each with subthemes. Each of the 16 codes helped identify the groups’ similarities and
differences, which led to the aforementioned thematic categories. Examples of each code are shown in Table 2.
Average kappa coefficient calculated for all codes between the two coders was 0.96. The subsequent findings have
been organized first by the three themes and then by feedback group subthemes in accordance with the cross-case
analysis inherent in the study design.

Affirmation schema
Artificial intelligence

‘Reinforcement of praise’ refers to the form compliments and repetition encouragement provided by the Al after
participants performed a squat correctly. This type of feedback followed most squats that were deemed correct by
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Table 2. Codes with their definitions, frequencies, pass numbers and types.

Name
Correct
Incorrect

Improvement

Descriptive
Prescriptive
Invitation
Encouragement
Praise
Head
Torso

Pelvis
Knees

Feet

Depth

Lean

Speed

Luna & Denham

Definition Example Pass Type

Squat form deemed free from error “Great, show me one more” 1 External categorical
Squat form deemed to have an error “Your movement is still a bit too fast” 1 External categorical
Squat form deemed correct after previous “There you go, better” 1 External interpretive
incorrect repetition

Al or PT simply identifies the error “You're still overextending your neck” 1 External interpretive
Al or PT provides solution to error “Bring your chin even more towards your chest” 1 External interpretive
Al or PT requests attention for further instruction  “Okay stop for a second” 1 External interpretive
Al or PT suggests to perform another repetition “Your turn again, show me another repetition” 1 External interpretive
Al or PT offers compliment on squat performance  “Excellent” 1 External interpretive
Al or PT states head or neck as source of error “Try to keep your head up, look straight ahead” 2 Internal descriptive
Al or PT states torso or spine as source of error “Keep the chest up, especially through your upper back” 2 Internal descriptive
Al or PT states pelvis or glutes as source of error “You're doing a sort of pelvic tilt rotation” 2 Internal descriptive
Al or PT states knees as source of error “Knees may be traveling a little bit too far forward” 2 Internal descriptive
Al or PT states feet or toes as source of error “Keep your weight more in the middle of your feet” 2 Internal descriptive
Al or PT states squat depth as source of error “Next one don’t go quite so low” 2 Internal descriptive
Al or PT states body lean as source of error “Your upper body was leaning too much to the front” 2 Internal descriptive
Al or PT states squat rate of motion as source of “Perform the motion a bit slower” 2 Internal descriptive

error

Al: Artificial intelligence; PT: Physical therapist.

the AL The feedback followed a template of first presenting a statement of praise, followed by an affirmation of
repeating proper squat form. Examples are listed.

“Awesome, show me one more repetition.”
“Wonderful, now let me see another rep, I'll check other aspects of your technique.”

Physical therapist

‘Locus of improvement’ indicates the continual PT emphasis on aspects of squat form that improved when
participants performed a squat correctly. This type of feedback also included language of praise on a less frequent
basis. The feedback addressed either the incorrect squat form directly before the correct repetition, or how the
participant modified their form to address the most recent feedback.

“Yeah, good, don't let yourself bounce out of thar.”
“Right, so that at the bottom, after that one was good.”

Correction paradigms
Artificial intelligence

‘Dyad analysis’ defines the underlying balance of descriptive and prescriptive feedback provided when participants
performed a squat incorrectly. Descriptive feedback informed participants of what error they made; prescriptive
feedback gave them instructions to modify their performance. Descriptions structurally preceded or followed
prescriptions in Al audio statements.

“You are still overextending your neck, bring your chin down a bit.”
“Very good, let me point one more thing, your upper body was leaning too much to the front, try to keep your
upper body more upright.”

Physical therapist

‘Movement prescription’ highlights the PT guidance to specifically remedy the errors when participants performed a
squat incorrectly. The aforementioned prescriptive feedback style was more prevalent than descriptions of incorrect
form. The PT consistently suggested modifications when squat form was perceived to contain at least one error.

“Straighten out all the way ro the top.”
“Go a little bit lower to get to 90°, but keep the weight in a good spot to keep the weight right in the middle of

your feet.”
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Table 3. Code instances and corresponding percentages in the artificial intelligence and physical therapist groups.

Al group (n instances) Al % PT group (n instances) PT %

Correct 121 24 86 21
Praise 109 22 4 10
Encouragement 124 25 6 1
Improvement 17 3 47 11
Incorrect 29 6 64 15
Prescriptive 27 5 57 14
Descriptive 26 5 21 5
Invitation 19 4 6 1
Depth 6 1 19 5
Feet 0 0 12 3
Head 19 4 2 0
Knees 0 0 6 1
Lean 1 0 6 1
Pelvis 4 1 8 2
Speed 3 1 19 5
Torso 0 0 17 4
Total codes 505 100 417 100

Al: Artificial intelligence; PT: Physical therapist.

Physical assessments
Artificial intelligence

‘Cervical spine’ includes feedback regarding head and neck positioning provided by Al when participants performed
a squat incorrectly. Although the Al corrected a handful of other areas, a majority of region-specific corrections
focused on the cervical spine (Table 3). Examples include line of sight and head positioning.

“Keep your line of sight straight, you're looking up oo much.”
« . . . . .

Remember to hold your head in a neutral position during the movement, you are extending your head too
much upwards again.”

Physical therapist

‘Multipoint judgement means that the PT focused on multiple regions to provide corrective feedback when
participants performed a squat incorrectly. The cervical spine was de-emphasized by the PT and major feedback
regions included the torso, pelvis, feet and overall squat depth (Table 3). In contrast to Al, PT feedback could also
have included more than one correction.

“Try to keep the chest up, especially through your upper back, otherwise you're doing a pretty good job, just
control up and down a little bit more, so you have control the whole time. So, chest up, keep the weight right in
the middle of your feet.”

“Okay, this next one, try to go down all the way ro 90°, keep thar weight moving forward.”

Discussion
Qualitative analysis of Al and PT squat form feedback in 30 adults revealed three key themes with overlapping prin-
ciples, but distinct and noteworthy subthemes. Affirmation schema, correction paradigms and physical assessments
summarize the data, and each of these themes has a branch point that distinguishes Al from PT feedback.
Compared with the PT, the Al was remarkably encouraging and provided statements of praise for a majority of
correct and incorrect repetitions. After exhaustive analysis, the Al feedback appeared to follow a set template in
response to correct and incorrect squats, as detailed in the ‘reinforcement of praise’ and ‘dyad analysis’ subthemes.
Also notable was the Al use of invitations: a calling of the participant’s attention toward the mobile device. These
invitations occurred in more than half of feedback provided for incorrect squats, and may be understood as a way
to focus a participant in the absence of a physical presence and inherent body language that would be evident in a

PT feedback session.
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In contrast to the Al, the PT demonstrated ability to identify and address multiple points for correction. As
evidenced by the examples in ‘multipoint judgement’, the PT could synthesize and combine different zones of
interest to inform the participant of form adjustments for improvement. In light of the Al design and function, it
is important to note that the Al was programmed to identify one critical area for squat improvement and convey
this feedback to the participant. Although the Al could ‘see’ multiple improvement areas, it chose to focus on one.

This deliberate design is suggestive of congruent feedback, wherein the Al provides feedback on a specific point
and does not diverge to include other corrections, electing instead to wait until a subsequent squat to focus on
different areas as necessary [15,16). With the context of the associated primary trial, the Al recognized correct
squats more often than incorrect squats; this could have caused missed opportunities to provide more congruent
feedback, as noted in the present results. One implication for the difference in feedback is exercise safety. Although
this study focused specifically on bodyweight squats in participants without any condition that would preclude
them from exercise, translating the app’s usability to more vulnerable patient populations with complex physical
therapy requirements will require improved technology to recognize performance and provide accurate feedback.

Inter-rater reliability strength is particularly useful in identifying the various improvement areas that emerged
from the feedback data. The average kappa coefficient calculated for all codes was 0.96, a value that indicates
almost perfect agreement [30]. This value substantiates the coding data used for directed content analysis and the
subthemes that resulted.

Limitations

This study included one publicly available AI app and one PT. The Al and PT provided feedback for two different
groups of people. A different Al and PT may have provided feedback in different ways, or could have had different
abilities to recognize squat form. Both Al and PT viewed participants only from the right sagittal angle and
alternative angles may have led to different form evaluations and feedback. These results are limited to a healthy
adult population and cannot be extrapolated to different age groups at this time; results also cannot be broadened
to other patient populations with specific rehabilitation needs.

Conclusion

This study has uncovered practical insights regarding the ability of an Al to provide feedback for the purpose of
improving squat form when compared with a PT. The themes and subthemes generated highlight the Al focus on
congruent, descriptive and prescriptive feedback, while the PT demonstrated multipoint improvement capabilities.
These findings may be mutually beneficial for future Al iterations and PTs; new Al programs can incorporate the
PT synthesis and feedback language, while PTs can make use of Al to reach new populations at scale with validated
and safe technology. Further research should establish feedback comparisons with multiple PTs and correlate the
qualitative data with quantitative data on performance outcomes based on feedback.

Summary points

e Three themes — each with a subtheme for artificial intelligence (Al) and physical therapist (PT), respectively

— emerged from the data:

o Theme 1: Affirmation schema (reinforcement of praise, locus of improvement).

o Theme 2: Correction paradigms (dyad analysis, movement prescription).

o Theme 3: Physical assessments (cervical spine, multipoint judgement).

Themes and subthemes generated highlight the Al focus on congruent, descriptive and prescriptive feedback.
The PT demonstrated multipoint improvement capabilities when providing feedback.

Al notably used invitations, calling the participant’s attention toward the mobile device.

Further research should establish feedback comparisons with multiple PTs.
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