www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Photogrammetry-based
smartphone applications for spinal
posture assessment: a systematic
review and meta-analysis

Mina Karbalaeimahdi’®?, Hooman Minoonejad?, Seyed Hamed Mousavi{®"’ &
Reza Rajabi®"™*

Smartphones have become essential tools in healthcare, particularly in assessing human posture.

This systematic review evaluated mobile applications that utilize photogrammetry to assess body
alignment in both the sagittal and coronal planes. The review adhered to PRISMA 2020 guidelines and
was registered in PROSPERO (CRD42024573433). We conducted a search across multiple databases,
including PubMed, Scopus, Web of Science, ACM Digital Library, Embase, and Google Scholar. Studies
were included if they reported the development, testing, or validation of smartphone apps for posture
analysis. Excluded were studies that used wearables, radiographic or sensor-based methods, or those
without full-text availability. Two authors independently screened the studies and extracted relevant
data. The COSMIN checklist was employed to assess the quality of the studies. A meta-analysis using
MedCalc calculated the intraclass correlation coefficients (ICCs) and Pearson’s r for assessing reliability
and validity. A total of 29 studies involving 1,910 participants were included in the review. The pooled
ICCs demonstrated excellent test-retest reliability (ICC=0.904) and inter-rater reliability (ICC=0.889)
for the craniovertebral angle, while measurements for hip tilt, head tilt, and acromion alignment
showed moderate to excellent reliability. Limitations of this review include the restriction to English-
language studies, heterogeneity in methods, small sample sizes, and inconsistent reporting (e.g., SEM,
MAD). These findings support the clinical utility of smartphone applications for posture assessment.
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Postural assessment is conducted regularly in health clinics and physical therapy centers!. Various tools are
utilized in this process, including quantitative measurements with goniometers and plumb lines, as well as
motion capture systems like Vicon and 3D infrared camera systems for visual dynamic assessment?. Although
radiological methods are considered the most accurate among posture assessment techniques’ and the gold
standard and reliable process, as they allow for clear visualization of bony landmarks?, they are limited in routine
clinical application due to cost and radiation exposure*. Radiographs are invasive and thus cannot be used for
repeated measures of body segment posture?. As such, Photogrammetry and mobile-based tools offer a non-
invasive, more accessible alternative for evaluating external posture based on anatomical landmarks®, though
they cannot fully replace the diagnostic value of radiographs. Recently, there has been a growing body of evidence
supporting the use of artificial intelligence in patient assessment and treatment. The rise of smartphones has also
revolutionized how clinicians access clinical measuring application technologies, including machine learning,
deep learning, and computer vision, which show considerable potential in automating diagnostic processes,
interpreting medical imaging, and aiding clinical decision-making®.

Mobile health, or mHealth, was a term introduced by Robert Istepanian in 2003”. The implementation of
mHealth has enabled the monitoring and management of health information for individuals outside clinical and
hospital settings®. Mobile devices are primarily used for monitoring individuals with chronic diseases, but they
also have applications in medical diagnostics. This includes assessing human biomechanical functions, such as
evaluating walking and body posture. Recent advancements in photogrammetry and the assessment of body
alignment in both the sagittal and frontal planes have contributed to this field. Smartphones are equipped with
built-in sensors such as accelerometers, magnetometers, and gyroscopes, which enable them to assess a human
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posture’. Numerous mobile software applications!!%-1? are now available for posture analysis and assessment.

Additionally, mobile applications have emerged as a viable alternative to photogrammetry devices, simplifying
the processes of image acquisition and data analysis, while also being more cost-effective’»19-12,

In a systematic review conducted by Moreira et al’., the authors analyzed posture assessment applications
published between 2012 and 2020, identifying a total of 13 mobile applications. These applications utilize the
available features of smartphones to evaluate body alignment. Based on their functionalities, the applications
were categorized into two groups: sensor-based solutions, which included eleven applications, and image-based
solutions, which comprised two applications®. There is a growing body of literature indicating an increasing
development of new image-based applications!®!:1>-15, However, these applications were not assessed in the
study conducted by Moreira et al., and therefore require systematic and quantitative evaluation. Addressing this
gap in the literature will assist future researchers in evaluating the effectiveness and technical characteristics
of these applications, as well as identifying which ones are the most valid and reliable. The goal of the present
study is to identify and compare mobile phone applications that utilize images to assess postural deviations. We
conducted a review of relevant digital libraries and compared various studies, taking into account important
factors such as study design and the functionalities offered by the applications.

Results

Study selection

The initial literature search on the databases identified a total of 4,349 studies. After removing duplicates, 2,558
studies remained. We then resulting in 28 studies that were deemed eligible for inclusion. Figure 1 illustrates the
flow diagram that summarizes the selection process and shows the number of studies excluded at each stage.

Study characterization
Table 1 summarizes the main characteristics of the included studies, including application names, study design,
sample size, sex distribution, measured variables, and key findings. A total of 29 studies, involving 1,910
participants, examined eight smartphone applications designed to assess human postural deviations using
images. The applications studied included APECS, PostureScreenMobile (PSM), Fizyoprint, NLMeasurer,
Biomechanics Augmented Reality Marker (BAR-M), FHPapp, CVA-CVapp, and Surgimap. Each of these mobile
applications has a unique name and measurement protocol. Additionally, Table 2 presents information about the
validity and reliability levels of these applications.

To further evaluate the statistical rigor of the included studies, data on power analysis and sample size
estimation were extracted whenever available. Three studies'>!®!7 provided clear information on the statistical
power or sample size calculations for their reliability outcomes. Collectively, these findings demonstrate that
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Fig. 1. Flow diagram of the review process.
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Tested | Tested Measures
study Study design N/Population Sex Age App validity | reliability | Taken Main Findings
10 subjects, 5 . .
Boland, D. Validation fully clothed females PostureScreen Head, Rlbcage, Posture assessment with .
18 - 21 £1yo. e No Yes Shoulder, Hip PostureScreen showed substantial
M. etal. Research or minimally and 5 Mobile X P
and Knee Tilt reliability
clothed males
20 healthy 17 PostureScreen showed stron,
Szucs, K. A. | Validation volunteers, females |21.1+1.5 PostureScreen No Yes Head, Shoulder reliability for assessing hum agn
etal.”? Research all right hand and 3 y.o. Mobile" and Ribcage Tilt ¥ s
¢ posture.
dominant males
21 healthy, 18 .
Szucs, K. A. | Evaluation college students, | females |21.1+ 1.5 PostureScreen Head, Rlbcage, Pos}ureSgreen dete;ted posture
20 : e No No Shoulder, Hip variables in the sagittal and coronal
etal. Research all right hand and 3 y.o. Mobile -
; Tilt planes.
dominant males
. 25 . PostureScreen proved to be a
Tacob, S. M. Evaluation 29 subjects females | 23.21 + 1.38 | PostureScreen Head, Rlbcage, useful tool for dentists in the early
2 of the Dental ) No No Shoulder, Hip X X .
etal. Research and 4 y.o. Mobile PN diagnosis of dental occlusion
Faculty Inclination
males pathology.
PostureScreen was able to detect
Hopkins, B. Validation .. 24.04 + 1.81 | PostureScreen Head, Rlbcage, postural r.“ei.‘s“re“""'m? > but its use
1 50 participants | males e Yes Yes Shoulder, Hip showed signicant bias in postural
B.etal Research y.o. Mobile -
and Knee Tilt measurements of the frontal and
sagittal planes.
48
female
and 5
male (58'.92i9'84 head, shoulder,
patient y.0. in the hip, knee
. 53 patients with patient A They used the PSM application to
Turhal, comparative ] . group P S angulation, d found an i
Cemal et prospective cross- | 1OWEr extremity | = ©ig | group) ostureScreen | o - No right and left Q | 25558 posture and found an increase
2 f edema and 53 (58.19+8.12 | Mobile . in the angles of the head, shoulders,
al. sectional study h females . angle, thoracic . . )
healthy subjects y.0. in the . and hips in edematous cases.
and 4 kyphosis
control .
males roup) angle, pelvic tilt
in the group
control
group
head, shoulder, Using t}klle PSM ?Pli)llicatior:i is an easy
Apostolia hip, knee shift way to have a reliable standing-up
postotia, Evaluation . 142+ 1.16 | PostureScreen g > | analysis that is easily implemented
Dimaki et 30 children Boy e No No head, shoulder, . . L
23 Research y.o. Mobile S by a Physiotherapist without
al. hip tilt and head iring specialized traini
weight requiring specialized training to use
that application.
Posture Screen Mobile allows a
The indices of non-invasive and reliable assessment
Babydov, . 37 men with deviation of the | of posture disorders. The main
o Evaluation . 27,7+3,4 PostureScreen . s
Eugenii et kypholordotic males e No No lumbar spine, advantages of PSM are its high
B Research y.o. Mobile X o
al. posture the shoulder accuracy in determining posture
and the head disorders and its ability to provide
detailed information.
Forward head posture and neck
pain are co-related with each other
Tariq, Iqra et | cross-sectional 150 IT 20 to 60 PostureScreen in IT professionals that their neck
25 males ) No No CVA angle .
al.» study employees years Mobile pain becomes worst and posture
becomes improper while working
continuously on a PC.
Anteroposterior
and total lateral .
19 pati . . The early posture realignment seen
patients in translations . . . .
. . in patients with Angle Class II
Santos, longitudi the orthognathic using the angles -
- ongitudinal b and Class III malocclusions after
Joselia . surgery group 18 to 60 PostureScreen and translations .
. observational e No No orthognathic surgery shows that
Gomes Lima desi and 16 years Mobile of the head, L .
2 esign . . the positional change of the maxilla
etal. patients in the shoulders, . .
and mandible can influence body
control group knees, and . .
. posture in a short time.
pelvis as
references.
head, shoulder A common abnormal body posture
P is rounded shoulders posture,
. andvhip shift o
Al-Rawi, cross-sectional PostureScreen (lateral and scoliosis, and forward head posture
Natheer H et 60 male dentists | males e No No o (FHP). FHP is one of the most
27 study Mobile longitudinal), _—
al. common contributing factors to
head, shoulder X pain and din ab
and hip tilt neck pain and was reported in about
65% of dentists
92.5% have abnormal shoulder
posture, 87.5% have abnormal
Mariyam 61.5% Head. shoulder, | POsture of head and 75% have
Farzana, S. F | non experimental | 200 healthy men and | 19 to 23 PostureScreen No No hi a’n d knee > | abnormal hip posture in lateral.
etal. ADDIN | study subjects 38.5% years Mobile" ops’t ‘e 25% of subjects have abnormal hip
EN.CITE* women postu posture and 87.5% of subjects have
abnormal posture of shoulder in
anterior view.
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Tested | Tested Measures
study Study design N/Population Sex Age App validity | reliability | Taken Main Findings
head, shoulder,
pelvis and knee . s o
. Children with intellectual disability
translations o .
. demonstrate significant differences
cross-sectional 20 in the lateral in body posture compared to
Emir, A. et 1 . females | 6to 14 PostureScreen plane and the . ! .
al? observational 77 children and 57 ears Mobile' No No head. shoulder typically developing children and
’ study ¥ > significant differences in lateral head
males and pelvis - .
M posture compared to children with
translation in d .
. yslexia.
the posterior
plane
head, shoulder,
pelvis, hip, and
knee angle and
Timurtas. E 8 distance, T5 The Fizyoprint app has quite
imurtag, £. Validation females |21.3+ . . and C7 vertical acceptable inter- and intra-rater
etal. ADDIN 20 young adults Fizyoprint Yes Yes . . Rt . -
11 Research and 12 2.2y.0. distance, right reliabilities and is a valid tool for
EN.CITE . e . R
males and left foot identifying static standing posture.
anterior and
posterior and
rotation angles
NLMeasurer is a valid solution
15 for postural analysis, which was
Moreira, R. Validation females | 35.1 +17.5 head, shoulder, | demonstrated by the agreement
etal. ADDIN Research 20 individuals and 5 0' - NLMeasurer | Yes Yes hip, knee, and found between NLMeasurer and
EN.CITE'" Yo ankle tilt SAPO and it can be used to obtain
males . :
reproducible measurements (inter-
and intra-evaluator).
1 Spinal Mouse and photogrammetry
0 . ;
. . . ATSI and are useful and non-invasive tool
Belli, Guido | cross-sectional 15 - females | 14.47 + ) .
14 participants Apecs No No POTSI that can correctly monitor scoliosis
etal. study and 5 2.825y.0. luati luti d hivhligh
males evaluation evolution and highlight treatment
progression.
(Shoulder,
Head,
Acromion,
Axillae,
Scapulae, and
body alignment,
Trunk
inclination,
Ribeage tilt, The Apecs demonstrated good
Antero and e
50 Postero superior reproducibility for most of the
Trovato, B. et | Evaluation 100 healthy females |23.4+6.2 A s ) Sup: postural variables analyzed and
12 pecs No Yes iliac spine, .
al. Research volunteers and 50 | y.o. could detect postural differences
Knee and
males F . between males and females when
oot angle in
present.
coronal plane)
and (Head,
Acromion,
Fibula, and
body alignment,
Pelvic tilt, Tibia
shift and Foot
angle in Sagittal
plane)
if;d}?;fi’s The effect of training age on posture
Cengiz, 32 boys kygho—lx;r dosis, | Structures varies, especially between
Sebnem Evaluation 88 adolescent h 12to 16 X . | different sports. As the training
and 56 Apecs No No anterior pelvic L . .
Sarvan et Research youth athletes ) years tilt teri age and training loads increase in
al.® glris 1L, posterior volleyball and football players, their
pelvic tilt, genu ) - -
posture is negatively affected.
recurvatum
The smartphone (APECS)
Head and application is considered important
Pelvic tilt for accurate measurement of small
Cankaya observational 18 to 35 (ASIS), Knees, differences in posture assessment.
M Ve, 31 . 131 participants Apecs No No Feet, Sagittal, posture training increased postural
usa et al. comparative study years .
Posterior, and body awareness and was
Shoulder, and significantly important in correcting
body alignment | posture. However, postural training

did not change postural habits.
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Tested | Tested Measures
study Study design N/Population Sex Age App validity | reliability | Taken Main Findings
Body Alignment
Frontal, Head
and Ribcage
Tilt, Axillae
aAIf Isll:;’;i?er an intervention in the TM]J position
Mogs ¢ inten:ie d through the KIDTA can lead to
oint of the immediate changes in the posture
Frunk Tilt. Right of subjects with dystonia and
8 and Left K)ne ;g improve the posture with respect to
Akbulut, A. | Evaluation 12 subjects females | 41.5+11.6 Apecs No No ‘Angle. Right certain postural parameters. APECS
$32, Research ) and 4 y.o. P andgLéft Fgoot provides detailed information about
males Rotation. Bod landmarks, contributing to the
Ali anlmr;;n O | ease of applicability and simplicity.
Latiral Head However, all measurements in this
Shift, Pelvic ii};illlc;:lson are expressed as whole
Tilt Lateral ’
and Frontal,
Shoulder, Knee,
Tibia, and Foot
Angle
body vertical
inclination,
trunk flexion,
sacral
inclination
14 g;lrmgsli);(r)lrc‘hng, Evidence shows moderate to good
R PP . correlations for both the standing
Belli, Guido . females | 13.2+1.8 during bending, . .
53 cross-sectional 39 adolescents Apecs Yes No R and bending positions between
etal. and25 | yo. anterior- some measurements of the spinal
males superior iliac Mouse and Photogrammetry.
spine (SIAS)
—posterior—
superior iliac
spine (SIPS)
angle during
standing
body vertical There is a positive correlation
incli};ation between some measurements of
3 trunk *exion standing trunk flexion performed
S ? with both devices. Photogrammetry
Belli, Guido . females | 13.1+1.8 sacral .
4 cross-sectional 34 adolescents Apecs Yes No S can be seen as a simple, cost-
etal’ and 4 ¥-o- inclination effective, and quick method for
males g;lrmfslﬁir)lgmg, assessing posture in adolescents with
P p . both structural and non-structural
during bending hyperkyphosis.
garticipantﬁ }elnéglahginhg in lexercise 13—5
ays a week had higher sleep quality
. front a'nd l?ack scores compared to those who did
Badau, Adela | cross-sectional 96 stud 2086+ 1.24 | N N head tilt, right - in physical activi
etal? design students yo pecs o o and left head not participate in physical activity.

’ e shift no significant relationship was found
between sleep quality and postural
scores.

Nehru, Evaluation 30 subjects with craniovertebral exercises on correcting forward head
Arvind et Research forward head Apecs No No angle posture were more effective than
al.’¢ posture 8 conventional group.
251
Irfan, cross-sectional 309 clinical females | 26.17 +2.21 A The §tudy supports the APECS
37 - . pecs No No body posture mobile app as a reliable tool for
Umama study physiotherapists | and 58 | y.o
males posture assessment.
Biomechanics . . .
Basiratzadeh, o 1females Augmented Pelvis, torso, The app obtained valid and reliable
; Validation 15 healthy . angle measurements for postural
Shahin et R and 14 Reality Yes Yes and shoulder .
e esearch adults males Marker andle and ROM assessments using the
a 8 smartphone’s front camera.
(BAR-M) app
healthy
?g ; t;glf_ The test-retest and inter-rater
4 45) - reliability scores showed excellent
2% neck pain 2 computer results for the CVA-CVapp of the
Carrasco- I P comp . measurement of the CVA in healthy
. A reliability and females | (33.07 + vision Craniovertebral . .
Uribarren, A. 1 42 volunteers - Yes Yes controls, in volunteers with neck
15 validity study and 16 | 6.07) application angle . .
etal. males tension- (CVA-CVapp) pain, and in TTH. The CVA-CVapp
type PP showed a high correlation with the
VP Kinovea web tool for the assessment
headache of the CVA
(3271 + :
2.89)
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Tested | Tested Measures

study Study design N/Population Sex Age App validity | reliability | Taken Main Findings
The FHPapp is a free mobile
application that enables
Gallego- 21 measurement of the CV angle for
Iz uiegr do. T | Arcliabilityand |, WL females | 23.30 £4.44 | oo Yes Yes Craniovertebral | the analysis of cervical posture in
etcill 16 | validity study ) and23 | y.o. PP angle the sagittal plane. The FHPapp is a
’ males valid and reliable tool to measure
craniovertebral angle in a standing
position.
There is a strong correlation between
45 8;0;?3% the craniovertebral angle measured
Aafreen, et A reliability and 90 subjects with | females | years) Surgimap Craniovertebral | "*'8 th? Surgimap smaljtphone
al. ADDIN lidity stud neck pain and 45 Groun B smartphone | Yes Yes Ancle application and the Surgimap system
EN.CITE7 | Vaidity study P 1 (51 P 60 app 8 software. The Surgimap smartphone
mates years(; app is highly reliable and valid for

calculating the craniovertebral angle.

Table 1. Study characteristics.

several studies incorporated appropriate statistical planning to ensure adequate reliability assessment. However,
the inconsistent or incomplete reporting of power analyses across the included studies reveals a methodological
gap in photogrammetry-based spinal posture research and highlights the need for standardized statistical
reporting in future investigations.

Quality assessment

The included studies were evaluated using the Consensus-Based Standards for the Selection of Health
Measurement Instruments (COSMIN) checklist. The results of the qualitative assessments in the validity studies
revealed that six studies were of high quality"!%!15-17 while one study'? was rated as moderate quality. In
terms of reliability studies, seven studies were rated as high quality!®!11>161819 and two studies'>!” received a
moderate quality rating. Judgments regarding the risk of bias are illustrated in Fig. 2, and further details can be
found in Supplementary Table 3. The assessment of item selection for participants indicated a higher number
of studies categorized as high risk (27.58%). The item concerning the blinding of outcome assessment showed
a significant number of studies rated as unclear risk (68.96%). The overall quality of evidence (GRADE) is
presented in Supplementary Table 4.

Due to the limited number of studies included in each meta-analysis (fewer than ten per outcome), formal
statistical assessments of reporting bias, such as funnel plots or Egger’s regression tests, were not performed
because they would not be reliable. However, visual inspection of the available effect sizes indicated consistent
directions and magnitudes across studies, suggesting a low likelihood of significant reporting bias.

Technical features of the applications

In this systematic review, APECS, PSM, Fizyoprint, NLMeasurer, BAR-M, FHPapp, CVA-CVapp, and Surgimap
were the applications examined, with PSM and APECS were the most cited tools for evaluating posture. Below
is a concise overview of the technical features of the applications.

APECS

The APECS (Artificial Intelligence Posture Evaluation and Correction System) app utilizes artificial intelligence
to evaluate and correct a patient’s posture. APECS conducts posture evaluations using markers placed on a photo
of the patient’s body, employing photogrammetric algorithms for accurate body symmetry assessment. Out of
the 12 articles that utilized APECS for posture assessment, two articles®**were excluded from the systematic
review because they did not focus on evaluating the spine. In the study by Kumar et al*., participants’ working
positions were recorded on video, and their postures were analyzed using the Ovako Working Posture Analysis
(OWAS) through the APECS app. Additionally, Welling et al®.demonstrated that APECS is a reliable tool for
measuring the hip-knee-ankle angle in lower limbs. The APECS app has been used in previous studies to
evaluate postural alignment'>*°-32, scoliosis'®, lumbopelvic alignment®, and head posture®. Trovato et al'2.
noted that most analyzed postural variables showed high reproducibility and highlighted distinct gender-based
postural differences.

PSM

PSM is a specialized application designed for healthcare professionals to assess and analyze posture and
movement. The app takes pictures of subjects from various angles, including anterior (front), posterior (back),
left, and right views. The application marks specific anatomical points on the individual being analyzed to
calculate posture variables. It then computes the body angles based on these marked points. In the systematic
analysis reviewed, the PSM app was the most cited tool for evaluating posture. 13 articles used this application
to evaluate posture. The PSM app has demonstrated a strong reliability and validity for postural assessments'®.

Fizyoprint

The Fizyoprint app is a mobile application designed to assess standing posture. Developed by researchers at
Marmara University’s Faculty of Health Sciences, it is a free and valid tool for postural analysis. The app utilizes
X, Y, and Z coordinates as reference points: the X-axis indicates direction from left to right, the Y-axis represents
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Intraclass Standard Error of
Correlation Correlation Measurement Minimum Detectable
Study App Coefcient Coefcient [ICC] [SEM] Change [MDC]
Inter-rater for:
Fully clothed: (ICC > 0.81) for head shift lateral, head tilt,
Boland. D hip shift lateral, and knee shift.
M. et af 18 | PSM The minimally clothed (except for the hip tilt): 0.64 to 1.00 N/A N/A
: : Intra-rater (for the minimally clothed(: (ICC>0.60) for Head,
Hip, and Shoulder shift AP, head and Shoulder tilt, hip shift
lateral, Head weight, Effective head weight, and Knee shift
Intra-rater reliability for rater 1: 0.76 to 0.99 Intra-rater for rater 1: 0.106 | Intra-rater for rater 1: 0.294
Szucs, K. A. PSM Intra-rater reliability for rater 2: 0.71 to 0.99 to 4.233 to 11.705
etal’? Inter-rater reliability for all translations: 0.85 to 0.99 Intra-rater for rater 2: 0.059 | Intra-rater for rater 2: 0.164
Inter-rater reliability for angulation: 0.66 to 0.98 t0 2.226 t0 6.171
Hopkins, B. ICC for VICON 3D: 0.23 to 0.86
B.etal! PSM ICC for PSM: 0.15 to 0.79 N/A N/A
r (Head tilt, using
surface markers) =
0.749; p < 0.001
r (Shoulder tilt,
using surface
markers) = 0.679;
p=0.001
r (Hip tilt, using
IﬁAoreira, gugg?,eprgrgg?) iﬁ:-iztt: Eilsl?:éllsgr(f::;ni 2;11:2_:; 3121;’1;6:2)0()9;3 9100.975 Intra-rater (without surface Intra»rate‘r (without surface
.etal . - R markers): 0.530 to 2.067 markers): 1.468 to 5.730
ADDIN NLMeasurer r (Head tilt, Inter-rater reliability (without surface markers): 0.037 to Intra-rater (using surface Intra-rater (using surface
10 without surface 0.816 Kers): s Kers): 0.826 & 3.820
EN.CITE markers) = 0.758, | Intra-rater (without surface markers): —0.267 to 0.950 markers): 0.246 to 1.381 markers): 0. to 3.
p=0.001
1 (Shoulder tilt,
without surface
markers) = 0.513;
p=0.021
r (Hip tilt, without
surface markers) =
-0.046; p= 846
Timurltas, r(R1) = Habilite £
E.etal . . Intra-rater reliability for R1: 0.45 to 0.98
ADDIN Fizyoprint 0'32_0;96‘32'96 Intra-rater reliabilig for R2: 0.35 t0 0.97 N/A N/A
EN.CITE!! r (R2) = 0.09- 0.94
Inter-rater reproducibility: (ICC > 0.90) for thirteen out of Inter-rater for: Inter-rater for:
Trovato, B. Apecs the twenty-two postural variables Acromion alignment: 0.300 | Acromion alignment: 0.832
etal.l? pecs Inter-rater reproducibility: (ICC < 0.60) for Head, Acromion, | Head Alignment: 0.979 Head Alignment: 2.712
and Axillae alignment, and Trunk inclination Pelvic Tilt: 1.396 Pelvic Tilt: 3.868
r (sacral angle
in the bending
Belli, Guido position) = —0.66
etal.® Apecs r (angle between N/A N/A
the C7 and sacral
points) = 0.49
fte;ll‘_gfimd‘) Apecs r=0.839 N/A N/A
Test-retest reliability for: Test-retest reliability for: Test-retest reliability for:
Healthy control: 0.91 (0.74-0.97) Healthy control: 2.10 Healthy control: 5.82
Neck pain: 0.92 (0.76-0.97) Neck pain: 1.61 Neck pain: 4.46
Carrasco- Tension type headache: 0.92 (0.77-0.97) Tension type headache: 1.56 | Tension type headache: 4.32
Uribarren, | (CVA-CVapp) r=0.94 Whole sample: 0.92 (0.86-0.95) Whole sample: 1.83 Whole sample: 5.07
A etalls ? PP p<0.001 Inter-rater reliability for: Inter-rater reliability for: Inter-rater reliability for:
. ’ Healthy control: 0.90 (0.73-0.97) Healthy control: 2.21 Healthy control: 6.12
Neck pain: 0.86 (0.61-0.95) Neck pain: 2.14 Neck pain: 5.93
Tension type headache: 0.90 (0.73-0.97) Tension type headache: 1.75 | Tension type headache: 4.48
Whole sample: 0.91 (0.84-0.95) Whole sample:1.94 Whole sample:5.37
Continued
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Intraclass Standard Error of
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Selective outcome reporting

Blinding of outcome assessment

Measurement of exposure

Incomplete outcome data

Confounding variables

Selection of participants

Table 2. Validity and reliability of apps. SEM: standard error of measurement; ICC: intraclass correlation.
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@ Low risk O Unclear m High risk

Fig. 2. Risk of bias for each item as percentages across all the included studies.

forward and backward, and the Z-axis indicates up and down. Fizyoprint shares a similar technological platform
with PSM. This app demonstrates acceptable inter- and intra-rater reliabilities and serves as a valid tool for
identifying static standing posture!'!.

NLMeasurer

NLMeasurer utilizes PoseNet, a computer vision model from TensorFlow, to identify 17 anatomical reference
points (ARPs). This application can detect these 17 anatomical landmarks from images showing a frontal view of
the human body, even if physical markers are not attached to the body. By analyzing these anatomical landmarks,
the application can evaluate posture. NLMeasurer is a valid tool for evaluating posture measurements from
the frontal view!?. The use of surface markers on specific anatomical landmarks, such as the ears, iliac spines,
and ankles, helps in the digital identification of these landmarks, thereby enhancing the reliability of postural
measurements taken with the NLMeasurer!?. Additionally, NLMeasurer is also utilized in anthropometric
evaluations. The study by Fialho et al*°.. was excluded from this systematic review because it focused on using
NLMeasurer for anthropometric assessment rather than evaluating the spine.

BAR-M

The BAR-M system comprises three main components designed for clinical use': (1) the AprilTag fiducial
marker, (2) a mobile application, and (3) the BAR-M adapter. AprilTag2 is utilized as the marker for the BAR-M
application. The BAR-M app is an innovative mobile application that enhances biomechanical assessments
through augmented reality (AR) technology. This novel Android app tracks the orientation and 2D position
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of AprilTag2 in real time, utilizing smartphone capabilities to provide immediate measurements of angles and
distances. These measurements are essential for evaluating posture and range of motion (ROM) during various
physical activities.

FHPapp

FHPapp is a mobile application designed to assess Forward Head Posture (FHP) by measuring the craniovertebral
(CV) angle. Since its launch in 2016, FHPapp aims to accurately determine cervical posture by analyzing the CV
angle. Gallego-Izquierdo et al. validated the FHPapp mobile application for measuring FHP'®.

CVA-CVapp
The CVA-CVapp was developed to automatically measure the craniovertebral angle using computer vision and
two red markers: the first marker is placed at C7, and the second is positioned at the tragus of the ear. The
primary distinction between the FHPapp and the CVA-CVapp lies in their methods of use. To measure FHP
with the FHPapp, the physiotherapist takes a photo and then places three markers on the image: one at the
tragus of the ear, one at the C7 vertebra, and a horizontal line parallel to the ground through these markers to
determine the Cervical vertebral angle (CVA). In contrast, the CVA-CVapp streamlines this process by allowing
the physiotherapist to place only two markers, one on the tragus of the ear and one at C7. After taking a photo
of these markers, the application automatically calculates the CVA. The CVA-CVapp demonstrates excellent
test-retest and inter-rater reliability, as well as strong concurrent validity when compared to Kinovea software
for measuring CVA">.

Surgimap smartphone app

Surgimap is a digital software designed for medical professionals. It is available for free and is used to calibrate
and save images. Both a smartphone application and software measure angles effectively; however, the real
advantage lies in the portability of the smartphone. software requires a computer or laptop, which can limit its
use in clinical settings. A study conducted by Aafreen et al'”.. demonstrated that the intra-class reliability of the
Surgimap mobile application for smartphones yielded excellent results, with an ICC value exceeding 0.9. This
indicates that the Surgimap mobile application is a reliable measurement tool for assessing the craniovertebral
angle.

Validity and reliability of Image-based app

Craniovertebral angle

Three studies investigated the validity and reliability of measuring the craniovertebral angle using image-
based applications'>1”. The meta-analysis showed moderate evidence of a significant correlation for inter-rater
reliability of the craniovertebral angle, as measured by smartphone applications, which was excellent. (total
n = 86; ICC = 0.889, 95% CI [0.833 to 0.927]; I> = 0%; p < 0.001)!>!¢ (Fig. 3). There is moderate evidence
of a significant correlation, showing that the test-retest reliability for the same angle was excellent in the two
studies. (total n = 86; ICC = 0.904, 95% CI [0.854 to 0.937]; I* = 0%; p < 0.001)'>!6 (Fig. 4). Additionally, there is
moderate evidence indicating that the validity of the craniovertebral angle measured by image-based smartphone
applications is also excellent. (total n = 131; ICC = 0.938, 95% CI [0.852 to 0.975]; I> = 84.82%; p < 0.001)1>17
(Fig. 5). The analyses demonstrated high inter-rater and test-retest reliability with no observed heterogeneity
(I* = 0%), while the validity analysis revealed substantial heterogeneity (I* = 84.82%). This variability may be
attributed to differences in study methodologies, such as the types of image-based smartphone applications
used, the positions and protocols for measuring the craniovertebral angle, and the reference standards employed
for validation. Due to the limited number of included studies, we were unable to conduct a formal sensitivity
analysis—such as removing high-risk bias studies or comparing fixed versus random effects models. Nonetheless,
the consistency in the direction and magnitude of effect sizes across the reliability analyses, with all ICCs above
0.85, indicates that the synthesized results are robust. Additionally, the I* values of 0% in the reliability syntheses
demonstrate low variability between studies, further supporting the stability of the findings.

Study Sample Correlation coefficient 95% Cl z P Weight (%)
size
Carrasco-Uribarren. et al. 2023 |- =
Fixed Random
Carrasco-Uribarren. et al. 42 0.910 0.838 to 0.951 48.75 48.75 Gallego-lzquierdo. etal. 2020 |- B
2023
Gallego-lzquierdo. et al. 44 0.865 0.764 to 0.924 51.25 51.25
2020 Total (fixed effects) r ‘
Total (fixed effects) 86 0.889 0.833 to0 0.927 12.679 | <0.001 100.00 100.00 Total (random effects) r ’
P S S
Total (random effects) 86 0.889 0.833 to 0.927 12.679 | <0001 | 100.00 100.00 07 08 09 10
Correlation coefficient

Fig. 3. Results of inter-rater reliability of craniovertebral angle.
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Study Sample size | Correlation 95% Cl z P Weight (%)
fficient
et Carrasco-Uribarren. et al. 2023 ——
Fixed Random
Carrasco-Uribarren. et 42 0.920 0.855 to 0.956 48.75 48.75 Gallego-lzquierdo. et al. 2020 B =
al. 2023
Gallego-lzquierdo. et al. 44 0.885 0.798 to 0.936 51.25 51.25 )
2020 Total (fixed effects) - ‘
Total (fixed effects) 86 0.904 0.854 to 0.937 13.339 | <0.001 | 100.00 | 100.00 Total (random effects) I <
I P WS S—ra—
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Correlation coefficient

Fig. 4. Results of test-retest reliability of craniovertebral angle.

Study Sample | Correlation 95% Cl z P Weight (%)
sles EecHICIEN Carrasco-Uribarren. et al. 2023 |- —-
Fixed Random
Gallego-lzquierdo. et al. 2020 —a—
Carrasco-Uribarren. et al. 2023 42 0.940 0.890 to 0.968 31.97 33.12
Aafreen, et al. 2023 F : |
Gallego-lzquierdo. et al. 2020 44 0.865 0.764 to 0.924 33.61 33.38
Total (fixed effects) + &
Aafreen, et al. 2023 45 0.971 0.948 to 0.984 34.43 33.50
Total (random effects) + <
Total (fixed effects) 131 0.938 0.913 to 0.956 19.032 | <0.001 100.00 100.00
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Correlation coefficient
Fig. 5. Results of validity of craniovertebral angle.
Study Sample size Correlation 95% Cl z P Weight (%)
coefficient Fixed Random Timurtas etal. 2022 [ -
Boland et al. 2016 =
Timurtag et al. 2022 20 0.970 0.924 to 0.988 41.46 37.31
Szucs etal. 2018 o E |
Boland et al. 2016 10 0.860 0.502 to 0.966 17.07 25.37
Total (fixed effects)
Szucs et al. 2018 20 0.980 0.949 to 0.992 41.46 37.31
Total (random effects) ol
Total (fixed effects) 50 0.967 0.940 to 0.982 13.069 <0.001 100.00 100.00 | ! | ! !
05 06 07 08 09 10
Total (random effects) 50 0.962 0.898 to 0.986 7.618 <0.001 100.00 100.00 Correlation coefficient

Fig. 6. Results of inter-rater reliability of head tilt.

Head Tilt

Four studies examine the reliability of head tilt in the lateral view of image-based applications. The
meta-analysis showed moderate evidence of a significant correlation in the inter-rater reliability of head tilt
measurements taken using image-based smartphone applications, which demonstrated excellent reliability.
(total n = 50; ICC = 0.962, 95% CI [0.898 to 0.986]; I2 = 60.60%; p < 0.001)! 1819 (Fig. 6). Additionally, there is
moderate evidence of a significant correlation in the test-retest reliability of head tilt measurements using these
applications, which also showed excellent reliability. (total n = 100; ICC = 0.898, 95% CI [0.381 to 0.987]; I* =
95.37%; p = 0.007) 111819 (Fig, 7). Moderate heterogeneity was observed in the inter-rater reliability analysis (I*
=60.60%), while substantial heterogeneity was found in the test-retest reliability analysis (I* = 95.37%). Potential
sources of this heterogeneity may include variations in study designs, the characteristics of sample populations,
and the types of smartphone applications used across different studies. Due to the limited number of studies
available, formal sensitivity analyses—such as excluding studies with a high risk of bias or those with outlier
results—could not be performed robustly.

1,11,18,19

Acromion alignment
Six studies investigate the reliability , and two studies assess the validity'>!" of acromion alignment in
the anterior view of image-based applications. The meta-analysis indicated moderate evidence of a significant

1,10-12,18,19 10,11
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Study Sample Correlation coefficient 95% Cl z P Weight (%)
size Timurtas et al. 2022 - —
Fixed Random
Boland et al. 2016 e e I
Timurtas et al. 2022 20 0.935 0.840 to 0.974 19.32 25.21 Szucs et al. 2018 | -
Boland et al. 2016 10 0.780 0.295 to 0.945 7.95 23.52 Hopkins et al. 2019 | .
Szucs et al. 2018 20 0.990 0.974 to 0.996 19.32 25.21
Total (fixed effects) <
Hopkins et al. 2019 50 0.440 0.184 to 0.640 53.41 26.05 | Total (random effects) |- —
Total (fixed effects) 100 0.826 0.747 to 0.882 11.017 <0.001 100.00 100.00 L | I I L !
00 02 04 06 08 10
Total (random effects) 100 0.898 0.381 to 0.987 2.700 0.007 100.00 100.00 Correlation coefficient
Fig. 7. Results of test-retest reliability of head tilt.
Study Sample size | Correlation 95% Cl 2 P Weight (%)
coefficient Fixed Random | Trovato etal. 2022 u -
L S
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Total (fixed effects) 170 0.907 0.875 to 0.931 18.810 <0.001 100.00 100.00 - . - -
05 06 07 08 09 10
Total (random effects) 170 0.904 0.834 to 0.946 9.964 <0.001 100.00 100.00 Correlation coefficient
Fig. 8. Results of inter-rater reliability of acromion alignment.
Study Sample size Correlation 95% Cl z P Weight (%)
coefficient Fixed Random Timurtas et al. 2022 ——
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Fig. 9. Results of test-retest reliability of acromion alignment.

correlation in the inter-rater reliability of acromion alignment measured by image-based smartphone applications,
which was excellent. (total n = 170; ICC = 0.904, 95% CI [0.834 to 0.946]; I* = 56.91%; p < 0.001)10-121819 (Fig,
8). There is moderate evidence of a significant correlation in the test-retest reliability of acromion alignment
measured by these applications, which was good. (total n = 120; ICC = 0.771, 95% CI [0.551 to 0.891]; 12 =
73.83%; p < 0.001) 110111819 (Fig 9). Additionally, the validity of acromion alignment measured by image-based
smartphone applications showed moderate evidence of a significant correlation, with findings moderate. (total
n = 40; ICC = 0.603, 95% CI [0.347 to 0.776]; I> = 0.00%; p < 0.001)!®!! (Fig. 10). Moderate heterogeneity
was observed in the meta-analysis of inter-rater reliability (I* = 56.91%), while substantial heterogeneity was
found in the test-retest reliability analysis (I = 73.83%). Due to the limited number of available studies, formal
sensitivity analyses—such as excluding studies with a high risk of bias or those with outlier results—could not
be conducted robustly.

Hip Tilt

Six studies examine the reliability and two studies evaluate the validity'®!! of hip tilt in the anterior
view of image-based applications. The meta-analysis showed moderate evidence of a significant correlation in
the inter-rater reliability of hip tilt measured by image-based smartphone applications, which was good. (total n
=170; ICC = 0.842, 95% CI [0.585 to 0.945]; I? = 88.37%; p < 0.001)10-121819 (Fig. 11). There is strong evidence
of a significant correlation in the test-retest reliability of hip tilt measurements, which was moderate. (total
n = 120; ICC = 0.642, 95% CI [0.466 to 0.768]; I? = 36.24%; p < 0.001)-1%1L1819 (Fig. 12). Finally, moderate
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Study Sample Correlation coefficient 95% Cl P Weight (%)
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Correlation coefficient
Fig. 10. Results of validity of acromion alignment.
Study Sample Correlation coefficient 95% Cl z P Weight (%)
size |
Fired anaom Trovato et al. 2022 o
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Moreira et al. 2022 N ——
Timurtas et al. 2022 20 0.760 0.478 to 0.900 10.97 20.14
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05 0.0 05 1.0
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Fig. 11. Results of inter-rater reliability of hip tilt.
Study Sample Correlation coefficient 95% Cl z P Weight (%)
size
Fixed Random | Timurtag et al. 2022 —_—
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Fig. 12. Results of test-retest reliability of hip tilt.
Study Sample size Correlation coefficient 95% ClI z P Weight (%)
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Fig. 13. Results of validity of hip tilt.

evidence suggests a significant correlation in the validity of hip tilt measured by image-based smartphone
applications, with findings moderate. (total n = 40; ICC = 0.462, 95% CI [-0.515 to 0.917]; I> = 90.12%; p =
0.360)1%1! (Fig. 13). Significant heterogeneity was observed in the inter-rater reliability analysis (I* = 88.37%)
and the validity analysis (I* = 90.12%). These inconsistencies may stem from methodological differences across
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studies, including variations in measurement protocols, sample characteristics, rater experience, and the
specific smartphone applications or algorithms used. In contrast, the test-retest reliability analysis showed low
to moderate heterogeneity (I* = 36.24%), indicating relatively better consistency in repeated measures across
studies. Sensitivity analyses were limited due to the small number of studies for each outcome. However, an
examination of the forest plots revealed that the direction of effects for test-retest reliability was relatively
consistent, supporting the robustness of the findings despite some variation. Conversely, for inter-rater reliability
and validity, the wide confidence intervals and high I” values suggest that the results may be sensitive to study-
specific factors, indicating less robustness and greater variability in those findings.

Discussion

The primary aim of this review was to evaluate the validity and reliability of angles measured using image-based
smartphone applications. We intended to synthesize the findings and offer valuable recommendations based
on existing literature. In this meta-analysis, we evaluated the validity of measuring angles with smartphone
applications by comparing their results to standard reference measures, including VICON 3D motion analyzers
and Kinovea software. Twenty-nine studies were included, examining over ten different outcomes in this review;
however, we were able to conduct meta-analysis for only four specific angles. The evidence indicated good to
excellent validity and reliability for the craniovertebral angle, acromion alignment, and measurements of head
and hip tilt. Given that the results of this study showed that the measurements from these applications are valid
and require less time for evaluations, mobile apps can be an effective tool for tracking spinal deviations and
body angles. The increasing need to assess and monitor individuals’ posture has prompted sports professionals
to adopt methods and techniques that enhance the evaluation process while ensuring validity and reliability. As
a result, mobile applications designed for this purpose have gained popularity in both the sports and scientific
communities. An analysis of publication years for relevant articles shows that most were published within the
last three years (Fig. 14), indicating a current trend among health professionals and researchers toward seeking
quicker, more practical, and reliable methods for assessing postural deviations. The studies included in this
review utilized statistical tests to compare smartphone applications with traditional measurement techniques.

Craniovertebral angle

Three apps, FHPapp, CVA-Cvapp, and Surgimap, measured the craniovertebral angle and reported on their
validity and reliability. The results of the meta-analysis indicated that both inter-rater and test-retest reliability
were excellent for CVA-Cvapp and FHPapp, and validity was demonstrated to be excellent for all three apps. The
CVA-CVapp, is designed to assess head position, particularly the CV angle, using computer vision technology.
The FHPapp and CVA-CVapp both use mobile technology to measure cervical posture, but they employ different
methodologies. With FHPapp, the physiotherapist captures a photo and places three markers on the image.
The app then calculates the cervical vector (CV) angle by subtracting the measured angle from 360°. This app
has demonstrated high intra- and inter-rater reliability, with ICCs ranging from 0.82 to 0.88. It also exhibits
a sensitivity of 94.4% and a specificity of 84.6% for detecting FHP, indicating that it is a valid tool for clinical
use'®. In contrast, CVA-CVapp utilizes advanced computer vision techniques to analyze head posture from
images, potentially providing more precise measurements compared to traditional methods. This smartphone
app has demonstrated excellent test-retest reliability, inter-rater reliability, and strong concurrent validity when
compared to Kinovea software for measuring the CVA">.

Head Tilt

Two applications, Fizyoprint and PSM, were utilized to evaluate head tilt in the lateral view. However, there
was insufficient data to conduct a meta-analysis regarding head tilt in this perspective. The analysis indicated
that both inter-rater reliability and test-retest reliability were excellent for the two applications, Fizyoprint and
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PSM. The validity™!® and reliability"'®! of the PSM app have been investigated. In a comparison between
PostureScreen (PSM) and Vicon, findings from Hopkins et al.!. indicated that PSM measurements demonstrated
similar reliability for 6 out of 10 postural assessments. However, there was bias in postural measurements for 8
out of 10 assessments, and lower ICC values were observed in 3 out of 10 assessments when using the PSM app.
These findings suggest that the use of photographs and touchscreen technology may introduce some inherent
errors. One potential source of error could be the difficulty in accurately identifying anatomical landmarks, as

well as the size of the finger used on the touchscreen'.

Acromion alignment and hip Tilt

Four apps, NLMeasauer, PSM, Fizyoprint, and APECS, reported validity and reliability for acromion alignment
and hip tilt. The results of the meta-analysis revealed that inter-rater and test-retest reliability were good to
excellent for all four apps, while validity was moderate for NLMeasauer and Fizyoprint. These results indicate
that both intra- and inter-rater angular measurements were consistent and reproducible when compared to
other methods.

Mobile applications for assessing human posture offer several advantages over traditional methods such as
visual inspection and palpation. Research has shown that these mobile apps are reliable and valid for posture
assessment, often demonstrating good to excellent agreement with traditional methods like goniometers,
inclinometers, and electromagnetic tracking system’. Some mobile applications utilize computer vision and
machine learning algorithms to automate the posture assessment process'®!>. For instance, the NLMeasurer,
a computer vision-based mobile tool, has been found to be in agreement with validated biophotogrammetry
software and has demonstrated good inter-rater and intra-rater reliability'°.

APECS, Fizyoprint, and PSM are photogrammetry-based tools used to assess body posture. APECS uses
the Anterior Trunk Symmetry Index (ATSI) and Posterior Trunk Symmetry Index (POTSI) to measure
asymmetry between the left and right sides of the body. These indices offer a quick and straightforward method
for screening individuals with scoliosis*’. Information and Communications Technology-based management of
scoliosis involves two main approaches*!: (i) standalone software tools or web applications; and (ii) smartphone
applications, commonly referred to as apps. Mobile applications can be classified into two categories: sensor-
based solutions and image-based solutions’. Measurements obtained from image-based systems can be affected
by various factors, including camera resolution and lighting conditions, which may lead to inaccuracies. To
address the limitations of these systems, electronic sensors such as accelerometers and gyroscopes are often
used in applications. Several apps are available for assessing scoliosis?!, including ScolioTrack, Scoliometer,
CobbMeter, Scoliosis Tracker, and ScolioDetector. These apps utilize sensors to evaluate scoliosis. However,
sensor-based applications have encountered issues, including disturbances caused by trunk movement and
gyroscope drift. The PhysioCode Posture (PCP) is an Android application that integrates camera functionality
with an inertial sensor®?. It offers features such as the amplification of analyzed points through touch interaction
with the image. This technological tool, known as sensory magnification in engineering, enhances the precision
of virtual marker positioning, thereby optimizing postural assessments in clinical settings. The PCP has shown
excellent intra- and inter-rater reliability, as well as excellent agreement with the Kinovea software?2.

The APECS app has been referenced in articles on postural alignment!?**-32, scoliosis%, lumbopelvic
alignment??, and head posture®® from 2022 to 2024. It is available for download on the Google Play Store. The
APECS application has demonstrated a high percentage of matching (98.74%) and agreement (94.64%) with the
gold standard (X-ray), indicating excellent validity in measuring the hip-knee-ankle angle®. This validation study
aimed to assess the hip-knee-ankle angle in the lower body®. The structure and function of the joints in the lower
body can affect the spine; for instance, an ankle injury can alter the functioning of trunk muscles**. However,
the validity of the APECS application for spinal assessment was not reviewed. To effectively use the APECS
application in articles, it is essential to assess its validity and reliability for various evaluations. A measurement
is considered reliable when it employs accurate, valid, and reliable tools and methods. Therefore, it is important
to investigate the validity and reliability of the APECS application in future research. Only the study conducted
by Trovato et al.!2 noted that most of the postural variables analyzed with this application demonstrated high
reproducibility. Two studies®*** investigated the correlation between APECS and Spinal Mouse for assessing
sagittal imbalance and lumbopelvic alignment in adolescents with thoracic kyphosis. The results indicated a
moderate to good correlation for standing and flexion positions between some measurements taken with both
devices.

Posture assessment apps utilize a range of technologies, including photogrammetry, inertial sensors, and
augmented reality, to deliver precise evaluations of body posture. For instance, marker-based systems monitor
the movement of markers affixed to a person’s body, employing either active, magnetic, or passive markers.
The BAR-M application is designed to detect, track, and calculate anatomical angles between key landmarks
in real-time. Fiducial marker systems are defined as recognizable objects within the field of view of an optical
imaging device and can be dynamically detected through specialized software!®. The BAR-M application utilizes
AprilTag2 as the marker, tracking its orientation and 2D position in real time'?. Compared to Vicon, the BAR-M
application accurately tracked and displayed angles based on evaluations conducted with a Body Opponent Bag,
where clothing and participant movement did not affect anthropometric measurements. Evaluations involving
humans also showed viability for posture, body symmetry, and range of motion assessment, although the results
were not as good as those from the BOB analyses'>. Clothing movement errors are well known in marker-
based systems. To improve accuracy and compensate for errors caused by clothing movement and other factors,
enhancements are needed. Using a suitable strap along with the AprilTag marker can help minimize errors
caused by clothing movement, as well as secure the marker to the person'?.

The results of this study indicated that image-based applications have made significant advancements in
recent years. The findings from this comprehensive review and meta-analysis highlight the growing body of
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literature in this field. According to a review by Moreira et al’. in 2020, out of 13 applications designed for
assessing human body posture, only one—PSM—utilized image-based technology, while the other 11 relied on
sensors. This systematic review and meta-analysis found that each image-based application has distinct goals
and algorithms, leading to both similarities and differences among them. However, research concerning the
validity and reliability of these applications remains limited. Future studies should focus on evaluating their
validity and reliability in specific populations, ideally with larger sample sizes. Previous Studies examining the
validity and reliability of mobile apps have revealed certain limitations that could be misleading. Synthesizing
these findings is challenging due to the lack of standardized protocols and the small sample sizes involved. This
review has limitations, including its restriction to English-language articles and the search conducted across
only six well-established digital libraries. Consequently, our conclusions are limited by the published literature
that is available to us. Many studies lacked essential measurement-error indices (e.g., SEM, MAD), and because
standard deviations and reliability coeflicients were inconsistently reported, we chose not to estimate them to
avoid bias. Notably, the absence of these precision metrics prevents the determination of the MCID, which is a
significant barrier to applying these findings in everyday clinical practice. Other limitations include significant
variability in interventions and outcome measures, inconsistent measurement protocols, small sample sizes, and
incomplete reporting. These issues underscore the need for more standardized and rigorous reporting in future
research.

Conclusion

This systematic review examined eight image-based apps for posture assessment, each with distinct goals and
algorithms, resulting in both similarities and differences among them. Among these apps, three—Surgimap,
CVA-Cvapp, and FHPapp—assess the craniovertebral angle, report on their validity and reliability, and were
therefore included in the meta-analysis. Although PSM is also capable of measuring this angle, it was excluded
from the meta-analysis due to methodological discrepancies in the relevant studies. The Fizyoprint, PSM,
and APECS apps assess the subject’s posture using markers placed on the patient’s body image, employing
photogrammetric algorithms to evaluate body symmetry accurately. In contrast, the NLMeasurer and CVA-
Cvapp use computer vision models for their assessments, and the BAR-M app utilizes augmented reality (AR)
technology for its evaluations. Although PSM includes features that may be categorized as AR, such as live
anatomical point overlays and real-time alignment guidance, these aspects were not evaluated in the studies
included in our review and, therefore, were not specifically analyzed. Overall, research on the validity and
reliability of these applications is still limited. In conclusion, image-based applications are a viable, cost-effective
tool for postural screening, but their current limitations require greater methodological rigor before they can be
used reliably to track clinically significant changes over time.

Research methodology

This Systematic Review followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines*!. We successfully registered the protocol with the International Platform for Registered
Systematic Review and Meta-Analysis Protocols, assigned the number CRD42024573433. No amendments were
made to the registered protocol during this review.

Research questions

In order to achieve the goal of this systematic review, we have considered the following research questions: (1)
What mobile apps have been used for analyzing the human posture through spine alignment? (2) What are the
technical features of mobile applications for assessing human spine alignment? (3) What are the outcomes in
terms of performance achieved by the mobile applications?

Search strategy

We conducted a thorough search across six prominent electronic databases: PubMed, Scopus, Web of Science,
the ACM Digital Library, Embase, and Google Scholar. This comprehensive review aimed to collect studies from
the inception of these databases up to September 7, 2024, ensuring a rich collection of relevant research. The
search was conducted through the PICO framework: Participants—individuals, both with and without postural
alterations; Intervention—a mobile application dedicated to postural assessment; Comparison—evaluating
mobile applications alongside traditional methods for postural assessment; Outcomes—Spinal alignment values
for angulations and translations. The key terms in our search strategy were thoughtfully selected from broad
categories and relevant synonyms:

#1 “Static standing posture” OR “Postur* Analysis” OR “Postur* Assessment” OR “Postur* evaluation” OR
Scoliosis OR Lordosis OR Kyphosis OR “postur* alignment” OR “upper cross” OR “posture screening” OR Spin*
OR Craniovertebral OR Craniocervical OR “Scapular dyskinesis” OR “Forward head” OR Torticollis OR “Sway
back”

#2 “Mobile System” OR “Mobile phone” OR “Mobile devices” OR “Mobile Application” OR “smartphone
application” OR “Mobile App” OR “smartphone app” OR Iphone.

#1 AND #2.

Reference lists from earlier systematic reviews on Mobile Applications for Assessing Human Posture searched
to guarantee that all pertinent studies.

Selection criteria
The inclusion criteria were: (1) be written in English; (2) be published between 2010 and 2024; (3) focus on the
development, testing, validation, evaluation, or comparison of mobile applications that assess human posture
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based on coronal and sagittal alignment. We excluded studies that: (1) only analyzed specific body segments
like arms and legs without considering spinal posture; (2) focused solely on variations in body position related
to balance; (3) papers with text unavailable in full; (4) relied exclusively on mobile applications designed for
wearable devices or used X-ray or three-dimensional computed tomography scans to analyze spinal radiography
images and applications employed by the sensors.

Study selection

Two researchers independently screened the papers using a search string on digital libraries. They then removed
any duplicate papers and applied selection criteria based on analyzing the titles and abstracts of the remaining
papers. To ensure agreement, Cohen’s kappa®® was calculated. Any disagreements between the two reviewers,
MK. and S.H.M., were first discussed between them to reach a consensus. If they were unable to achieve
consensus, a third reviewer, R.R., was consulted to help resolve the disagreement. The final decision was based
on the majority agreement among the three reviewers. After this process, all selected papers were read in full by
the two primary reviewers, M.K. and S.H.M., independently to assess study quality and extract relevant data. In
cases of uncertainty or ambiguity during data extraction, the third reviewer, R.R., was consulted for verification
and consensus.

Data extraction

One author (M.K.) extracted all relevant data from the included studies. To reduce potential bias or inaccuracies
in the data collection process, all data was verified by (S.H.M.). The data extraction process involved using a
predefined form that included various details from each study. The primary outcome measures focused on the
performance of mobile applications for posture assessment, specifically their validity and reliability. The posture
parameters extracted included the Craniovertebral Angle, Head Tilt, Acromion Alignment, and Hip Tilt.
Comprehensive data were gathered for all results aligned with these outcome domains, including all reported
measures (e.g., correlation coeflicients for inter-rater reliability, test-retest reliability, and validity) across all
time points. Additional variables extracted, as specified in the predefined form, included the following details:
(1) Study Identification: The author and year of the study. (2) Intervention Characteristics: The name of the
application, the study design (based on Wieringa et al*®.), categorization based on the type of technical feature
(e.g., photogrammetry, computer vision models, augmented reality), and availability in application stores (3)
Participant Characteristics: Information on the sample size and gender of participants. (4) Evaluation Metrics:
Metrics used for evaluating and validating mobile applications, key findings, and quality assessments. (5)
Funding Sources: Information regarding funding sources. Data were recorded exactly as reported in the original
studies; no assumptions were made, and no data imputations were performed for missing information. In cases
of uncertainty or ambiguity during data extraction, the third reviewer (R.R.) was consulted for verification and
consensus.

Quality assessment

The methodological quality of the included studies was evaluated using the COSMIN checklist. Specifically,
forms H and B from the COSMIN checklist were used to assess the validity and reliability of the studies®.
The quality assessments were based on a 4-point scale (i.e., excellent, good, fair, poor) for each item on the
checklist. For validity, studies were classified as having high quality (total score of 14-18), moderate quality
(total score of 8-13), or low quality (total score of 3-7). Similarly, for reliability, studies were categorized as
high quality (total score of 25-33), moderate quality (total score of 14-24), or low quality (total score of 3-13).
The COSMIN checklist used for these evaluations is available in Supplementary Tables 1 and 2. The risk of bias
in results or inferences was assessed using the ROBANS tool*®. Each study was analyzed individually and rated
as having a low, high, or unclear risk of bias across several domains: selection of participants, confounding
variables, measurement of exposure, blinding of outcome assessments, incomplete outcome data, and selective
outcome reporting. The quality assessment was performed independently by two authors (M.K. and S.H.M.).
Any disagreements were resolved through discussion and consensus. In cases of uncertainty, the third author
(R.R.) was consulted.

Synthesis of results

Correlation coefficients and 95% confidence intervals (CIs) were calculated using a random effects model in
MedCalc Statistical Software version 23.1.1 (MedCalc Software bvba, Ostend, Belgium; http://www.medcalc.or
g). The primary effect measure used in each quantitative synthesis was the ICC with 95% CIs, which represent
the strength of agreement or reliability between measures. When multiple studies assessed the same outcome
using comparable methodologies, effect sizes were combined using a random-effects model to account for
potential heterogeneity. Results were visualized using forest plots generated in MedCalc Statistical Software.
Before synthesis, extracted data were verified for completeness and consistency. When summary statistics such
as standard errors or confidence intervals were not directly reported, they were calculated from available data
using standard meta-analytic formulas. No conversions between different effect size metrics were required, and
no imputation of missing data was performed. Possible causes of heterogeneity among study results were planned
to be explored through subgroup analyses or meta-regression, if sufficient numbers of studies were available.
However, because fewer than ten studies were included for each outcome and study designs were heterogeneous,
these analyses could not be meaningfully performed. Instead, heterogeneity was interpreted qualitatively based
on variations in sample characteristics, methodological quality, and measurement protocols across studies. A
meta-analysis was performed when at least two studies examined the same outcome measure using similar
methodologies. The results of studies and meta-analyses were summarized in structured tables and forest plots.
Forest plots were created using MedCalc software to visualize effect sizes and confidence intervals. The level of
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statistical heterogeneity for the pooled data was quantified using I” statistics and associated P-values (P < 0.05).
Results were presented according to levels of evidence as defined by van Tulder et al.*’and modified by Mousavi
et al’’,, as shown in Supplementary Table 5. Since fewer than ten studies were included for each outcome, it
was not possible to conduct a formal statistical assessment of reporting bias, such as funnel plots or Egger’s
test. Additionally, the limited number of available studies meant that we could not conduct formal sensitivity
analyses, such as excluding studies with a high risk of bias or those with outlier results. The certainty of the
evidence was evaluated using the Grading of Recommendations, Assessment, Development, and Evaluations
(GRADE) approach’!. Heterogeneity was quantified using I* and categorized as low (I> < 25%), moderate (I*
25%-50%), high (I* 50%-75%), or extreme (I* > 75%).

Precision and clinical relevance metrics

To provide a comprehensive assessment of measurement precision and clinical relevance, we extracted or
calculated the SEM and the MDC for each outcome. The SEM was obtained directly from the primary studies
when available (Table 2). When studies reported the ICC and Standard Deviation (SD), we calculated the
SEM using the formula: SEM =SD x V(1 - ICC). Next, we calculated the MDC using the following formula:
MDC=1.96 x SEM x V2. While the MDC is essential for determining the smallest detectable change that goes
beyond measurement error, the Minimal Clinically Important Difference (MCID) was not reported in any of the
included studies, preventing its inclusion in the quantitative analysis. Additionally, we extracted data on Power
Analysis from individual studies that reported it to assess their statistical rigor.

Data availability

The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request. The template data collection forms and extracted data from included studies can also be
provided upon request. No custom analytic code was created beyond the standard procedures and functions
available within MedCalc Statistical Software.
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