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Study Design:Controlled laboratory study.

Objectives: To investigate the reliability and concurrent ddi of photographic measurements
of hallux valgus angle compared to radiographfia<titerion standard.

Background: Clinical assessment of hallux valgus involves meaagualignment between the
first toe and metatarsal on weight-bearing radiplyseor grading the severity of deformity
visually using categorical scales. Digital photqdrs offer a non-invasive method of measuring
deformity on an exact scale; however, the validitthis technique has not previously been
established.

Methods: Thirty-eight subjects (30 female, 8 male) were eixaxth (76 feet; 54 with hallux
valgus). Computer software was used to measurexhadllgus angle from digital records of
bilateral weight-bearing dorsoplantar foot radiqr®and photographs. One examiner measured
76 feet on 2 occasions 2 weeks apart, and a sep@mdiner measured 40 feet on a single
occasion. Reliability was investigated by intraslasrrelation coefficients (ICCs) and validity
by 95% limits of agreement (LA). Pearson’s corielatcoefficient was also calculated.

Results: Intrarater and interrater reliability were verghi(ICCs > 0.96) and 95% LA between
photographic and radiographic measurements weeptaide. Measurements from photographs
and radiographs were also highly correlated (Pe&sc= 0.96).

Conclusions:Digital photographic measurements of hallux valgagle are reliable and have
acceptable validity compared to weight-bearingogdiphs. This method provides a convenient
and precise tool in assessment of hallux valgudevalvoiding the cost and radiation exposure
associated with x-rays.

Key Words. measurement; foot deformity; radiograph



Hallux valgus (HV) is a common foot deformity thmesents with lateral deviation of the first
toe (hallux) and progressive subluxation of thstfinetatarsophalangeal jomit affects
approximately 23% of aduffSand is significantly associated with foot painpaired gait, and
increased risk of falls in elderly populatich$? ** 22 3%Surgical intervention is often
recommended, making HV the most common indicatirofthopaedic forefoot surgety.
Increasing hallux deviation and joint subluxati@vé been shown to impact on health-related
quality of life !® necessitating classification and monitoring ofiserity and progression. The
commonly advocated measure for this purpose islthangle or the hallux and first metatarsal

alignment®

Radiographic measures of HV angle are the curmierion standard, being commonly used in
clinical practicé* with an acceptable level of interrater reliabifity?® but they are not always
cost-effective or desirable due to exposure taziogi radiation, especially for repeated
measurements. One alternative is to take cliniedsarements using a finger goniomé&tand
while this method has been previously cited asibéi M its criterion validity has not been
established. Another alternative is the use ofgmateal grading scales with 4 or 5 categories of
deformity. The Manchester Scale, which is basedisuml comparison with 4 standardized
photographs of increasing HV severity, has beeilatdd against radiographs and shown to be
reliable® *” Roddy et &° validated a similar 5-grade scale based on liaevithgs for self-
reporting of HV. While these scales are usefuldassifying severity of deformity, they have
limited clinical utility when an incremental measwf the progression of HV deformity is

required.



A precise, reliable and valid measurement of HVIauhgy classifying severity, which eliminates
the costs and risks associated with radiographsl|dame of great benefit to researchers and
clinicians to classify the severity of HV and infoevidence based practice. Validated
assessment tools are vital for researchers whdonatiray management strategies and conducting
epidemiological researdi.Furthermore, the ability for clinicians to predisilentify

individuals with moderate to severe HV (defineddoyV angle equal to or greater than 20
degrees)and monitor progression over a period of time \ddwlp inform management
decision€ With recent advances in digital imaging technolqgyotographic measurement
methods are being used increasingly in both clificactice and researcft;>> however, the
validity of using digital photographs to measure BiWjle has not been established. A strong
correlation between photographic and radiograpl@asurements of HV angle has been
reported® but reliability data and sufficient detail regargimethodology to allow reproduction
of the technique was not provided. Investigatiowbéther digital photographic measurements

can accurately reflect radiographically determibedy alignment is warranted.

The purpose of this study was to investigate thielitxaof HV angle measurements from
photographs taken under standardized conditiomspaced to radiographs as the criterion
standard. Intrarater and interrater reliabilitypoth methods was also established.

METHODS

Participants



A sample of 38 healthy adults (8 men and 30 wonaexs) recruited to participate in the study
through community advertisements seeking voluntegisand without HV. The mean *
standard deviation (SD) age of the participants a8 + 16.3 years, ranging from 20 to 75
years, and the mean body mass index was 25.8 kg, ranging from 18.0 to 36.8 kgfmn
Potential participants (n = 61) were screened aituded if they had any previous foot or ankle
fractures or surgery (n = 13) or inflammatory atibi(n = 5). Due to risks associated with
exposure to ionizing radiation, potential particitawere also excluded if they were pregnant or
breastfeeding (n = 5). This study was approvechbyMedical Research Ethics Committee at
The University of Queensland, Australia. All paiients gave written informed consent and the

rights of all participants were protected.

Digital Images

To control for potential error introduced by sulbjpositioning and camera placement, the
following procedure was used for obtaining digitahges. Participants stood in their natural
angle and base of gait, as determined by the paheixaminer’s observation of each participant
walking along a 10 meter walkway. The importanceveight-bearing views has been described

elsewheré”

A single bilateral weight-bearing dorsoplantar caplaph was obtained for each participant by
the same radiographer. A standardized x-ray tustamie (100 cm) and angle (15 degrees from
vertical) was used with the x-ray beam centeredéen left and right feet at the level of the
midfoot (FIGURE 1). Two digital photographs werkeda by the principal examiner to be

measured for intrarater reliability, and the radagher immediately captured a third photograph



to be measured for interrater reliability. Thuspfggraphic measurements were taken from 3
independent sets of images. The digital camerahelasin a standardized position, which was
flat against the x-ray tube to reproduce the aagkkposition of the radiographic image relative
to both feet (FIGURE 1). The digital camera used wd@ikon D90 with 18-200mm zoom lens.
Images were taken using a focal length of 30mmagaditure set to F4. The highest resolution
(12.3 megapixels) was used, with a relatively I&®1(200), to avoid pixilation and ensure

clarity for the purpose of locating measurementlitaarks.

Measurement Procedure

Measurements were obtained from digital photograptusradiographs using software that has
been adapted from a measurement suite (Versiomhi8h ships with the eHAB®
telerehabilitation system (NeoRehab, Brisbane)s Ebitware has demonstrated high reliability
and validity?* 2° All digital images were de-identified prior to nsemement and saved in a JPEG
format compatible with the software (1445 by 96xets; 8-bit RGB JPEG). Radiographs were
originally obtained in digital format, so convensivas not required and there was no need to

measure radiographs by hand.

To determine HV angle from the digital photographgpints were selected by the examiner: 2
visual bisection points for the head and base @fitlst proximal phalanx, and 2 visual bisection
points for the head and base of the first metdtamae (FIGURE 2A). The software used these
4 points to calculate the HV angle, which is thglariormed by the intersection of the axes of

the first metatarsal and proximal phalanx.



Several methods have been described for bisedtintjrst metatarsal shaft on radiographs.
The method used in this study was in accordande n@tommendations from the American
Orthopaedic Foot and Ankle SociétiPoints marking the width of the metaphyseal/disetay
region of the proximal phalanx (0.5 to 1cm proxiraatl distal to the articular surface) and first
metatarsal (1 to 2cm proximal and distal to thecaldr surface) were selected and the software

calculated the bisection points and HV angle (FI&.B).

The principal examiner determined reference pantstook measurements from the full set of
photographs and radiographs (76 feet) on 2 sepacatsions 2 weeks apart. That is, on each
measurement occasion, each image was independestked up and an independent
measurement produced. To minimize test-retestdndsnsure the examiner was unable to
recall previous observations, no reference was ratlee data or images in the interim. All
photographic measurements were made first in desmgasurement session, followed by all
radiographic measurements, such that no direct adsgm could be made between the
radiographs and photographs of individual subjektsecond examiner measured a subset of
radiographs and photographs (40 feet), followirggrtteasurement protocol described above on a
single occasion. Both the principal examiner armbed examiner were podiatrists with 3 to 4

years of clinical experience.

At each session, 1 measurement for each foot veasded from the bilateral radiographs and
photographs and used in our analysis. Repeatedune@asnts by the principal examiner (76

feet) were used to calculate intrarater reliabildlyboth photographic and radiographic



measurements. The first measurement by the prinexaaniner and the measurements by the

second examiner (40 feet) were used to calcul&erater reliability.

Statistical Methods

Statistical analyses were performed using data fvoth left and right feet, with each foot
considered a separate unit in analysis (n=76).04igh this approach is sometimes problematic
in clinical researchi? it can be considered appropriate for studiesisfribture, where the aim is
to simply compare 2 sets of measurements and rirat conclusions regarding individual
patients:’ Intrarater and interrater reliability were examingsing intraclass correlation
coefficients (ICG 1 and ICG ,).%° These reliability coefficients were then used ¢neyate the
standard error of measurement (SEM) as a measuatesofute reliability, using the formula:
SEM = SD XJ(1 — ICC)’" Minimal detectable change (MDC) at the 90% configeinterval

(Cl) was calculated using the following formuMDC = 1.65 X SEM X/2.° Furthermore, to
facilitate comparison with our validity analysieetrepeatability coefficient (RC) described by
Bland and Altmahwas calculated as follows: the standard deviatfahe differences between

test and re-test was multiplied by the z-scoréff confidence limits (1.96).

Validity of photographic measurements comparedthagraphs as the criterion standard was
assessed by calculating the 95% limits of agreesn@rt), which determines the range within
which 95% of differences between the 2 measuremettiods should ligdIndependent t-tests
were used to examine differences between the negi®tographic and radiographic
measurements obtained by the principal examinerpaan differences (MD) were calculated

with their 95% confidence intervals (Cl). Mean doge differences (MAD) and Pearson’s



correlation coefficient were calculated to furtleeamine the association between photographic

and radiographic measurements.

To investigate potential factors contributing te thiscrepancy between photographic and
radiographic measurements, 95% LA were calculadpdrately for subgroups according to age
(equal to or less than 50 years, greater than &syand HV angle, using all data obtained by
the principal examiner. HV severity was definechgshe following classificatioh no

deformity (HV angle less than 15 degrees), milduédo or greater than 15 degrees and less
than 20 degrees), moderate (20 to 40 degrees@yveres(greater than 40 degrees). For the
purpose of our subgroup analysis, these categages collapsed into 2 groups and defined as
follows: none or mild deformity (HV angle less th2ad degrees) or moderate to severe deformity
(HV angle equal to or greater than 20 degrees)dthtion to 95% LA, independent t-tests and

calculated mean differences (95% CI) were useduestigate subgroups by age and HV angle.

Interpretation of correlation coefficients was lihse the following guidelines: high correlation
was represented by coefficients between 0.7 arflf] &Bile coefficients of 0.9 or greater
indicated very high correlatiohAn acceptable range for 95% LA between photog@phil
radiographic measurements was determined a-padrett 6.5 degrees, which is the reported
interrater RC for radiographic measurement of Hylaf’ Statistical analyses were conducted

using Stata version 19.

RESULTS



In the overall sample of 76 feet, mean £ SD HV amwghs 22.2 + 10.6 degrees as measured on
radiographs. Of the 76 feet studied, 22 were ifladsas having no HV deformity (HV angle
less than 15 degrees), 14 as having a mild defgr@dfual to or greater than 15 degrees and less

than 20 degrees), 37 as moderate (20 to 40 degeees} as severe (greater than 40 degrees).

Intrarater Reliability

The ICG ; for measurements taken by the first examiner separate occasions (76 feet) was
0.99 for radiographic measurements [95% CI: 0.98.6p and 0.97 for photographic
measurements [95% CI: 0.95 to 0.98], which indeatery high intrarater reliability (TABLE
1). Values for SEM and MDC also indicate high tetest reliability for radiographic (SEM:

1.1, MDC: 2.5) and photographic measurements (SE8:MDC: 4.1).

Interrater Reliability

Comparison of measurements taken by 2 differenh@exs on 40 feet showed very high
interrater reliability for radiographs [IGG0.99 (CI: 0.98 to 1.0)] and photographs [K2©.96
(Cl: 0.93 t0 0.98)] (TABLE 2). Interrater agreemémt photographic measurements was

confirmed by relatively small SEM (2.0) and MDC{lvalues, also shown in TABLE 2.

Validity

Analysis of validity showed acceptable 95% LA (-60051.4 degrees) between radiographic and
photographic measurements by the first examinefg@g, and LA were slightly narrower (-4.9
to 3.5 degrees) for the second examiner who medgi@réeet. Very high correlations between

0.96 and 0.98 were found using Pearson’s correlatefficient (TABLE 3). Further analysis of
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the first examiner’s data by age and HV angle sulyggs showed narrower 95% LA for
measurements made on participants aged 50 yegosinger (LA -5.8 to 3.6 degrees) and those

with a HV angle less than 20 degrees (LA -6.2 Bdgrees) (TABLE 4).

DISCUSSION

This study compared digital photographic measurésngifHV angle with hallux alignment on
weight-bearing dorsoplantar radiographs, showingameptable level of agreement. Statistical
analysis using 95% LA is used to detect possitlderdpancy between 2 measurement methods,
by indicating the range between which 95% of ddferes should lie. We determined from the
literature that up to + 6.5 degrees of variation ba seen when more than 1 examiner measures
radiographic HV anglé&’ Therefore, this amount of error was consideredmpropriate clinical
standard for our analysis. Our results showed Lihiwithis range, indicating that photographic

measurements of HV angle can be confidently usechadternative to radiographs.

To interpret results for validity, the repeataWilif both photographic and radiographic
measurements needed to be established separatedyaler and interrater reliability was
demonstrated by very high ICCs (> 0.96). Theseriigslare consistent with reports from
previous studies investigating repeatability ofiogdaphic HV angle measurements (ICCs >
0.95)%% ®Calculated SEM for photographic measurements aeica likely variation of
approximately 2 degrees in either direction duméasurement error. However, MDC at the
90% confidence level was less than 5 degrees i@éna 4.1 degrees; interrater: 4.7 degrees),

demonstrating good repeatability. Furthermore, aleutated the R€which can be directly
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compared to the 95% LA. As can be seen by compdikBLES 1-3, the RC for photographic
measurements were of a similar magnitude to the BA%etween photographic and
radiographic measurements. This indicates thagxkent of potential discrepancy between the 2
measurement methods is primarily determined byethe of repeatability of photographic

measurements of HV angle.

Because weight-bearing dorsoplantar radiographthareurrent standard in clinical practice,
they were considered to be an appropriate critesiandard for assessing concurrent valitfity.
Clinical measurement of HV angle has been recomegemdhen it is not possible or necessary
to obtain radiographs, as this measure is useful&ssifying severity of deformity and
monitoring progression over tinfe’’ Clinical assessment should also include atteritighe
patient’s presenting complaint, which may involeetfpain or cosmetic concerns particularly
severity of HV anglé&.In individuals who do not have pain, Ferfagcommends a waiting
period to determine if the condition is deteriangtprior to introducing any treatment aimed at
prevention, because there is no evidence to suggEstonservative interventions are more
effective in mild HV. Therefore, baseline and fellmp measures of both HV angle and foot
pain should inform management decisions. Our stogstigated HV angle as a primary
indicator of HV severity; however, it should be edthat a thorough pre-operative assessment
of HV includes measurement of other radiographglesisuch as intermetatarsal angle and
distal metatarsal articular angfein addition to noting the presence of sesamoidldéement
and degenerative changfeTherefore, radiographs would still be requireéhidividuals with HV

for whom surgical correction is being considered.
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Several limitations should be considered when apglthese results clinically. Possible sources
of error when using this method include subjecitpmgng, camera placement, and locating
landmarks on the images. We used each subjectls and base of gait as a standardized
position, which can be easily reproduced in a céihsetting. The camera position was
determined by the standard tube to film distanackamgle of the radiography equipment. By
controlling for potential bias introduced by sultjpositioning and camera placement, we were
primarily investigating the reliability and valigof locating measurement landmarks for HV
angle on digital photographs and radiographs incdegetly. Therefore, this method has been
validated for use under ideal conditions in a lalbany setting, and further work is required to

validate a standardized camera position that wbaldppropriate for use in a clinical setting.

Another limitation of this method is that visuatlgtermining the position of the first metatarsal
shaft using a photograph requires a good knowlefigarface anatomy of the foot. Both
examiners who took measurements in this study pedetrists, and while they may be
considered representative of any healthcare priofeslswith a good knowledge of anatomy of
the foot, perhaps examiners with less experienteating the foot may exhibit less repeatable
results. It has been suggested that systematerelif€tes between radiographic and photographic
measurements may occur due to the effect of ssftiéi in photograpts However, in our

validity analysis (TABLE 3) we found the mean ragtiaphic HV angle (21.6 10.1) and mean
photographic HV angle (2249.9) to differ by approximately 1 degree; therefamy

difference does not appear to be systematic. Inutkp t-test results also showed that this

difference was not significant (p = 0.37).
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The sample of volunteers recruited was representafia clinical population, with a wide range
of ages and severity of HV. The range of HV angleserved in our sample of 76 feet was 3 to
46 degrees, with a range of mild, moderate, andregdV, as well as 22 feet with no deformity
(8 participants with no HV deformity and 6 indiviala with unilateral HV). It is interesting to
note that further analysis of our validity datadmpgroups of HV severity indicated slightly
narrower 95% LA when examining feet with mild or H¥' deformity (< 20 degrees) (TABLE
4). It is possible that greater measurement eray atcur when examining feet with moderate
to severe HV (HV angle 20 degrees), as joint subluxation or developméatroedial bursa
may lead to inaccuracy in determining the firstatestsal head reference point on a digital

photograph.

In comparison to previously validated categorieding scales, digital photographs provide
clinicians with a measurement scale with finernvd¢s. The 4-level Manchester Scale has been
shown to have good retest reliability (weightedpap 0.78 to 0.96 and a strong association
with radiographic HV angle measurements (Spearnto's- 0.73, p < 0.0). Similarly, a 5-
grade scale described by Roddy é% bas been shown to have very good observer rejilitstab
(weighted kappa = 0.82). While this measuremerititas 1 more level of grading than the
Manchester Scale, it was designed for the collaatioself-report data and uses simplified line
drawings that may be less accurate in reflectiegutiderlying bone alignment. One of the clear
benefits of photographic measurements over thasgaacal scales is that they produce a finer
incremental measurement, which is important dude@rogressive nature of HV. Furthermore,

while goniometric measurements have been repostedite good test-retest reliability (r =
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0.71)! their validity compared to radiographic measuretméas not been established, and this

should be investigated in future clinical studies.

A clear benefit of photographic measurements isithreinvasive nature of this technique and its
cost-effectiveness for researchers and clinicidmgenile HV deformity is a common
presentation, and digital photography offers a medravoiding unnecessary repeated exposure
to ionizing radiation in individuals whose HV angiay need to be monitored over a long period
of time. A secondary benefit of having a digitabige on record is that it can be used
retrospectively to show progress to the patienis €hn be a powerful motivational tool to assist
with treatment compliance. Finally, while digitah@ging and processing software is becoming
widely utilized in healthcare settings, future depenent of smartphone applications could
combine the image capture and measurement procedara single step, thus streamlining the

method for convenience of both clinicians and redess.

CONCLUSION

This study demonstrates that digital photograpksrtainder standardized conditions can be
used with confidence to measure HV angle as thessunements accurately represent joint
angle compared to the current criterion standasdedfht-bearing dorsoplantar foot radiographs.
Validity data were also supported by good intrarated interrater reliability. One of the main
advantages to this method of HV angle measurersehat it provides an inexpensive and non-

invasive alternative to radiographs, while provgdaamore incremental measure of HV
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progression than commonly used categorical ratvaies. Further research is warranted to

validate this procedure for use in a clinical sefti

KEY POINTS

Findings:Measurements of HV angle can be performed with@ebde reliability and validity
using standardized digital photographs.

Implication: Compared to clinical rating scales currently ugsedassify HV severity, digital
photographs provide a more incremental measuralbbhdeviation, and may reduce the need
for radiographs in early stages of monitoring HVodmnity.

Caution: Determining reference points on digital photogsaptay be dependent upon examiner
experience and knowledge of surface anatomy. Supgeitioning and camera placement must

be standardized to reduce potential error.
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TABLES

TABLE 1. Intrarater reliability of HV angle measurements§ (@et)

SEM  MDCg RC

Image Test* Retest* IC&5 (95% Cl) ©) ©) ©)
Radiograph 22.2+ 10.6 21. A4 10.2 0.99 (0.991t0 1.0) 1.1 2.5 +2.9
Photograph 23.2 10.1 22.6:9.9 0.97 (0.95 to 0.98) 1.8 4.1 +5.3

Abbreviations: HV, hallux valgus; ICC, intraclasse@lation coefficient; CI, confidence
interval; SEM, standard error of measurement; Mp@inimal detectable change (at 90%
confidence level); RC, repeatability coefficient.

* Values presented are mean = SD (°).
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TABLE 2. Interrater reliability of HV angle measurement8 {det)

Image Examiner 1* Examiner 2*  1GG(95% ClI) S(E)M M?,g:go '?:?

Radiograph 19.7+10.4 20.4£10.8 0.99 (0.98to0 1.0) 1.0 2.4 +3.0

Photograph 21.6 10.1 21.1+11.0 0.96 (0.93 to 0.98) 2.0 4.7 +5.8

Abbreviations: HV, hallux valgus; ICC, intraclasselation coefficient; CI, confidence

interval; SEM, standard error of measurement; M§@inimal detectable change (at 90%
confidence level); RC, repeatability coefficient.
* Values presented are mean £ SD (°).
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TABLE 3. Validity of photographic HV angle measurements panad to radiographs

MD (95% CI) P 95% LA  MAD

Examiner Radiograph* Photograph* o o o Pearson's r
grap grap ) value (%) )
Examiner 1 21.6+10.1 22.#9.9 -1.0 0.37 -65t04.4 25 0.96
(76 feet) (-3.3t01.2)
Examiner 2 20.4+10.8 21.1+11.0 -0.7 0.77 -49t035 1.9 0.98
(40 feet) (-5.5t04.1)

Abbreviations: HV, hallux valgus; MD, mean diffecen ClI, confidence interval; LA, limits of
agreement; MAD, mean absolute difference.

* Values presented are mean = SD (°).

" T-tests indicated no significant difference (p.6%).
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TABLE 4. Comparison of limits of agreement by subgroupagsd and HV severity (76 feet)

MD (95% CI) P 95% LA

Subgroups Radiograph*Photograph* ©) value ©)

Aged< 50 years (30 feet) 18+5£9.1 19.6+9.3 -1.1(-45t02.2) 051" -5.81t03.6
Aged > 50 years (46 feet) 23%710.2 24.+9.8 -1.0 (-3.9t0 2.0) 0.51" -6.8t04.9

None/mild HV (36 feet) 15.1+85 16.6 + 8.2 -1-82t01.3) 0.29 -6.2t03.2
Moderate/severe HV (40 feet) 27.6 £7.3 28.2+7.8-0.6(-3.0t01.8) 0.61' -6.6t05.4

Abbreviations: HV, hallux valgus; MD, mean diffecen ClI, confidence interval; LA, limits of
agreement.

* Values presented are mean £ SD (°).

" T-tests indicated no significant difference (p.6%).

24



FIGURES

FIGURE 1. A standardized procedure was used for obtainidgpgaaphs and digital
photographs. Participants were positioned in thegle and base of gait. The x-ray tube distance
(100cm) and angle (15 degrees from vertical) aiterthined the position of the digital camera.
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FIGURE 2A-B. Standard reference points were used to measuentie between the hallux

and first metatarsal shaft (hallux valgus angleflgital photographs (A) and radiographs (B).
Pointsa andb mark visual bisection points at the distal andkpnal shaft of the proximal
phalanx. Point represents the centre of the first metatarsal,headttl marks a visual bisection

of the proximal first metatarsal shaft. X marks tiersection of the 2 axea:b andc-d.

Reference points on radiograph are at the meddaladaral cortex in the metaphyseal/diaphyseal
regions of the first metatarsal and proximal phalan
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