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Abstract
Foot morphology varies between individuals of different sex and ethnicities across the world. Most commonly measured are foot length and breadth which have practical implications in shoe design and forensics. This review aims to identify relevant papers on the topic of foot morphological variation, and compare results. Searches were carried out on PubMed, Scopus and Web of Science until January 2020. Live human subjects age 16 and over were included the study. Included studies were analysed using the Anatomical Quality Assurance (AQUA) Checklist (Tomaszewski et al., 2017) to determine the quality and reporting from the studies.  Any study using cadavers, paediatric participants and those with any underlying condition that affected foot shape were excluded. This review included 17 studies involving 15,235 participants from across the globe. Evidence suggests that foot morphology differs among ethnicities and sex. Most significant differences were found between the Asian population when compared to Australian and Pacific Islanders. Females had smaller foot morphological measurements across all studies with the exception of lateral talocalcaneal angle and calcaneal pitch in two African studies which indicate the higher arch profile of females in this ethnic group. This review highlights the differences in foot morphology that exist between individuals of the same and different ethnicities and sex. Foot length is most commonly used for stature estimation and sex prediction and is more accurate for prediction than foot breadth. Results highlight the need for global shoe and orthotic manufacturers to broaden fit of footwear for worldwide inclusion and continued research with greater sample size and ethnicities to be studied. 
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Introduction
Globally, there are hundreds of ethnic groups which have different biological characteristics. Anthropometric measures between individuals of the same ethnicity varies and even more so when compared with individuals of different ethnicities across the world (Vergara, 2019). One of these distinguishable features is foot characteristics which are based and variant upon an individual’s origin (Shariff et al., 2019). Previous research has shown variation in foot morphology between different ethnicities (Castro-Aragon et al., 2009; Dahiru et al., 2013; Dunn et al., 2004; Gurney et al., 2009). However, global anthropometric studies based on a large variation of ethnicities studied is sparse (Ahmed et al., 2014). 
Foot morphological measures reported in the literature vary but commonly reported measures are foot length and breadth (Hyer et al., 2004; Shariff et al., 2019; Shu et al., 2015). A full morphological description of the foot has been suggested to comprise 26 anthropometric measurements (Agić et al., 2006), though these are not consistently carried out in current literature. The complex dynamic nature of the foot must also be considered when discussing foot function and morphology  (Agić et al., 2006; Gurney et al., 2009). Within each ethnicity, foot morphology differences also exist between sexes. Examples for these variations include metatarsal characteristics (Griffin & Richmond, 2005), metatarsal base thickness (Hyer et al., 2004), calcaneal angle (Igbigbi & Mutesasira, 2003) and foot length (Choi et al., 2014), to name a few. 
Understanding in foot morphology between sexes and ethnicities have multiple purposes but is especially needed for consideration in footwear designing and manufacturing (Gurney et al., 2009). Indications from the literature suggest the importance for worldwide brands to offer a wide range of fitting footwear for both males and females. Overall, research on foot morphology is commonly limited to cover a small number of ethnic groups or nationalities. Findings from these studies have not been collectively evaluated in an attempt to synthesize clinical recommendations and measurements for global use. Therefore, the final aim of this study is to conceptualise how ethnicity/nationality and sex affect foot anthropometry and how these measures have been performed in research. 

Methods
This systematic review adhered to the Preferred Reporting Items for Systematic reviews and Meta-Analysis (PRISMA) guidelines (Page et al., 2021) . It was ensured that this systematic review was not in the International Prospective Register of Systematic Reviews by searching our title on the website (Page et al., 2018) and searching Google Scholar. 
Search strategy
Potentially eligible studies were identified through a systematic search in electronic databases (PubMed (1996-2021), Scopus (1996-2021) and Web of Science (1950-2021)) from inception to January 23rd 2020. The search terms (foot OR feet OR forefoot OR midfoot OR rearfoot OR heel OR calcaneus OR cuboid* or cuneiform* OR ankle* OR talus OR tarsal* OR phalange* OR hallux*OR toe) AND (morpholog* OR size* OR shape* OR length* OR anatom*) AND (ethnic* OR racial* OR race*) AND (sex OR gender) were used. The generation of search terms was generated in accordance with the PICO framework (Huang et al., 2006). 
We used two extra search approaches to identify any potentially eligible articles that could have been missed in the electronic database search. Additional searches were performed using initially included studies. A citing reference search was done using Google Scholar up to February 2020. Hand searching of the reference lists of eligible papers was also carried out to ensure no papers that could have been included in the systematic review were missed. 
Literature screening
All articles to be reviewed following the literature search were uploaded to Mendeley (Version 1.19.4, Mendeley Ltd, London, UK) and duplicates were removed. Following this, articles were uploaded to Rayyan (Ouzzani et al., 2016) to facilitate blinded abstract and title screening by two of the three reviewers (CH, AU, RJ). This ensured a non-biased screening process. Titles and abstracts were screened through the inclusion and exclusion criteria to identify potentially relevant articles. Disagreements were resolved by a fourth reviewer (KK). 
Inclusion and exclusion criteria 
Inclusion: 
· Sex – the term sex was used as it is biological whereas gender is not defined 
· Ethnicity – Only studies which defined the population based on their ethnic origin or nationality and/or specified the sex of their subjects were included. 
· Human population of which are alive – Cadaver studies were not included in this review as bone studies results from deceased humans differ when compared to human subjects (Nester, 2009).
· Adults (aged 15 or older) – Children’s feet stop growing around the age of 15 (Walther et al., 2008) and therefore the age of 16 and above was decided on as a group.
· Healthy BMI – BMI out of the normal range can influence foot posture 
· Healthy population – conditions such as diabetes can alter foot shape, therefore a healthy sample group will be more representative of the populations foot morphology 
· Non-injured – foot injuries may also modify normal foot shape 
· English speaking 
· Published literature - original peer-reviewed articles only and no reviews to be included. If multiple publications reported on the same study, we prioritised the article originally written to avoid reporting on the same participants twice  (Khan & Nataraja Moorthy, 2015) 
Exclusion: 
· Deceased participant or dry bone studies
· Diagnosis of foot altering condition such as diabetes or any neurological condition. Underweight (BMI <18.5) or overweight (BMI >30). 
· Duplicate publications on the same cohort of participants
· Those in a foreign language. 

Quality assessment
The authors CH and AW blindly scored the reporting quality of each study using the Anatomical Quality Assurance (AQUA) checklist (Tomaszewski et al., 2017). Any discrepancies were resolved by a third reviewer (KK). Due to the nature of the studies included in this review a checklist was selected for specificity. The AQUA checklist contains 8 sections with a total of 29 items. However, one item was excluded to modify the checklist as it was not applicable in this review. This made the maximum score of 28. The item excluded from the AQUA checklist was item number 27, ‘Acknowledge individual(s), institution(s), or third parties who significantly contributed to the study’. This was excluded from the checklist as it does not reflect the quality of a paper and it is an optional element for authors to consider. 
Due to the heterogenous nature of the data and the lack of effect of a variable being measured a meta-analysis was not necessary to be carried out in this review. 

Data extraction and summary measures
Data from all included articles were extracted by three reviewers (KK, AW, CH). The information extracted from the studies included: 
· Size of the population being studied
· Demographics (i.e. age, sex, ethnicity/nationality, height, mass) 
· Outcome measures
· Methods and equipment used to collect outcome measures
· Findings of outcome measures 
The main outcome measures of interest in this review were foot length and breadth. The data will be separated into male and female sections. The highest and lowest mean values for each foot measurement in males, females and between ethnicities will be determined from the data collected. Geographical mapping was also used and created on Excel to give a visual representation of ethnical involvement from around the world (Figure 2). 

Results
Study selection
The literature search yielded 9,315 results (Figure 1). After duplicates were removed 5,943 remained. Of these, 5,893 were excluded during the initial screening stage. This left 50 for eligibility and full reading, of which 17 studies met the inclusion criteria (Figure 1). The reasons for excluding articles after screening were foreign language (N=6), wrong outcome (N=8), inclusion of a systemic disorder in participants that would affect foot morphology such as Gurney et al (Gurney et al., 2012) who included diabetic patients as one half of the population being studied (N=4), merged sex or ethnicity data (N=6), cadaver bone studies (N=4), data extracted from a separate study (N=3) infants included in one study and incorrect species (N=2). No additional studies were gained from reference list screening or via author citation searches (Figure 1).  


Figure 1. PRISMA flow chart (Page et al., 2021).
**** Figure 1 near here****

Quality assessment: 
All 17 studies were cross-sectional in design. The highest scoring studies achieved a score of 21/28 (Hemy et al., 2013; Shu et al., 2015), and the lowest scoring studies received a score of 7/28 (Dezhen, 1989). Majority of studies failed to disclose firstly, how their sample size was reached and second, identifying any potential sources of bias (Table 1). 

Table 1. AQUA Checklist scores
**** Table 1 near here****

Participant characteristics 
The 17 studies included 15,235 individual participants subdivided to 8,972 males and 6,263 females (Table 2a and 2b). The smallest sample size was 18 female participants (Dahiru et al., 2013) and the largest sample size was 2,750 participants (Kim et al., 2018) Age ranged from 16-84 (Table 2a and 2b). Ethnical groups included South Korean (Kim et al., 2018), Taiwanese (Y.-C. Lee & Wang, 2015) Japanese (Baba, 1974), Indian (Nataraja Moorthy et al., 2014; Sen et al., 2011a), Malaysian (Khan & Nataraja Moorthy, 2015; Nataraja Moorthy & Hairunnisa Bt Mohd, 2016b, 2016c, 2016a)Turkish (Ozaslan et al., 2012), Spanish (Rodríguez et al., 2013), Croatian (Agić et al., 2006), Western Australia (Hemy et al., 2013), Nigerian (Dahiru et al., 2013), Masaii (Choi et al., 2014), and Ugandan (Igbigbi & Mutesasira, 2003). As a continent Asia was the most represented geographical region (Figure 2; Table 2a and 2b). 

[bookmark: _Hlk83755392]**** Table 2a and 2b near here****
**** Figure 2 near here****


Figure 2. Participant numbers included in review illustrated by shading map of the world (a) females and males, (b) females and (c) males


Measurements performed
Measurements for morphological data extraction used most commonly were foot length (female N=10, male N=13) followed by width (female N=7, male N=7; Figure 3 and 4). A wide variety of other foot measures were also performed, however the maximum of studies looking at the same measure was 2 studies (Table 3). The studies additionally utilised a variety of measuring styles varying in body position when measure being taken, equipment used, and definition of measure taken (Table 4). Measurement equipment used in the studies varied between the use of sliding callipers (Baba, 1974; Ozaslan et al., 2012; Sen et al., 2011a), tape measures (Agnihotri et al., 2007; Baba, 1974), rulers (Hemy et al., 2013) and more advanced methods such as 3-D scanning (Y.-C. Lee & Wang, 2015; Shu et al., 2015) or digital techniques (Hemy et al., 2013). Importantly, some studies failed to disclose the equipment used and majority of studies did not present the validity and reliability of the used equipment. (Table 3).

Variations in measures - Foot length 
Foot length for women has been assessed in a single African group, six Asian groups, one European group, one North American group and one group from Oceania (Figure 3). Results varied among the different ethnicities with East Malaysian Iban women recording the lowest mean length of 21.31.0 cm (Nataraja Moorthy & Hairunnisa Bt Mohd, 2016a), whilst the longest mean foot length was recorded for Western Australian women (24.61.2 cm; Figure 3) (Hemy et al., 2013). Foot length for men has been assessed in a single African group, eight Asian groups, two European groups, one North American group and one group from Oceania (Figure 3). Results also varied among the different ethnicities with East Malaysian Iban men also having the lowest recorded mean length of 23.11.1 cm (Nataraja Moorthy & Hairunnisa Bt Mohd, 2016a), whilst the longest mean foot length was also recorded for Western Australian men (27.41.4cm ; Figure 3;(Hemy et al., 2013).


				    **** Figure 3 near here****

Figure 3. Mean foot length for female and males expressed by ethnicity
Variations in measures - Foot width
Foot length for women has been assessed in five Asian groups, one European groups, and one group from Oceania (Figure 4). Results varied among the different ethnicities with Turkish women recording the lowest mean width of 8.60.6 cm (ratio 0.38) (Ozaslan et al., 2012), whilst the largest mean foot width was recorded for Western Australian women (9.40.5; ratio 0.40; Figure 4; (Hemy et al., 2013). Foot length for men has been assessed in five Asian groups, one European groups, and one group from Oceania (Figure 4). Results also varied among the different ethnicities with Turkish men also having the lowest recorded mean width of 9.40.7 cm (ratio 0.37; (Ozaslan et al., 2012), whilst the largest mean foot width was recorded for Taiwanese men (10.40.6; ratio 0.4; Figure 4; (Y.-C. Lee & Wang, 2015).

**** Figure 4 near here****

Figure 4. Foot width for females and males expressed by ethnicity as mean and ratio to foot length

Variations in measures - Other foot measures
An additional 17 foot shape measures were assessed in the literature (Table 3) in addition to ten additional foot length measures not targeting the maximum distance (Table 3). Of the 17 measures, 14 were only assessed in a single study, such as ball of the foot length or ball girth (Table 3). When more than one measure was published, variations were seen in measure description and equipment used (Table 3). 

Discussion: 
This systematic review is the first to provide a synthesis of evidence on foot morphology and how it differs between different sex and ethnicities. Understanding foot morphology based on sex and ethnicity is essential for global shoe manufacturing, orthotic design and forensic work (Wunderlich & Cavanagh, 2001). Not only does this systematic review highlight the importance of understanding foot morphology, it also unfortunately highlights the disparity between researchers and countries on what is required to adequately measure a human foot. 
Limitations of the current literature
Seventeen studies were included in this systematic review, however multiple limitations to interpretation of the information were recognised by the authors of this paper. (i) The overall quality of the papers gathered, with only two achieving 75% on a quality assessment checklist (Hemy et al., 2013; Shu et al., 2015). (ii) The measures conducted were limited. The two main morphological features measures were foot length (N=13) and foot breadth (N=7). Other measurements included forefoot circumference, arch height (N=1), calcaneal angle (N=1), calcaneal pitch (N=1), lateral talocalcaneal angle, (N=1) length of the first metatarsal (N=1), and hallux angle (N=1). Other studies presented measurements with less morphological importance such as the minimal distance from the hallux to the second toe (Shu et al., 2015). 
(iii) Poor measures procedure clarity. Older studies applied sliding callipers (Baba, 1974; Ozaslan et al., 2012; Sen et al., 2011b), tape measures (Agnihotri et al., 2007; Baba, 1974) and rulers (Hemy et al., 2013). Two studies utilised 3-D scanning (Y.-C. Lee & Wang, 2015; Shu et al., 2015), which has been proven to give more accurate and precise data when compared to traditional measurement methods with a mean absolute difference between all measurement methods of only 3mm (Y. C. Lee et al., 2014). As long as equipment reliability and validity are acknowledged, these are only minor concerns to raise. Another more prominent measurement issue encountered was the lack of measures procedure disclosure such as anatomical locations used which further complicated our ability to compare outcomes between studies. Various measurement conditions were used including those standing, fully weight bearing (Y.-C. Lee & Wang, 2015), single leg weight bearing (Moorthy & Khan, 2015; Nataraja Moorthy et al., 2014) and some were measured under ‘No Load’ conditions (Agić et al., 2006). (iv) Varying sample sizes throughout the review also meant global comparisons between ethnicities were difficult to make. Asia was most heavily researched with majority of participants studied being Japanese (N=1934)(Baba, 1974), Taiwanese (N=3000)(Y.-C. Lee & Wang, 2015), and South Korean (N=2750)(Kim et al., 2018). Given the absence of high-quality studies and their essential limitations to methodology transparency definitive conclusions were difficult to make regarding foot morphological differences and how to accurately carry out measurements. 
Expectations from future research
Given the disparities in studies, we cannot currently describe variabilities in foot morphology between sexes or ethnicities. Precise anatomical measurement procedures must be clarified for future research to be accurate, comparable and, hence meaningful. Lee et al (Y. C. Lee et al., 2014) demonstrated this well how this could be obtained by using six defined measurements of foot length, ball of foot length, outside ball of foot length, foot breadth diagonal, foot breadth horizontal and heel breadth. Each measurement was described using an exact definition. This extent of clarity of measurement must be given in all future research. 
For precise future research the ISO 20685-1:2018 document should be adhered to (Agić et al., 2006; Kouchi & Mochimaru, 2011; Y. C. Lee et al., 2014). Telfer and Woodburn reported the ISO has been produced ‘with the aim of ensuring that measurements taken using 3D scanning systems are comparable with those taken using traditional methods and can be sued in anthropometric databases’ (Shu et al., 2015; Telfer & Woodburn, 2010). Indeed a more accessible document to future researchers would be the IEEE paper written by a Footwear Subgroup which includes a modern compilation of foot measurement definitions (IEEE, 2014). 
Another element future research must consider is the measuring conditions of the subject. All measurements should be taken at the same time of day, morning ideally to avoid foot deformation with potential swelling  (Burrow, 2016). The dominant foot should be selected, and the subject should be fully weightbearing with a normal posture. 
Although 3D scanning is not without intra and inter-observer errors (Kouchi & Mochimaru, 2011), it should be used when collecting foot morphological data in future research. 3D scanning is more reliable, accurate and has a reduced incidence of human error (Y. C. Lee et al., 2014; Telfer & Woodburn, 2010). Future studies should aim to report their inter/intra-rater reliability and equipment accuracy level and validity when carrying out measurements of the foot and indeed the entire body. 
Are there morphological differences between ethnicities and sexes? 
Finally, future studies should aim to involve a varied population from across the globe. Differences between ethnicities were certainly seen in this review. Foot breadth differences were seen in the male population with Taiwanese males demonstrating the widest foot (10.4 +/-0.6) (Y.-C. Lee & Wang, 2015). Interestingly in the study by Agnihotri et al (Agnihotri et al., 2007) females exhibited a wider foot than males in the same Indo-Mauritian population. From the studies included in this review that studied foot length, large variation was seen when comparing the Asian (Nataraja Moorthy & Hairunnisa Bt Mohd, 2016a) and Australian population (Hemy et al., 2013) who have significantly larger feet. This is potentially due to the shorter stature of Asian participants although, without demographic data on the subjects this cannot be concluded. These findings were similar to those of Jurca et al who analysed 1.2 million foot scans, however they did not distinguish between ethnicities and therefore was not included in this study, albeit the largest data pool of foot scans studied to date (Jurca et al., 2019). In the male population, foot length values were similar amongst the Western Australian and Croatian population (Agić et al., 2006; Hemy et al., 2013). Unfortunately, there were no females included in this Croatian study so no comparison of sexes could be made. Overall, the number of subjects studied in each paper varied greatly and thus highlights the need to larger and more diversity in the populations to be studied. 
Strength and limitation
This review is not without its limitations. Studies written in the English language only were included in this review as it was the only language of all authors. Only three databases were used in this review, however, the PRISMA guidelines were followed for best practice when conducting systematic reviews. We are limited in our systematic review that paper can or may be missed during the search process despite strict follow of methodology. This review did not include any participants under the age of 16. This was to avoid including participants who were still in a growth phase. Grey literature was also excluded from this review as by definition may include data which is not controlled by commercial publishing organisations  (Adams et al., 2016). 

Conclusion
Based on the findings of this study it is clear foot morphology differs between ethnicities and sex. This was most evidently seen when comparing the Australian and Asian populations. This review also founds males to have a longer and wider foot than females with the exception of one Indo-Mauritian population where the female’s feet studied were wider. However, the small number of ethnicities included in this review are a vast underrepresentation of the global population and it is therefore difficult to conclusively state findings. 
The studies included in this review varied in quality with several limitations such as sample size and poor methodological design. However, these limitations could be overcome as outlined above for future research. The findings of this study may be used to inform orthotic design and shoe manufacturing as to the variation that exists in foot morphology between individuals of different ethnicities and sex. 
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