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Context: Although abnormal foot posture long has been
associated with lower extremity injury risk, the evidence is
equivocal. Poor intertester reliability of traditional foot measures
might contribute to the inconsistency.

Objectives: To investigate the validity and reliability of a
digital photographic measurement method (DPMM) technology,
the reliability of DPMM-quantified foot measures, and the
concurrent validity of the DPMM with clinical-measurement
methods (CMMs) and to report descriptive data for DPMM
measures with moderate to high intratester and intertester
reliability.

Design: Descriptive laboratory study.

Setting: Biomechanics research laboratory.

Patients or Other Participants: A total of 159 people
participated in 3 groups. Twenty-eight people (11 men, 17
women; age = 25 = 5 years, height = 1.71 = 0.10 m, mass =
77.6 = 17.3 kg) were recruited for investigation of intratester
and intertester reliability of the DPMM technology; 20 (10 men,
10 women; age = 24 * 2 years, height = 1.71 = 0.09 m, mass
= 76 *= 16 kg) for investigation of DPMM and CMM reliability
and concurrent validity; and 111 (42 men, 69 women; age =
22.8 + 4.7 years, height = 168.5 + 10.4 cm, mass = 69.8 +
13.3 kg) for development of a descriptive data set of the DPMM
foot measurements with moderate to high intratester and
intertester reliabilities.

Intervention(s): The dimensions of 10 model rectangles and
the 28 participants’ feet were measured, and DPMM foot posture
was measured in the 111 participants. Two clinicians assessed
the DPMM and CMM foot measures of the 20 participants.

Main Outcome Measure(s): Validity and reliability were
evaluated using mean absolute and percentage errors and
intraclass correlation coefficients. Descriptive data were com-
puted from the DPMM foot posture measures.

Results: The DPMM technology intratester and intertester
reliability intraclass correlation coefficients were 1.0 for each
tester and variable. Mean absolute errors were equal to or less
than 0.2 mm for the bottom and right-side variables and 0.1° for
the calculated angle variable. Mean percentage errors between
the DPMM and criterion reference values were equal to or less
than 0.4%. Intratester and intertester reliabilities of DPMM-
computed structural measures of arch and navicular indices
were moderate to high (>0.78), and concurrent validity was
moderate to strong.

Conclusions: The DPMM is a valid and reliable clinical and
research tool for quantifying foot structure. The DPMM and the
descriptive data might be used to define groups in future studies
in which the relationship between foot posture and function or
injury risk is investigated.
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structure using the arch and navicular indices.

traditional clinical-measurement methods.

Key Points
» The digital photographic measurement method is a valid and reliable clinical and research tool for quantifying foot

» When used to quantify foot structure, the digital photographic measurement method might offer several advantages over
» The digital photographic measurement method is reliable for relatively inexperienced clinicians.

» The digital photographic measurement method and the descriptive data might be used to define typical and abnormal foot-
posture groups in future studies in which the relationship between foot posture and function or injury risk is investigated.

the relationship between foot posture and lower

extremity injuries. Although many investigators
have reported relationships between abnormal foot posture
and lower extremity injury,'4 others have not.5>8% An
obvious source of inconsistency might be the different
methods used to compute foot posture. A factor that is not
obvious might be the low intertester reliability associated
with many of the commonly used methods.%-15 Low inter-
tester reliability could result in 2 researchers classifying the

Researchers have conducted a plethora of studies of

same foot differently. Furthermore, the clinical relevance
of such studies might be limited because clinicians using the
same measurement methods also could classify the same
foot differently. Hence, the prerequisite step that must be
accomplished before determining the relationship between
static measures of foot posture and injury is development
of measurement methods that have moderate to high
intratester and intertester reliabilities.

A measurement method with moderate to high intra-
tester and intertester reliabilities that also correlates
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strongly with radiographic measures is the arch index
(AI).16 The Al is the ratio of the dorsum height of the foot
at 50% of the total foot length to the truncated foot length
computed during 10% or 90% weight-bearing (WB)
conditions. Although the reliability of the Al is acceptable,
there may be sources of error or variability associated with
the currently used clinical-measurement method (CMM)
that could be improved. When computing the Al in 90%
WB, the positions of the most posterior point of the
calcaneus, the end of the longest toe, the first metatarso-
phalangeal joint, and the dorsum height must be read as
the participant maintains 90% WB on the limb. In
addition, after measuring total foot length and before
measuring dorsum height, 50% of the total foot length
must be calculated and located. Attempting to rapidly take
the various foot measurements as the participant maintains
90% WB might increase the likelihood of reading or
recording errors. Furthermore, participants might shift
their weight and alter foot posture during the measurement
or recording process. Finally, dorsum-height measure-
ments might be influenced by the degree to which the
clinician compresses the soft tissue on the dorsal surface of
the participant’s foot.

To address some of these potential sources of error,
several methods that quantify foot posture!7.18 or mobility!9
from digital images have been developed. Although all the
methods are similar because they involve capturing a digital
image of the foot, the postprocessing procedures differ.
Postprocessing procedures include (1) printing the digital
images followed by hand measuring of the anatomic
landmarks,!® (2) printing the digital images followed by
identifying anatomic landmarks with a digitizing tablet,!7
and (3) uploading the digital images to software in which
select anatomic landmarks are digitized.!8 Although all have
been reported to have moderate to high intratester and
intertester reliabilities for at least some of the calculated foot
measures, none appear to correct for perspective errors due
to out-of-plane (in front of or behind the calibration frame)
anatomic landmarks (ie, the most posterior portion of the
calcaneus, the dorsum of the foot at 50% foot length, the tip
of the hallux or longest toe). Furthermore, some require the
use of custom hardware, such as a mirrored photo box!8 or
digitizing tablet,!7 that might limit the clinical relevance of
the methods.

To address the potential limitations of currently
available digital foot-measurement methods, a new digital
photographic measurement method (DPMM) was devel-
oped. The DPMM uses commercially available digital
photography technology and a custom computer-software
data acquisition and analysis algorithm. Advantages of the
DPMM over traditional CMMs include elimination of soft
tissue deformation, simultaneous computation of several
anthropometric measures for the clinician, and quantifica-
tion of several measures of foot posture from 1 digital
image. The latter 2 advantages are also advantages of the
DPMM over 2 of the 3 current digital methods, and the
correction of perspective error is an advantage over all of
the digital methods. In addition to the Al, the navicular
index (NI)16 and longitudinal arch angle!7-20 also might be
calculated from 1 digital image. The NI and longitudinal
arch angle both have been reported to have moderate to
high intratester reliabilities but low intertester reliabili-
ty.16.17 The advantages of the DPMM that we identified

also might improve upon the intertester reliability of these
measures. Furthermore, the ability to compute several
different measures of foot posture from 1 image might be
beneficial if subsequent studies reveal that a combination
of static measures better predict injury risk (or dynamic
function) than 1 measure. In addition to quantifying foot
structure, measures of foot mobility, such as the relative
arch deformity ratio (RAD),16 relative navicular mobility
ratio (RNM) (calculated using the same algorithm as the
RAD but with navicular height substituted for dorsum
height), dorsum-height displacement, and navicular dis-
placement, might be computed using data from the 10%
and 90% WB conditions. However, the intratester and
intertester reliabilities of the mobility measures using
purely digital photographic measurement techniques have
not been investigated.

Finally, because the data-acquisition and data-reduction
procedures can be performed separately, the DPMM might
be advantageous to the corresponding CMMs when large
groups of individuals are examined (eg, preparticipation
examinations). Data acquisition using the DPMM only
requires identification of a select number of anatomic
landmarks followed by the capture of a digital image of the
individual’s foot. Data reduction can be performed later
when a participant’s time is not a factor. When data
reduction is performed, the ability to calculate all of the
foot measures from 1 digital image using the DPMM
allows the clinician or researcher to reduce the data more
rapidly than when each measure is taken separately using
the CMMs. Therefore, the purposes of our study were (1)
to investigate the reliability and validity of the DPMM
technology; (2) to investigate the intratester and intertester
reliability of DPMM-quantified foot posture; (3) to
investigate concurrent validity of the DPMM and CMM
measures of Al, NI, longitudinal arch angle, RAD, RNM,
dorsum-height displacement, and navicular-height dis-
placement; and (4) to report descriptive data for the
DPMM foot measures with moderate to high intratester
and intertester reliabilities.

METHODS

DPMM Technology Validity

We evaluated the validity of the DPMM technology
relative to the known dimensions of 10 rectangles (size
range, 5.1 X 5.1 mm to 254.0 X 177.8 mm) constructed on
the grid of 1 sheet of commercially available engineering
graph paper. Two investigators (S.C.C., C.R.J.) measured
the bottom and right sides of the constructed rectangles 3
times each to the nearest 0.1 mm using a standard ruler.
The mean values of the manually measured lengths and the
calculated angles between diagonal lines connecting the
lower left and upper right corners and the bottom sides of
the rectangles were defined as criterion reference values.
We then obtained digital images of 2-dimensional rectan-
gles mounted to a flat vertical surface using a 6.3-megapixel
camera (FinePix S700; Fujifilm Corp, Tokyo, Japan).
Before capturing the digital image of the objects, we
positioned the camera 1 m from the data-analysis plane,
leveled and squared it in 3 dimensions, and manually
focused it. We placed a standard 30-cm ruler, which was
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Figure 1. To ensure equal to or more than 90% weight was placed on the foot being measured, participants stood with the involved foot
on a mechanical scale set at 90% of body weight and the uninvolved foot placed on a platform of the same height located adjacent to the
scale. Participants were instructed to push or pull lightly on the upright portion of the scale to maintain balance. Next, participants were
instructed to unload the uninvolved limb until the movable arm on the scale was at or above the horizontal. Anatomic landmarks that the
tester identified were the first metatarsophalangeal joint, the most prominent point of the navicular tuberosity, and the midpoint of the
medial malleolus. To correct out-of-plane perspective error, the tester also identified the distance from the calibrated plane (depth) of the
tip of the longest toe, the dorsum of the first metatarsophalangeal joint, the most prominent point on the dorsum of the foot, and the most
prominent point of the calcaneus on graph paper (not shown). The position of each out-of-plane landmark was projected onto graph
paper, measured, and saved as a text file that was uploaded later to the MATLAB (version R2006b; The MathWorks, Inc, Natick, MA)

program and used as the input variables in the perspective error correction algorithm.

oriented parallel to the horizontal edge of the graph paper,
against the graph paper to allow calibration of the 2-
dimensional plane. The digital camera conformed to the
exchangeable image file format (Exif version 2.2 standard),
which requires a 1-to-1 vertical-to-horizontal pixel aspect
ratio. Therefore, calibration of the 2-dimensional plane was
required only for 1 direction within the plane. After
capture of the digital image, we used the DPMM software
program (MATLAB version R2006b; The MathWorks,
Inc, Natick, MA) to digitize 2 points on a reference object
of known length captured in the photograph and the 4
corners of each rectangle. The software program used the
digitized points on the reference object to scale the
measurements of the rectangles. The algorithm also
calculated the angle formed between the diagonal and the
bottom side.

DPMM Technology Reliability

Participants. We evaluated intratester and intertester
reliabilities of the DPMM technology via same-day test-
retest measurements of the rectangles and of the feet of 28
participants (11 men, 17 women; age = 25 = 5 years, height
= 1.71 = 0.10 m, mass = 77.6 = 17.3 kg). We recruited
participants from a sample of convenience with no
restrictions on foot size or posture. Before the study began,
all participants provided written informed consent, and the
study was approved by the Protection of Human Subjects
Committee of the Texas Tech University Health Sciences
Center.

Procedures. We obtained the dimensions of each
rectangle using the procedures that we outlined. For the
foot measures, we identified 3 anatomic landmarks on each
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Figure 2. Landmarks that the tester digitized included 2 points on the ruler to compute the scale factor (not pictured), rearfoot and
forefoot contact points (defined by digitizing the supporting surface under the regions of the rearfoot and forefoot) with the supporting
surface, heel tip, navicular tubercle, first metatarsophalangeal joint, toe tip, dorsum metatarsophalangeal joint, dorsum at 50% foot
length, and medial malleolus. To facilitate identification of the dorsal landmarks, the software program plotted reference lines at the
appropriate locations (50% of total foot length, metatarsophalangeal joint) that were perpendicular to the local horizontal reference axis
(the line connecting the rearfoot and forefoot contact points). The anthropometric variables quantified with the digital photographic
measurement method were total foot length (toe tip to heel tip), truncated foot length (metatarsophalangeal joint to heel tip), navicular
height (navicular tubercle to local horizontal reference axis), dorsum height (dorsum 50% foot length to local horizontal reference axis),
and midpoint of the metatarsophalangeal joint (midpoint between local horizontal reference axis and metatarsophalangeal dorsum
points). Computed foot posture variables were arch index (dorsum height/truncated foot length), navicular index (navicular height/
truncated foot length), and longitudinal arch index (the angle measured counterclockwise between a line connecting the midpoint of the
metatarsophalangeal joint and navicular tubercle and a line connecting the medial malleolus and navicular tubercle).

participant’s foot using a ballpoint pen (Figure 1). The
positions of anatomic landmarks that were not in the
calibrated plane were marked on graph paper to allow for
correction of the perspective error (Figure 1). We then
positioned the medial border of the participant’s foot along
the front edge of a custom-built measuring platform placed
on the measurement scale with the leg aligned vertically in
the frontal and sagittal planes, and we obtained digital
images during an equal to or greater than 90% WB
condition (Figure 1).

We uploaded the digital images to the software program
and digitized the scaling factor points, 7 anatomic land-
marks, and 2 reference points from each image (Figure 2).
We corrected perspective errors of out-of-plane anatomic
landmarks by linearly adjusting the scaling factor by the
percentage distance out of plane using the following
formula:

%Error=[1—(L1/L2)] x 100,

where L1 is the plane-to-camera distance and L2 is the
landmark-to-camera distance (Figure 1). Unique scaling
factors were calculated for each out-of-plane landmark.
The perspective error correction was verified empirically
before incorporating the algorithm into the DPMM. Total
foot length, truncated foot length, dorsum height, AI, and
longitudinal arch angle measures were computed from the
scaled coordinate data (Figure 2). Each investigator
(S.C.C., C.R.].) digitized 1 digital image of the rectangles
and each foot 3 times.

DPMM and CMM Reliability and Concurrent Validity

Participants. Twenty healthy individuals (10 men and 10
women; age = 24 * 2 years, height = 1.71 = 0.09 m, mass
= 76 = 16 kg) volunteered to participate. We excluded
participants if they had a history of lower extremity
surgery, had sustained a lower extremity injury within the
6 months before the study, had a diagnosed pathologic
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condition of the foot, or were currently pregnant. We chose
the criteria to allow inclusion of a wide range of “normal”
foot postures and exclusion of conditions that might
adversely affect the reliability of the procedures due to
gross deformity or pain during WB. Before the study
began, all participants provided written informed consent,
and the study was approved by the Protection of Human
Subjects Committee of the Texas Tech University Health
Sciences Center.

Instrumentation. In addition to the DPMM, we used a
sliding caliper (GPM 101; Seritex, Inc, East Rutherford,
NJ) and standard goniometer to quantify foot posture
using the CMMSs. Sliding caliper and goniometric mea-
surements were recorded to the nearest 0.5 mm and degree,
respectively.

Procedures. We recorded each participant’s height and
mass and then the DPMM and CMM foot measurements
during 10% and 90% WB conditions. The procedures used
for the CMMs were those previously reported for the AL, !6
NI,16 RAD,!6 and longitudinal arch angle.!” All DPMM
and CMM measurements were obtained 3 times by the
same 2 testers (M.H., J.K.), who were designated clinician
1 (CL1) and clinician 2 (CL2). For each ‘trial,” the
appropriate anatomic landmarks were identified and used
to compute foot structure with the CMM and then the
DPMM. Alcohol wipes were used to completely remove all
anatomic landmark pen marks before performing the next
trial. The clinicians were instructed to clean a relatively
large area when removing the marks so that any skin
irritation would not affect landmark re-identification.
Additionally, the clinicians alternated taking the measure-
ments on each participant and were blinded to their
previously recorded measurements and to each other’s
measurements.

Descriptive Foot Posture Data Set

Participants. To develop a descriptive data set of the
DPMM foot measurements with moderate to high
intratester and intertester reliabilities, 111 participants (42
men, 69 women; age = 22.8 * 4.7 years, height = 168.5 *
10.4 cm, mass = 69.8 *= 13.3 kg) with no medically
diagnosed foot pathologic conditions or history of lower
extremity surgery or injury within the 6 months before the
study were recruited from a sample of convenience. Before
the study began, all participants provided written informed
consent, and the study was approved by the Institutional
Review Board of the University of Wisconsin-Milwaukee.

Procedures. We quantified the foot posture of each
participant’s right and left feet during 10% WB and 90%
WB single-limb stance positions using the DPMM proce-
dures that we outlined (Figure 1). Equal to or less than
10% WB was ensured in a similar manner as described for
the 90% WB condition except that the participant was
instructed to unload the involved foot located on the
mechanical scale until the movable arm on the scale was at
or below the horizontal. The same investigator (S.C.C.)
performed all foot measurements.

Statistical Analysis

DPMM Technology Reliability and Validity. The intra-
tester reliability of the measurements obtained from the

DPMM analysis of the rectangles were investigated by
calculating the intraclass correlation coefficient (ICC) (3,1)
across the 3 repeated measurements for 3 dependent
variables (length of the bottom side, length of the right
side, and angle between the bottom side and the diagonal).
The intertester reliability of the measurements obtained
from the DPMM analysis of the rectangles was determined
by calculating the ICC (2,3) using the mean of the 3 trials.
The validity of the DPMM technology was evaluated using
the absolute and percentage differences (error) between
the mean of the 6 DPMM measurements (2 testers, 3
measurements each) and the criterion reference values of
the rectangles. The ICC (2,3) was used to quantify absolute
agreement between the measured and known dimensions of
the rectangles. Finally, the intratester and intertester
reliabilities of the DPMM measurements obtained from
the feet was calculated using the same procedures as
described for the rectangles. All ICC values were deter-
mined using SPSS (version 15; SPSS Inc, Chicago, IL). The
ICC threshold for moderate reliability was defined2! as
equal to or greater than 0.70.

DPMM and CMM Reliability and Concurrent Validity.
The intratester reliability of the measurements obtained
from the DPMM and CMM were investigated by
calculating the ICC (3,1) across the 3 repeated measure-
ments for the anthropometric (truncated foot length in
10% WB, truncated foot length in 90% WB, dorsum height
in 10% WB, dorsum height in 90% WB, navicular height in
10% WB, navicular height in 90% WB), structural (Al in
10% WB, Al in 90% WB, NI in 10% WB, NI in 90% WB,
longitudinal arch angle in 10% WB, longitudinal arch angle
in 90% WB), and mobility (RAD, RNM, dorsum-height
displacement, navicular displacement) variables of interest
for each clinician. The intertester reliability of the
measurement methods was determined by calculating the
ICC (2,3). Finally, ICC (2,3) of the anthropometric
variables and the AI and NI structural measures during
both WB conditions for each clinician were performed to
investigate concurrent validity (agreement) between the
DPMM and CMM. We used SPSS for statistical analysis.

Descriptive Data Set. Means and SDs of the 111
participants (222 feet) were calculated to represent
descriptive data for the DPMM-quantified foot measure-
ment with moderate to high intratester and intertester
reliabilities.

RESULTS

DPMM Technology Reliability and Validity

The DPMM intratester and intertester reliability ICCs
for the 10 rectangles and the anthropometric and
structural variables for the 28 feet were 1.00 (95%
confidence intervals [CIs] = 0.90, 1.00) for each tester
and variable, respectively. The mean absolute error
between the DPMM and criterion reference values were
0.2 = 0.2 mm, 0.1 = 0.1 mm, and 0.1° = 0.1° for the
bottom-side, right-side, and calculated angle variables,
respectively. The corresponding mean percentage error
values were 0.3% * 0.3%, 0.3% =+ 0.3%, and 0.4% *+ 0.4%
for the bottom-side, right-side, and calculated angle
variables, respectively. All ICC (2,3) values for agreement
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Table 1. Intratester Reliability (95% Confidence Interval) of Clinical and Digital Photographic Measurement Methods
Intraclass Correlation Coefficient (3,1)
Bearing 10% of Weight Bearing 90% of Weight
Variable Measurement Method Clinician 1 Clinician 2 Clinician 1 Clinician 2
Anthropometric
Truncated foot Clinical 0.95 (0.90, 0.98) 0.95 (0.91, 0.98) 0.96 (0.91, 0.98) 0.97 (0.94, 0.99)
length Digital 0.96 (0.92, 0.98) 0.97 (0.94, 0.99) 0.94 (0.88, 0.97) 0.96 (0.93, 0.99)
Dorsum height Clinical 0.93 (0.86, 0.97) 0.91 (0.83, 0.99) 0.96 (0.92, 0.98) 0.91 (0.82, 0.96)
Digital 0.97 (0.94, 0.99) 0.97 (0.94, 0.99) 0.96 (0.92, 0.98) 0.94 (0.87, 0.97)
Navicular height Clinical 0.69 (0.37, 0.81) 0.88 (0.77, 0.95) 0.84 (0.70, 0.93) 0.89 (0.79, 0.95)
Digital 0.82 (0.67, 0.92) 0.83 (0.69, 0.92) 0.83 (0.68, 0.92) 0.82 (0.67, 0.92)
Structural
Arch index Clinical 0.69 (0.47, 0.85) 0.79 (0.61, 0.90) 0.84 (0.70, 0.93) 0.82 (0.66, 0.92)
Digital 0.92 (0.85, 0.97) 0.93 (0.87, 0.97) 0.92 (0.93, 0.96) 0.90 (0.80, 0.95)
Navicular index Clinical 0.62 (0.38, 0.81) 0.84 (0.70, 0.93) 0.83 (0.68, 0.92) 0.89 (0.78, 0.95)
Digital 0.84 (0.69, 0.93) 0.83 (0.69, 0.92) 0.79 (0.62, 0.90) 0.78 (0.61, 0.90)
Longitudinal arch Clinical 0.50 (0.23, 0.74) 0.85 (0.71, 0.93) 0.53 (0.26, 0.75) 0.88 (0.77, 0.95)
angle Digital 0.42 (0.15, 0.68) 0.72 (0.51, 0.87) 0.48 (0.20, 0.72) 0.67 (0.44, 0.84)
Intraclass Correlation Coefficient (3,1)
Clinician 1 Clinician 2
Mobility
Dorsum Clinical 0.04 (—0.18, 0.35) 0.24 (—0.03, 0.54)
displacement Digital 0.52 (0.26, 0.75) 0.26 (—0.00, 0.56)
Navicular Clinical 0.39 (0.11, 0.66) 0.50 (0.23, 0.73)
displacement Digital 0.55 (0.29, 0.77) 0.39 (0.11, 0.66)
Relative arch Clinical 0.26 (—0.01, 0.56) 0.37 (0.09, 0.64)
deformity ratio Digital 0.72 (0.51, 0.87) 0.42 (0.14, 0.68)
Relative navicular Clinical 0.46 (0.18, 0.71) 0.68 (0.45, 0.84)
mobility ratio Digital 0.63 (0.38, 0.81) 0.43 (0.16, 0.69)

between the measured and known dimensions were 1.00
(95% CI = 1.00, 1.00).

DPMM and CMM Reliability and Concurrent Validity

Clinical Measurement Reliability. The DPMM intratester
and intertester reliabilities during both WB conditions were
moderate to high for the anthropometric (ICCs > 0.81) and
the Al and NI structural measures (ICCs > 0.78) (Tables 1
and 2). Intratester and intertester reliability results of the
longitudinal arch angle and mobility measures were less
consistent. Intratester reliability values for the longitudinal
arch angle in 10% WB were moderate to high for CL2 but
were low for CL1, and values for the longitudinal arch angle
in 90% WB did not meet the moderate reliability criteria for
either clinician (Table 1). However, intertester reliability for
longitudinal arch angle was moderate to high (ICCs > 0.75)
in both WB conditions (Table 2). Of the mobility measures,
only the RAD for CL1 achieved moderate intratester
reliability (ICC [3, 1] = 0.72) (Table 1). Conversely, inter-
tester reliability was moderate to high for all mobility
measures, with the exception of dorsum-height displacement
(ICC [2, 3] = 0.69) (Table 2).

Concurrent Validity. Concurrent validity between the
DPMM and CMM was moderate to strong. The ICC (2,3)
values were moderate to high for all of the anthropometric
and structural values for CL2 (ICCs > 0.84) (Table 3). For
CLI1, values were moderate to high for all variables with
the exception of dorsum height in 10% WB, dorsum height
in 90% WB, and Al in 90% WB (Table 3). The mean

differences of 10% WB, 90% WB, and mobility CMM and
DPMM measures for each clinician are presented in
Table 4.

Descriptive Data Set

Descriptive data for the DPMM measures with moderate
to high intratester and intertester reliabilities are presented
in Table 5.

DISCUSSION

The purposes of our study were (1) to investigate the
validity and reliability of the DPMM technology, (2) to
investigate intratester and intertester reliabilities of
DPMM-quantified foot posture, (3) to investigate concur-
rent validity of the DPMM and CMM measures and (4) to
report descriptive data for the DPMM-quantified foot
measures with moderate to high intratester and intertester
reliabilities.

DPMM Technology Reliability and Validity

The intratester and intertester reliability and validity of
the DPMM technology results suggested that the DPMM
is a valid and reliable method for quantifying foot posture.
The moderate to high ICC values between the CMM and
DPMM for most anthropometric and structural variables
also suggested that the 2 methods measure the same foot
characteristics. The only variables not moderately corre-
lated were dorsum height in 10% WB, dorsum height in
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Table 2.

Intertester Reliability (95% Confidence Interval) of Clinical and Digital Photographic Measurement Methods

Intraclass Correlation Coefficient (2,3)

Variable Measurement Method Bearing 10% of Weight Bearing 90% of Weight
Anthropometric
Truncated foot length Clinical 0.98 (0.90, 0.99) 0.97 (0.86, 0.99)
Digital 0.97 (0.84, 0.99) 0.97 (0.82, 0.99)
Dorsum height Clinical 0.56 (—0.08, 0.83) 0.60 (0.04, 0.84)
Digital 0.99 (0.97, 1.00) 0.95 (0.97, 1.00)
Navicular height Clinical 0.93 (0.83, 0.97) 0.93 (0.83, 0.97)
Digital 0.93 (0.83, 0.97) 0.99 (0.87, 0.98)
Structural
Arch index Clinical 0.71 (—0.21, 0.92) 0.84 (—0.04, 0.96)
Digital 0.95 (0.78, 0.98) 0.96 (0.81, 0.99)
Navicular index Clinical 0.93 (0.83, 0.97) 0.93 (0.81, 0.97)
Digital 0.93 (0.80, 0.97) 0.93 (0.83, 0.97)
Longitudinal arch angle Clinical 0.73 (0.33, 0.89) 0.75 (0.39, 0.90)
Digital 0.75 (0.39, 0.90) 0.79 (0.49, 0.92)
Intraclass Correlation Coefficient (2,3)
Mobility
Dorsum displacement Clinical 0.54 (—0.09, 0.81)
Digital 0.69 (0.21, 0.88)
Navicular displacement Clinical 0.70 (0.24, 0.88)
Digital 0.89 (0.72, 0.96)
Relative arch deformity ratio Clinical 0.78 (0.43, 0.91)
Digital 0.84 (0.60, 0.94)
Relative navicular mobility ratio Clinical 0.86 (0.66, 0.95)
Digital 0.89 (0.71, 0.96)

90% WB, and Al in 90% WB for CL1 (Table 3). Average
differences in dorsum height in 10% WB and dorsum
height in 90% WB between the DPMM and CMM for CL1
were 4.6 mm and 6.4 mm, respectively, and the difference
in Al in 90% WB was 0.02 (Table 4). Although the primary
sources for the lack of agreement between the DPMM and
CMM measures of dorsum height for CL1 cannot be
determined definitively, lack of agreement might have been
due to variability: (1) reading the sliding caliper (when
measuring the dorsum height or locating the 50% of total
foot-length position) or soft tissue deformation during
dorsum-height measurement associated with the CMM or
(2) measuring the depth of the dorsum-height position
from the calibrated plane associated with the DPMM.
With respect to the lack of agreement for Al in 90% WB
between the DPMM and CMM for CLI, the strong
agreement for truncated foot length in 90% WB between
the DPMM and CMM suggested that the dorsum height in
90% WB measure was likely the cause (Table 1).

DPMM and CMM Reliability and Concurrent Validity

The moderate to high intratester and intertester reliabil-
ities and relatively narrow 95% ClIs for all of the DPMM
anthropometric measures suggested that the DPMM was a
reliable method of measuring foot anthropometrics (Ta-
bles 1 and 2). For the CMM, intratester and intertester
reliabilities were also moderate to high and the 95% ClIs
were relatively narrow for most, but not all, of the
anthropometric measures (Tables 1 and 2). The intratester
reliability and 95% CI of CLI’s measure of navicular
height in 10% WB were poor and wide, respectively. The
same was true of the intertester reliability and 95% ClIs for
dorsum height in 10% and 90% WB. The sources of error
for measuring navicular height in 10% WB for CL1 might
have been the result of variability in reading the sliding
caliper or in identifying the navicular between trials.
However, the moderate to high intratester reliability of
the clinician’s measures of navicular height in 90% WB,

Table 3. Concurrent Validity (95% Confidence Interval) Between the Clinical and Digital Photographic Measurement Methods

Intraclass Correlation Coefficient (2,3)

Bearing 10% of Weight

Bearing 90% of Weight

Variable

Clinician 1

Clinician 2

Clinician 1

Clinician 2

Anthropometric
Truncated foot length
Dorsum height
Navicular height

Structural

Arch index
Navicular index

0.94 (0.86, 0.98)
0.49 (—0.13, 0.79)
0.92 (0.20, 0.98)

0.70 (0.28, 0.88)
0.86 (0.35, 0.96)

0.94 (0.85, 0.98)
0.96 (0.90, 0.98)
0.97 (0.47, 0.99)

0.86 (0.66, 0.95)
0.92 (0.70, 0.97)

0.94 (0.85, 0.98)
0.52 (—0.16, 0.81)
0.98 (0.96, 0.99)

0.69 (—0.05, 0.90)
0.95 (0.88, 0.98)

0.93 (0.84, 0.97)
0.92 (0.23, 0.98)
0.97 (0.93, 0.99)

0.84 (0.51, 0.94)
0.94 (0.85, 0.98)

26

Volume 46 ® Number 1 ® February 2011



Table 4. 10% Weight-Bearing, 90% Weight-Bearing, and Mobility Clinical Measurement Method and Digital Photographic Measurement

Method Measures (Mean + SD)

Bearing 10% of Weight

Bearing 90% of Weight

Measurement
Variable Method Clinician 1 Clinician 2 Clinician 1 Clinician 2
Anthropometric, mm
Truncated foot length Clinical 192.1 £ 14.6 189.5 = 14.4 194.4 = 146 191.2 £ 147
Digital 1941 £ 15.2 190.9 = 14.9 195.9 = 15.0 192.5 = 14.6
Dorsum height Clinical 66.8 = 8.4 721 £ 7.4 61.9 = 85 66.1 £ 7.3
Digital 714 = 45 715 =47 68.3 = 5.2 68.4 = 5.2
Navicular height Clinical 49.0 = 4.5 48.9 = 4.7 445 + 5.8 448 £ 5.7
Digital 472 = 4.3 476 = 4.8 448 = 5.9 45.0 = 6.2
Structural
Arch index Clinical 0.360 = 0.023 0.381 + 0.026 0.330 + 0.027 0.346 = 0.027
Digital 0.369 = 0.025 0.376 + 0.026 0.350 + 0.026 0.356 = 0.027
Navicular index Clinical 0.256 = 0.028 0.259 + 0.027 0.230 + 0.030 0.235 = 0.030
Digital 0.244 = 0.026 0.250 + 0.028 0.229 + 0.029 0.234 + 0.031
Longitudinal arch Clinical 1495 £ 5.6 151.5 £ 5.6 1451 £ 6.2 146.9 £ 6.0
angle, ° Digital 1575 £ 5.7 159.1 = 6.0 154.0 = 5.5 155.2 + 5.7
Clinician 1 Clinician 2
Mobility
Dorsum Clinical 48 +25 6.0 + 24
displacement, mm Digital 3.0*+16 3116
Navicular Clinical 44 = 35 42 =29
displacement, mm Digital 24 +28 26 =29
Relative arch Clinical 1.007 *= 0.571 1.157 = 0.529
deformity ratio, 104 - N-1 Digital 0.621 + 0.404 0.624 + 0.381
Relative navicular mobility Clinical 1.299 * 1.044 1.230 = 0.895
ratio, 104 - N—1 Digital 0.779 + 0.893 0.838 + 0.872

which was the same mark identified in the 10% WB
condition, suggests that navicular identification was not
likely the error source.

The poor intratester reliability for CLI’s measure of
navicular height in 10% WB, the poor intertester reliability
for the measures of dorsum height in 10% and 90% WB,
and the moderate to high intertester reliability for the
CMM measure of navicular height in 90% WB in our study
were inconsistent with the findings of Williams and
McClay!é (Table 6). The lower reliability in our study
than in the study by Williams and McClay!6 for the CMM
measures of navicular height in 10% WB and dorsum
height in 10% and 90% WB anthropometric variables
might be explained, in part, by the difference in the
experience of the clinicians taking the foot measurements.
The clinicians in our study were second-year students in an
entry-level master’s of athletic training program with

Table 5. Descriptive Data for the Digital Photographic Measure-
ment Method—-Computed Foot Measures With Moderate to High
Intratester and Intertester Reliability (N = 111) (Mean = SD)

Bearing 90%

Bearing 10%

Variable of Weight of Weight

Anthropometric, mm

Foot length 249.9 = 18.6 254.2 = 18.7

Truncated foot 186.1 = 14.1 189.0 = 14.3

length

Dorsum height 712 £ 5.7 66.4 = 5.7

Navicular height 50.8 = 6.3 446 £ 6.8
Structural

Arch index 0.383 = 0.027 0.352 = 0.028

Navicular index 0.275 = 0.034 0.237 = 0.037

relatively limited experience taking foot measurements,
whereas those in the Williams and McClay!é study were
licensed physical therapists with 3 and 20 years of
experience taking foot measurements on a daily basis.

The inconsistency in the intertester reliability for the
measure of the navicular height in 90% WB, on the other
hand, might be due to a methodologic difference between
the studies. Williams and McClay!¢ reidentified the
navicular during the 90% WB condition, whereas we used
the same mark identified in the 10% WB condition. The
methodologic difference as the likely factor might be
further supported by the moderate to high intertester
reliability for the measure of navicular height in 90% WB
reported by Mall et al!8 for both a mirrored-foot photobox
method and the CMM in which the navicular was
identified before the 90% WB condition. Although the
poor intertester reliability for the measure of dorsum
height is also inconsistent with the results reported by
McPoil et al,19 the reason for the difference is unclear
because McPoil et al!9 assessed dorsum height in non-WB
and 50% WB conditions, whereas we assessed it in 10%
and 90% WB conditions (Table 6).

The average DPMM anthropometric values were also
consistent with the CMM values reported by us, Williams
and McClay,!6 and Mall et al!8 and with the mirrored-foot
photobox measures reported by Mall et al.!8 The greatest
differences were 15.2 and 16.1 mm for dorsum height in
10% WB and dorsum height in 90% WB, respectively,
between the DPMM in our study and the CMM in the
Williams and McClay!6 study (Tables 4 and 7). Aside from
the different populations in the 3 studies, soft tissue
deformation associated with the CMM of dorsum height
might have contributed to the difference between the
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Table 6. Intratester Reliability of Previously Reported Clinical and Digital Photographic Measurement Methodsa
Bearing 10% of Weight Bearing 90% of Weight
Intratester Intraclass Intertester Intraclass Intratester Intraclass Intertester Intraclass
Correlation Correlation Correlation Correlation
Coefficient (2,1) Coefficient (2,1) Coefficient (2,1) Coefficient (2,1)
Measurement Williams and Williams and Williams and Williams and
Variable Method McClay16 McClay16 McClay16é Mall et al'8 McClay16é Mall et al'8
Anthropometric
Truncated Clinical 0.93 0.80 0.95 0.76 0.72 0.88
foot Digital Not applicable Not applicable Not applicable 0.95 Not applicable 0.97
length
Dorsum Clinical 0.95 0.79 0.98 0.90 0.77 0.86
height Digital Not applicable Not applicable Not applicable 0.88 Not applicable 0.93
Navicular Clinical 0.98 0.93 0.97 0.80 0.61 0.92
height Digital Not applicable Not applicable Not applicable 0.87 Not applicable 0.93
Structural
Arch index Clinical 0.98 0.81 0.97 0.53 0.85 0.58
Digital Not applicable Not applicable Not applicable 0.80 Not applicable 0.85
Navicular Clinical 0.94 0.91 0.97 0.71 0.56 0.88
index Digital Not applicable Not applicable Not applicable 0.88 Not applicable 0.93

& McPoil et al1® values are not reported due to the differences in the weight-bearing conditions measured.

measurement methods. Soft tissue deformation as an
influencing factor also was supported by lower average
dorsum-height values for the CMM than for the DPMM in
our study (Table 4). The only other difference between the
DPMM in our study and the measurement methods in
previous studies in which anthropometric values were
greater than 10 mm were with Williams and McClay!é for
truncated foot length in 10% WB, truncated foot length in
90% WB, and navicular height in 90% WB. Different
participant populations were the most likely source of
variability in the truncated foot-length measurements
between the studies, whereas the method of navicular
identification might have contributed to the differences in
navicular height. We identified the most prominent point
of the navicular, whereas Williams and McClay!6 and Mall
et all8 identified the most plantar aspect of the navicular.

With respect to the structural measures, the moderate to
high intratester and intertester reliabilities for the DPMM
and CMM measure of Al in our study were consistent with
the reliability for the CMM reported by Williams and
McClay!é and for the mirrored-foot photobox method
reported by Mall et al18 (Tables 1, 2, and 6). The moderate
to high intertester reliability for the DPMM measure of NI
in 90% WB in our study was an improvement over the
reliability for the CMM reported by Williams and
McClay!6 and was consistent with the reliability for the
mirrored-foot photobox method reported by Mall et all8
(Tables 2 and 6). However, the differences in reliability
between the 2 digital methods and the CMM reported by
Williams and McClay!é likely were associated with the
differences in navicular identification rather than the
measurement technology. The Al and NI structural

Table 7. Previously Reported Clinical and Digital Photographic Measurement Method Foot Measuresa

Bearing 10% of Weight

Bearing 90% of Weight

Variable Measurement Method Williams and McClay16é Williams and McClay16é Mall et alt8
Anthropometric, mm
Truncated foot length Clinical 178.3 = 11.3 179.4 = 11.4 189.5 = 14.6
Digital Not applicable Not applicable 188.5 + 14.0
Dorsum height Clinical 56.2 + 4.4 52.3 £ 45 63.5 = 8.0
Digital Not applicable Not applicable 60.0 = 5.5
Navicular height Clinical 39.7 = 5.6 346 + 5.6 38.0+74
Digital Not applicable Not applicable 37.0 7.0
Structural
Arch index Clinical 0.316 + 0.027 0. 292 * 0.027 0.335 + 0.035
Digital Not applicable Not applicable 0.321 + 0.027
Navicular index Clinical 0.223 + 0.034 0.193 + 0.034 0.203 + 0.038
Digital Not applicable Not applicable 0.196 + 0.038
Williams and McClay16é Mall et alt8
Mobility
Relative arch deformity Clinical 1.05 = 0.51 Not applicable
ratio, 104 N-1 Digital Not applicable Not applicable

& McPoil et al1® values are not reported due to the differences in the weight-bearing conditions measured.
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measures in our study also were consistent with those
reported by others, with the variability likely explained by
the different populations and the anthropometric measures
discussed previously (Tables 4 and 7). Finally, although the
intratester and intertester reliabilities for the CMM and
DPMM measures of Al in our study were both moderate
to high, the tighter 95% CI intervals for the DPMM might
suggest an improvement over the CMM (Tables 1 and 2).

The low intratester reliability for the DPMM measure of
longitudinal arch angle, with the exception of CL2’s
measure of longitudinal arch angle in 10% WB, and the
moderate to high intertester reliability were inconsistent
with the results reported by McPoil and Cornwall,17 which
also were computed using digital images (Tables 1, 2, and
4). The lower intratester reliability of the longitudinal arch
angle versus the other structural measures may not be
unexpected because more potential sources of between-
measurements variability (identification of the midpoint of
the first metatarsophalangeal joint, the most prominent
point of the navicular, and the midpoint of the medial
malleolus) might be associated with the longitudinal arch
angle. The inconsistency between the intratester reli-
ability results of our study and of McPoil and Cornwalll?
might be explained, in part, by the experience of the
clinicians taking the measurements in the 2 studies. As
noted, the clinicians in our study were second-year students
in an entry-level master’s of athletic training program,
whereas those in the McPoil and Cornwalll? study were
described as “‘experienced raters.” Greater experience
palpating the landmarks might have improved the intra-
tester reliability.

Despite the moderate to high intratester reliability for the
DPMM-calculated dorsum height and navicular height in
both WB conditions, the intratester reliability for the
mobility measures computed using the measurements was
overwhelmingly low (Table 1). However, the intertester
reliabilities for the same mobility measures were moderate to
high. The intertester reliability results of dorsum height
displacement were consistent with McPoil et all®; however,
the poor intratester reliability was not. Again, the reason for
the disagreement, as well as for the agreement, between the 2
studies was unclear due to differences in the WB conditions
assessed. Options to improve the DPMM mobility mea-
surement might include averaging of multiple measurements
using our methods, improvement in our methods, or
investigation of additional mobility measures. With respect
to our methods, intratester reliability of the algorithms that
use navicular height to quantify foot mobility might be
improved by identifying the most plantar aspect versus the
most prominent point of the navicular. Furthermore, the
moderate to high intertester reliability might suggest that,
when computing the mobility measurements, taking the
average of multiple measurements is warranted.

Finally, the differences in the reliability of CMM Al
values reported by Williams and McClay!6 and those in
both our study and the study by Mall et al'8 might be
clinically relevant. Although the intratester and intertester
reliability of computing Al with the CMM was acceptable
in our study, this reliability was somewhat lower than that
reported by Williams and McClay!6 (Tables 1, 2, and 6).
Furthermore, Mall et all8 reported low intratester and
intertester reliabilities associated with the CMM (Table 6).
The lower reliability in our study than in the study by

Williams and McClay!'6 might be explained, in part, by
the difference in the experience of the clinicians taking the
foot measurements. The clinicians in the Williams and
McClay!6 study were licensed physical therapists with 3
and 20 years of experience taking foot measurements on a
daily basis. However, clinical experience as a potential
factor in the Mall et al!8 study was unclear because the
level of clinician experience was not reported.

Differences between the descriptive data in our study
and those reported by Williams and McClay!6 are likely
due to the factors identified previously. Because the
descriptive data sets differed, researchers should continue
to use the normative data reported by Williams and
McClay!6 to define foot-posture groups in future studies in
which Al is computed with the CMM. In future studies in
which foot-posture groups are quantified using the
DPMM, investigators should use the descriptive values
reported in our study.

Limitations

The descriptive data set was computed from a relatively
young population, which might limit the generalizability to
older populations. In addition, the DPMM algorithm
program currently requires a MATLAB software license
and the custom algorithm, which is not publically
available. However, the custom algorithm is available
upon request from the corresponding author to interested
clinicians or researchers with a MATLAB software license.
Furthermore, the goal of developing the DPMM was to
develop a method using commercially available and
relatively inexpensive equipment (eg, digital camera,
standard analog weight scale) that ultimately can be used
by clinicians and researchers. Although MATLAB is a
commercially available program, it is not inexpensive, SO
plans to compile the program into a form independent of
MATLAB that might be used by clinicians and researchers
also are being developed. A final limitation of the DPMM
in its current stage of development is the ability to only
quantify sagittal plane foot-posture and mobility measure-
ments. Although not reported in our study, we are
investigating measurement of first metatarsal position
and mobility, rearfoot position and mobility, and forefoot
splay using the DPMM.

CONCLUSIONS

The DPMM is a valid and reliable clinical and research
tool for quantifying foot structure using the Al and NI.
Furthermore, quantifying foot structure using the DPMM
might offer several advantages over the CMM, including
the following: (1) All anthropometric measurements are
calculated at the same instant in time; (2) variability in
identifying 50% of total foot length might be decreased; (3)
variability due to reading an analog measurement scale is
eliminated; (4) variability due to soft tissue deformation is
eliminated; (5) multiple measurements of foot posture
might be quantified from 1 digital image; (6) the DPMM
algorithm assists in the identification of landmarks by
drawing reference lines on the photograph during the
analysis; and (7) the DPMM is reliable for relatively
inexperienced clinicians, which might not be the case with
the CMM. The primary remaining source of variability
among repeated measures and testers, which cannot be
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accounted for by either the DPMM or CMM, is consistent
manual identification of anatomic landmarks. With respect
to foot mobility, the measures used in our study did not
result in moderate intratester reliability using the DPMM
and, therefore, are not recommended for use in clinical or
research settings. Additional research aimed at either
improving the current mobility methods or identification
of additional measures of foot mobility that have both
moderate to high intratester and intertester reliabilities is
warranted. Finally, the DPMM and the descriptive data also
might be used to define typical and abnormal foot-posture
groups in future studies in which the relationship between
foot posture and function or injury risk is investigated.
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