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Radiographic Image Distortion Between the Distal Edge of
the First Metatarsal and the Tibial Sesamoid

Establishing a Reliable Radiographic Relationship

Michael Durrant, DPM, MPH*
Tucker McElroy, PhDt

Background: After failing to statistically confirm a perceived pattern noted on radiographs
that the sesamoids were proximally positioned in patients with hallux limitus compared with
a control population without evidence of the deformity, the probable causes of this failure
were examined. Measurement error was briefly considered but rejected owing to the care-
ful manner in which the measurements were taken. The most plausible explanations were
that the observations were incorrect and that the radiographs, which were retrospectively
analyzed, were taken in a manner that distorted the spatial relationships between the meta-
tarsal and the tibial sesamoid to a point that the results did not reflect reality.

Methods: This study examines potential difficulties in obtaining consistently reliable ra-
diographic data regarding the spatial relationships of the metatarsal and the tibial sesa-
moid and establishes guidelines to minimize experimental error. Criteria for measuring
metatarsal sesamoidal distances to the radiographic plate are established, along with
application of the criteria to a control population. The principle of radiographic image dis-
tortion as it relates to these objects is presented, and, based on a predetermined range
of radiographic angles, radiographic image distortion is calculated for the metatarsal head
and the tibial sesamoid separately.

Results: By using accepted trigonometric principles, a mathematical model is developed
that makes it possible to collectively quantify image shift between the two objects.
Conclusions: Criteria are established that, if followed, should minimize image distortion
when it is important to measure metatarsal sesamoidal distances. (J Am Podiatr Med
Assoc 100(1): 1-9, 2010)

Morton! believed that proximal or posteriorly posi-
tioned sesamoids cause dysfunction in the metatar-
sophalangeal joint; more recently, Roukis et al,> Ca-
masta,® and Prieskorn et al* reported observations
that link proximally positioned sesamoids to hallux
limitus deformities. Harris and Beath,> Hetherington
et al,® Munuera et al,” and Prieskorn et al* measured
metatarsal sesamoidal distances, but the study by
Roukis et al?2 seems to be the only published study
that examined the relationship between proximally
positioned sesamoids and hallux limitus; they con-

*Private practice, Redlands, CA; Borrego Community
Health Foundation, Thermal, CA.

TUniversity of California, San Diego, San Diego, CA;
United States Census Bureau, Washington, DC.

Corresponding author: Michael Durrant, DPM, MPH, 16
E Fern Ave, Ste B, Redlands, CA 92373. (E-mail: Durrant
.michael@gmail.com)

cluded that the sesamoids were positioned slightly
proximal in hallux limitus. In an unpublished paper
written in 1996, one of us (M.D.), Richard Bogdan,
DPM, and Shelley Bogdan unsuccessfully attempted
to demonstrate this pattern. Using radiographic meas-
urement criteria established by Hetherington et alf
and Prieskorn et al,* sesamoid distances in 60 pa-
tients with hallux limitus were compared to a control
population of 122 patients without the deformity. Al-
though the results demonstrated that both sesamoids
were collectively positioned slightly more than 1 mm
proximal in the cohort with hallux limitus, this hy-
pothesis could not be proved because of significant
overlap between the two groups. It was this failure, in
part, and that of other researchers (Roukis et al,? Ca-
masta,® Prieskorn et al,* and Munuera et al”) to un-
equivocally link proximally positioned sesamoids to
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hallux limitus that precipitated the present examina-
tion into the potential adverse effects that radio-
graphic image distortion may have had on the collec-
tive results.

Roukis et al?> and Coughlin® noted the scarcity of
metatarsal sesamoidal motion studies in the pub-
lished record, and fundamental to a basic understand-
ing of these kinematic relationships is an ability to ac-
curately quantify their spatial relationships. These
two objects (the metatarsal and the tibial sesamoid)
were selected because of their perceived critical role
in first metatarsophalangeal joint functionality, and
they are part of specific criteria established by Hom-
berger? and Lauder'® when functional morphological
features are being used as a tool. Potential difficulties
in attempting to establish consistently reliable data
between the first metatarsal and the tibial sesamoid
are initially examined, followed by analysis of the
principle of radiographic image distortion as it relates
to these structures. Criteria for measuring metatarsal
sesamoidal distances to the radiographic plate are es-
tablished, along with application of the criteria to a
control population. By using established trigonomet-
ric principles, a mathematical model is developed to
quantify image shift of both structures relative to the
radiographic plate. The results of the measurements
are then analyzed to determine the degree to which
their relationships can be expressed statistically and
whether the current method of taking radiographs an-
gled 15° from perpendicular permits sufficiently accu-
rate spatial analysis between the metatarsal head and
the tibial sesamoid.

Factors that Influence Radiographic
Image Distortion

The adverse effects that changes in foot position and
radiographic image distortion can have on resultant
radiographic images are well documented. Venning
and Hardy!! were the first investigators, to our knowl-
edge, to examine the sources and effects of radio-
graphic image distortion in the foot. Hlavac!? and
later Bryant et al'® examined the effects of foot posi-
tion and image distortion, and Tanaka et al'* observed
that minor variations in foot position affected the re-
sultant radiographic image at the metatarsocunei-
form joint.’> Condon et al'® demonstrated a 1.5° in-
crease in intermetatarsal angles when the foot was
placed firmly versus lightly against the radiographic
plate, and Fuhrmann et al'” noted similar geometric
changes in the forefoot with weightbearing on radio-
graphy.

Camasta et al'® quantified the effects of magnifica-

tion on images. Bryant et al'” examined the effects of
image distortion when examining hallux valgus an-
gles. Robinson et al? noted changes in the distal
metatarsal articular angle with increased metatarsal
declination angles; even more significant variability
was observed with axial plane metatarsal rotation.
Additionally, they extrapolated that axial plane posi-
tions of the metatarsal could change the distal meta-
tarsal articular angle 1.31° for every 5° of metatarsal
rotation. Because we are referencing the distal aspect
of the metatarsal, with its relative spherical surface,
as opposed to contralateral borders of the metatarsal
head (and proximal phalange), which are known to
exhibit morphological asymmetry, it is likely that dif-
fering axial plane metatarsal positions would have
less of an influence on image reproducibility in the
selected objects. In constructs with a very high de-
gree of axial plane eversion with concurrent sesa-
moid subluxation, standard dorsoplantar radiographs
may not be reliable because the fibular sesamoid is
likely to be more dorsally rotated and, thus, posi-
tioned further from the radiographic plate than the
tibial sesamoid. Weijers et al?! noted that image dis-
tortion increased as the angles between the first and
second metatarsals also increased. In an in vivo study
(N = 10), they used a three-dimensional apparatus to
demonstrate that there was minimal distortion with
intermetatarsal angles of 10° or less but that greater
angles resulted in up to 1.5° of distortion when the
foot was placed firmly versus lightly against the radio-
graphic plate.

Shereff et al?2 examined radiographic changes in
nonweightbearing and weightbearing positions in 20
normal feet and 30 with hallux valgus. They found
that forefoot width increased 90% of the time in nor-
mal feet and 96% of the time in hallux valgus feet.
Shereff et al* theorized that with weightbearing, the
bones move relatively closer to the radiographic plate,
which would decrease the distortion shadow. Con-
versely, because the bones deviate from their original
plane to one more parallel to the cassette, their length
would similarly increase.?

Variation in distance between the radiographic
source and the two objects (the metatarsal and the
tibial sesamoid) may also result in image distortion,
and although this was not a focus of this investiga-
tion, the subsequent analysis seems to indicate that it
is not likely to be a major problem. There are, how-
ever, anatomical factors that must be considered
when attempting to establish a numeric relationship
between these two structures that will reflect a popu-
lation group. The variations in bone sizes associated
with genetic and sex factors are obvious impedi-
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ments. Munuera et al” addressed this issue by meas-
uring distances based on metatarsal length, on a per-
centage basis, standardized to a 60-mm length. This
study did not make this adjustment. Talbot and Saltz-
man?? noted the unreliability of standard anteroposteri-
or radiographs when attempting to assess true sesa-
moid position relative to the metatarsal head (regarding
medial metatarsal drift) in a cohort study involving 60
patients; they recommended a weightbearing tangen-
tial (axial) view if it was deemed important to quanti-
fy their spatial relationships. They also noted that in-
accuracies became more prevalent as the metatarsal
declination angle increased, and they found a signifi-
cant relationship between distal articular set angles
and axial plane positions of the metatarsal head.??
Open epiphyseal plates and incomplete ossification
of the sesamoids make measurements before adult-
hood meaningless. Enthesiopathic changes in and
around the joint in geriatric patients increase measure-
ment errors. Additionally, the depth and morphological
features of each groove and each sesamoid location in
its respective groove may adversely affect image dupli-
cation accuracy; again, the present investigation did
not address these issues. With age and certain meta-
bolic disorders, it is possible to have a loss of intrin-
sic musculature and plantar fat pad, thus placing each
of these bones closer to the radiographic plate, as
noted by Klaue et al.>

It has been a long-standing and widely accepted
practice to angle the radiographic beam 15° from per-
pendicular when performing dorsoplantar radio-
graphs.b 15 25 Because the approximate declination
angle of a normal weightbearing forefoot is assumed
to be approximately 15°, angling the radiographic
beam so that it is perpendicular to the metatarsals
minimizes foreshortening.? 2" In a first metatarsal
with a high declination angle (typically associated
with a high-arched foot type), a radiographic beam
angled 15° from vertical intersects a slightly more
dorsal portion of the metatarsal rather than its most
distal point. In a foot type in which the first metatar-
sal has a relatively low declination angle (flatfoot de-
formity or metatarsus elevatus), the radiographic
beam intersects a more plantar portion of the first
metatarsal head rather than its most distal edge. Each
of these situations can have an adverse effect on ac-
curate image duplication shift when attempting to es-
tablish sample population parameters. Individually
and collectively, the first metatarsal and the tibial
sesamoid must demonstrate consistency in their rela-
tionship, otherwise it may not be possible to establish
parameters that can be applied to a population to per-
mit meaningful analysis and conclusions.

Principle of Radiographic Image
Distortion of the First Metatarsal
Head and the Tibial Sesamoid

By definition, radiographic image distortion is the
misrepresentation of the size, shape, or positional re-
lationship of objects being evaluated.!! Angular varia-
tions between the radiographic source and an object,
or changes in angle or distance between an object
and the radiographic plate, cause an image shift.!1 26,27
If the distance between an object and its shadow is
changed without varying the angle between them, the
length of the shadow image will be inversely propor-
tional to the distance between the object and its radio-
graphic source.!> 26:27 Known as the inverse square
law, it also states that the intensity of radiation is in-
versely proportional to the square of the distance.!26.27

Christman et al?® determined that lateral radio-
graphs of the foot were not immune from the effects
of radiographic image distortion; with a sectional grid
superimposed on a lateral foot radiograph, they de-
termined that image distortion could occur at the mar-
gins of the grid. Because the metatarsal head and the
sesamoids are positioned comparatively close to the
radiographic plate and are likely to be positioned per-
pendicular to the beam originating from the radio-
graphic tube, we believe that as a result of the inverse
square law, as long as the radiographic source is posi-
tioned a sufficient distance from the object, negligible
image distortion should result from the radiographic
source. Additionally, a radiographic beam with width
and parallel rays creates the image, not a single point;
this further minimizes image shift that can result from
the distance between the radiographic source and the
object. Of most concern are distance and angular
changes from the distal aspect of the first metatarsal
and the sesamoid to the radiographic plate.

Method for Measuring the Metatarsal
Sesamoidal Relationship

Because the structures are relatively small and their
spatial relationships are very small, any method of
measuring them must be accurate, verifiable, and eas-
ily duplicated. The best radiographic view for evaluat-
ing sesamoid spatial relationships to the first metatar-
sal head is the dorsoplantar view. Both sesamoids are
clearly visible, as is the distal aspect of the first meta-
tarsal head, but because the sesamoids are located on
a different plane relative to the radiographic plate,
the reliability of this image must be of some concern.
Although distortion issues are also associated with
lateral radiographic views, this is the view that most
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reduces image distortion of the first metatarsal head
and the tibial sesamoid, provided both objects are
placed adjacent to the radiographic plate and the ra-
diographic beam is directed perpendicular to the
plate. This is because the most distal aspects of the
first metatarsal head and the sesamoid are fairly
close to the sagittal plane bisection of the first meta-
tarsal and, thus, are almost equal distance from the
radiographic plate. These two landmarks are easily
seen on a lateral radiograph and similarly can be
measured without difficulty. Although this negates
most image distortion, superimposition from other
metatarsophalangeal joints makes measuring tibial
and fibular sesamoid length, depth, and position diffi-
cult. Nevertheless, it is this lateral weightbearing radio-
graphic view that was chosen to quantify the amount
of radiographic image shift between the first metatar-
sal and the tibial sesamoid. Finally, for the initial
analysis, we must assume that relative to the radio-
graphic plate, fibular sesamoid position can be char-
acterized as being similar to the tibial sesamoid in its
transverse spatial position.

Criteria for Measuring Metatarsal and
Sesamoid Distances

Using the longitudinal bisection of the metatarsal and
sesamoid as a reference on lateral radiographs, we
measured the distance from the most distal edge of
the metatarsal head and the tibial sesamoid transect-
ed by an imaginary radiographic beam perpendicular
to the radiographic plate in 122 selected foot radio-
graphs of 89 patients (57 females and 32 males). Their
ages ranged from 15 to 88 years. These were the only
measurements performed; all of the other computa-
tions were based on a mathematical model developed
later herein. The radiograph pool included only ma-
ture individuals with fully developed sesamoids and
closed epiphyses, and no attempt was made to deter-
mine or make adjustments for foot size. Radiographs
that demonstrated traumatic or degenerative changes
of the sesamoids or first metatarsophalangeal articular
surfaces, evidence of hallux valgus, or intermetatarsal
angles greater than 12° were excluded. Because pa-
tients were randomly selected using the previously
mentioned criteria, the randomized samples in this
study probably reflected patients most likely to be en-
countered in office settings.

Results

In a cohort of 89 patients and 122 radiographs, all of
which were deemed normal by the criteria estab-
lished above, lateral weightbearing radiographs were

used to measure metatarsal and sesamoid distances
to the radiographic plate in each patient. Figures 1
and 2 indicate the frequency of each measured dis-
tance for the sesamoid and metatarsal.

Application of the Radiographic Image
Distortion Principle to the Metatarsal and
the Tibial Sesamoid

Figure 1 demonstrates an imaginary radiographic
beam perpendicular to the radiographic plate tangen-
tial to the longitudinal bisection of the first metatarsal,
designated M. This projected point on the radiographic
plate is labeled xm. Next, an imaginary radiographic
beam was directed 15° from perpendicular, and be-
cause radiographs are not consistently taken at 15°,
this imaginary 15° beam was bracketed, with one

Radiographic beam perpendicular to plate
—_—

Longitudinal bisection of first metatarsal

Radiographic
beam directed at
13°,15° and 17°
from perpendicular

Projected image of distal first
metatarsal on radiographic plate

L
Pm  Xm

Figure 1. An imaginary radiographic beam is shown
perpendicular to the radiographic plate tangential to
the longitudinal bisection of the first metatarsal (m). pm
indicates the coordinate (measured with reference to
some coordinate system) on the plate of the radio-
graphic projection of point M; and xm, the coordinate
(measured with reference to some coordinate system)
on the plate of the orthogonal projection of point m.
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Metatarsal Distance, cm

Figure 2. The metatarsal distance to the radiographic
plate in all 122 radiographs.
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angle directed 13° and the other 17° from perpendicu-
lar. The bracketing was done after it was determined
that it was virtually impossible to visually distinguish
differences between the 13° and 17° tangential points.
These projected images were collectively designated
pn. The difference between points xu and pw is the
amount of image shift or distortion resulting from a
change in the angle of the radiographic beam.

Vertical Distance of the Distal Metatarsal to the
Radiographic Plate

The metatarsal distance to the radiographic plate is
plotted in Figure 2 using all 122 radiographs from 89
patients in the control pool. The distance ranged from
1.1 to 3.0 cm. Excluding the four values that exceed-
ed 2.5 cm and the three that were less than 1.4 cm,
the remaining 115 measured distances fell within a
1.4- to 2.4-cm range. A 1.0-cm distance separated 93%
of all metatarsal distances measured.

Figure 3 demonstrates an imaginary radiographic
beam perpendicular to the radiographic plate tangen-
tial to the longitudinal bisection of the tibial sesa-
moid, designated s. The projected image is designated
Xs. Imaginary beams of 13°) 15°, and 17° pass through
the same sesamoid bisection, with their projected
points on the radiographic plate collectively designat-
ed ps. The distance difference between xs and ps is the
amount of sesamoid image shift resulting from changes
in the radiographic angle.

Radiographic beam perpendicular to plate
——

Radiographic
beam directed at
13°, 15° and 17°
from perpendicular

Longitudinal bisection
of sesamoid

Projected image of distal
sesamoid on radiographic plate — /

Ps Xs

Figure 3. An imaginary radiographic beam is shown
perpendicular to the radiographic plate tangential to
the longitudinal bisection of the tibial sesamoid (s). ps
indicates the coordinate (measured with reference to
some coordinate system) on the plate of the radio-
graphic projection of point s; and xs, the coordinate
(measured with reference to some coordinate system)
on the radiographic plate of the orthogonal projection
of point s.

Vertical Distance of the Distal Aspect of Tibial
Sesamoid to the Radiographic Plate

In Figure 4, the tibial sesamoid distance from point s to
the radiographic plate is plotted using all 122 radio-
graphs in the control pool. The distance range was 0.4
to 1.8 cm, but, excluding the six measurements that
were 1.5 cm or more and the five that were less than
0.5 cm, all of the measurements fell within a range of
0.5 to 1.4 cm. One hundred eleven of all sesamoid po-
sitions measured (91%) were separated by 0.8 cm.

Distal Metatarsal Head and Sesamoid
Distances to the Radiographic Plate

Figure 5 demonstrates metatarsal head image shift
relative to that of the sesamoid as the angle of the ra-
diographic beam is shifted from perpendicular. Be-
cause the tangential angle of both of these structures
diminishes relative to perpendicular, the most distal
aspect of the first metatarsal head, because of its
greater vertical distance from the radiographic plate,
shifts more proximally than the sesamoid. The result
is a radiographic image in which the metatarsal will
appear short with the sesamoid appearing to be clos-
er to the distal edge of the metatarsal than it really is.
The greater the vertical separation between the first
metatarsal and the sesamoid, the closer these objects
appear relative to each other. Additionally, because
the lesser metatarsals may occupy a transverse plane
closer to that of sesamoids rather than the first meta-
tarsal, true anatomical first metatarsal length may be
longer than its projected image relative to the lesser
metatarsals. It is this unequal image projection be-
tween the distal edge of the first metatarsal and the
sesamoid that determines whether the true anatomical
relationship between these structures can be quanti-
fied with radiographic analysis.

Figure 6 plots metatarsal and tibial sesamoid dis-
tances to the radiographic plate. A positive correla-

30 4
25 -
20 4
15 -
10 ~

Frequency

04 05 06 07 08 0910 1.1 1213 14 1516 1.7 1.8
Sesamoid Distance, cm

Figure 4. The sesamoid distance to the radiographic
plate in all 122 radiographs.
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Radiographic beam perpendicular to platej_,

Longitudinal bisection of first metatarsal
Radiographic
beam directed
at 13°, 15°,
and 17° from
perpendicular

Vertical

distance

separating
Projected image of distal first metatarsal
metatarsal and sesamoid on amrgdsesa—

radiographic plate

Ps Xs Pm Xm

Figure 5. Metatarsal head image shift relative to that
of the sesamoid as the angle of the radiographic
beam is shifted from perpendicular. pm indicates the
coordinate (measured with reference to some coordi-
nate system) on the plate of the radiographic projec-
tion of point M; xm, the coordinate (measured with
reference to some coordinate system) on the plate of
the orthogonal projection of point M; ps, the coordinate
(measured with reference to some coordinate system)
on the plate of the radiographic projection of point s;
and xs, the coordinate (measured with reference to
some coordinate system) on the radiographic plate of
the orthogonal projection of point s.

tion (Pearson correlation coefficient of 0.73) between
the distal edge of the metatarsal and the tibial sesa-
moid is seen (Fig. 5). This denotes a strong statistical
relationship between the distal metatarsal edge and
the sesamoid.

Mathematics of Metatarsal Sesamoidal Distortion

Figure 7 illustrates the distortion in measured dis-
tances caused by radiographic projection. The radio-

Ps Xs Pm Xm

Figure 7. The mathematics of metatarsal sesamoidal
distortion. See the “Mathematics of Metatarsal Sesa-
moidal Distortion” subsection for an explanation of
abbreviations.
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Figure 6. Distal metatarsal head and sesamoid dis-
tances to the radiographic plate in each patient.

graphic image of the metatarsal is projected upon an
underlying radiographic plate, and the failure of the
metatarsal’s long axis to lie parallel to the plate is the
cause of distortions in measured distances, as shown
below.

M denotes a point on the distal aspect of the first
metatarsal longitudinal axis that the radiographic
beam strikes tangentially. du is the perpendicular dis-
tance of the first metatarsal to the radiographic plate,
measured from point M. Xn is the coordinate (mea-
sured with reference to some coordinate system) on
the plate of the orthogonal projection of point M. pm
denotes the coordinate (measured with reference to
some coordinate system) on the plate of the radio-
graphic projection of point M. S denotes a point on the
distal end of the sesamoid, through which the same
radiographic beam strikes. ds is the perpendicular dis-
tance of the sesamoid to the radiographic plate,
measured from point s. xs denotes the coordinate
(measured with reference to some coordinate sys-
tem) on the radiographic plate of the orthogonal pro-
jection of point s. ps denotes the coordinate (mea-
sured with reference to some coordinate system) on
the plate of the radiographic projection of point s. 6
denotes the angle between the radiographic beam
and the perpendicular to the plate.

Now the quantity xm — xs (without loss of generali-
ty, let the origin of the coordinate system be such that
Xm > Xs, SO that xu — Xs represents a veritable positive
distance) is simply the perpendicular projection of
the distance between points M and S. On the other
hand, pn — ps is the radiographic projection of the dis-
tance between points M and S. The distortion D due to
the radiographic projection is the difference between
these two quantities:

D= (Xm —Xs) - (pm _ps)-
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By simple trigonometry, we have:

(1) dmtan 0 = Xm — Pm
(2) dstan 6 = Xs — ps

from which it follows, putting equations (1) and (2)
together, that

D=(Xm—pm)—(Xs—ps)=dmtan9—dstan9
= (dm—ds) tan 9

With a knowledge of 6 and the orthogonal distances
dn and ds, it is possible to compute the distortion in
each case.

Table 1 is a standard trigonometric transform table
demonstrating the amount of distortion, in millime-
ters, that occurs by changing the radiographic beam
angle between 13° to 17° and varying the distance
from the first metatarsal head and the sesamoid to
the radiographic plate. A 13° angle distorts 0.92 mm
when the object is 4 mm vertically from the flat plane
of the radiographic plate and 5.52 mm when the point
of intersection is 24 mm. A 17° angle will cause a shift
of 1.24 mm when the object is 4 mm from the radio-
graphic plate and 7.44 mm when it is positioned 24
mm from the plate.

Table 1. Relationship of Radiographic Angular Variation
to Distance Distortion

Distance to Radiographic Angle
Radiographic Plate (mm) 13° 15° 17°
4 0.92 1.08 1.24
5 1.15 1.35 1.55
6 1.38 1.62 1.86
7 1.71 1.89 2.17
8 1.85 2.14 2.45
9 2.03 2.41 2.76
10 2.31 2.68 3.06
1 2.54 2.95 3.37
12 2.77 3.22 3.68
13 3.00 3.49 3.99
14 3.23 3.76 4.29
15 3.46 4.02 4.59
16 3.69 4.29 4.89
17 3.92 4.56 5.20
18 4.14 4.86 5.58
19 4.37 5.13 5.89
20 4.60 5.40 6.20
21 4.83 5.67 6.51
22 5.06 5.94 6.82
23 5.29 6.21 7.13
24 5.52 6.48 7.44

Note: Data are given as millimeters of distortion.

Statistics

For each patient, a measurement of metatarsal distor-
tion (dwm) and tibial sesamoid distortion (ds) was
made. Although these variables are correlated, we are
concerned only with their difference. For each pa-
tient we computed the distortion:

D= (dm - ds) tan 0.

This collection of measurements is denoted x1, Xz, ...
an for the n patients, where x; measures the amount
of distortion secondary to radiography experienced
by the ith patient. Because of the random sampling of
patients, we will assume that the observations are
identically distributed and are independent.

The distortion distribution of the sample is crucial
to determining the probability that image distortion
will fall within a specific range as the radiographic
angle is changed. To determine the bottom 90% or
95% of the patient data values, a nonparametric (we
do not assume a specific distribution, such as normal,
because it is evident from Figures 2 and 4 that the
data are not bell shaped; even when the data are sep-
arated for sex, it is still abnormal) approach was
used, with the empirical estimates of the desired per-
centiles yielding the results given in Table 2.

Discussion

Image distortion, although at times small, can be-
come significant as the radiographic angle is shifted
from vertical, and the vertical distance separating the
object and the radiographic plate is increased. As the
vertical separation between the bisection of the sesa-
moid and the metatarsal increases, the image be-
comes more unreliable, resulting in a metatarsal head
that is incorrectly projected closer to the sesamoids
and, coincidentally, the lesser metatarsals. At 15°
from vertical, a minimum of 3.43 mm in variation or
distortion between the metatarsal and the sesamoid
must be accepted to incorporate 95% of the sample
and 3.21 mm to incorporate 90% of the sample. Al-
though it is currently unclear whether a variation of
3 mm or more in position is acceptable when at-
tempting to establish meaningful quantifiable data be-
tween these two objects, it would seem, considering
the relative small distances separating the two ob-
jects, to be substantial. If anteroposterior radiographs
are angled 9° from perpendicular, the distortion will
be less than 2.0 mm with a 90% probability and 2.06
mm with a 95% probability.

The in vivo motion study by Hetherington et al® of
metatarsal sesamoidal relationships in 30 patients
demonstrated a 2-mm mean metatarsal excursion
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Table 2. Distortion Distribution of Sample Population Based on Angular Degrees

Angulation
3° 5° 7° 9° 11° 13° 15°
90th percentile 0.63 1.10 1.47 1.90 2.33 3.21 3.21
95th percentile 0.68 1.14 1.59 2.10 2.52 3.48 3.48

Note: Data are given as millimeters of distortion.

over the tibial sesamoid from its initial 15° declination
position to a 90° declination angle; the sesamoidal
metatarsal distance was 6 to 12 mm at 15° and 3 to 10
mm with the metatarsal elevated 90°. The small meta-
tarsal excursion motion over each sesamoid described
by Hetherington et al® requires highly accurate infor-
mation if metatarsal sesamoidal relationships are to
be correlated with a high degree of accuracy (<1 mm
of distortion); to accomplish this, dorsoplantar radio-
graphs must be taken within 4° of vertical.

Nilsonne,? Mayo,* and Simon,*' were the first of
many researchers to associate hallux limitus deformi-
ties with elongated first metatarsals and lower arch-
es; more recently Coughlin and Mann® have made the
same observations. Calvo et al?** found a statistically
significant relationship between first metatarsal
length and hallux rigidus, and Mancuso et al** demon-
strated a strong statistical relationship (P < .001) be-
tween zero-plus metatarsals and hallux valgus. It
would be interesting to know the true anatomical
lengths of each metatarsal in the studies that exam-
ined these relationships. Our original cohort of 60 pa-
tients with radiographic evidence of hallux limitus did
not specifically differentiate metatarsal sesamoidal
distances in zero-minus or zero-plus metatarsals, and
we are unaware of studies that have specifically ex-
amined these spatial relationships in the context of
hallux limitus. Perhaps another cohort study de-
signed to minimize image distortion that evaluated
proximally positioned sesamoids in hallux limitus de-
formities that involve only zero-plus metatarsals may
be able to resolve with some finality whether proxi-
mally positioned sesamoids are associated with hal-
lux limitus deformities. It would also be interesting to
know whether the incidence of hallux limitus is high-
er in zero-plus metatarsals when both sesamoids are
an equal distance from the distal edge of the metatar-
sal as opposed to when the tibial sesamoid is posi-
tioned closer to the distal metatarsal edge.

Precise knowledge of the true anatomical length of
the first metatarsal should translate into more pre-
dictable surgical outcomes in forefoot reconstructive
procedures, particularly when surgeons are contem-

plating multiplaned osteotomies that involve metatar-
sal shortening and plantarflexing.

An obvious weakness in this analysis is that it does
not account for positional or torsional variations
(eversion) in the metatarsal head, which are not only
known to exist!: 10.3540 but also have been implicated in
hallux valgus deformities.** How these torsional or
positional constructs affect one’s ability to define these
spatial relationships is currently unknown but probably
should not be underestimated. From an imaging per-
spective, it may be possible to quantify axial plane
metatarsal position and torsion by examining the first
metatarsal head from a plantar tangential (axial)
weightbearing perspective.

Conclusions

This analysis seems to demonstrate that as long as
the metatarsal head is not excessively everted be-
cause of a positional or torsional construct it should
be possible, using dorsoplantar radiographic images,
to define metatarsal sesamoidal spatial relationships
with a high level of accuracy.
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