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ABSTRACT

Introduction: Several diseases affect the forefoot bones.
Relative dimensions of the forefoot bones are important
considerations for preoperative and postoperative assessment
of surgeries. The choice of a particular surgery over another can
also be made if the surgeon knows the length to which a bone
needs to be lengthened or shortened in comparison to other
bones of the forefoot.

Aim: To measure the dimensions of the metatarsals and
phalanges on standardized radiographs and to determine
possible correlations amongst them.

Materials and Methods: A cross-sectional prospective study
was conducted on 60 volunteer participants of either sex. The
dimensions of metatarsals and phalanges were measured on
standardized radiographs of both feet in 60 healthy adults. The
mean, range and standard deviation were calculated. Correlation
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analysis was done to assess the association between the
variables.

Results: The first metatarsal was the shortest (56.42+4.41
mm in males and 50.09+3.06 mm in females) and widest of
all metatarsals (13.7+1.00 mm in males and 11.7+0.91 mm in
females). The first proximal phalanx was the longest (28.0+2.40
mm in males and 25.8+2.21 mm in females) and the fifth distal
phalanx (5.2+1.833 mm in males and 4.4+1.03 mm in females)
was the shortest of all phalanges. A strong correlation (p<0.001)
exists amongst the lengths of metatarsals, proximal phalanges
and middle phalanges, within their own groups.

Conclusion: Correlation of the lengths and widths of the
forefoot bones amongst themselves and between types can be
calculated mathematically utilising standardized radiographs.
This helps in assessment of forefoot disorders, choose an
appropriate surgical technique and postoperative evaluation.

Keywords: Correlation, Metatarsalgia, Osteotomy, Podiatry, Reconstruction, Standardized radiograph

INTRODUCTION

The distribution of forces and weight in the foot, either when a
person is standing erect at one place or when walking, running and
jumping, keeps shifting continuously, especially in the forefoot. All
the metatarsal heads bear weight. The first metatarsal bears double
the weight of each of the remaining four. The weight is distributed
in the ratio of 2:1:1:1:1 [1]. Even a minor variation in this ratio may
have a bearing on the health of the individual and the quality of life.
Structural variations of the foot, may be encountered as isolated
defects as in Congenital Talipes Equinovarus (CTEV) or as part of a
complex syndrome. Industrial and motor vehicle accidents affecting
the foot may lead to alterations of lower extremity kinematics and
may predispose the individual to characteristic musculoskeletal
injuries [2,3]. Disturbance in the relative lengths and widths of the
bony components of the forefoot may lead to pain in the feet,
gait disturbances and subsequent inability to perform ones duties
optimally. Restoring the lengths and widths of the metatarsals and
phalanges to their correct measurements is crucial in achieving
an optimal surgical outcome. Podiatric surgeons need to plan
preoperatively the exact lengths to which a metatarsal is to be either
lengthened or shortened [4].

Disorders of the forefoot bones may exist as part of familial or
congenital syndromes [5]. Industrial injuries to the metatarsals are
very common to the first and second metatarsals. Hallux valgus
is one of the major disorders affecting the great toe, the exact
incidence of which is difficult to estimate [6] and itself may tend to
cause other forefoot abnormalities like corns, calluses, arthritis and
metatarsalgia [7,8]. Various authors have described procedures on

Journal of Clinical and Diagnostic Research. 2017 Sep, Vol-11(9): AC05-AC09

metatarsals for lengthening and shortening in an attempt to restore
their correct functional lengths [9].

The objective of the present study was to measure the lengths
and widths of metatarsals and lengths of phalanges of the feet, on
standardized radiographs and to determine the possible correlation
between the forefoot bones amongst themselves.

MATERIALS AND METHODS

Sixty healthy individuals (33 males and 27 females) above the age
of 21 years (to allow for completion of ossification), were selected
randomly for the study by adopting convenience sampling. The
study was conducted between December 2008 and October 2009,
after obtaining Institutional Ethical Committee approval and consent
from the participants. They were healthy adults of the teaching
institute in which the study was conducted. Subjects with history
of major and/or long term injuries to the feet, past surgeries on the
feet or those with long standing pain in the feet were excluded from
the study.

Standardized Antero-Posterior (AP) radiographs of both feet of the
individuals were taken. AP radiographs of both feet were taken one
at a time. Subject was seated, foot was placed flat on the cassette
and X-ray beam was centred on the base of third metatarsal which
was identified by palpation. Source- Image receiver distance was
fixed at 100 cm. Exposure factors were 46 kV and 6.5 mAS. The
radiographic projection and positioning of the foot was strictly
determined and adhered to, in order to minimize the influence of
pronation and supination of the foot on the radiograph. Radiographic
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exposures of all the subjects were done by the same technician for
uniformity. The radiographs were screened for readability.

Measurement technique- Measurements were conducted
on the radiographs using Vernier calipers (Mitutoyo, Japan,
Least count - 0.01). Reference points for taking length and
width measurements were fixed as described. Measurements
for length were taken from the most distal point on the heads
of metatarsals to the midpoint of the shadow of the articular
surface on the bases. For the fifth metatarsal base, the midpoint
of the articular surface excluding the styloid process was
considered. Measurements for lengths of phalanges were taken
from the middle of the articular surfaces both proximally and
distally. Measurements for widths of all the bones were taken at
mid-shaft level [Table/Fig-1].

[Table/Fig-1]: An Antero-Posterior radiograph of the foot showing the position of
points of reference for taking measurements of the lengths and widths of metatar-
sals and lengths of phalanges.

STATISTICAL ANALYSIS

The mean, range and Standard Deviations (SD) of different
measurements were calculated. Correlation analysis was done to
assess the association between different variables. The significance
threshold was set at 0.05.

RESULTS

The mean age of males was 27.78 (21-36) years and that for
females was 27.96 (21-37) years. Lengths of metatarsals and
phalanges on standardized radiographs of both feet were measured
and tabulated. The mean, SD and range were calculated [Table/
Fig-2,3]. Correlation of the lengths of the bones amongst their own
group were calculated, i.e., metatarsals within themselves [Table/
Fig-4], proximal phalanges within themselves [Table/Fig-5], middle
phalanges within themselves [Table/Fig-6] and distal phalanges
within themselves [Table/Fig-7]. There was strong correlation in
these groups within themselves.

The second and the first metatarsals were the longest and shortest
metatarsals, respectively. The mean lengths of these were;
first metatarsal- 56.42+4.41 mm and 50.09+3.06 mm; second
metatarsal - 67.61+3.49 mm and 62.46+3.45 mm, in males and
females respectively.

The longest phalanx in both the sexes was the first proximal phalanx
(28.0£2.40 mm in males and 25.8+2.21 mm in females). The fifth
distal phalanx (5.2+1.33 mm in males and 4.4+1.03 mm in females)
was the shortest.

Widths of all metatarsals were measured and tabulated. The
mean and SD and range were calculated [Table/Fig-8]. The widest
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Length (mm) Range (in mm)

el Male Female Male Female
Mean = SD Mean = SD Maxi- | Mini- | Maxi- Mini-
mum | mum | mum mum
MT1 56.42 +4.41 | 50.09 £ 3.06 | 66.10 | 46.39 | 57.84 43.80
MT2 67.61 £3.49 | 6246+3.45 | 77.55 | 60.54 | 69.25 55.47
MT3 65.88+4.41 | 60.92+299 |77.85 |57.16 | 68.57 54.27
MT4 66.52 +3.98 | 60.78 £2.91 | 75.02 | 58.70 | 66.54 54.28
MT5 64.32 +3.57 | 58.34+£290 |72.72 |57.69 | 64.54 51.10

[Table/Fig-2]: Mean, Standard deviation and range of lengths of metatarsals.

MT1, MT2, MT3, MT4 and MT5 - First, Second, Third, Fourth and Fifth metatarsals respectively

Length (mm) Range (in mm)
Phalanx Male Female Male Female
Mean + SD | Mean = SD Maxi- Mini- Maxi- Mini-
mum mum mum mum
PP 1 28.0+2.40 | 256.8+2.21 | 34.24 | 23.48 28.97 14.48
PP 2 26.3+2.08 | 242+1.62 | 30.34 | 21.99 27.44 20.25
PP 3 246+1.77 | 226+1.51 | 2867 | 20.62 26.38 18.37
PP 4 228+1.67 | 209+1.44 | 26.32 | 18.99 24.58 17.02
PP 5 21.3+154 | 193+1.31 | 25.07 | 16.99 22.50 15.78
MP 2 11.1+£1.81 9.3 +2.06 15.02 5.47 13.05 5.27
MP 3 9.7+2.07 7.4 +217 13.78 5.18 12.63 4.65
MP 4 7.6+1.92 5.8+ 1.44 12.15 4.12 10.78 3.75
MP 5 5.8+0.97 5.1+ 0.81 8.85 3.55 7.53 3.61
DP 1 225+1.85 | 20.8+1.90 | 27.59 | 18.66 24.94 17.22
DP 2 6.9 +1.41 6.9+1.32 11.62 4.03 10.97 3.73
DP 3 6.3 +1.51 6.3+1.25 10.60 3.92 10.03 3.85
DP 4 5.6 +1.44 53+1.23 9.07 3.57 10.16 3.54
DP 5 52+1.33 4.4 +1.03 9.53 2.82 7.54 2.65

[Table/Fig-3]: Mean, Standard deviation and range of lengths of phalanges.

PP — Proximal phalanx, MP — Middle phalanx, DP — Distal phalanx, SD — Standard deviation

Male Female

MT2 MT3 MT4 MT5 MT2 MT3 MT4 MT5

MT1 0.631 0.572 0.600 0.528 0.739 0.691 0.665 0.624
(<0.001) | (<0.001) | (<0.001) | (<0.001) | (<0.001) | (<0.001) | (<0.001) | (<0.001)

MT2 0.850 0.843 0.742 . 0.903 0.877 0.820
(<0.001) | (<0.001) | (<0.001) (<0.001) | (<0.001) | (<0.001)

MT3 0.856 0.802 . . 0.872 0.815
(<0.001) | (<0.001) (<0.001) | (<0.001)

0.834 0.834

4 - - -

M (<0.001) (<0.001)

[Table/Fig-4]: Correlation matrix for lengths of metatarsals amongst themselves.

MT1, MT2, MT3, MT4 and MT5 — First, Second, Third, Fourth and Fifth metatarsals respectively.
p-values are shown in parentheses

Male Female

PP2 PP3 PP4 PP5 PP2 PP3 PP4 BES5)

PP1 | 0.851 0.751 0.776 | 0.733 0.772 0.717 0.678 0.614
(<0.001) | (<0.001) | (<0.001) | (<0.001) | (<0.001) | (<0.001) | (<0.001) | (<0.001)

PP2 . 0.916 0.912 0.801 . 0.931 0.798 0.629
(<0.001) | (<0.001) | (<0.001) (<0.001) | (<0.001) | (<0.001)

PP3 . . 0.934 | 0.775 . . 0.918 0.695
(<0.001) | (<0.001) (<0.001) | (<0.001)

PP4 . . . 0.821 . . . 0.824
(<0.001) (<0.001)

[Table/Fig-5]: Correlation matrix for lengths of proximal phalanges amongst
themselves.

PP1, PP2, PP3, PP4 and PP5 — First, Second, Third, Fourth and Fifth proximal phalanges respec-
tively. p-values are shown in parentheses

metatarsal in the present study was the first metatarsal (13.7+1.00
mm in males and 11.7+£0.91 mm in females). The narrowest
metatarsal was the third metatarsal (6.8+0.65 mm in males and
5.9+0.57 mminfemales). The correlation of the widths of metatarsals
amongst themselves was not significant in most [Table/Fig-9].
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Male Female

MP3 MP4 MP5 MP3 MP4 MP5

MP2 0.784 0.635 0.390 0.819 0.746 0.571
(<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)

vP3 . 0.806 0.563 i 0.778 0.519
(<0.001) (<0.001) (<0.001) (<0.001)

0.634 0.774
MP4 ) ) (<0.001) } ) (<0.001)

[Table/Fig-6]: Correlation matrix for lengths of middle phalanges amongst them-
selves.

M1, MP2, MP3, MP4 and MP5 - First, Second, Third, Fourth and Fifth middle phalanges respec-
tively. p-values are shown in parentheses

Male Female
DP2 DP3 DP4 DP5 DP2 DP3 DP4 DP5
DP1 | 0.480 | 0.471 0.433 0.282 0.465 0.592 0.460 0.440
(0.005) | (0.006) | (0.012) | (0.112) | (0.015) | (<0.001) | (0.016) | (0.022)
DP2 | - 0.929 0.871 0.711 0.864 0.712 0.737
(<0.001) | (<0.001) | (<0.001) (<0.001) | (<0.001) | (<0.001)
DP3 | - - 0.871 0.679 0.885 0.826
(<0.001) | (<0.001) (<0.001) | (<0.001)
DP4 | - - 0.822 - - 0.853
(<0.001) (<0.001)

[Table/Fig-7]: Correlation matrix for lengths of distal phalanges amongst them-
selves.

DP1, DP2, DP3, DP4 and DP5 - First, Second, Third, Fourth and Fifth distal phalanges respec-
tively. p-values are shown in parentheses

Width (mm) Range (in mm)

Metatarsal Male Female Male Female

Mean + SD | Mean =+ SD | Max Min Max Min
MTH 13.7+1.00 | 11.7+091 | 16.54 | 11.62 | 14.01 9.03
MT2 76+0.79 6.9+0.72 9.74 6.54 8.94 5.57
MT3 6.8 + 0.65 5.9+ 0.57 6.36 5.58 7.60 4.81
MT4 7.1 +0.69 6.2 +0.38 9.53 5.83 7.25 5.23
MT5 8.1 +0.69 7.1 +0.67 9.69 6.93 8.52 5.72

[Table/Fig-8]: Mean, Standard deviation and range of widths of metatarsals.

MT1, MT2, MT3, MT4 and MT5 — First, Second, Third, Fourth and Fifth metatarsals respectively

Male Female
MT2 MT3 MT4 MT5 MT2 MT3 MT4 MT5
MT1 0.062 0.445 0.468 0.041 0.070 0.053 0.310 0.187
(0.730) | (0.011) | (0.007) | (0.842) | (0.730) | (0.292) | (0.116) | (0.300)
MT2 0.486 0.313 0.348 0.688 0.217 0.226
(0.005) | (0.081) | (0.051) (<0.001) | (0.277) | (0.256)
MT3 0.713 0.230 0.525 0.267
(<0.001) | (0.205) (0.005) (0.178)
0.522 0.504
MT4 (0.022) (0.007)

[Table/Fig-9]: Correlation matrix for widths of metatarsals amongst themselves.

MT1, MT2, MT3, MT4 and MT5 — First, Second, Third, Fourth and Fifth metatarsals respectively.
p-values are shown in parentheses

DISCUSSION

Measurements of the dimensions of the forefoot bones help in
assessment of the severity of the disorder, planning of surgery,
choosing one corrective procedure over another and also in
postoperative assessments.

Measurement of Bones of the Forefoot

Morphometric studies of metatarsals and phalanges involve
conducting measurements either directly on dry macerated
bones or on radiographic films. Radiographic studies have been
mainly on angle measurements for formulating theories of hallux
valgus development, its preoperative assessment, the surgical
techniques to be used for correction [9] and assessment of results
of surgeries [10]. Researchers, in their review of the principles of
osteotomies of the first metatarsal indicate the need for length
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measurements to choose the correct procedure [11]. Our study
involves measurements of the dimensions of the bones of the foot
on standardized radiographs in healthy adults.

Dogan A et al., found that the longest metatarsal was the fifth
(72.10£5.55 mm in males and 68.56+3.19 mm in females) followed
by second, third, fourth. In our study we found the second metatarsal
to be the longest (67.61+3.49 mm in males and 62.46+3.45 mm in
females) [5]. This difference is probably because we have not taken
the styloid process of the fifth metatarsal into consideration. Dogan
A et al., have not mentioned about the styloid process of the fifth
metatarsal [5]. The shortest was the first metatarsal in the study
by Dogan A et al., (8.89+0.79 mm in males and 7.83+0.72 mm in
females) and this is in agreement with our findings [5]. In another
study by Abdel Moneim WM et al., the lengths of the metatarsals (in
centimeters) in males and females respectively was, first - 6.4+0.22
cm and 5.1+0.12 cm, second - 7.0+0.38 cm and 6.1+0.12 cm,
third - 7.0+£0.12 cm and 6.4+0.09 cm, fourth - 6.9+0.88 cm and
6.6+0.13 cm and fifth - 7.5+0.25 cm and 6.4+0.10 cm [12]. In this
study, the points of reference for measurement of lengths of each
metatarsal bone were the highest and the lowest points [12].

The widest metatarsal in studies by Dogan A et al.,, and Abdel
Moneim WM et al., was the first metatarsal, which is the same as in
our study [5,12]. The third was the narrowest metatarsal in the study
by Dogan et al., (15.60+1.49 mm in males and 13.14+1.03 mm in
females) and ours [5]. However, in the study by Abdel Moneim et al.,
the narrowest in males was the fifth metatarsal (0.89+0.1 cm) and
that in females was the second metatarsal (0.57+0.08 cm) [5,12].

In our study, the longest of the phalanges, were first proximal phalanx
and the shortest was the fifth distal phalanx. In the study by Dogan A
et al., the longest and shortest phalanges were first proximal phalanx
(31.81+£2.76 mm in males and 28.29+2.56 mm in females) and
fifth middle phalanx (7.78+1.46 mm in males and 6.59+0.90 mm in
females) respectively [5].

Radiographic Analysis of the Feet

a. Ultility and validity of radiographic measurements- Radiography
is often the only investigative procedure required for evaluation of
the feet. Itis a cheap and rapid procedure with minimal adverse
effects on the subject/patient and offers an easily retrievable
medium of investigation. Assessment of the ‘metatarsal
parabola’ and ‘metatarsal parabola angle’ is used to identify
abnormal length of a metatarsal. The metatarsal parabola is
constructed on an AP radiograph of the foot by connecting the
distal ends of the first, second and the fifth metatarsals. The
metatarsal parabola angle is the angle between aline joining the
distal ends of the first and second metatarsals and a line joining
the distal ends of the second and the fifth metatarsals. Various
methods of determining the metatarsal parabola have been
described [13]. Bilateral radiographs are useful, in assessing
patients with multiple short metatarsals in one of the feet. With
an AP radiograph and measurement of metatarsal parabola,
the amount of lengthening can be determined. It has been
noted that on a radiographic examination, a short metatarsal is
typically deviated as compared to adjacent normal metatarsals
[14].

b. AP, lateral, medial, oblique foot and ankle radiographs allow
for accurate surgical planning and assessment of metatarsal
deformities. Obtaining bilateral foot films can also be very helpful
for surgical planning. Radiographic assessment of the short
metatarsals on AP and lateral views is important for formulating
a preoperative plan and in placement of the external fixator and
the osteotomy level [9]. Researchers have elucidated the need
for preoperative assessment of the lengths of the metatarsals
[14]. Preoperative evaluation of radiographs, including
the length measurements of metatarsals along with other
parameters is important to ensure use of the most efficacious
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surgical procedure for correction of hallux valgus, in each
patient. Preoperative AP radiographs of both feet have been
used in assessing the immediate and long term outcome of
surgeries for hallux valgus. Radiographic measurements of
the first metatarsal and its phalanges compared between
normal controls and patients with incipient hallux valgus
limitus have revealed significant differences in relative first
metatarsal protrusion, lengths and widths of first metatarsals,
lengths of first and distal phalanges and total length of hallux
[15]. In the evaluation of surgical techniques for correction
of hallux valgus, preoperative and postoperative radiographs
have been used by some researchers. Apart from angular
measurements, length changes were also measured. Studies
using radiographs of the feet have been used to propose
newer theories and also to refute older theories of second
metatarsal hypertrophy [16]. Newer surgical techniques
and concepts have been devised utilizing radiographic
assessments of procedures. Baek GH and Chung MS who
earlier had viewed favourably, lengthening of metatarsal
by using iliac bone graft; later along with Kim, utilizing
preoperative radiographic measurements and planning could
achieve the same surgical outcome by combined lengthening
and shortening procedures without going in for bone graft
harvest from a second site [17].

Conversion factors to quantify the amount of magnification imparted
on aradiograph have been calculated using radiographic and direct
measurements on preserved bone specimens. These factors are of
value in the preoperative assessment of patients. Opposition to use
radiographic measurements as the sole criterion for formulating
treatment plans has been advanced by a few surgeons [18]. Some
researchers prefer basing surgical corrections on intraoperative
assessments rather than radiographic measurements. Even so,
for assessing the outcomes of surgeries, they have relied on
radiographic measurements in addition to clinical scoring systems
[19]. The utility of using radiographic assessment of the feet
in diagnosis and treatment of foot pathologies thus cannot be
denied.

Significance of Measurements in the Context of
Surgeries on the Forefoot

Metatarsals may need either lengthening or shortening for correction of
disabilities. Osteotomies of the forefoot are some of the most common
procedures performed by both orthopaedic surgeons and podiatrists.
One of the three criteria to achieve an ideal osteotomy is to maintain
adequate length [20]. Hallux valgus, metatarsalgia and dislocations of
the lesser metatarsophalangeal joints are some of the indications for
surgeries. In such cases, preoperative measurement of all metatarsals
and correlation between metatarsal lengths can be utilized.

The primary aim of surgeries on the metatarsals for correction of
brachymetatarsia, metatarsalgia etc., is to restore the lengths of
metatarsals according to the formula 1=2>3>4>5 [21,22].

Preoperative assessment of lengths of metatarsals is important in
estimation: (i) of length of osteotomy required for a normal metatarsal
parabola; (i) of amount of shortening required (old 6=new10); (i)
for proper alignment of the lengthened metatarsal [23,24]; and (iv)
to decide upon a particular technique of correction to be utilized.
In multiple metatarsal surgeries [25] a lengthening of not more
than 50% of the original length led to completely satisfactory
clinical follow up with no serious or severe complications [22]. To
avoid potential complications such as metatarsophalangeal joint
subluxation, cavus foot and hallux valgus, the postoperative first
metatarsal length should not exceed 40%-50% of the original
length [26].

Preoperative and postoperative measurements of dimensions of
metatarsals have been used in assessing the outcome of shortening
osteotomies for plantar callosities, for assessing effectiveness of
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osteotomies and for information of the patient regarding risk of
postoperative metatarsalgia in case a short metatarsal is already
existing [27,28].

CONCLUSION

Itispossibletoarriveatafixedcorrelationamongstthemeasurements
of the bones of the forefoot. In our view, measurements of the
metatarsals and phalanges both preoperatively and postoperatively
when carried out on standardized AP radiographs will be helpful
in: (a) clinical assessment of the forefoot disorders; (b) choice
of surgical procedure to be employed; and in (c) evaluating the
outcome of such a surgical procedure. If the lengths and widths of
a forefoot bone are known, then the dimensions of the others can
be calculated by using the correlation.
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