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Abstract

Background: Hallux valgus can alter load bearing in the foot leading to abnormal forces on the second toe. The purpose of
this study was to determine demographic and radiographic factors associated with second ray hammertoes in hallux valgus
using 3-dimensional weightbearing CT scans.

Methods: Seventy-one patients who underwent a modified Lapidus procedure for hallux valgus with preoperative
weightbearing CT scans were separated into 2 groups: (1) hallux valgus only (47 feet) and (2) hallux valgus with second ray
hammertoe (29 feet). Preoperative age, body mass index (BMI), sex, hallux valgus angle (HVA), intermetatarsal angle (IMA),
absolute and effective metatarsal (MT) lengths, ratios between metatarsal lengths, Meary angle, metatarsus adductus angle
(MAA), and pronation were measured. Mean values of continuous variables were compared and both simple and multi-
variable logistic regression models were used to evaluate associations between variables and hammertoe occurrence.
Results: Patients in the hammertoe group were found to be significantly older and have higher BMIs, HVAs, effective second
MT lengths, IMAs, and more apex plantar Meary angles (all P < .05). The multivariable analysis demonstrated that a higher
IMA and a more apex plantar Meary angle were the only significant predictors of second ray hammertoe risk (P = .03 and
P = .0l, respectively) once corrected for age and BMI.

Conclusion: Significant associations were found between older age, higher BMI, and more severe deformity and the
occurrence of hammertoe in hallux valgus patients. These results may help clinicians counsel hallux valgus patients about the
risk of developing an advanced hammertoe deformity.

Level of Evidence: Level lll, retrospective comparative series
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painful and symptomatic than the inciting hallux valgus,
leading to poorer outcomes.”' !

Treatment of hallux valgus typically begins with nono-
perative management, including wider shoes, shoe inserts,
and bunion shields. These options seek to control symptoms
rather than addressing the underlying deformity, and conse-
quently, may not slow the progression of secondary pathol-
ogies.'” As the main indication for operative correction is
pain and disability,® patients may develop concomitant sec-
ond ray complications before reaching the clinical threshold
for surgery.

Operative treatment has been shown to successfully cor-
rect hallux valgus and concomitant second ray pathology>®
to improve patient function.>> However, surgeries that
address second ray pathologies in addition to hallux valgus
are more complex than hallux valgus correction alone, and
there are higher rates of decreased range of motion and
increased postoperative complications.'® Specifically, it
has been found that surgeries to correct hammertoe defor-
mities in conjunction with hallux valgus have a lower rate
of patient satisfaction® as well as less favorable correction
outcomes than when either deformity is treated separately.”
Therefore, early intervention may theoretically prevent
progression to associated second ray pathologies and
improve clinical outcomes. Few studies, however, have
investigated the association between second ray pathology
and hallux valgus."?

Conventional evaluation of hallux valgus has focused on
weightbearing plain radiographs,>* but hallux valgus is a
triplanar deformity and includes a pronation component not
well visualized on 2-dimensional imaging.' Standard
weightbearing radiographs may be inadequate®*? because
of their inability to capture axial rotation of the first ray, the
presence of superimposed bones, and its reliance on proper
foot orientation and beam projection.”**! Weightbearing CT
scans overcome the limitations of weightbearing plain radio-
graphs as they can evaluate the foot in 3 dimensions and do
not require calibration.?>! This relatively new imaging mod-
ality could be used to identify characteristics of patients with
hallux valgus that are associated with second ray pathologies
such as hammertoe.

Previous research has shown that hallux valgus occurs
more frequently in patients who are female, older, have a
family history,”® have abnormal metatarsal ratios,”* or have
a lower body mass index (BMI).!" Other research found that
hallux valgus, neuromuscular dysfunction, metatarsus
adductus, pes planus, abnormal metatarsal lengths,>* higher
BMI, and lower intermetatarsal angle (IMA)'® are risk fac-
tors for developing hammertoe. Despite the association of
hallux valgus and hammertoes, little research has been con-
ducted on the variables associated with hammertoe deformi-
ties in the setting of hallux valgus.

Previous radiographic studies have shown that increased
age, hallux valgus angle (HVA),"* and IMA'7? are associ-
ated with the development of hammertoe. These studies
were limited by uncalibrated measurements and the

2-dimensional nature of radiographs. Therefore, the primary
aim of this article was to assess hallux valgus via weight-
bearing computed tomography, which did not require
calibration of measurements, to determine if there was
an association between radiographic parameters and
patient characteristics and hammertoe deformities in hal-
lux valgus patients indicated for surgical intervention. We
expect that patients who have risk factors that may trans-
fer or increase load on the second metatarsal such as
BMI, HVA, and IMA would be associated with hammer-
toe deformities. We also hypothesized that pronation and
abnormal effective metatarsal lengths, additional para-
meters that alter mechanics of the foot, may be correlated
with hammertoe deformities.

Methods

Data for this retrospective study of hallux valgus patients
indicated for surgical intervention was obtained from an
institutional review board—approved foot and ankle registry
following permission from the registry steering committee.
Consecutive patients who had a first tarsometatarsal fusion
for hallux valgus between 2017 and 2019 as well as a pre-
operative weightbearing CT scan were eligible for inclusion
in this study. Patients were found through 2 registry database
searches. The first for hallux valgus, /nternational Classifi-
cation of Diseases, Tenth Revision (ICD-10) code M20.1,
Lapidus corrective surgery, Current Procedural Terminol-
ogy (CPT) code 28297 or 28740, and preoperative weight-
bearing CT scan noted on their intake form. This database
search yielded 43 eligible patients (45 feet). As the option to
specify if a patient had a preoperative weightbearing CT
scan was new, a second search in the registry was done for
all other patients who had hallux valgus and Lapidus surgery
between 2017 and 2019. This database search yielded 302
unique eligible patients (316 feet). A total of 251 patients
(261 feet) were then excluded overall who were missing
preoperative weightbearing CT scans. An additional 18
patients (19 feet) were excluded due to a previous first or
second ray surgery, one patient was excluded for rheumatoid
arthritis, and 4 patients were excluded due to midfoot
osteoarthritis. This left a total of 71 patients (76 feet) for
analysis.

These patients were divided into 2 groups based on
intraoperative findings: (1) concomitant advanced hammer-
toe (HT) group and (2) hallux valgus (HV) only group. In
order to create a more homogenous group of hammertoe
patients as there is a wide variation in the severity of ham-
mertoes, patients who underwent second ray MTP joint
release and proximal interphalangeal joint resection were
considered to have advanced hammertoe deformities to be
treated operatively and were placed in the concomitant
advanced HT group. The rest were considered HV-only
patients. Within the HV group, there was a subset (n = 8)
who had undergone second ray MTP joint release only, indi-
cating a hammertoe too mild to classify as part of the
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Figure |. Sample radiographic measurements from weightbearing CT scans. (A) Hallux valgus angle measured from axial weightbearing
CT slices as the angle between the hallux and first metatarsal. (B) Intermetatarsal angle measured from axial weightbearing CT slices as the
angle between the first and second metatarsals. (C) Metatarsus adductus angle was measured from axial weightbearing CT slices as the
angle between the second metatarsal and a line perpendicular to a line bisecting the navicular and cuboid bones. (D) Absolute first MT
measured on an axial weightbearing CT slice as the length from one end of the metatarsal bone to the other. (E) Effective first MT length
was measured from sagittal weightbearing CT scans as the length between 2 lines projected down from each end of the bone to account
for the angle of the metatarsal in the foot. (F) Meary angle was measured from sagittal weightbearing CT slices as the angle between a line
bisecting the talus and another bisecting the first metatarsal. CT, computed tomographic; MT, metatarsal angle.

advanced HT group. Within the HT group, there was a sub-
set (n = 5) with second toe dislocation who also underwent
concomitant second metatarsal shortening during surgery.
This subgroup was considered to have severe hammertoe
and was included in the HT group. The HV-only group
consisted of 43 patients (47 feet) and was made up of 4 men
and 39 women with an average age of 49 (range, 24-68)
years. The concomitant advanced HT group had 28 patients
(29 feet) including 2 men and 26 women with an average age
of 59 (range, 46-68) years.

Patient body mass index (BMI) was recorded for all
patients from their preoperative electronic medical records.
BMI was analyzed as a continuous variable as well as a
categorical variable that included obese and nonobese
groups. Obese BMI was considered as 30 or more, and the
remaining patients were classified as nonobese.

Radiographic Measurements

Radiographic parameters were measured from preoperative
weightbearing CT scans, which did not require calibration,
using picture archiving and communication system (PACS)
software Sectra IDs7. These parameters included HVA;
IMA; metatarsus adductus angle (MAA); absolute and effec-
tive first, second, and third metatarsal lengths, the ratios
between the metatarsal lengths; Meary angle; and pronation.
HVA and IMA measurements (Figure 1A and B) were taken
following protocol used to measure these angles on plain
radiographs.'> HVA was divided into categories based on
severity. The mild group consisted of values less than 30
degrees, the moderate group had values between 30 and 40
degrees, and the severe group included values equal to or
greater than 40 degrees. MAA (Figure 1C) was measured
from axial weightbearing CT slices using Sgarlato’s
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method.?® Absolute MT measurements (Figure 1D) were
determined on the axial weightbearing CT slices that demon-
strated the longest length between the ends of each MT.
Effective MT measurements (Figure 1E) were made on
sagittal weightbearing CT scans on the slice with the longest
distance between 2 vertical lines marking the ends of each
MT. Ratios of MT lengths were calculated for the absolute
second MT to absolute first MT and the effective second MT
to effective first MT. Meary angle (Figure 1F) was measured
from sagittal weightbearing CT scans as the angle between a
line bisecting the talus and a second line bisecting the first
MT.*® Apex dorsal measurements where the line bisecting
the talus was found superior to the line bisecting the first MT
were considered negative angles. Pronation of the first meta-
tarsal was determined from preoperative weightbearing CT
scans in relation to the second metatarsal as a reference as
described previously by Campbell et al." Because pronation
was determined by an outside institution using proprietary 3-
dimensional computer-aided design, pronation of the first
ray was only available for 27 patients of which 19 were in
in the HV-only group and 8 were in the advanced HT group.

Statistical Methodology

Normality was determined for continuous variables through
Shapiro-Wilk test. For variables that fit this assumption of
normality, 1-way analysis of variance was conducted to
compare the mean values across the different outcome
groups. For variables that did not meet the assumption of
normality, mean differences were compared through non-
parametric Kruskal-Wallis test (including age, BMI, abso-
lute and effective ratio of first to second MT lengths, Meary
angle, and preoperative pronation). Associations between
demographic and radiographic parameters and advanced
second ray hammertoe were evaluated using simple logistic
regressions. Sensitivity analyses were conducted using 3
different foot outcome variable encodings to account for the
subgroups of mild and severe hammertoe: (1) modeling the
odds of advanced hammertoe vs hallux valgus only (n = 76
feet), (2) a model in which feet with mild hammertoe
(requiring only an MTPJ release) who did not meet the cri-
teria for the HT group were treated as missing values (n = 68
feet), and (3) a model in which feet with severe hammertoe
(requiring a concomitant second metatarsal shortening) were
treated as missing values (n = 71 feet).

Additionally, multivariable logistic regression models
were generated to adjust risk scores for age and continuous
BMI. Separate multivariable logistic regression models were
fit for HVA, IMA, MAA, absolute first and second MT
lengths, effective first and second MT lengths, and Meary
angle. All odds ratios are reported with 95% confidence
interval and correspond to the presence of advanced ham-
mertoe compared to the presence of hallux valgus only.
Statistical significance of model coefficients was evaluated
at the .05 alpha level using Wald tests. Preoperative prona-
tion data was evaluated through Mann-Whitney U test to

Table I. Foot Characteristics Stratified by Advanced Hammertoe
Status.”

Hallux Advanced
Valgus Only  Hammertoe

Characteristic (n=47) (n=129) P Value
Age 49 (12.56) 59 (5.90) .0005
BMI 24.54 (4.07) 2821 (4.63) .006
HVA 34.4 (7.02) 38.7(8.92) .02
Absolute first MT 60.6 (3) 61.4(3.48) .26
Absolute second MT 72.8 (3.41) 743 (442) .11
Absolute MT ratio 2:1 1.2 (0.03) .21 (0.04) 48
Effective first MT 64.4 (3.92) 65.7 (4.03) .14
Effective second MT 71.3 (4.43) 747 (5.14)  .003
Effective MT ratio 2:1 1.11 (0.06) I.14 (0.06) .06
IMA 14.7 (2.76) 17.4 (3.63) .0004
MAA 15.2 (4.26) 175 (5.83) .06
Meary angle 1.4 (6.16) 5.6 (6.44) .01l
Pronation (preop) 30.5 (9.62) 253 (6.92) .18

Abbreviations: BMI, body mass index; HVA, hallux valgus angle; IMA, inter-
metatarsal angle; MAA, metatarsus adductus angle; MT, metatarsal; Preop,
preoperative.

*Presented as mean (SD) for each characteristic. Comparison of variables
across outcome groups (hallux valgus only or hallux valgus and advanced
second ray hammertoe). Bold values are statistically significant (P < .05).

assess for differences between outcome groups. All analyses
were conducted in R, version 3.6.1 (R Foundation for Sta-
tistical Computing, Vienna, Austria) using the following
packages: dplyr,”” purrr,'® and broom.**

Results

The average HVA in the HV-only group was 34.4 degrees
(SD, 7.0 degrees; range, 18.4-53.4). The mean HVA in the
concomitant advanced HT group was significantly higher at
38.7 degrees (SD, 8.9 degrees; range, 21.8-61.5, P = .02).
The average IMA in the HV-only group was 14.7 degrees
(SD, 2.8 degrees; range, 7.8-20.1). The mean IMA in the
concomitant advanced HT group was significantly higher
at 17.4 degrees (SD, 3.6 degrees; range, 10.9-25.1, P =
.0004). The average BMI in the HV-only group was 24.5
(SD, 4.07; range, 18.6-36.2). The mean BMI in the conco-
mitant advanced HT group was significantly higher at 28.2
(SD, 4.63; range, 19.1-43.3, P = .006).

In the HV-only group, the average effective second MT
length was 71.3 mm (SD, 4.4 mm; range, 62.2-81.3), whereas
the mean effective second MT length in the concomitant
advanced HT group was significantly larger at 74.7 mm
(SD, 5.1 mm; range, 67.0-85.5, P = .003). The average Meary
angle in the HV-only group was 1.4 degrees apex plantar (SD,
6.2 degrees; range, —11.1 to 12.5). The mean Meary angle in
the concomitant advanced HT group was significantly higher
at 5.6 degrees apex plantar (SD, 6.4 degrees; range, —6.4 to
16.0, P = .01). These differences in mean BMI, HVA, IMA,
effective second MT length, and Meary angle were found to
be statistically significant (Table 1).
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Table 2. Results of Simple Logistic Regression Using Different Hammertoe Groupings.”

Advanced Hammertoe Only,

Mild Hammertoe Removed,

Severe Hammertoe Removed,

Variable OR (95% Cl) OR (95% ClI) OR (95% Cl)
Age 1.12 (1.05, 1.2) 1.15 (1.07, 1.25) 1.12 (1.05, 1.21)
BMI (continuous) 1.15 (1.05, 1.29) 1.17 (1.05, 1.32) 1.12 (1.02, 1.26)
BMI (obese vs nonobese) 5.66 (1.67, 22.79) 6.32 (1.7, 30.76) 5.37 (1.48, 22.52)
HVA 1.07 (1.01, 1.15) 1.09 (1.02, 1.18) 1.08 (1, 1.16)

HVA (moderate vs mild) .44 (0.41, 5.95) .55 (0.43, 6.51) 2.67 (0.6, 18.86)
HVA (severe vs mild) 4.5 (1.13, 21.06) 6.6 (1.5, 34.76) 7.5 (1.49, 57.99)
IMA 1.33 (1.13, 1.61) 1.35 (1.14, 1.66) 1.37 (1.15, 1.7)
MAA 11 (1, 122) 1.35 (1.14, 1.66) 1.09 (0.99, 1.21)
Absolute first MT 1.09 (0.94, 1.27) 1.1 (0.95, 1.3) 1.12 (0.96, 1.32)
Absolute second MT 111 (0.98, 1.26) 113 (0.99, 1.29) 111 (0.98, 1.27)
Absolute MT ratio 2:| 146.68 (0, 214141488.1) 2259.46 (0, 6109746048.53) 1.79 (0, 7250286.13)
Effective first MT 1.1 (0.97, 1.25) 111 (0.98, 1.27) 1.09 (0.97, 1.25)
Effective second MT 1.16 (1.05, 1.31) 1.2 (1.07, 1.37) 1.18 (1.06, 1.33)
Effective MT ratio 2:1 3662.8 (1.22, 20842529.75) 10350.79 (3.18, 69984346.58) 24700.29 (4.26, 371731259.85)
Meary angle 1.11 (1.03, 1.21) 1.11 (1.03, 1.21) 1.14 (1.04, 1.25)

Abbreviations: BMI, body mass index; Cl, confidence interval; HVA, hallux valgus angle; IMA, intermetatarsal angle; MAA, metatarsus adductus angle; MT,

metatarsal; OR, odds ratio.

*This table demonstrates the ORs of a second ray hammertoe occurring based on how a hammertoe is defined. Advanced hammertoes included those
patients who underwent a proximal interphalangeal resection and MTP] capsular release. Mild hammertoes were patients who had an MTPJ capsular
release only. Severe hammertoes were patients who required a second metatarsal shortening osteotomy. Bold values are statistically significant (P < .05).

Age was also found to be statistically higher by an aver-
age of 10 years in the concomitant advanced HT group
(P = .0005) than in the HV-only group (Table 1). Addi-
tionally, there was a trend toward a higher ratio of second to
first effective MT length and MAA measurements in the
concomitant advanced HT group compared to the HV-only
group (P = .06 for both). No significant difference was
found between outcome groups for the mean absolute MT
lengths or ratios, effective first MT, or pronation results (all
P values > .05).

The simple logistic regression model showed that cate-
gorical BMI, where odds of an advanced hammertoe were
compared for obese vs nonobese patients, and categorical
HVA, where odds of hammertoe were compared for
severe vs mild HVA values, were found to be significant
predictors of advanced hammertoe risk (Table 2). Every
unit increase in BMI increased patient risk of an
advanced hammertoe by 15%, and obese patients were
5.66 times more at risk than nonobese patients. Addition-
ally, for every degree increase in HVA, patient risk of an
advanced hammertoe increased by 7% overall whereas
patients with severe HVA over 40 degrees were 4.5 times
more likely than patients with mild HVA measurements
of less than 30 degrees to develop an advanced hammer-
toe. A significant association was also found between the
odds of developing an advanced second ray hammertoe
and increased age, IMA, MAA, effective second MT
length, and a more apex plantar Meary angle through
simple logistic regression analyses (Table 2).

The simple logistic regression models removing the mild
and severe hammertoe groups demonstrated findings that
were consistent with our original model (Table 2). For the
model that removed mild hammertoe patients, a significant

association remained between age, BMI, HVA, IMA, MAA,
effective second MT length, and Meary angle. When com-
pared to the advanced hammertoe outcome model, odds
ratios demonstrated an equal or greater risk of developing
moderate to severe hammertoe with every unit increase in
these variables. For the model that removed severe hammer-
toe patients, a significant association remained between age,
BMI, HVA, IMA, effective second MT length, and Meary
angle while there was no longer a significant association
between MAA and the risk of hammertoe. When compared
to the advanced hammertoe outcome model, odds ratios
demonstrated an equal or greater risk of developing mild
to moderate hammertoe with every unit increase in these
variables except for BMI. Therefore, sensitivity analysis
illustrated that, although the variables associated with the
overall risk of developing an advanced hammertoe and
the risk of developing a more severe hammertoe remained
the same, MAA and BMI were less significant predictors
of more mild hammertoe development.

The multivariable logistic regression model demonstrated
that only a higher IMA and a more apex plantar Meary angle
remained significant predictors of risk of having an
advanced hammertoe once the results were adjusted for
patient age and BMI (Table 3). For every degree increase
in the IMA, the odds of having an advanced hammertoe
increased by 22% (P = .03), and for every degree increase
apex plantar in Meary angle, the odds of having an advanced
hammertoe increased by 13% (P = .01). The trend toward a
higher ratio of second to first effective MT length also
remained once results were adjusted for patient age and BMI
(P = .07). The regression models suggest that the most
significant predictors of advanced hammertoe development
were increased BMI, IMA, and Meary angle.
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Table 3. Results of Multivariable Logistic Regression on the Odds
of Developing an Advanced Hammertoe.?

Variable OR (95% ClI) P Value
HVA 1.04 (0.97, 1.12) .28
IMA 1.22 (1.02, 1.49) .03
MAA 1.05 (0.93, 1.18) 46
Absolute first MT 1.04 (0.88, 1.24) .64
Absolute second MT 1.08 (0.94, 1.25) 29
Effective first MT 1.05 (0.9, 1.22) .54
Effective second MT 1.12 (0.99, 1.27) .07
Meary angle 1.13 (1.03, 1.25) .0l

Abbreviations: BMI, body mass index; Cl, confidence interval; HVA, hallux
valgus angle; IMA, intermetatarsal angle; MAA, metatarsus adductus angle;
MT, metatarsal; OR, odds ratio.

This table shows the OR of certain radiographic parameters on the risk of
having an advanced hammertoe after controlling for patient age and BMI.
The OR correspond to the presence of an advanced hammertoe compared
to presence of hallux valgus only for a I-unit increase in the independent
variable adjusting for age and BMI. Bold values are statistically significant (P
<.05).

Discussion

Second ray hammertoe often occurs concomitantly with hal-
lux valgus and has been found to negatively affect patient
outcomes by increasing pain and decreasing physical func-
tion.”!”2! However, few studies have examined which
patient characteristics, demographic or anatomical, may
increase a patient’s risk of developing this deformity. Previ-
ous works that have examined the relationship between hal-
lux valgus and hammertoe used plain radiographs, which are
not calibrated and have inherent limitations when analyzing
3-dimensional foot pathologies.”***! By using weightbearing
CT scans to examine hammertoe in the setting of hallux
valgus, we were able to re-evaluate radiographic variables
previously determined to be associated with either pathology
while also exploring new variables, including first metatar-
sal pronation and effective MT lengths that were previously
difficult to measure on 2-dimensional images. Our study
demonstrated an association between the presence of a ham-
mertoe deformity in patients with hallux valgus and
increased age, BMI, HVA, IMA, effective second MT
length, and apex plantar Meary angle.'

Variables that act as predictors of an advanced hammer-
toe deformity can be divided into 2 main groups: (1) those
that increase pressure on the second metatarsal directly such
as patient BMI and effective second MT length and (2) those
that result in worsening deformity at the first MTP joint
including age, HVA, IMA, and Meary angle, thereby
increasing the likelihood of progression to an advanced sec-
ond ray hammertoe.

The strong association between hammertoe and higher
BMI may be explained by increased force secondary to the
patient’s weight on the second ray of the foot, which has been
shown to increase the risk of developing a hammertoe regard-
less of other foot deformities.”'® Although BMI has been
found to have an inverse relationship with the development

of hallux valgus on its own,'' this elevated pressure from
patient BMI coupled with the already increased load on the
lesser metatarsals from the hallux valgus®® may accelerate the
development of a hammertoe deformity.

The association between increased effective second MT
length and advanced hammertoe may be multifactorial.
Greater load bearing with a longer second MT may increase
pressure on the second ray and result in the development of a
hammertoe. Additionally, a longer second MT can predis-
pose patients to plantar plate tears, which in turn causes MTP
joint instability leading to a hammertoe deformity.®?
Although statistically significant in univariable analysis,
there was only a trend toward statistical significance in the
multivariable regression analysis (P = .07) when controlling
for BMI. This may suggest that BMI more directly affects
the load on the second MT and the development of a ham-
mertoe deformity.

Age was also strongly associated with advanced hammer-
toe deformities in patients with hallux valgus. Because our
study was not population based and only included patients
who were indicated for surgical intervention, we hypothe-
sized that age may represent the duration of hallux valgus.
Therefore, longstanding disease may result in chronic, repe-
titive abnormal loading of the second ray and lead to the
development of an advanced hammertoe.

Supporting this hypothesis is that the magnitude of the
hallux valgus deformity as measured by HVA and IMA was
associated with the risk of an advanced hammertoe. In uni-
variable analyses, both increased HVA and IMA were pre-
dictors of risk of an advanced hammertoe. HVA has been
found to be inversely related to hallux loading and hallux
plantarflexion strength.?® This reduction in loading and flex-
ion strength in hallux valgus results in increased pressure on
the lesser MT,20 which in turn can contribute to a hammertoe
deformity. Because IMA has been found to increase in con-
junction with HVA,'? it is reasonable that the same associ-
ation between hammertoe risk and HVA and IMA was
found. After multivariable analysis, however, only IMA
remained associated with advanced hammertoe risk. IMA,
and not HVA, may better represent the severity of hallux
valgus and the transfer of load to the second MT leading to a
hammertoe.

A similar conclusion may be drawn from the association
between the development of a hammertoe and Meary angle,
which represents a sagittal plane deformity. The association
between Meary angle and the risk of having an advanced
hammertoe remained after multivariable regression analysis
(odds ratio 1.13, P = .01). In fact, in the multivariable
regression analysis, Meary angle had the second largest
effect size after IMA, suggesting sagittal plane deformity
plays an important role in the risk of developing an advanced
hammertoe. For each 1-degree apex plantar increase in the
Meary angle, the risk of having an advanced hammertoe
deformity increased 13%. Similar to IMA, this association
may be explained by worsening first MTP joint deformity
inducing second ray pathology. Meary angle measures the



Cronin et al

extent of plantarflexion of the first MT in relation to the talar
axis and has been found to increase with pes planus.'* There-
fore, more apex plantar Meary angle values suggest a flatter
medial longitudinal arch, which may result in increased joint
instability and rotation under loading and contribute to ham-
mertoe development.'®

Although no other studies have examined the association
of radiographic and demographic parameters and hammer-
toe risk in the setting of hallux valgus through weightbearing
CT, comparison to the study by Gribbin et al'* demonstrated
similar findings where patients who were older and had a
higher BMI and HVA had a larger risk of hammertoe devel-
opment. However, there were some differences in terms of
predictive significance. Specifically, our results found
Meary angle and IMA to be more predictive of hammertoe
development than HVA, a major predictor in the prior paper.
This difference could be due to our use of weightbearing CT
rather than plain radiographs. As this 3-dimensional modal-
ity allowed us to better examine multiplanar variables, it is
possible that we could more accurately determine the asso-
ciation between sagittal instability and hammertoe develop-
ment than was possible on AP radiographs alone. The
greater significance of IMA in our study could be due to the
role that instability at the first tarsometatarsal joint plays in
transferring load to the second metatarsal. Increased HVA
may also be associated with a higher BMI or older age, and
this may explain why HVA was not a significant predictor
once corrected for BMI and age in our study. These variables
were not controlled for in the prior study.

There are numerous limitations of this study. The main
limitation of this study was its small sample size. The sample
was derived from a cohort of patients who were indicated for
surgical intervention for hallux valgus and had a preopera-
tive weightbearing CT scan. At our institution, only patients
who are indicated for surgical intervention undergo a
weightbearing CT scan for preoperative planning purposes.
Consequently, the results of this study are applicable only to
patients who are indicated for surgical intervention based on
their symptoms. Patients treated nonoperatively were
excluded from this cohort. Additionally, this was a sample
of convenience; therefore, a power analysis was not per-
formed. Variables not associated with advanced hammertoe
such as absolute first or second metatarsal length were at risk
of having a type II error. Because pronation data were only
available for 27 patients, this subanalysis was at particular
risk of having inadequate statistical power.

In conclusion, this study used weightbearing CT scans,
which do not require calibration, in order to determine radio-
graphic and demographic risk factors associated with the
development of significant hammertoe deformities in
patients planning to undergo surgical management of their
hallux valgus. In hallux valgus patients indicated for surgical
intervention, an increased IMA, apex plantar Meary angle
(flatter medial longitudinal arch), older age, and higher BMI
were observed to be associated with having hammertoe
deformities requiring more than a simple MTPJ capsular

release. These results may help clinicians counsel hallux
valgus patients about the risk of developing an advanced
hammertoe deformity.
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