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Introduction

Injuries to the tarsometatarsal (TMT) joint complex, referred 
to as Lisfranc injuries, are rare but can be associated with 
long-term disability such as painful posttraumatic osteoar-
thritis and residual deformity.17,21,27 Historically, repair of 
Lisfranc injuries through open reduction and internal fixa-
tion (ORIF) has been the standard surgical method, and 
arthrodesis was considered only as a salvage procedure.21,23 
However, primary arthrodesis has recently been proposed as 
an alternative surgical treatment of these injuries.

Patients who have undergone primary arthrodesis have 
reported a successful return to sports or daily activities, and 

a high level of satisfaction.14,22,26 Recent studies have dem-
onstrated that individuals treated with primary arthrodesis 
have a much lower rate of additional surgery and compara-
ble or superior patient-reported outcome scores than those 
treated with ORIF.1,12,24 Thus, primary arthrodesis is 
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Abstract
Background: Primary tarsometatarsal (TMT) arthrodesis is gaining popularity in the surgical treatment of Lisfranc injuries. 
However, few studies have evaluated biomechanical effects of TMT arthrodesis. The purpose of this study was to compare 
the kinematics of joints adjacent to the midfoot during simulations of stance before and after sequential arthrodesis of the 
first, second, and third TMT joints.
Methods: Ten midtibia cadaveric specimens were loaded on a 6-degree-of-freedom robotic gait simulator. Motion capture 
cameras were used to collect joint kinematics throughout simulations of the stance phase. Simulations were performed 
for the intact and sequential arthrodesis conditions of the first, second, and third TMT joints. The sagittal, coronal, 
and transverse plane rotational kinematics of the intact condition were compared to kinematics after each sequential 
arthrodesis condition.
Results: Sequential arthrodesis of the first and second TMT joints had no significant effect on ankle, subtalar, talonavicular, 
and first metatarsophalangeal joint motion during simulated stance when compared to the intact condition. In contrast, 
inclusion of the third TMT joint into the sequential arthrodesis significantly increased subtalar inversion (P = .032) in late 
stance and increased range of motion values in the ankle and subtalar joints by 2.1 degrees (P = .009) and 2.8 degrees (P 
= .014), respectively.
Conclusion: Sequential primary arthrodesis induced changes to ankle and adjacent joint kinematics during stance phase 
simulations, although not until the third TMT joint was included into the primary arthrodesis. The significant changes to 
kinematics due to arthrodesis of the first, second, and third TMT joints were small.
Clinical Relevance: The minimal changes in sagittal, coronal, and transverse plane rotational kinematics support the 
positive clinical outcomes reported in the literature for primary partial arthrodesis of Lisfranc injuries. The inclusion of the 
third TMT joint should be done judiciously.
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considered an effective surgical management strategy for 
Lisfranc injuries.

Despite positive outcomes observed clinically, the effect 
of primary arthrodesis for Lisfranc injuries on mechanics of 
adjacent joints remains unclear. Arthrodesis of joints with 
substantial motion during activity, such as subtalar or ankle 
joints, are known to result in significant changes to adjacent 
joint kinematics, which may promote degenerative changes 
with repeated use.8,25 In contrast, motion in the first to third 
TMT joints is minimal because of the limited motion inher-
ent in the medial and middle columns of the foot.13,18 
Therefore, advocates for arthrodesis in the setting of 
Lisfranc injures often assume that first to third TMT 
arthrodeses induce minimal changes to overall biomechani-
cal changes in the foot. However, there is limited evidence 
to objectively support this widely held belief other than to 
confirm minimal motion within the midfoot joints.13,16 
Therefore, we sought to investigate the subsequent biome-
chanical effect of primary arthrodesis of the first, second, 
and third TMT joints.

In this study, our goal was to compare the kinematics of 
the ankle, subtalar, talonavicular, and first metatarsopha-
langeal (MTP) joints during simulations of stance before 
and after sequential arthrodesis of the first, second, and 
third TMT joints. We achieved this by simulating stance in 
cadaveric foot and ankle specimens using a robotic gait 
simulator to measure changes in joint kinematics following 
each sequential arthrodesis of the first 3 TMT joints. We 
hypothesized that the sequential arthrodesis of first, sec-
ond, and third TMT joints would not significantly change 
the rotational kinematics of the ankle and adjacent joints.

Methods

Specimen Preparation

Ten midtibia cadaveric specimens (6 female; mean age, 77 
years at the time of death; range, 68-83 years) with no history 
of foot and ankle surgery were used in this study with 
Institutional Review Board approval (IRB14010). Specimens 
were examined by fluoroscopy for any fractures and arthritic 
changes at the foot and ankle. In addition, a fellowship-
trained foot and ankle surgeon manually evaluated the range 
of motion at the toes, subtalar joint, and ankle joint to confirm 
that specimens did not have any condition that would affect 
motion of the midfoot. Specimens were prepared by excising 
all soft tissue from 10 cm proximal to the ankle joint. The 9 
extrinsic tendons were isolated from muscle tissue, and the 
proximal tibia was then potted in poly-methyl methacrylate 
to attach each specimen to the simulator. Bone pins were 
inserted into 12 bones of the foot and ankle: tibia; talus; cal-
caneus; navicular; first, second, and third cuneiforms; first, 
second, and third metatarsals; and the first phalanx. 
Fluoroscopic images were taken to ensure that the pins did 
not protrude through the bones and disrupt joints. A cluster of 
4 retroreflective markers were then attached to each bone pin 
to track motion during the gait simulations.

The specimens were prepared for 4 total testing conditions 
(Figure 1). The conditions were prepped and tested on the 
simulator in sequential order: intact, arthrodesis of the first 
TMT joint (TMT1), arthrodesis of the first and second TMT 
joints (TMT12), and arthrodesis of the first, second, and third 
TMT joints (TMT123). Each joint was prepared for arthrod-
esis by excising soft tissue around the joint without denuding 

Figure 1. Schematic of the protocol for stance phase simulations. All specimens underwent sequential arthrodesis of the medial 3 
TMT joints using dorsal Lisfranc plates.
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the articular surface of the joint or sectioning of the Lisfranc 
ligament. Simulated arthrodesis was performed through 
attachment of a dorsal Lisfranc plate (Gorilla Lisfranc Plate; 
Paragon 28, Englewood, CO) across the joint while it was 
being held in a neutral position. Each plate was secured by 
inserting 2.7-mm and 3.5-mm locking screws into the cunei-
form and the corresponding metatarsal bones (Figure 2). 
Fluoroscopic images were taken in the axial and sagittal 
planes to ensure proper placement of the plate across the joint.

Robotic Gait Simulator

A 6-degree-of-freedom robot was used to simulate the 
stance phase of healthy level walking in the cadaveric spec-
imen before and after each sequential TMT joint arthrodesis 
condition. The previously validated robotic gait simulator 
incorporates a force plate trajectory developed from in vivo 
inputs from healthy human subjects to replicate ground 
reaction forces and kinematics in cadaveric specimens.2,13 
Briefly, a simulation began by first securing the potted tibia 
to a static mounting fixture on the robot frame. The proxi-
mal Achilles tendon was then secured to a linear actuator 

with an aluminum clamp, and the proximal ends of the 8 
smaller tendons were grasped with a clove hitch knot rein-
forced with a screw and nut to attach to linear actuators, 
following a previously developed protocol.2 The linear 
actuators applied physiologic muscle forces at times 
throughout the stance phase based on the literature and in 
vivo measurements.2,13 The stance phase was simulated by 
rotating a force plate into position around the stationary 
tibia to re-create the in vivo ground reaction forces while 
the actuators were applying the corresponding muscle 
forces. An iterative fuzzy logic controller was then used to 
adjust the force plate trajectory and the forces of the Achilles 
and tibialis anterior tendons until optimized to replicate the 
in vivo ground reaction force inputs used as targets. All 
simulations were conducted at one-sixth the average time of 
in vivo stance and at one-quarter bodyweight (3.6 seconds 
and 175 N, respectively), which mitigated the risk of dam-
aging specimens and has been validated to replicate the 
kinematics produced during full bodyweight loading.2 An 
8-camera motion capture system (Vicon Industries, Oxford, 
UK), with 4 MP resolution resulting in the joint rotation SD 
of ±1.2 degrees, was fixed to the robot frame and oriented 
to track the retroreflective markers attached to the specimen 
bones throughout each simulation.

Simulations of the stance phase with the optimized tra-
jectory were recorded 3 times per specimen for each condi-
tion to ensure repeatability of the condition while collecting 
marker position data. In total, the motion of the bones was 
collected during 3 stance phase simulations in 4 conditions, 
resulting in 12 simulations collected for each specimen. 
Following simulation of each condition, the specimen was 
loaded with a 100-N vertical ground reaction force and 
100-N Achilles tendon force to simulate joint orientations 
during a standing pose at approximately one-quarter body-
weight. The marker clusters attached to bones were tracked 
for 1 second in the static standing pose to record the neutral 
position of each bone of interest. The axes of the motion 
capture coordinate system were directed medially, anteri-
orly, and superiorly defining plantar flexion, eversion, and 
adduction as positive values, respectively.2,13

Outcomes

For each condition, the main outcomes of interest were the 
joint rotational kinematics and the functional range of 
motion of 4 major joints of interest during simulated stance: 
the ankle, subtalar, talonavicular, and first MTP joints. Joint 
kinematics were determined by calculating the rotation in 
all 3 planes of motion of the more distal bone in the joint 
relative to the proximal bone throughout the simulation of 
stance. Changes in kinematics during simulations were cal-
culated with respect to the standing pose and reported 
within the motion capture coordinate system defined. Range 
of motion was determined by calculating the difference 

Figure 2. Arthrodesis of the first, second, and third TMT joints 
using dorsal Lisfranc plates. The TMT joints were sequentially 
fused in a medial-to-lateral direction.
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between the maximum and minimum joint rotations 
throughout the simulation of stance. Range of motion for 
the first, second, and third TMT joints were also calculated 
and reported for each condition to characterize motion of 
the TMT joints during stance in the intact and arthrodesis 
conditions. The calculated joint kinematics and range of 
motion were averaged across the 3 simulations collected for 
each condition.

Statistical Analysis

Statistical analyses were conducted to determine if joint 
kinematics and range of motion values during simulated 
stance changed during sequential arthrodesis conditions 
compared to the intact condition. Bias-corrected 95% CIs of 
the arthrodesis conditions and the intact condition were cal-
culated for all joint rotational kinematics in each condition. 
Statistical significance for joint kinematics was determined 
when the 95% CIs did not overlap between conditions.11 
Range of motion was analyzed for the major joints of inter-
est using Wilcoxon signed-rank tests to compare between 
the sequential arthrodesis conditions and the intact condi-
tion. Post hoc analysis was conducted using the Tukey-
Kramer method to investigate multiple pairwise 
comparisons.

A sample size of 10 was based on previous studies that 
reported joint kinematics, which is the primary outcome in 
this study.2,25 A power analysis was made presuming a 
paired t test with mean and 95% CI data average across the 
stance phase and a significance level of .05.2 The analysis 
indicated that 80% power is achievable with 10 specimens 
and an effect size of d = 1, where a 2-degree difference in 
kinematics was detectable.

Results

Rotational motion was measured within the first 3 TMT 
joints during simulations of stance and was reduced with 
sequential arthrodesis conditions. For the intact condition, 
the motion of the first 3 TMT joints ranged from 3.0 to 6.3 
degrees within each plane (Table 1). On average, the third 
TMT demonstrated the most motion overall compared to the 
first and second TMT, although motion for each of the 3 
joints were similar. The primary plane of motion for the first 
and second TMT joint was the transverse plane, while the 
greatest range of motion in the third TMT joint occurred in 
the sagittal plane. Range of motion values of the first TMT 
joint were significantly reduced in the transverse joint (P = 
.002) after first TMT joint arthrodesis. Sequential arthrodesis 
of the second TMT joint further reduced sagittal (P < .001) 
and coronal (P < .001) range of motion in the first TMT 
joint. Further sequential arthrodesis of the third TMT joint 
reduced sagittal (P = .013) and transverse (P = .037) range 
of motion in the second TMT joint, as well as reducing range 
of motion in the sagittal (P = .037), coronal (P = .028), and 
transverse (P = .005) planes in the third TMT joint.

Arthrodesis of the first TMT joint and the combined 
arthrodesis of the first and second TMT joints did not influ-
ence adjacent joint kinematics in the foot during simulations 
of the stance phase. The TMT1 and TMT12 conditions did 
not produce significant changes in the kinematic patterns for 
the ankle, subtalar, talonavicular, or first MTP joints com-
pared with the intact condition (Figures 3 and 4). Additionally, 
the range of motion values for each joint during the simula-
tions were also similar from the intact condition compared to 
the TMT1 and TMT12 conditions (Table 2). With little 
motion produced in the first and second TMT joints to begin 

Table 1. Range of Motion of the First, Second, and Third TMT Joints During Robotic Simulations of Stance Cadaveric Foot and 
Ankle Specimens.a

Joint Plane Intact, degrees

First TMT 
Arthrodesis, 

degrees P12

First-Second 
TMT 

Arthrodesis, 
degrees P13

First-Second-
Third TMT 
Arthrodesis, 

degrees P14

First TMT Sagittal 3.1 ± 1.2 2.0 ± 1.1 .056 1.8 ± 0.7 .001* 2.3 ± 0.8 .130
Coronal 3.0 ± 1.2 2.4 ± 1.5 .176 1.7 ± 0.7 .001* 1.9 ± 0.6 .013*
Transverse 5.2 ± 2.1 2.1 ± 1.0 .002* 2.8 ± 2.4 .021* 2.2 ± 1.0 .004*

Second TMT Sagittal 3.8 ± 1.6 3.1 ± 2.0 .227 2.9 ± 1.3 .164 2.0 ± 1.1 .013*
Coronal 3.7 ± 2.7 3.0 ± 1.9 .239 2.5 ± 1.1 .113 2.1 ± 1.0 .059
Transverse 4.1 ± 2.3 3.6 ± 2.9 .291 3.2 ± 2.3 .173 2.5 ± 1.5 .037*

Third TMT Sagittal 6.3 ± 2.6 4.5 ± 1.8 .003* 5.4 ± 3.3 .313 4.1 ± 1.6 .037*
Coronal 4.5 ± 1.8 4.9 ± 2.6 .370 3.5 ± 1.7 .129 3.0 ± 0.9 .028*
Transverse 5.2 ± 2.5 3.5 ± 1.2 .047 4.6 ± 2.7 .289 2.6 ± 1.0 .005*

Abbreviation: TMT, tarsometatarsal.
aValues reported as the mean ± SD of TMT range of motion simulations of stance. Paired t tests were performed between the arthrodesis conditions 
and intact conditions: P12, P value comparing the first TMT arthrodesis condition to the Intact condition; P13, P value comparing the first-second TMT 
arthrodesis condition to the intact condition; P14, P value comparing the first-second-third TMT arthrodesis condition to the intact condition.
*Significant difference (P < .05) from the intact condition.
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Figure 3. Bias-corrected 95% CIs of the intact and sequential arthrodesis conditions of the ankle and subtalar joint rotational 
kinematics. The average rotational kinematics during the intact condition are denoted with a bold black line. *Statistical significance 
of the intact and the TMT123 condition. There were no significant differences between the intact condition and with the TMT1 and 
TMT2 conditions.

Figure 4. Bias-corrected 95% CIs of the intact and sequential arthrodesis conditions of the talonavicular and first MTP joint 
rotational kinematics. The average rotational kinematics during the intact condition are denoted with a bold black line. There were no 
significant differences in kinematics between the intact condition and any of the arthrodesis conditions for these joints.
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with, any redistribution of joint motion from the arthrodeses 
was not large enough to cause a significant change in motion 
at the ankle and adjacent joints during stance.

In contrast, arthrodesis of the first, second, and third TMT 
joints was influential enough to produce significant changes 
in adjacent joints when compared to the intact condition. 
Subtalar inversion was significantly increased (P = .032) in 
comparison to the intact condition during late stance, 

indicating a slightly more inverted hindfoot during push-off 
with the TMT123 condition (Figures 3E and 5). There were 
no significant changes to kinematics of the ankle, talonavicu-
lar, and first MTP joints (Figures 3 and 4). The TMT123 con-
dition also produced significant changes to the range of 
motion values for joints during the simulations of the stance 
phase. For this condition, the subtalar joint range of motion 
increased by 24% (P = .009) in comparison to the intact con-
dition (Table 2). In addition, transverse rotation in the ankle 
significantly increased by 43% (P = .014). Results from this 
condition indicate the decrease in mobility of the third TMT 
joint resulting from the arthrodesis, along with arthrodesis of 
the first and second TMT joints, significantly influenced the 
ankle and adjacent joint mechanics, although the changes 
detected were minimal.

Discussion

The objective of this biomechanical study was to quantify the 
effects that sequential arthrodesis of the first, second, and 
third TMT joints have on adjacent joint motion during simu-
lated gait. Our results suggest that sequential arthrodesis of 
the first and second TMT joints did not change ankle and 
adjacent joint motion compared to the intact condition. 
Conversely, the ankle and subtalar joints experienced some 
significant alterations in joint kinematics and range of motion 
values after including the third TMT joint in the sequential 
arthrodesis. Although minimal from a clinical perspective, 
the normal range of motion values in the third TMT joint dur-
ing stance were greater than those of the first and second 

Table 2. Range of Motion Values in the Ankle, Subtalar, Talonavicular, and First MTP.a

Joint Range of Motion During Stance Phase Simulations

 Plane Intact, degrees
First TMT 

Arthrodesis, degrees P1

First-Second TMT 
Arthrodesis, degrees P12

First-Second-Third TMT 
Arthrodesis, degrees P123

Ankle Sagittal 15.0 ± 4.5 15.1 ± 3.7 .68 14.7 ± 2.7 .79 15.7 ± 3.0 .61
Coronal 4.4 ± 3.0 4.5 ± 2.4 .89 5.0 ± 3.1 .60 5.4 ± 2.3 .38
Transverse 4.7 ± 1.9 5.1 ± 2.3 .30 5.8 ± 2.9 .73 6.8 ± 2.9 .009*

Subtalar Sagittal 5.4 ± 1.9 5.1 ± 1.6 .63 8.5 ± 2.7 .80 6.9 ± 2.6 .09
Coronal 9.1 ± 1.5 10.1 ± 2.1 .14 9.6 ± 3.3 .49 11.9 ± 2.2 .01*
Transverse 7.7 ± 2.1 8.1 ± 3.3 .93 7.7 ± 2.2 .93 8.3 ± 2.6 .49

Talonavicular Sagittal 8.4 ± 4.3 9.7 ± 4.1 .67 10.5 ± 4.6 .67 10.0 ± 5.8 .61
Coronal 17.7 ± 4.5 19.1 ± 3.9 .44 18.1 ± 4.7 .86 20.0 ± 5.9 .30
Transverse 12.5 ± 3.1 13.7 ± 3.1 .16 14.2 ± 5.2 .39 14.9 ± 5.2 .05

First MTP Sagittal 48.0 ± 5.6 47.0 ± 7.8 .49 42.2 ± 9.9 .09 40.1 ± 10.1 .08
Coronal 10.3 ± 3.8 10.7 ± 3.6 .86 10.9 ± 4.0 .37 10.8 ± 3.2 .64
Transverse 6.3 ± 2.4 5.7 ± 2.9 .44 5.8 ± 2.6 .52 6.3 ± 2.4 .97

Abbreviations: MTP, metatarsophalangeal; TMT, tarsometatarsal.
aValues are given as the mean ± SD of the range of motion of each joint during stance phase simulations. P values are given for comparisons between 
the intact condition and the TMT arthrodesis conditions. P1 denotes comparisons between the intact and first TMT Arthrodesis conditions, P12 denotes 
comparisons between the intact and first-second TMT arthrodesis conditions, and P123 denotes comparisons between the intact and first-second-third 
TMT Arthrodesis conditions.
*Statistically significant (P < .05) differences between intact and arthrodesis conditions.

Figure 5. Bias-corrected 95% CIs of the subtalar joint coronal 
rotation for the intact and TMT123 arthrodesis condition, 
isolated from the other arthrodesis conditions to visualize 
the differences. The average rotational kinematics during the 
intact condition are denoted with a bold black line. *Statistical 
significance between the 2 conditions.
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TMT joints, which may have created slight compensation in 
the adjacent joints following the arthrodesis.

Inclusion of the third TMT joint, the most mobile of the 
first 3 TMT joints, in the sequential arthrodesis was the 
point at which hindfoot kinematics began to significantly 
change. The midtarsal axis functions in conjunction with 
the subtalar joint during stance, where it has been suggested 
that the midtarsal joint becomes rigid when the subtalar 
joint is more inverted. This notion was further supported by 
Blackwood et al3 who reported a decrease in sagittal midtar-
sal motion associated with increased subtalar inversion. 
Although the impact of the slightly inverted heel position 
after primary arthrodesis cannot be determined with the 
current study, decreased eversion motion may impair foot 
adjustment on the ground in some patients, which may 
account for persistent discomfort and inability to return to 
previous activity levels after surgery reported in some 
patients described in previous clinical studies.14,22

A pattern of increasing motion from the first to third TMT 
joints was observed, which supports the column theory that 
characterizes the lateral side of the midfoot as being more 
flexible than the medial columns.10 The third TMT joint had 
double the sagittal plane motion of the first and second TMT 
joints, and the greater loss of motion of the third TMT joint 
following sequential arthrodesis may have led to compensa-
tional adjacent joint motion observed in the TMT123 condi-
tion. Although previous computational studies have reported 
alterations in hindfoot kinematics with the arthrodesis of the 
fourth and fifth TMT joints,28 the relationship between hind-
foot kinematics and the laterality of TMT arthrodesis has not 
been reported in a cadaveric model. Additional research 
needs to be conducted; however, this observation raises ques-
tions about the long-held assumption that the middle column 
is a “nonessential” joint where a loss of motion has minimal 
impact on overall foot function.5,16

Another interesting finding was an increase in transverse 
plane motion at the ankle joint following sequential arthrod-
esis of the first, second, and third TMT joints. Given that 
transverse plane motion is the predominant motion in the 
native TMT joints, this finding could be indicative of com-
pensatory motion occurring at the ankle joint. An abnormal 
talar rotation within the ankle mortise may lead to bony 
impingement at the ankle joint, and a recent study using 
weightbearing computed tomography demonstrated an 
association between abnormal talar rotation and ankle 
degenerative changes.9 Therefore, it may be reasonable to 
investigate ankle radiographs in the long-term follow-up of 
the primary arthrodesis patients, especially in cases of ankle 
pain after primary arthrodesis.

Although the findings of this study show a change in the 
kinematics of some adjacent joints after arthrodesis of the 
first, second, and third TMT joints, the differences observed 
in this analysis were small in magnitude. Despite statistical 
significance, it is unclear whether a 1- to 2-degree change in 
kinematics following arthrodesis represents a clinically 

meaningful difference that would result in further complica-
tions. Because previous studies that have reported successful 
clinical outcomes of primary arthrodesis were mostly based 
on short-term follow-up,20 the long-term consequences of 
such a change is unknown. Given the adjacent joint changes 
observed following the third TMT joint arthrodesis in the 
current study, there may be some utility in carefully eval-
uating whether patients truly require sequential arthrod-
esis of the third TMT rather than routine inclusion of the 
entire medial and middle column in primary arthrodesis 
to minimize potential complications associated with these 
findings.

This study also shares valuable insight into the compen-
satory motion present within the first MTP joint after 
arthrodesis of the TMT joint complex. In previous studies 
based on static cadaveric examination, the dorsiflexion 
motion in the first MTP joint was increased after arthrodesis 
of the first TMT joint.19 Conversely, in our study with simu-
lated gait, no difference was found between the motion of 
the first MTP during intact and arthrodesis conditions dur-
ing stance. We believe that this may have been due to 
inverted hindfoot position during late stance phase, which 
unloaded medial forefoot pressure, resulting in no compen-
satory increase in first MTP joint motion in our study.7

There were limitations associated with this study that 
should be considered. First, the representation of a fusion was 
limited because a true bony fusion cannot be achieved in a 
cadaver model. An additional fixation screw could have been 
used to improve fixation4,6,15; however, arthrodesis of the 
first, second, and third TMT joints resulted in a 40% reduc-
tion in range of motion, which was deemed sufficient for the 
cadaveric representation of the procedures. Additionally, a 
Lisfranc injury was not created for the purposes of testing the 
arthrodesis condition in this study. The decision was made to 
keep the ligament intact to better simulate the stability 
achieved by the fusion construct within our cadaveric model. 
Also, although some kinematic changes were detected, real 
patients may compensate differently based on the sensations 
they have after arthrodesis. Therefore, there could be more 
significant changes and compensation in patients following 
sequential arthrodesis based on their proprioception. Finally, 
because of the repeated measures design of the study and the 
interest in studying the sequential arthrodesis of the first to 
third TMT joints, it is possible that some of the significant 
differences seen after arthrodesis of the third TMT joint 
resulted from repeated testing of the specimens without ran-
domization of the order.

In conclusion, sequential primary arthrodesis induced 
changes to ankle and adjacent joint kinematics during 
stance phase simulations, although not until the third TMT 
joint was included into the primary arthrodesis. This cadav-
eric model supports the favorable clinical outcomes for pri-
mary partial arthrodesis in Lisfranc injuries reported in the 
literature. However, because inclusion of the third TMT 
joint in the sequential arthrodesis significantly altered 
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adjacent joint kinematics, primary arthrodesis in the third 
TMT joint should be carefully evaluated although the influ-
ence of this change needs further investigation.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this arti-
cle. ICMJE forms for all authors are available online.

Funding

The author(s) disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article: 
Supported by a grant from the American Orthopaedic Foot & 
Ankle Society (2018-73-S) with funding from the Orthopaedic 
Foot & Ankle Foundation.

ORCID iDs

Brett Steineman, PhD,  https://orcid.org/0000-0002-7419-6734

Stephanie K. Eble, BA,  https://orcid.org/0000-0002-6425-5112

Scott J. Ellis, MD,  https://orcid.org/0000-0002-4304-7445

References

 1. Alcelik I, Fenton C, Hannant G, et al. A systematic review 
and meta-analysis of the treatment of acute Lisfranc injuries: 
open reduction and internal fixation versus primary arthrod-
esis. Foot Ankle Surg. 2020;26(3):299-307.

 2. Baxter JR, Sturnick DR, Demetracopoulos CA, Ellis SJ,  
Deland JT. Cadaveric gait simulation reproduces foot and 
ankle kinematics from population-specific inputs. J Orthop 
Res. 2016;34(9):1663-1668.

 3. Blackwood CB, Yuen TJ, Sangeorzan BJ,  Ledoux WR. 
The midtarsal joint locking mechanism. Foot Ankle Int. 
2005;26(12):1074-1080.

 4. Buda M, Hagemeijer NC, Kink S, Johnson AH, Guss D,  
DiGiovanni CW. Effect of fixation type and bone graft 
on tarsometatarsal fusion. Foot Ankle Int. 2018;39(12): 
1394-1402.

 5. Clare MP. Lisfranc injuries. Curr Rev Musculoskelet Med. 
2017;10(1):81-85.

 6. Ettinger S, Hemmersbach L-C, Schwarze M, et al. 
Biomechanical evaluation of tarsometatarsal fusion compar-
ing crossing lag screws and lag screw with locking plate. Foot 
Ankle Int. 2022;43(1):77-85.

 7. Hadfield MH, Snyder JW, Liacouras PC, Owen JR, Wayne 
JS,  Adelaar RS. Effects of medializing calcaneal osteotomy 
on Achilles tendon lengthening and plantar foot pressures. 
Foot Ankle Int. 2003;24(7):523-529.

 8. Hutchinson ID, Baxter JR, Gilbert S, et al. How do hindfoot 
fusions affect ankle biomechanics: a cadaver model. Clin 
Orthop Relat Res. 2016;474(4):1008-1016.

 9. Kim JB, Yi Y, Kim JY, et al. Weight-bearing computed 
tomography findings in varus ankle osteoarthritis: abnormal 
internal rotation of the talus in the axial plane. Skeletal Radiol. 
2017;46(8):1071-1080.

 10. Komenda GA, Myerson MS,  Biddinger KR. Results of 
arthrodesis of the tarsometatarsal joints after traumatic injury. 
J Bone Joint Surg Am. 1996;78(11):1665-1676.

 11. Lenhoff MW, Santner TJ, Otis JC, Peterson MG, Williams 
BJ,  Backus SI. Bootstrap prediction and confidence bands: 
a superior statistical method for analysis of gait data. Gait 
Posture. 1999;9(1):10-17.

 12. Levy CJ, Yatsonsky D, Moral MZ, Liu J,  Ebraheim NA. 
Arthrodesis or open reduction internal fixation for Lisfranc inju-
ries: a meta-analysis. Foot Ankle Spec. 2022;15(2):179-184.

 13. Lundgren P, Nester C, Liu A, et al. Invasive in vivo measure-
ment of rear-, mid-and forefoot motion during walking. Gait 
Posture. 2008;28(1):93-100.

 14. MacMahon A, Kim P, Levine DS, et al. Return to sports and 
physical activities after primary partial arthrodesis for Lisfranc 
injuries in young patients. Foot Ankle Int. 2016;37(4):355-362.

 15. Marks RM, Parks BG,  Schon LC. Midfoot fusion technique 
for neuroarthropathic feet: biomechanical analysis and ratio-
nale. Foot Ankle Int. 1998;19(8):507-510.

 16. Meulenkamp B, Sharr J,  Buckley R. Ligamentous Lis 
Franc injury: ORIF or primary arthrodesis? Injury. 2019;50 
(12):2155-2157.

 17. Myerson MS, Fisher RT, Burgess AR,  Kenzora JE. Fracture 
dislocations of the tarsometatarsal joints: end results correlated 
with pathology and treatment. Foot Ankle. 1986;6(5):225-242.

 18. Ouzounian TJ,  Shereff MJ. In vitro determination of midfoot 
motion. Foot Ankle. 1989;10(3):140-146.

 19. Perez HR, Reber LK,  Christensen JC. Effects on the metatar-
sophalangeal joint after simulated first tarsometatarsal joint 
arthrodesis. J Foot Ankle Surg. 2007;46(4):242-247.

 20. Qiao Ys, Li Jk, Shen H, et al. Comparison of arthrodesis  
and non-fusion to treat Lisfranc injuries. Orthop Surg. 2017; 
9(1):62-68.

 21. Rammelt S, Schneiders W, Schikore H, Holch M, Heineck J,  
Zwipp H. Primary open reduction and fixation compared with 
delayed corrective arthrodesis in the treatment of tarsometa-
tarsal (Lisfranc) fracture dislocation. J Bone Joint Surg Br. 
2008;90(11):1499-1506.

 22. Reinhardt KR, Oh LS, Schottel P, Roberts MM,  Levine D. 
Treatment of Lisfranc fracture-dislocations with primary par-
tial arthrodesis. Foot Ankle Int. 2012;33(1):50-56.

 23. Sangeorzan BJ, Verth RG,  Hansen ST Jr. Salvage of 
Lisfranc’s tarsometatarsal joint by arthrodesis. Foot Ankle. 
1990;10(4):193-200.

 24. Smith N, Stone C,  Furey A. Does open reduction and internal 
fixation versus primary arthrodesis improve patient outcomes 
for Lisfranc trauma? A systematic review and meta-analysis. 
Clin Orthop Relat Res. 2016;474(6):1445-1452.

 25. Sturnick DR, Demetracopoulos CA, Ellis SJ, et al. Adjacent 
joint kinematics after ankle arthrodesis during cadaveric gait 
simulation. Foot Ankle Int. 2017;38(11):1249-1259.

 26. ter Laak Bolk CS, Dahmen J, Lambers KT, Blankevoort L,  
Kerkhoffs GM. Adequate return to sports and sports activities 
after treatment of Lisfranc injury: a meta-analysis. J ISAKOS. 
2021;6(4):212-219.

 27. Van Hoeve S, Stollenwerck G, Willems P, Witlox M, 
Meijer K,  Poeze M. Gait analysis and functional outcome 
in patients after Lisfranc injury treatment. Foot Ankle Surg. 
2018;24(6):535-541.

 28. Wu G, Gu S, Yu G,  Yin F. Effect of different fusion types on 
kinematics of midfoot lateral column: a comparative biome-
chanical study. Ann Transl Med. 2019;7(22):665.

https://orcid.org/0000-0002-7419-6734
https://orcid.org/0000-0002-6425-5112
https://orcid.org/0000-0002-4304-7445

