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SUMMARY
Tendons are connective tissues with limited healing potential which results in perma-
nently impaired function. Although direct mechanical testing of tendon remains the 
gold standard for functional analyses, this assay is terminal and tracking healing over 
time requires the use of many animals. An alternative method for quantifying tendon 
function is gait analysis, which is non-terminal and enables longitudinal tracking of 
the same animal. To date, commercial systems used to analyze gait are mostly applied 
to study neurobehavior, and applications for tendon research has been limited. Since 
these systems typically output many parameters, it is challenging to know which 
parameter is most relevant for a specific injury model. To address this challenge, we 
used a well-established rodent locomotion system (CatWalk XT) to measure longitu-
dinal gait parameters in sham and Achilles tendon-injured mice (from PREOP to 56 
days post-injury) and identified relevant and reproducible parameters specifically asso-
ciated with Achilles tendon injury and healing. Micro computed tomography (micro-
CT) and mechanical testing also confirmed persistent tendon impairment in the same 
animals at the terminal timepoint. Collectively, our results provide a useful reference 
and recommendation of CatWalk gait parameters and the control comparisons that 
both conserve the use of animals while maintaining high reproducibility standards for 
Achilles tendon injury studies.
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INTRODUCTION
Tendons are dense, fibrous connective tissues that attach 
muscles to bones to transduce force and allow bodily move-
ments. Although tendon injuries are extremely common 
(making up 30-50% of sport-related injuries), tendons heal 
by disorganized, fibrotic scar tissue that does not restore 
full function. For the Achilles tendon, patients at 12 months 
post-treatment still display functional deficits compared to 
the uninjured limb, regardless of surgical or non-surgical 
intervention. This poor innate healing is often accompa-
nied by chronic inflammation and pain which significantly 
decreases quality of life (1, 2).
The mouse has emerged as an important model to investigate 
basic cell and molecular mechanisms of mammalian tendon 
healing, as genetic tools are widely available for mouse and 
the anatomic structure and patterning of tendons closely 

resemble that of humans (3). The gold standard metric of 
functional tendon healing remains tensile testing of dissect-
ed tendon tissues, however other assessments such as limb 
gait can also serve as useful indicators for functional resto-
ration. Key advantages of gait function include its non-in-
vasive and non-terminal nature and the ability to repeated-
ly measure parameters in the same animal over time, thus 
improving reproducibility since pre-operative baseline 
measurements can be acquired and fewer animals are need-
ed. Gait function may also be more relevant clinically, as 
evaluation of tendon healing in human patients frequently 
relies on general limb functional measures, like self-report-
ed assessments of physical activity, as well as physical perfor-
mance tests that evaluate jumping, strength and muscular 
endurance (1), since direct tensile testing of tendons is not 
possible in humans. 
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In rodents, gait outcome parameters are typically obtained 
by collecting and analyzing pawprints using paint (4), 
running wheels, or custom gait arenas. Commercially avail-
able systems such as Digigait, MouseWalker, Treadscan and 
Catwalk XT (5, 6) are also now widely used, particularly in 
the field of neurobehavior. Commercial systems are advan-
tageous from a rigor and reproducibility standpoint in that 
studies can be readily compared across different labs. While 
the Digigait System has been used to test tendon healing 
outcomes in both mouse and rat and parameters associated 
with specific tendon injuries have been reported (1, 7-12), 
there is little information on the other systems, particularly in 
the context of tendon healing. One widely used system orig-
inally developed for spinal injury is CatWalk XT (Noldus 
Information Technologies). Unlike Digigait which relies on 
treadmill running, CatWalk is based on free movement of 
rodents. Paw placement is captured by LED lights emit-
ted in a glass walkway such that pawprints are illuminated 
by light refraction where the paw touches the glass. These 
illuminated footprints are captured by a high-speed digital 
camera and the information is processed by an algorithm 
that generates gait parameters for each limb. The Catwalk 
XT system provides several advantages compared to its 
counterparts; for instance, animal stress is minimized by 
allowing the animal to ambulate freely and a red ceiling light 
is used. Furthermore, the data output better recapitulates 
natural walking habits without potential artifacts resulting 
from forced movement and algorithmic calculations.
Although Catwalk XT is one of the most widely used 
commercial rodent gait systems, there are few studies 
reporting its use for tendon research. As of December 2023, 
a PubMed literature search for “Catwalk XT AND tendon” 
yielded only 8 research articles. The Achilles tendon was 
the focus of 5 out of 8 articles, and partial transection inju-
ry was the most commonly studied (13-16). Other tendons 
examined in the remaining 3 articles included rotator cuff 
and flexor digitorum longus (17-19). In general, most of 
these studies reported a limited number of parameters (in 
some cases only a single parameter was reported), and how 
these parameters were selected was unclear. Since there is 
evidence that presenting one or a few parameters does not 
provide a reliable, accurate description of animal gait (5), 
we focused on comprehensively defining functional gait 
parameters specifically associated with Achilles tendon 
injury and healing using the CatWalk XT system. Since 
full transection of the Achilles tendon is one of the most 
commonly applied injury models in the field and is wide-
ly accessible as no special equipment and limited surgi-
cal expertise is required (20-25), we applied these inju-
ries to mice and identified all of the Catwalk XT hindlimb 
paw statistics indicating either transiently or persistently 

impaired function and identified the most robust controls 
for Achilles tendon gait analyses using this system. Collec-
tively, these results form the basis of our recommendation 
to the tendon injury field for Achilles tendon-relevant gait 
analysis using CatWalk XT.

MATERIALS AND METHODS

Mouse Achilles tendon injury model
20 wild-type C57BL/6 mice were purchased from the Jack-
son Laboratory (Bar Harbor, ME, USA), housed in a patho-
gen-free barrier facility at the Institute of Comparative 
Medicine at Columbia University Medical Center and aged 
to 4 months old when musculoskeletal development is large-
ly complete (26). To account for sex and weight differences 
that are known to affect gait studies (27), equal numbers 
of male and female mice were distributed to two different 
groups undergoing different surgeries: sham injury (10 mice) 
and Achilles tendon transection injury (10 mice). For these 
mice, we found that while males were significantly heavier 
than females, the combined weights of sham vs injured mice 
were not different (appendix 1). Before surgery, animals were 
injected intra-peritoneally with extended-release buprenor-
phine for post-operative pain management, according to the 
manufacturer’s instructions (Ethiqa XR, Fidelis Pharma-
ceutical’s LLC). Sham injuries were carried out on the right 
hindlimb by transecting only the skin adjacent to the Achil-
les tendon which was then closed by one simple continuous 
suture (6-0 non-absorbable polypropylene). Achilles tendon 
transection surgeries were carried out on a separate cohort 
of animals on the right hindlimb, without repair. Following 
tendon transection, skin was closed as in the sham animals. 
All animal procedures were carried out in accordance with 
the Institutional Animal Care and Use Committee guide-
lines at Columbia University (AC-ABN0552 – approval 
date: April 2023). 

CatWalk XT Gait Analyses
Mouse gait was captured pre- and post-operatively using 
the CatWalk XT system (Noldus Information Technolo-
gies). Briefly, mice were allowed to freely ambulate in a 
corridor on a glass plate and illuminated paw prints were 
captured with a high-speed digital camera. Mice were gait-
ed before the surgery (pre-operative, PREOP), and at 3-, 
14-, 28-, and 56-days post-injury (3-56 DPI) to capture 
baseline gait characteristics before tendon injury and 
during various stages of tendon healing and remodeling. 
These timepoints were selected based on our prior research 
in this model characterizing the phases of inflammation, 
cell recruitment, and matrix deposition (8). The following 
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settings were used for all animals at all timepoints: 99% 
allowed maximum speed variation, 1 s minimum run dura-
tion, 20 s maximum run duration, 3-5 minimum compliant 
runs to acquire, 12.4 dB camera gain, 0.1 green intensi-
ty threshold, 17.7 V ceiling light and 18 V walkway light. 
After image acquisition, each video was analyzed individ-
ually to classify any paw placement that wasn’t automati-
cally identified previously through the system algorithm. 
After exporting the data, all 3-5 compliant run parame-
ters were averaged. For the purposes of these studies, we 
only focused our analyses on the right (injured) and left 
(uninjured) hindlimbs of each mouse. The parameters 
listed by the Catwalk XT software as “base of support”, 
“step sequence” and “other statistics” were not analyzed. 
However, all the parameters listed as “paw statistics” were 
examined, except for the toe spread values, which were not 
consistently recorded. Representative images of sham and 
injured mouse hindlimbs at 3 DPI collected by CatWalk 
is shown in figure 1. Analysis of average speeds across 
timepoints for sham and injured mice showed almost no 
change in average speed (appendix 2).

Micro-CT
At 56 DPI, mice were sacrificed, and the Achilles tendons 
dissected for microcomputed tomography (micro-CT) 
imaging, keeping the calcaneus bone and most of the 
gastrocnemius muscle intact. Specimens were maintained 
in PBS at 4 °C until ready for testing the same day. Micro-
CT scans were acquired as previously described (27), 
using the Bruker micro-CT instrument at 55 kVp, with an 
A1 0.25 filter and 6.4 uM resolution with a 0.6° rotation 

step. The images were processed and reconstructed with 
the following softwares: SkyScan NRecon, SkyScan Data-
Viewer, Micro-CT CT-Analyser (Ctan) to obtain the mini-
mum cross-sectional tendon area.

Tensile testing
After micro-CT imaging, the gastrocnemius muscle was 
removed to perform tensile testing as previously described, 
using a custom 3D printed fixture for gripping the calcaneus 
bone which was mounted onto a ElectroForce 3200 mechan-
ical tester (TA Instruments) (28). Tendons were pre-condi-
tioned for 5 cycles between 0.05 N and 2 N, held for 120 
s followed by a ramp to failure at 1% strain/s. Load-defor-
mation curves were generated with Microsoft Excel (version 
16.59) to determine the maximum force achieved and stiff-
ness (linear region). Then, stress-strain curves were generat-
ed to obtain maximum stress, as well as the Young’s modulus 
as previously described (28).

Statistics

Gait
For all gait parameters, we completed ROUT outlier tests 
(Q = 1%) and Shapiro-Wilks normality tests to remove 
prominent outliers and ensure a normal distribution. Signif-
icant differences were detected using ANOVA/mixed effect 
analyses followed by Sidak’s or Dunnett post-hoc testing 
with correction to compare groups. For all comparisons 
(except sham vs injured hindlimb measurements), repeated 
and paired comparisons were used.

Figure 1. Representative CatWalk XT gait data. 
(A) Representative 3-dimensional paw density visualization; (B) Paw print images; (C) Waveforms for Achilles tendon sham and injured hindlimbs.
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Micro-CT and tensile testing
After performing ROUT outlier tests and Shapiro-Wilks 
normality tests as described above, one way ANOVA tests 
with Tukey’s post-hoc comparisons were used to compare 
uninjured, sham, and injured tendons. Uninjured tendons 
were collected equally from sham and injured animals.
For all analyses, significance was set at p < 0.05. All tests were 
completed using the GraphPad Prism software (version 9.5.1).

RESULTS

Identification of relevant gait parameters for 
Achilles Tendon injury 
To identify relevant gait parameters, we initially focused 
on parameters that were consistently changed in a single 
direction (increased or decreased) for injured hindlimbs 
over time relative to pre-operative controls (PREOP) 
(figure 2). Parameters that displayed increased values at 
one timepoint and decreased values at another timepoint 
were not assessed further even if differences were statisti-
cally significant. Out of the six parameters identified meet-
ing these criteria, three showed only transient changes at 3 
DPI (print area, swing, and swing speed) before returning 
to baseline PREOP values from 14 DPI onward (figure 
2). The remaining three parameters (mean intensity, max 
intensity, and duty cycle) showed consistent and persistent 
deficits compared to PREOP at almost every timepoint 
post-injury (figure 2). Analysis of the same parameters in 
sham-injured animals showed either no change (swing, 
swing speed, duty cycle) or inconsistent changes (print 
area, mean intensity, and max intensity) compared to 
PREOP. The inconsistent changes observed were typically 
in the opposite direction observed in tendon-injured hind-
limbs and were inconsistent across timepoints (figure 3). 
We next compared tendon-injured hindlimbs to their 
contralateral uninjured hindlimbs over time. As expect-
ed, no differences were observed between hindlimbs at 
PREOP for any parameter (figure 4). While some param-
eters only showed transient changes at early stages (max 
contact, swing, swing speed, and duty cycle), the param-
eters mean and max intensity both showed consistent-
ly impaired values at all post-injury timepoints (figure 
4). Importantly, there were no differences observed for 
sham-injured hindlimbs and their contralateral uninjured 
hindlimbs for any of these parameters (figure 5). 
Finally, we directly compared sham-injured and tendon-in-
jured hindlimbs and again found no differences in PREOP 
values. We also identified a subset of transiently affected 
parameters (print area, swing, single stance, duty cycle) 
and more consistently impaired parameters (mean and max 

Figure 1. Representative CatWalk XT gait data. 
(A) Representative 3-dimensional paw density visualization; (B) Paw print images; (C) Waveforms for Achilles tendon sham and injured hindlimbs.

Figure 2. Gait parameters associated with Achilles tendon 
transection injury compared to pre-operative values. 
Analysis of the injured hindlimb compared to its own 
pre-operative values identified several gait parameters that 
were significantly changed with injury. 

n = 9-10 mice; *p < 0.05; **p < 0.01; ***p < 0.001.

Figure 3. Analysis of injury gait parameters for sham hind-
limbs compared to pre-operative values.
Analysis of the gait parameters identified in figure 2 for sham hindlimbs 
compared to its own pre-operative values showed some significant chang-
es but in variable direction (higher or lower depending on timepoint). n = 
9-10 mice; *p < 0.05; **p < 0.01.
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intensity). However, significant differences were not detect-
ed at 28 DPI (figure 6). A full list of parameters identified 
(beyond those represented in the figures) is listed in table I.

Tendon mechanical properties are not 
recovered after injury
To confirm that tendon mechanical properties remained 
impaired at the end of the study duration (56 DPI), we 

carried out tensile testing and determined structural 
and material mechanical properties. Micro-CT imaging 
showed the presence of heterotopic ossification within 
both Achilles tendon stubs, as we and others have previ-
ously reported (figure 7A). Consistent with prior liter-
ature (28), stiffness and modulus were also significantly 
decreased for injured tendons relative to both sham and 
uninjured tendons (figure 7B,C). Cross-sectional area 

Figure 4. Gait parameters associated with Achilles tendon transection injury compared to contralateral hindlimb values. Anal-
ysis of the injured hindlimb compared to its own uninjured contralateral hindlimb identified several gait parameters that were 
significantly changed with injury. 
n = 9-10 mice; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Figure 5. Analysis of injury gait parameters for sham hindlimbs compared to contralateral hindlimb values. Analysis of the 
gait parameters identified in Figure 4 for sham hindlimbs compared to their own uninjured contralateral hindlimbs showed no 
significant differences at any timepoint. 
n = 9-10 mice.
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Figure 6. Gait parameters associated with Achilles tendon transection injury compared to sham injured hindlimbs. Analysis of 
the injured hindlimb compared to sham injuries performed on a separate cohort of mice identified several gait parameters that 
were significantly changed with injury. 
n = 9-10 mice; *p < 0.05; **p < 0.01; ***p < 0.001.

Table I. Relevant Catwalk XT parameters to observe functional outcomes of tendon healing following complete Achilles 
transection without repair. 

PREOP RH compared to POST-OP RH Injured/sham RH compared to contralateral LH Injured RH compared to sham RH
Print area - Print area

Max contact (% stand) Max contact (% stand) -

Max intensity at max contact Max intensity at max contact -

Mean intensity at max contact Mean intensity at max contact -

Max intensity Max intensity Max intensity

Mean intensity Mean intensity -

Mean intensity of the 15 most 
intense pixels

Mean intensity of the 15 most intense pixels Mean intensity of the 15 most 
intense pixels

Swing Swing Swing

Swing speed Swing Speed -

Duty cycle Duty cycle Duty cycle

- Max contact area -

- Min intensity -

- Single stance Single stance

was also significantly increased in injured tendons, indic-
ative of fibrotic scar formation. No differences in failure 
properties (max force and max stress) were observed. 

DISCUSSION
In this study, we identified useful and reproducible gait 
parameters associated specifically with Achilles tendon 
injury and healing using the CatWalk XT system. Over-

all, performing paired comparisons between the injured 
and contralateral uninjured hindlimbs yielded the greatest 
number of detectable and reproducible differences. Impor-
tantly, differences in these parameters using the contralat-
eral control limb were highly specific to Achilles tendon 
injury group and the sham group was largely not affected. 
Although we found that comparisons to baseline also yield-
ed consistent results in the Achilles tendon injured limb, the 
sham limbs in this comparison yielded varying and inconsis-
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tent results, which can challenge interpretation. Since direct 
comparisons to sham injury did not produce additional 
parameters of interest and mechanical properties were also 
not altered compared to uninjured, we recommend that 
functional studies focused on Achilles tendon injury and 
healing can reasonably omit a separate sham control group 
in the interest of conserving animal use. Comparing differ-

Figure 7. Tensile mechanical properties are impaired at 56 
days post-injury. 
(A) MicroCT imaging showed the presence of heterotopic ossification in 
the original Achilles tendon stubs at 56 DPI; (B) Tensile structural prop-
erties; (C) material properties show persistent deficits at 56 DPI. n = 9-10 
mice; *p < 0.05; **p < 0.01.

ent animals also might require more stringent weight and 
speed normalization to obtain reliable differences (27). Note 
that our recommendation is limited to the gait and relative-
ly limited mechanical analyses we carried out here, as some 
biological considerations (related to immune responses for 
example) might require separate sham rather than unin-
jured controls. This should be determined in future studies.
In general, we found that differences in intensity measure-
ments (such as max and mean intensity, and other relat-
ed intensity measurements listed in table I), were the most 
consistently associated with Achilles tendon injury in skeletal-
ly mature adult mice. Since intensity measurements depends 
on animal weight, it is possible that these parameters would 
not be useful in younger animals below a certain weight 
threshold, although neurological studies have successful-
ly performed gait analysis in young mice (29, 30). Whether 
tendon injury-induced gait changes can be detected in young 
animals must be determined in future studies. In adults, male 
mice are also typically heavier than female mice (we observed 
~5 g difference in C57/Bl6 mice at this age). We intentional-
ly combined male and female mice in our analyses to deter-
mine whether statistically significant parameters could still 
be detected using minimum animals. Although the study was 
not powered to detect sex differences, when we analyzed the 
parameters separated by sex (n = 5 per group), we did find 
that females generally showed greater variation, which could 
be due to their lower weight and variation in estrus cycle stage, 
which has been shown to affect mouse physical performance 
(31). Ongoing studies will increase sample size for both sexes 

Table I. Relevant Catwalk XT parameters to observe functional outcomes of tendon healing following complete Achilles tran-

section without repair.

PREOP RH compared to POST-OP RH Injured/sham RH compared to 
contralateral LH Injured RH compared to sham RH

Print area - Print area

Max contact (% stand) Max contact (% stand) -

Max intensity at max contact Max intensity at max contact -

Mean intensity at max contact Mean intensity at max contact -

Max intensity Max intensity Max intensity

Mean intensity Mean intensity -

Mean intensity of the 15 most intense pixels Mean intensity of the 15 most intense pixels Mean intensity of the 15 most 
intense pixels

Swing Swing Swing

Swing speed Swing Speed -

Duty cycle Duty cycle Duty cycle

- Max contact area -

- Min intensity -

- Single stance Single stance
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to determine whether any of the parameters may have sex-de-
pendent differences (especially since previous studies showed 
baseline sex differences in material mechanical properties for 
the Achilles tendon) (28). 
While permanent deficits in tendon function were best 
represented by the intensity parameters, we also identi-
fied several parameters that showed transient differences 
only at early timepoints (typically 3 DPI). These parame-
ters may be useful in studies where scar-mediated healing is 
impaired (for example in the presence of genetic mutations 
or experimental interventions such as prolonged inflamma-
tory challenge). Under those scenarios we could anticipate 
that deficits in these typically transient parameters would be 
prolonged into extended timepoints post-injury.
In addition to limitations related to sex, our study also 
focused solely on hindlimb statistics and did not determine 
changes in the forelimbs; there may be additional useful 
parameters associated with compensatory forelimb gait that 
were missed. We also did not include analyses of “base of 
support” and “step sequence” which are associated with 
inter-paw coordination. It is also challenging to separate the 
effects of pain from the injury vs pure functional consider-
ations. It is possible that some of the changes we identified 
are more closely associated with painful behaviors, especial-
ly in the early stages of healing when inflammation is at its 
height. Moreover, another limitation of our studies is the 
lack of habituation to the gait testing facility, and lack of 
training on the runway prior to our longitudinal gait testing. 
This creates greater variability within the data since mice are 
less likely to walk uniformly as they tend to explore their 
surroundings. To only record uniform walking trajectories 
(without standing, stopping etc.), lower maximum allowed 
speed variation settings will be tested in future studies. While 
gait results were confirmed by mechanical function results, 
structure was not evaluated despite the importance of struc-
tural assessment in tendon healing (32). This will be deter-
mined in future studies. Finally, it is important to note that 
the current study focused on tendon transection injury; other 
disease conditions such as more subtle tendinopathy models 
due overuse or fatigue loading (33) will need to be separately 
validated in terms of gait. Despite these limitations however, 

these results provide researchers using CatWalk XT a refer-
ence to decide which parameters are worth examining to 
investigate functional Achilles tendon injury outcomes and 
which controls may be most appropriate. 

CONCLUSIONS
In conclusion, these results demonstrate reproducible 
CatWalk gait parameters that are significantly associated 
with adult Achilles tendon injury and impaired function-
al healing.
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Appendix 1. (A) Average weights of sham and injured groups 
at PREOP; (B) Average weights of males and females at 
PREOP. 
n = 10 mice; ****p < 0.0001.

SUPPLEMENTS

Appendix 2. (A) Average speeds for sham and injured groups 
overtime; (B) Average speeds of injured males and females 
overtime. 
n = 10 mice; *p < 0.05. 




