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Abstract

Recent evidence suggests the patellar tendon undergoes buckling during normal knee flexion,
which likely contributes to the functioning of the extensor mechanism. Thus, evaluating buckling
in patients following total knee arthroplasty (TKA), where extensor mechanism dysfunction
remains a common complication, may be relevant. The study goals were to identify whether post-
TKA patients exhibit differences in patellar tendon buckling from healthy, similarly-aged adults
and whether such buckling correlates with knee and patellar tendon health. Patellar tendon
buckling was assessed during passive knee flexion using ultrasound in post-TKA patients (n=20;
12M, 68+8yrs) and compared with previously reported data from healthy adults (n=12; 12M;
70+8yrs). Patients exhibited significantly larger (p<0.01) buckling magnitude and angles than
healthy adults, and reduced distal buckling was linked with better Knee Society Scores (p=0.04,
R2=0.24). The greater patellar tendon buckling observed in post-TKA patients could arise due to
factors related to the surgery itself (e.g. infrapatellar fat pad resection) or it may be that post-TKA
patients had greater patellar tendon buckling before their procedure. Alterations in patellar tendon
buckling may predispose individuals to post-surgical complications including instability, anterior
knee pain, and extensor mechanism dysfunction, with further work necessary to elucidate potential
links.

Introduction

Total knee arthroplasty (TKA) is one of the most common orthopaedic procedures, with a
prevalence of 4.55% among Americans over the age of 50 [1]. Although TKA success rates
are relatively high, failure within 10 years still occurs in 2-8% of all procedures [2].
Common complications of TKA include instability [3-5], extension deficit, in which
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individuals are unable to actively reach full extension [4,5], and anterior knee pain [6]. The
patellar tendon is a key contributor to knee function and may play a role contributing to
these negative outcomes. Despite this, the complexity of patellar tendon function is still not
fully understood. For example, recent evidence shows that the patellar tendon undergoes
highly non-uniform motion [7-12] and is composed of fascicles with significantly
heterogeneous mechanical properties [13-15]. In addition, recent evidence has suggested that
the patellar tendon undergoes substantial buckling in which the tendon appears to wrinkle or
fold back on itself when extended and passive [16], which may be relevant to knee joint
function, though it remains poorly understood. Until recently, buckling of the patellar tendon
during knee extension was suggested to be indicative of knee pathology [17-19]. Yet recent
work has shown that patellar tendon buckling is largely present in healthy subjects [20], and
is affected by age [21]. The clinical relevance of buckling has yet to be fully elucidated, but
one hypothesis is that it may serve as a mechanical buffer protecting the tendon from sudden
contractions, similar to the function of microstructural tendon crimp [22] and likely plays a
role in the function of the extensor mechanism of the knee. Thus, the restoration of patellar
tendon buckling during TKA may be relevant to the success of the procedure.

Therefore, the goals of this study were to (1) identify whether post-TKA patients exhibit
patellar tendon buckling and at what flexion angles it occurs, (2) assess whether patellar
tendon buckling is correlated with knee and patellar tendon health, and (3) evaluate whether
patellar tendon buckling is different in post-TKA patients compared with healthy, similarly-
aged, adults. In order to address our third goal, previously published data [21] collected by
the same group and using the same methodology were included in the analysis. We
hypothesized that post-TKA patients would exhibit patellar tendon buckling, with larger
buckling magnitudes correlated with poor tendon health, and likewise larger buckling
magnitudes compared with healthy adults.

Ethical approval for this study was received from the Commission for Medical Ethics UZ
KU Leuven #559014. Patients recruited to this study had recently (10-16 months prior,
mean: 14 + 2 months) received a total knee arthroplasty completed by the same surgeon
(author: H.V.). All patients received the same posterior-stabilized implant (Journey Il, Smith
& Nephew, London, UK) with patellar resurfacing, and partial resection of the infrapatellar
fat pad. All patients had been independently considered to have satisfactory procedures,
defined as having no complications, and a satisfactory follow-up consultation. In total, 20
patients were recruited. Results were compared with previously reported data [21] from
healthy, older adults (Table 1).

After providing written consent, all patients completed a VISA-P questionnaire to assess
their current patellar tendon health [23]. Knee Society Scores [24] were also assessed by an
orthopaeadic surgeon. Next, a twin-axis electric goniometer (Biometrics Ltd., Newport, UK)
was secured to the skin, aligned with the midline of the femur at the iliotibial band and the
midline of the fibula to enable knee angle measures. Patients were then seated in an
isokinetic testing device (Biodex Medical Systems, Shirley, NY, USA) with their hip at
approximately 90 degrees. The maximum extension for each patient was determined by
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slowly moving the knee through extension to the point identified by patients as their
maximum comfortable extension; this angle was then recorded. Cycles of passive flexion
and extension between this peak extension and 90 degrees of flexion then commenced, with
a six minute period used as a warm-up to precondition soft tissues [25].

Following the warm-up period, the machine was again used to induce flexion/extension
cycles, with ultrasound radiofrequency (RF) data collected simultaneously. Data were
collected from a 38 mm linear array transducer (L14-5/38, Ultrasonix Corporation,
Richmond, BC, Canada) at 10 MHz and 70 frames per second. The transducer was
positioned randomly over either the proximal or distal tendon, with five trials of one cycle
each collected from each transducer position. Knee angle and ultrasound data were
synchronized using LabVIEW (National Instruments Corporation, Austin, TX, USA). As
has been described previously [16], follow-up trials were performed with a hyperechoic wire
positioned over the tendon to enable the measurement of tendon length changes during the
cycle. To evaluate the magnitude of buckling, we measured the amount of tendon length that
buckles, which is calculated as the difference in the distance between insertion points at
maximum extension and maximum buckling (Fig. 1), normalized to the tendon length at 90
deg. Data were collected for three length trials from the proximal and distal transducer
positions for all subjects [16].

Ultrasound post-processing was performed in MATLAB (R2015B, Mathworks, Natick, MA,
USA). Images were imported and flexion/extension cycles were viewed frame-by-frame
from extension to flexion. The ultrasound frame at which the tendon borders appeared
continuous (e.g. without visible shadows from buckling) was identified, with the analysis
repeated three times to reduce inaccuracy. The knee angle corresponding to this ultrasound
frame was then termed the “buckling angle’ with the analysis repeated for all five distal and
all five proximal trials. The shape of the buckle was also assessed with measurements made
of the largest buckle in terms of its amplitude, width, and distance from the corresponding
anatomical landmark (Fig. 1).

In addition to the ultrasound data, standard-of-care pre- and post-operative x-rays of the
knee were acquired for all subjects with the knee positioned at 30° flexion. Scans were
generally acquired one week preceding surgery, and at least six weeks post-surgery, though
the scan dates did vary somewhat between patients (pre-operative range: 4m-1w, post-
operative range: 6w-1y). Next, from the flexion lateral view, a clinician measured the ratio of
the patellar tendon length to the length of the patella, i.e. the Insall-Salvati index (ISI) [26].

All statistical analyses were performed in SPSS (SPSS Statistics v23, IBM, Armonk, NY)
and Excel (2016 Analysis ToolPak, Microsoft Corporation, Redmond, WA), with p<0.05
taken as significant. First, the pre- and post-operative ISI were compared using paired t-tests.
Next, to address our second research question, possible links between buckling results (distal
buckling angle, proximal buckling angle and magnitude) and VISA-P and KSS scores were
assessed using regression analyses in patients who exhibited buckling. To answer our third
research question to see if there were any significant differences between buckling in post-
TKA patients and healthy controls, t-tests were used to compare patients and healthy adults
in terms of group characteristics (age, height, BMI, VISA-P score and knee society score),
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and buckling results (distal buckling angle, proximal buckling angle, buckling magnitude,
buckle amplitude, buckle width and buckle distance from anatomical landmark). Post-hoc,
intra-class correlation (ICC) coefficients were computed to evaluate repeatability of distal
and proximal buckling angle measures.

Buckling was observed in 18 out of 20 patients, with 17 exhibiting both distal and proximal
buckling. Distal buckling, which was observed in 18 subjects, occurred on average at 27

+ 11 deg of knee flexion. Proximal buckling was observed in 17 subjects and occurred at 24
+ 10 deg of flexion on average. No significant difference between pre- and post-operative
Insall-Salvati Index was observed (p = 0.86).

Knee Society Scores of patients averaged 88 + 8, which puts the average knee condition in
the ‘excellent’ range (above 80), with even the low score of 70 qualifying as ‘good’ [27],
which quantitatively confirms the clinical assessment that all included patients had
satisfactory outcomes. No correlations between the VISA-P and buckling angles or
magnitude were found. However, a significant correlation was found between Knee Society
Score and distal buckling angle, with better Knee Society Scores correlated with smaller
distal buckling angles (p=0.04, R? = 0.24).

No differences between healthy adults and patients were found in terms of age, height, or
maximum extension, but the healthy adults did have a significantly lower weight (p=0.024),
BMI (p=0.008), and better VISA-P scores (p=0.018). Both proximal and distal buckling
angles of patients post-TKA were found to be significantly larger than what was previously
observed in healthy older adults (Fig. 2), who exhibited a distal buckling angle of 15 + 8 deg
(p=0.005) and proximal buckling angle of 11 + 4 deg (p=0.006). Buckling magnitude was
also significantly greater in TKA patients (9.4 + 5.9% vs. 3.7 £ 3.5%; p=0.01). In addition,
patients were observed to have a significantly greater amplitude in both distal (2.4 + 1.2 mm
vs. 1.4 £ 0.7 mm; p=0.009) and proximal (2.3 £ 1.4 mm vs. 1.0 + 0.6 mm; p=0.04) buckles,
but no difference in terms of buckle width or distance from the anatomical landmark. ICC
measures indicated good repeatability between repeat measures of distal and proximal
buckling angles, with values of 0.98 and 0.97 respectively, with 95% confidence interval
above 0.93.

Discussion

Patellar tendon buckling is a relatively understudied physiological phenomenon that may
play an important role in the functioning of the knee joint. Thus, in TKA, where the aim is to
restore normal knee function, it may be relevant to consider the buckling of the patellar
tendon. The goal of this study was to assess whether current patients post-TKA are
exhibiting similar patellar tendon buckling as healthy similarly-aged controls. In this study,
we found that post-TKA patients did exhibit patellar tendon buckling, with better Knee
Society Scores linked with smaller distal buckling angles. We also observed significant
differences in patellar tendon buckling between post-TKA patients and healthy controls,
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with post-TKA patients exhibiting larger buckling angles, greater buckling magnitudes and
greater amplitude buckles.

In contrast with our hypothesis, we found that patients exhibited significantly larger
buckling angles, and buckling magnitudes compared with healthy, similarly-aged adults.
These results were unexpected, as the patients recruited for this study were assessed and
considered to have satisfactory outcomes following their procedure. However, these results
are consistent with prior studies that linked extreme patellar tendon buckling with pathology
[17-19]. Likewise, we also observed that among patients, better performance on the Knee
Society Score was correlated with smaller distal buckling angles. Although the clinical role
of patellar tendon buckling has yet to be elucidated, it appears to be an almost universal
phenomenon inherent in knee flexion. One hypothesis is that such buckling may serve to
protect the tendon from high strains or sudden contractions in a way similar to how
microstructural tendon crimp is hypothesized to serve as a protective mechanism enabling
the tendon to achieve high strains without injury [22]. Likewise, changes in buckling post-
TKA could be an understudied contributor to poor long-term outcomes. For example, a
sudden increase in buckling in the tendon could lead to reduced joint stability, and/or
reduced ability of patients to reach full extension (i.e. extension deficit), two known
complications of TKA procedures [4,5,28]. Significantly reduced buckling, although not
observed here, could also be problematic; a sudden reduction in buckling could expose the
tendon to greater strains, increase the risk of chronic tendon injury, and potentially lead to
anterior knee pain, a known complication of total knee arthroplasty [29]. Thus, patellar
tendon buckling may be a relevant factor to consider, along with other common clinical
parameters (e.g. collateral ligament balancing), during TKA procedures.

Unfortunately, in this study, without pre-operative buckling data, it is unclear whether
differences in patellar tendon buckling occur because of the TKA, or if the increased
buckling in some way contributed to the need for a TKA. In the case of the first, this would
suggest that something in the surgical procedure itself, or in the recovery process, affects
patellar tendon buckling. In terms of the surgical procedure, patella positioning, infrapatellar
fat pad resection, changes in patellar tracking post-TKA, or even microtrauma from the
surgery itself could influence patellar tendon buckling. Comparisons of ISl pre- and post-
TKA showed no significant changes in the ISI, suggesting that patella positioning was not
significantly altered during the surgical procedure. Infrapatellar fat pad resection may also
have played a role in altering patellar tendon buckling. Although a common clinical
procedure [30], there is increasing evidence that such resections may influence the patellar
tendon, both in terms of anterior knee pain and patellar tendon length, though evidence is
conflicting [30]. Interestingly, in addition to the significantly higher buckling magnitude in
patients, we also noted that patients seemed to exhibit a more extreme form of buckling,
with significantly higher amplitude buckles, compared with healthy adults (Fig. 1). The
removal of fat pad tissue might account for this difference, as without the underlying tissue,
there is greater joint space for buckling. Future studies testing this hypothesis could
theoretically quantify the amount of fat pad resection, and/or use a subject-specific finite
element model, to test how fat pad resection may be linked with changes in patellar tendon
buckling.
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On the other hand, it is possible that patients who received TKAs may have already had
differences in patellar tendon buckling relative to healthy adults, which could even have
contributed to their pathology. For example, knee osteoarthritis has been shown to contribute
to quadriceps weakness [31]. Weaker quadriceps would have presumably less passive
stiffness [32] which, due to the patellar tendon’s anatomical function as part of the
quadriceps muscle-tendon unit [33,34], would most likely increase buckling within the
patellar tendon. A potential effect of such extreme buckling is joint instability, which can
lead to abnormal knee joint loading and increased degenerative wear [35]. Pre-operative
differences in patellar tracking could also be relevant to consider. In future studies, it would
certainly be of interest to study patients prior to surgery, though pain could be a limiting
factor during data collection. Alternatively, patients with similar radiographic damage but
significant differences in pain or function could be evaluated to assess whether there are any
links between function, pain and patellar tendon buckling.

An interesting observation is that this study suggested that smaller bucking angles may be
better than larger buckling angles, with both healthy adults and better functioning patients
(as measured with KSS) exhibiting smaller buckling angles. In contrast, our prior work on
age-related changes [21] showed greater buckling angles in young adults (23 + 8 deg)
compared with middle-aged (15 + 4 deg) and older adults (15 + 8 deg) [16,21]. These results
together suggest a new hypothesis regarding patellar tendon buckling that the link between
buckling and knee health may be complex and it may be that both too little and too much
buckling is maladaptive. Whereas too little buckling may expose the joint to high strains, too
much buckling could lead to joint instability. This hypothesis further suggests that there may
be an optimal functional range of buckling, as there are optimal ranges for many other
musculoskeletal parameters (e.g. muscle force-length relationship [18,19]) and
understanding how this functional range may vary within different subject groups could
deepen our understanding of the role that buckling plays in soft tissue mechanics. Recent
observations of buckling in other tissues (e.g. the Achilles [36]) may suggest that buckling is
a common aspect of soft tissue mechanics, but more work is clearly needed to better
elucidate such findings. Also in this study, patellar tendon buckling was observed in all but
two patients, which is consistent with a growing body of work suggesting that buckling is
broadly present and likely an inherent characteristic of knee function [16,21]. It is unclear
why two of the patients did not exhibit buckling, though most likely this was related to an
inability to fully relax in the experimental setup. We have previously observed that buckling
occurs in some individuals only in a hyperextended position [16], and older adults with a
TKA may have been hesitant to reach such an extended posture. Other work on middle-aged
and older adults suggests that inadvertent contraction of the quadriceps may make it difficult
to observe buckling experimentally [21], which most likely accounts for the lack of observed
buckling in two patients. More work is certainly needed to better clarify the function and
prevalence of patellar tendon buckling in order to understand its clinical role.

There are some limitations to this study. The first is the overall sample size is small (n=32),
and the convenience sample of patients and controls means there may have been selection
bias. A second limitation is that without pre-operative buckling data, it is unclear whether
buckling was altered specifically due to the procedure, or whether patients who need a TKA
may have altered patellar tendon buckling pre-operatively. By adding a longitudinal
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assessment of buckling in patients before and after surgery, and also by quantifying surgical
factors such as infrapatellar fat pad resection and patellar tracking, the influence of the
surgical procedure itself on patellar tendon buckling may become more clear. A future study
with a longitudinal component could also include a longer-term follow-up of patients; in this
study, patients were assessed on average 10 months post-surgery which may be an
insufficient amount of time for assessing long-term changes [30]. An inherent limitation of
this study is the use of a 2D imaging modality (ultrasound) to characterize the shape of 3D
tissue. Imaging in 3D could better characterize how buckling alters tendon shape as well as
evaluate whether buckling varies mediolaterally. Additionally, future work could aim to
assess whether there are fundamental differences in patellar tendon buckling in patients with
unsatisfactory outcomes.

Conclusions

There is increasing evidence that patellar tendon buckling is an inherent component of knee
joint behavior. Post-TKA patients were observed to exhibit significantly greater patellar
tendon buckling angles, with greater buckling magnitudes compared with healthy, similarly-
aged, adults. Surgical factors, such as infrapatellar fat pad resection may contribute to the
increased patellar tendon buckling observed. However, this could also arise due to post-
surgical factors, or even contribute to the need for treatment in the first place. Alterations in
patellar tendon buckling may predispose individuals to post-surgical complications including
instability, anterior knee pain, and extensor mechanism dysfunction. Further work is
warranted to better understand the links between patellar tendon buckling, TKA and post-
surgical outcomes, to assess whether buckling should be considered intraoperatively.
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Highlights
Post-TKA patients exhibit greater patellar tendon buckling than healthy adults

In patients, reduced distal buckling was linked with better Knee Society
Scores (p=0.04)

Remains unclear whether buckling arises due to surgery or is a predisposing
factor

Further work needed to clarify links between PT buckling and post-TKA
complications
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Figure 1.
Patellar tendon buckling was observed when the knee was extended. In this post-TKA

patient (F, aged 75 years), both proximal and distal buckling is seen, with a particularly large
amplitude buckle in the proximal tendon. When the knee is flexed, the tibia can be seen to be
rotated, and buckling is extinct. Distances between the nearest buckle and the distal
anatomical landmark (the tibial tuberosity, Dp) and proximal anatomical landmark (the
distal edge of the patella, Dp) were measured. Buckling magnitude was separately calculated
based on tendon lengths measured from images in which a wire was used to measure tendon
length; Buckling magnitude was calculated as the difference in the distance between
insertion points at maximum extension and maximum flexion. Nofe: due to the limited size
of the transducer, proximal and distal data were collected separately in this study. In the
image above, two ultrasound images are shown together for illustrative purposes.
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Figure 2.
Significant differences were observed between post-TKA patients and healthy adults in

terms of proximal (24 £ 10 vs. 11 £ 4 deg of flexion, p<0.01) and distal (27 £ 11 vs. 15+ 8
deg of flexion, p<0.01) buckling angles. No significant differences in maximum extension
were observed (8 + 6 vs. 5 £ 4 deg of flexion, p=0.18).
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Table 1.

Patient and healthy adult information. No differences between patients and healthy adults were found in terms
of age, height, or maximum extension, but the healthy adults did have a significantly lower weight (p=0.024),
BMI (p=0.008), and better VISA-P scores (p=0.018). Knee Society Scores were not available for heathy adult
subjects.

Patients Healthy adults™
Subjects n=20 (12M, 8F) n=12 (7 M, 5 F)
Age (years) 68 + 8 (range: 56-77) 70 * 8 years (range: 56-80)
Height (m) 1.70 £0.10 1.69 +0.12
Weight (kg) 84+ 14 73+13
BMI 295 25%2
Max. Extension (deg. of flexion) 8+6 5+4
VISA-P Score 69 +19 93+7
Knee Society Score 88+8

*
Health adult data were previously reported in [20]
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