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Background: Anterior cruciate ligament injury arises when the knee anterior ligament fibers are stretched, partially
torn, or completely torn. Operated patients either end up re-injuring their reconstructed anterior cruciate ligament

or majority develop early osteoarthritis regardless of the remarkable improvements of surgical techniques and the
widely available rehabilitation best practices. New mechanism theories of non-contact anterior cruciate ligament
injury and delayed onset muscle soreness could provide a novel perspective how to respond to this clinical challenge.

Main body: A tri-phasic injury model is proposed for these non-contact injuries. Mechano-energetic microdam-
age of the proprioceptive sensory nerve terminals is suggested to be the first-phase injury that is followed by a
harsher tissue damage in the second phase. The longitudinal dimension is the third phase and that is the equivalent
of the repeated bout effect of delayed onset muscle soreness. Current paper puts this longitudinal injury phase into
perspective as the phase when the long-term memory consolidation and reconsolidation of this learning related
neuronal injury evolves and the phase when the extent of the neuronal regeneration is determined. Reinstating

the mitochondrial energy supply and ‘breathing capacity’ of the injured proprioceptive sensory neurons during this
period is emphasized, as avoiding fatigue, overuse, overload and re-injury.

Conclusions: Extended use, minimum up to a year or even longer, of a current rehabilitation technique, namely
moderate intensity low resistance stationary cycling, is recommended preferably at the end of the day. This exercise
therapeutic strategy should be a supplementation to the currently used rehabilitation best practices as a knee anti-
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Background

Anterior cruciate ligament (ACL) injury arises when the
knee anterior ligament fibers are stretched, partially torn,
or completely torn. The average annual increase of ACL
injuries has shown a gradual increase in the past two dec-
ades among collegiate athletes [1], but similar increasing
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trend could be the case in the non-athlete population as
well. As a result, the number of anterior cruciate liga-
ment reconstruction (ACLR) surgeries has been on the
rise in the past decades. The surgical techniques of ACLR
have gone through remarkable improvements during this
period of time, not to mention the widely available effec-
tive rehabilitation best practices. Nevertheless, some-
thing is missing from current rehabilitation practices,
because emerging evidence supports that majority of
operated patients either end up re-injuring their recon-
structed ACL, or they develop early aging in the form
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of early osteoarthritis (OA) [2]. Noteworthy, there has
been even an estimate that an ACL rupture is accelerat-
ing the aging of the knee by 30 years [3]. New theories
[4, 5] could provide novel perspective how to fill in a sup-
plemental puzzle piece in rehabilitation practices after
ACLR.

Main text

Injury mechanism and the critical role of proprioceptive
sensory neurons

Non-contact ACL injury, involving around 80% of ACL
injuries [1, 6-11], is theorized to be a result of an acute
proprioceptive axon terminal mechano-energetic micro-
damage in the proximal tibia in unaccustomed or stren-
uous eccentric exercise moments [5]. This peripheral
proprioceptive neuronal microlesion could evolve into a
bi-phasic injury mechanism, where the primary proprio-
ceptive impairment could result in a secondary harsher
tissue injury and that is when the ACL injury could also
prevail [5]. The primary injury is theorized to be caused
by the acute compression microlesion of the proprio-
ceptive sensory terminals at the proximal tibia [5]. Part
of the hypothesis that these sensory nerves contribute to
the stretch reflex at the spinal dorsal horn [5].

Accordingly, this proprioceptive neuronal impairment
is suggested to alter the static encoding of the affected
stretch reflex in order to enhance postural control,
enhance anti-gravitational capacity and to enhance shock
attenuation [5, 12]. Spinal and supraspinal changes in the
nervous system due to ACL injury is either established
or suspected [2, 12]. Noteworthy, that the same non-
contact bi-phasic injury and compensatory mechanism is
hypothesized in delayed onset muscle soreness (DOMS)
as well [4]. Moreover, there is evidence that DOMS not
only affects agonist muscles, but ipsilateral antagonist
as well, not to mention the contralateral effect [13—-15].
These findings not only imply the involvement of the
stretch reflex, but a preprogrammed and orchestrated
secondary spinal compensatory mechanism [5, 12, 16]
that certainly alters supraspinal mechanism as well.

It is notable that very small area, approximately 1%, of
ACL consists of proprioceptors and some of them con-
tribute to the position sense of the knee joint [17-19].
Accordingly, the clinical utility of the injured ACL in
ACLR has shown better results [20-22]. More impor-
tantly, the findings that a more extensive bone bruise pre-
vails as a secondary damage [23], due to the hypothesized
primary injury [5], also could imply further compression
or “double crush” proprioceptive neuronal damage [5].
Finally, it’s worth to mention that there is a potential risk
of even further neuronal injury of the infrapatellar branch
of the saphenous nerve during ACLR, when harvesting of
autologous tendons from the gracilis and semitendinosus
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muscles is executed [24—28]. The infrapatellar branch of
the saphenous nerve is implicated even in the primary
injury mechanism of non-contact ACL injury as a nerve
that could innervate the periosteum of the proximal tibia
with proprioceptive contribution to the stretch reflex [5].

Repeated bout effect and memory consolidation

We could possibly learn from the longitudinal dimension
of DOMS and that is the repeated bout effect (RBE). Ini-
tial bout of severe DOMS-inducing unaccustomed exer-
cise entailing eccentric contractions could be evoked for
at least 6 months, but is lost between 9 and 12 months
[12, 29, 30]. Moreover, the repeated bout effect could
be induced on the contralateral side as well [31-33]. We
could translate these findings as, if the preprogrammed
postural control encoding is impaired by this learning
related proprioceptive terminal microdamage or axonal
injury, then a protective, but less efficient and energy
consuming preprogrammed secondary compensatory
messenger pathway is activated on the spinal dorsal horn
with a long-term memory consolidation process [12, 16].
Noteworthy, that these type of impairment is suggested
to be a terminal arbor degeneration (TAD) like lesion at
the proprioceptive sensory terminal and does not come
with a classical Wallerian type neuronal degeneration
process [4]. Furthermore, once full functional regen-
eration of this TAD like lesions occur then the long-
term memory will be extinct between 9 and 12 months.
Important to note, that RBE is considered to be a protec-
tive mechanism [34].

Memory consolidation is a lengthy, time-dependent
process leading to altered and strengthened synaptic
connections between neurons. The memory dimen-
sions of these proprioceptive TAD like lesions entail
several memory pathways, like short-term working
memory, long-term episodic memory, inflammation and
pain memory [12]. Noteworthy, that acute compression
proprioceptive sensory axonopathy induced activated
N-methyl-D-aspartate (NMDA) receptors are suspected
as the primary gate controllers of these memory acquisi-
tion processes [5, 12].

Overall, we have every ground to suspect that ACL
injuries have their own RBE that involves for example
the initiation of fear memory consolidation. The lack of
extinction of this RBE protective mechanism without the
full functional regeneration of these proprioceptive neu-
rons could elongate this ‘third injury phase’ with facili-
tated long-term memory reconsolidation and accelerated
aging. Strategic focus on the maximization of the func-
tional regeneration of these injured peripheral proprio-
ceptive sensory neurons and the minimization of their
long-term memory consolidation processes, including
fear memory, is what seems to be the missing link.
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Cycling and neuronal regeneration

An earlier finding is that long-term or extended, but light
to moderate concentric exercise could alleviate the symp-
toms of the chronic dimension of this type of propriocep-
tive terminal microdamage or axonal injury [4, 35]. These
mechano-energetic TAD like lesions seem to be the con-
sequence of an acute stress reaction (ASR) induced mito-
chondrial energy depletion and mechanical Piezo2 ion
channel microdamage, happening in unaccustomed or
strenuous eccentric, learning related, exercise moments
[4, 12, 36]. Therefore, the proposed strategy is to keep
the mitochondrial ‘breathing capacity’ of these impaired
proprioceptive axon terminals and axons in good shape
or even enhance it with concentric training for at least a
year or even longer, otherwise their functional regenera-
tion could be compromised and the longitudinal memory
consolidation will be facilitated. By doing so, we could
promote a more optimal rehabilitation environment for
these impaired proprioceptive terminals/axons and even-
tually we could prevent reconsolidation or even promote
extinction of injury related memory pathways.

Important to emphasize the significance of these pro-
prioceptive sensory neurons, because they are suggested
to be guiding growth, regeneration and remodelling [4].
Current authors propose that the loss of proprioceptive
regeneration and remodelling capacity could lead to the
‘third injury phase’ or to earlier aging in the form of OA,
due to impaired proprioceptive afferent signalling to
the central nervous system. Therefore, the extent of lost
functional proprioceptive sensory capacity could matter
in regards to long-term outcome.

Moderate evidence is highlighting that the quadri-
ceps torque variability increases over time after ACLR
[37, 38]. Moreover, increased torque variability could be
also observed in osteoarthritic patients [39]. Tayfur et al.
[38] interpreted these findings as the long-term neu-
romuscular alteration of the quadriceps motor control
could be one factor that could potentially contribute to
the onset of knee OA. Current authors are even suggest-
ing that the impaired proprioceptive sensory feedback
could lead to the impaired muscle control proposed by
Tayfur et al. [38] Noteworthy, that the consequence of
TAD like lesions of proprioceptive termnals is theorized
to be inward currents induced exaggerated contractions
and that could eventually contribute to the non-contact
injury of the ACL [5]. Furthermore, arthrogenic muscle
inhibition evolves as a consequence of ACL injury which
is theorized to be part of a preprogrammed protective
secondary compensatory microcircuit [5]. Moderate evi-
dence is showing there is no change in cortical excitabil-
ity or in spinal-reflex excitability in the short-term after
ACL injury [38]. However, strong evidence is showing
that cortical excitability is decreasing and spinal-reflex
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excitability is increasing in the longer term [38]. This
long-term alteration of excitability is suggested by the
current authors to be due to the impaired proprioceptive
sensory feedback as well. It has been postulated that the
precise control of movement is crucial for knee function
[37, 38]. The impaired control may lead to alterations in
joint loading and eventually could lead to degenerative
cartilage changes [37, 38, 40]. Onate et al. [41] used the
analogy for ACLR as a “torn electrical cord is appropri-
ately put back together, but the cord does not properly
conduct electricity in its previous fashion”

Essential part of the recommended strategy is to avoid
further proprioceptive sensory injury, fatigue, overuse
and overloading, especially up to at least one year after
ACLR, because they could facilitate the compensatory
secondary microcircuits with concomitant low-grade
neuroinflammation and detrimental facilitation of long-
term memory reconsolidation [5]. Good news that these
peripheral nerves have a great affinity for regeneration,
but their ‘breathing capacity’ should be reinstated, main-
tained or even enhanced on an extended way by train-
ing and adaptation, because TAD like terminal lesions
and non-contact injuries are fatigue related. It is possible
that the extent of proprioceptive nerve injury due to ACL
injury or ACLR surgery is so high that full functional
regeneration is not feasible and in these cases the ques-
tion is rightly addressed whether “does it ever get back to
normal” [38]. However, even in these cases maintaining
or enhancing the ‘breathing capacity’ of proprioceptive
sensory neurons, besides strength and neuromuscular
functional enhancement, could likely prevent reinjury or
prolong the initiation of OA.

Longitudinal phase of ACL injury and extended cycling
The incidence of second ACL injury rates are reported to
be 23% [42], while early osteoarthrosis evolves in more
than 4/5 of the cases after ACL injury [43]. The suggested
non-pharmacological exercise therapy to prevent or
delay the ‘third injury phase’ could be the extended, min-
imum up to a year, light to moderate home-based con-
centric exercise in the form of stationary bicycle training
with low resistance [12]. The basis of this supplemental
exercise strategy is threefold. First, concentric exercise
enhances aerobic capacity, therefore the mitochondrial
‘breathing capacity’ of the impaired proprioceptive neu-
rons could be maintained or even boosted. Second, exer-
cise with the circumvention of proprioceptive loading is
hypothesised to even promote proprioceptive neuronal
regeneration [12]. Third, we could attenuate supraspinal
loading with low resistance stationary biking [12].
Important to note, that proprioceptive loading has
two dimensions after ACLR. First, the secondary spinal
compensatory mechanism as a result of the neuronal
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microinjury and the resultant spinal loading uses more
synaptic connections which means enhanced neuro-
energetic usage. This secondary compensatory mecha-
nism is theorized to be represented in the delayed latency
of the medium latency response (MLR) of the stretch
reflex and affects the static encoding of the stretch reflex
[5, 12]. Accordingly, there is evidence of delayed latency
of MLR after ACL rupture [44]. The second dimension
of proprioceptive loading is the increased amplitude of
MLR and even enhanced short-latency responses due
to postural threat which also requires neuro-energetic
mobilization in the form of increased stretch reflex
dynamic sensitivity [45]. Noteworthy, that athletes with
ACLR show not only arthrogenic muscle inhibition [5,
46, 47], but increased cognitive loading on neuromuscu-
lar control [47]. The elevated cognitive loading is accred-
ited by current authors to increased postural threat that
might be attributed to the greater knee joint position
sense error even after ACLR and rehabilitation [47].

Indicative from animal studies, that ASIC3 ion chan-
nels, in addition to the primary Piezo2 channels, are
involved in proprioceptive mechanotransduction [48,
49]. Furthermore, it is also demonstrated that the levels
of ASIC3 expression in the dorsal root ganglion of pro-
prioceptive sensory neurons innervating the knee joint in
OA rats showed gradual increase as OA progressed and
they play a critical role in secondary hyperalgesia [50, 51].
Noteworthy, that ASIC3 invokes sustained inward cur-
rents and these inward currents are hypothesized to play
a role in the mechanism of non-contact ACL injury and
in exaggerated contractions [48]. Finally, ASIC3 chan-
nels in the brain alter acid-evoked currents that leads to
fear conditioning [52]. Not surprisingly, postural threat
increases the dynamic sensitivity of the stretch reflex
[45].

Moreover, the two dimensions of proprioceptive load-
ing could be interrelated through GABAergic pathways.
The reduction of GABAergic inhibition in the spinal
cord ventral horn could contribute to the generation of
persistent inward currents and exaggerated quadriceps
contractions [5, 53], as the reduction of GABAergic inhi-
bition within the motor cortex is suspected as a cause
of quadriceps arthrogenic muscle inhibition [5, 54]. In
addition, GABAergic transmission has a role in acquisi-
tion, consolidation, reconsolidation and extinction of fear
memory [55]. It was also demonstrated that ASICs have a
role on GABAergic neuronal activity in the regulation of
hippocampal neuronal activity [56], where fear memory
is encoded [57]. Knee injury-related fear is considered to
be a serious psychological factor inhibiting an athlete’s
return to sports following ACLR [58, 59]. In fact, it could
evolve into conscious “overthinking” or cognitive over-
loading of already learnt, routine, mainly unconscious
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maneuvers [60]. However, current authors argue that
knee injury-related fear has its neuronal roots more on
the periphery, related to the original proprioceptive
microdamage, but certainly the peripheral mechano-
energetic trauma gradually extend its effect to the central
nervous system as suggested by Kakavas et al. [61].

Both of the above proprioceptive loading dimensions
are suggested to be alleviated or circumvented by low
resistance moderate intensity stationary bicycle train-
ing [12]. Moreover, it is important to note that since the
primary injury is proposed to be learning and memory
related [5, 12], therefore using external focus motor
learning techniques in ACLR rehabilitation is preferred
as oppose to internal focus of attention [2], because the
altered supraspinal cognitive loading factor in the long-
term memory consolidation of the primer neuronal
injury is suggested to be minimized [12]. Accordingly,
the theoretical basis for unloading of proprioception by
“closed gate” stationary biking, which is the circumven-
tion of central sensory-loading or supraspinal loading,
is that NMDA receptors of motoneurons could actively
produce intrinsic rhythmic activity along with the central
pattern generators of locomotion on the spinal level [12].

In addition, the symmetric loading and cyclic feature
of cycling have favourable effect on postural control
and gait performance [12] since alleviates the asymmet-
ric joint loading nature of this post-injury state [2]. It is
highly important to emphasize, that following this strat-
egy should be a supplemental exercise therapy, not alter-
native, of the current best practice solutions in ACLR
rehabilitation, including targeting the neuromuscular
control system, sport specific rehabilitation and individu-
ally tailored motor-learning techniques. Not abiding to
extended cycling is hypothesised to increase the likeli-
hood of making ACL injury related spinal and supraspi-
nal changes permanent or even worse, progressive.
Couple weeks of rehabilitative cycling with positive out-
come is not enough time for the proprioceptive nerves
to regenerate, maintain, not to mention enhance ‘breath-
ing capacity. Important to note, that the above moder-
ate intensity low resistance stationary cycling without
substantial proprioceptive loading is recommended after
eccentric muscle actions [62], rehabilitation sessions
and at the end of the day, but not as late to interfere with
sleeping, because lack of sleeping is also a very important
risk factor of neuronal regeneration.

Conclusion

After all, the take away message is not to stop cycling too
early in the rehabilitation process of ACLR, but follow
up on an extended way for at least a year or even longer,
as a knee anti-aging maintenance effort. It needs to be
emphasized that the proposed strategy in perspective
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cannot hurt and is currently in use in the early stage
of ACLR rehabilitation as a best practice solution, but
should be prescribed in an extended way!
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