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The acromioclavicular ligament shows an
early and dynamic healing response
following acute traumatic rupture
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Abstract

Purpose: Symptomatic horizontal instability is clinically relevant following acute acromioclavicular joint dislocations.
However, the intrinsic healing response is poorly understood. The present study sought to investigate time-
dependent healing responses of the human acromioclavicular ligament following acute traumatic rupture.

Methods: Biopsies of the acromioclavicular ligament were obtained from patients undergoing surgical treatment
for acute acromioclavicular joint dislocations. Specimens were stratified by time between trauma and surgery:
group 1, 0–7 days (n = 5); group 2, 8–14 days (n = 6); and group 3, 15–21 days (n = 4). Time-dependent changes in
cellularity, collagen (type 1 and 3) concentration, and histomorphological appearance were evaluated for the
rupture and intact zone of the acromioclavicular ligament.

Results: Group 1 was characterized by cellular activation and early inflammatory response. The rupture zone
exhibited a significantly higher count of CD68-positive cells than the intact zone (15.2 vs 7.4; P ≤ 0.05). Consistently,
synovialization of the rupture end was observed. Within the second week, the rupture zone was subject to
proliferation showing more fibroblast-like cells than the intact zone (66.8 vs 43.8; P ≤ 0.05) and a peak of collagen
type 3 expression (group 1: 2.2 ± 0.38, group 2: 3.2 ± 0.18, group 3: 2.8 ± 0.57; P ≤ 0.05). Signs of consolidation and
early remodeling were seen in the third week.

Conclusions: The acromioclavicular ligament exhibits early and dynamic healing responses following acute
traumatic rupture. Our histological findings suggest that surgical treatment of acute ACJ dislocations should be
performed as early as possible within a timeframe of 1 week after trauma to exploit the utmost biological healing
potential. Prospective clinical studies are warranted to investigate whether early surgical treatment of ACJ
dislocations translates into clinical benefits.

Introduction
Acromioclavicular joint (ACJ) dislocations account for
3–12% of shoulder girdle injuries and occur with an in-
cidence of about 5/100,000 individuals per year [1]. The
optimal therapeutic management has been

controversially discussed over the past decades. In most
European countries, acute high-grade ACJ injuries
(Rockwood type IV and V) are routinely treated surgi-
cally, whereas non-operative therapeutic approaches are
common in Northern America [2, 3]. According to a
survey among orthopedic surgeons in the United States,
the term ‘acute’ was defined as a timeframe of less than
3 weeks after injury [4]. On the contrary, a recent study
defined the term ‘acute’ as < 6 months which reflects the
major controversies on the definition and timing of
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operative treatment [5]. In a French multicenter study,
Barth et al. found superior radiological restoration of the
coracoclavicular distance if surgery was performed
within 10 days after injury [6]. The authors concluded
that surgery performed within the early inflammatory
phase has beneficial effects due to the superior ligament-
ous healing potential compared to delayed treatment.
Though, profound evidence supporting early surgical
treatment in ACJ dislocations based on experimental
studies on the intrinsic healing response is lacking. Des-
pite technical advancements in acute ACJ stabilization
including acromioclavicular reconstruction and cerclage,
persistent dynamic horizontal instability (DHI) still re-
flects a clinically relevant issue [7–9]. Symptomatic DHI
occurs in 50% following acute ACJ stabilization and can
only be partially addressed by additional acromioclavicu-
lar stabilization techniques [7, 10–12]. Recent biomech-
anical studies showed that the anatomical repair of the
entire superior acromioclavicular ligament complex
(ACLC) may restore posterior and rotational stability of
the ACJ [13, 14]. Though, methodological limitations of
experimental biomechanical cadaveric studies have to be
considered. Causatively, insufficient intrinsic healing of
the acromioclavicular ligament complex can be assumed
as a major cause of persistent symptomatic DHI. Add-
itional causes may be technical failures (e.g. malposition/
widening of bone tunnels) [14] or implant failure (dis-
location/breakage, peri-implant fracture) [15, 16]. Histo-
morphological studies of the anterior cruciate ligament
(ACL) and medial collateral ligament (MCL) of the hu-
man knee joint described specific overlapping phases of
healing (inflammation, proliferation, and remodeling)
and found fundamental differences between intraarticu-
lar and extraarticular ligaments [17–24]. In a rabbit
model, Menetrey et al. described a superior healing po-
tential of MCL tears compared to ACL tears [22]. The
authors found a significant increase of αSMA-positive
myofibroblasts within 3 days after injury in MCL tears,
suggesting the existence of an early dynamic healing re-
sponse. Correspondingly, the human ACLC as an ana-
tomically comparable periarticular ligament could
exhibit similar dynamic healing responses.
The purpose of this experimental study was to investi-

gate time-dependent histological changes of the human
ACLC following acute traumatic rupture. Specifically, we
wanted to evaluate whether early surgical intervention
may be associated with intrinsic biological benefits in
operative treatment of acute ACJ dislocations.

Methods
Study population
Between January 2014 and July 2016, a prospective, ex-
perimental single-center study was conducted in patients
undergoing surgical treatment for acute-traumatic ACJ

dislocations utilizing hook plate stabilization. The study
was approved by the local institutional review board
(protocol number 490/13) and informed consent was ob-
tained from all patients before surgery and study partici-
pation. Inclusion criteria were age ≥ 18 and ≤ 60 years
and presence of an isolated acute traumatic, full-
thickness ACJ dislocation (Rockwood type 4 or 5). Pa-
tients with (1) chronic ACJ dislocations (> 21 days after
trauma), (2) radiological signs of ACJ osteoarthritis, (3)
history of previous ACJ injury or surgery and/or (4) co-
morbidities with assumable impairment of ligament
healing (e.g. malignancies, immunosuppression, diabetes)
were excluded. Indication for surgery was not influenced
by the patient’s decision on study participation. During
the study period, 15/64 (23%) of eligible patients were
included. Forty nine patients were excluded as they re-
fused to participate in the study (n = 33) or lacked de-
tailed documentation (n = 16).
Patients were stratified according to the time interval

between trauma and surgery: group 1 (< 7 days; n = 5),
group 2 (8–14 days; n = 6), and group 3 (15–21 days; n =
4).

Surgery and biopsy
A coronal slice biopsy of the posterior aspect of the su-
perior ACLC was harvested according to a standardized
protocol during surgery. All surgeries were performed
by two board-certified orthopedic surgeons (D.M. and
K.I.). Mini-open anatomic ACJ reduction and hook plate
stabilization were conducted as described previously
[25]. A 2-mm-thick coronal slice biopsy involving the
entire medial-to-lateral extension of the ACLC was har-
vested from its posterior aspect using a scalpel. The su-
perior part of the intact insertion zone was marked with
a tracking suture to ensure reliable identification of the
intact zone (IZ) and rupture zone (RZ) during histo-
logical assessment. All biopsies were immediately sub-
mitted to the laboratory for freezing and cryosectioning.

Histology
Tissue samples were immersed in isopentane and em-
bedded in Tissue Tek, O.C.T.™ compound (Sakura Fine-
tek Europe B.V., Alphen aan den Rijn, Netherlands) for
flash freezing. Hereafter, samples were cut with Cryostat
Leica CM3050 S (Leica Biosystems Nussloch GmbH,
Nussloch, Germany) into 7-μm-thick slices that were
transferred to microscopic slides (Carl Roth, Karlsruhe,
Germany) and stored at − 80 °C until staining. Giemsa
staining was used to evaluate cellularity, cell morph-
ology, and extracellular matrix configuration.

Immunohistochemistry
Immunohistochemistry (IHC) was performed using the
ZytoCHEM-Plus HRP Polymer-Kit (ZYTOMED
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Systems, Berlin, Germany). Initially, sections were fixed
with formalin (Roti®-Histofix 4%, Carl Roth, Germany),
followed by blocking of endogenous peroxidase activity
by incubation with 3% hydrogen peroxide (Carl Roth
GmbH + Co. KG, Karlsruhe, Germany). Tissue sections
were then incubated overnight with mouse monoclonal
or rabbit polyclonal antibodies against the myofibroblast
marker alpha-smooth muscle actin (α-SMA), (Abcam;
Cambridge, United Kingdom; ab7817; 1:100); the macro-
phage marker CD68 (DakoCytomation, Glostrup,
Denmark; M0718; 1:50); collagen type 1 (Abcam;
ab6308; 1:100); and collagen type 3 (Abcam; ab7778; 1:
500). The AEC Substrate Kit (ZYTOMED Systems,
Berlin, Germany) was then used for visualization of HRP
activity (bound antibody complex) in brown-red color.
After immunostaining, sections were counterstained
with hematoxylin (Haematoxylin QS, VECTOR,
Germany) and mounted in Faramount Aqueous Mount-
ing Medium (DakoCytomation, Glostrup, Denmark).

Digital image analysis
Images were captured with a camera-assisted Olym-
pus X53 microscope (camera model UC50) using
OLYMPUS Stream Image Analysis Software 1.9
(Olympus Corporation, Tokyo, Japan). Within each
specimen, three high power fields (HPFs) with a mag-
nification of 400× per staining were randomly chosen
within the RZ and intact insertion zone IZ of the
ACLC. Analysis of the intact ACLC insertion zone
(control) served as an intra-individual reference for
the evaluation of time-dependent histological changes
within the RZ. An experienced expert in musculoskel-
etal histology (A.B.) performed a descriptive analysis
of histomorphological changes. Cellular analysis was
simultaneously carried out by three investigators
(D.M., L.T., and K.I.) following a consensus principle
and consisted of the total cell count, and the counts
of αSMA-positive (myofibroblasts), CD68-positive (in-
flammatory cells), and fibroblast- and fibrocyte-like
cells. Fibroblast-like cells were defined as cells exhi-
biting a nuclear aspect ratio (NAR) ≥5, whereas cells
with an NAR < 5 were considered as fusiform,
fibrocyte-like cells [26, 27]. Total collagen type 1 and
3 contents were evaluated with the modified Remmele
score consisting of a 5-point-scale semi-quantitative
score (range, 0–4) [24]. A score of 0 was indicative of
no collagen content (negative control), while a score
of 4 corresponded to a maximum amount of collagen
(positive control). Polarized light microscopy was used
for crimp length analysis. Crimp length was measured
in μm as the distance between crimp wave apexes
(OLYMPUS Stream Image Analysis Software 1.9). Any
interobserver differences were resolved by consensus
decision.

Statistical analysis
Statistical analysis was performed using SPSS v22 (IBM,
Armonk, NY, USA). Descriptive results are given as
mean values with ranges or standard deviations (± SD).
Normality of data was tested using the Kolmogorov–
Smirnov test. Normally distributed data were analyzed
with two-way factorial ANOVA to determine statistically
significant intergroup differences. Intragroup differences
(IZ vs RZ) were analyzed with the paired t-test. Inter-
group demographic parameters were compared with chi-
square testing. Significance levels were set at two-tailed
P < 0.05 with Bonferroni post-hoc testing to adjust for
multiple group comparisons.

Results
Baseline characteristics
Fifteen patients (1 woman, 14 men) with acute-traumatic
ACJ dislocations (Rockwood type 4 or 5) were included in
the study (mean age: 37.3 ± 4.56 years; range: 19–54 years;
Table 1). Trauma was induced by bicycle and motorbike
accidents as wells as high-impact, sports-associated falls
onto the lateral shoulder girdle. Patients were assigned to
three groups according to time intervals between trauma
and surgery (Table 1). Intraoperatively placed tagging su-
tures allowed for reliable identification of the IZ and RZ.
Localizations of all ACLC rupture sites could be con-
firmed histomorphologically by Giemsa staining and po-
larized light crimp analysis (Fig. 1).

Time-dependent healing response
Cellularity
The total cell count (cells/HPF) in the RZ increased sig-
nificantly from group 1 (48.1/HPF) to group 3 (149.7/
HPF; P ≤ 0.05). Additionally, there were significant dif-
ferences in total cell count between the RZ and IZ

Table 1 Demographic characteristics of the study population

Group 1
(0–7 days)

Group 2
(8–14 days)

Group 3
(15–21 days)

P value

Group size (n) 5 6 4

Mean age (years±SD) 31.6 ± 11.2 37.7 ± 12.6 42.8 ± 8.1 0.402

Sex

Female (n) 0 1 0 0.447

Male (n) 5 5 4

Injured side

Left (n) 2 1 2 0.509

Right (n) 3 5 2

Rockwood classification

Rockwood 4 (n) 1 1 3 0.118

Rockwood 5 (n) 4 5 1

SD Standard deviation

Maier et al. BMC Musculoskeletal Disorders          (2020) 21:593 Page 3 of 11



groups in group 2 (58.4/HPF vs 83.3/HPF; P < 0.05) and
group 3 (90.7/HPF vs 149.7/HPF) (P < 0.05).

Fibroblasts
The total count of fibroblast-like cells in the RZ indi-
cated a peak of group 3 within the third week (Fig. 2). A
significant cell count difference was observed between
the RZ of group 1 and group 3 (32.5/HPF vs 107.8; P <
0.05). Additionally, significant intragroup differences be-
tween RZ and IZ were found in groups 2 and 3 (group
2: 66.8/HPF vs 43.8/HPF, group 3: 107.8/HPF vs 50.8/
HPF; P < 0.05).

αSMA-positive cells
The total cell count in the RZ increased from week 1 to
week 3 after the trauma, however, this difference was

not statistically significant (p = 0.074; Fig. 3). Qualitative
assessment of αSMA-positive cells utilizing IHC con-
firmed the time-dependent increase (Fig. 4).

CD68-positive cells
Total cell counts in the RZ did not significantly differ
among the three groups (Fig. 5; group 1: 15.2/HPF,
group 2: 17.9/HPF, group 3: 15.6/HPF). However, in
the first week after trauma, an already significantly
higher count of CD68-positive cells was seen in the
RZ compared to the IZ (15.2/HPF vs 7.4/HPF; P ≤
0.05). Over time, the proportion of CD68-positive
cells in the RZ significantly decreased from 36.7%
(group 1) to 12.7% (group 3; P < 0.05). Cell counts
within the IZ were lower than in the RZ in all inves-
tigated biopsies (Fig. 5).

Fig. 1 Biopsy of the superior ACLC harvested from a patient 5 days after injury (group 1). Asterisks indicate the rupture zone. a macroscopic
aspect of the entire biopsy. b Giemsa staining. c polarized light microscopy
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Fig. 2 Time-dependent changes in the cellularity of fibroblast-like cells

Fig. 3 Time-dependent changes in the cellularity of αSMA-positive cells
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Fig. 4 Immunohistochemical assessment of αSMA-positive cells. Rupture zones: a (group 1), b (group 2), c and (group 3). Intact zones: d (group
1), e (group 2), f (group 3). Magnification: 400×, scale bars: 20 μm

Fig. 5 Time-dependent changes in the cellularity of CD68-positive cells
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Collagen content
The semi-quantitative assessment of collagen 3 content
(modified Remmele score) within the RZ was 2.2 ± 0.38,
3.2 ± 0.18, and 2.8 ± 0.57 in groups 1, 2, and 3, respect-
ively (Fig. 6). Within the first week after trauma, an
already marked increase of collagen 3 within the RZ
compared to the IZ (Fig. 6a, d) was observed. The RZ of
group 2 (2 weeks after trauma) comprised the highest
collagen 3 content (Fig. 6e) within the entire timeframe
of 3 posttraumatic weeks (P < 0.05). In group 3, the col-
lagen 3 content slightly decreased within the RZ, and
parallel reorganization of collagen fibers was observed
(Fig. 6f). Intergroup comparison of collagen 3 contents
of the IZ showed a time-dependent increase (P > 0.05)
(Fig. 6a, b, c). Contents of collagen 1 were stable
throughout the period of 3 weeks in both the RZ and IZ.
However, a trend for a time-dependent decrease of colla-
gen 1 was observed for IZ across all three groups.

Histomorphology
Rupture zone
In group 1, the RZ showed disorganized and kinked col-
lagen fibers (Table 2 and Fig. 7). Shapes of cells and nu-
clei of fibrocyte-like cells were more spheroid than those
in the IZ, indicating cellular metabolic activity. As early
as within the first week after trauma, increased numbers
of fibroblast-like cells, migrating monocytes, and macro-
phages were found. These cellularity changes were

consistent with an early inflammatory response. In group
2, significant increases of collagen 3 content and
fibroblast-like cells were observed. The second week
after trauma appeared to be the most proliferative phase
showing the highest level of granulation tissue forma-
tion. In group 3, the collagen 3 concentration and
αSMA-positive cell counts remained high but showed a
trend towards decrease when compared to group 2 (P >
0.05). Reorganization of the collagen structure and
normalization of crimp length indicated consolidation
and early remodeling.

Epiligamentous tissue formation
In group 1, synovial coverage occurred at the distal end
of the RZ (Table 3 and Fig. 7a). Small interstitial streaks
of granulation tissue were formed along with disrupted
collagen fiber bundles. In group 2, an inflammatory re-
sponse, progressive formation of granulation tissue, and
strong neovascularization were observed. A notable in-
crease in fibroblast-like cells and activated αSMA-
positive myofibroblasts was also observed (Fig. 7b). Con-
sistent with the histomorphological changes observed
in the RZ, the most proliferative phase occurred dur-
ing the second week after trauma. In group 3, IHC
showed infiltrative granulation of the RZ and strong
neovascularization of the newly formed clot of granu-
lation tissue (Fig. 7b).

Fig. 6 Immunohistochemical assessment of collagen 3 content. Rupture zones: a (group 1), b (group 2), c (group 3). Intact zones: d (group 1), e
(group 2), f (group 3). Magnification: 400×, scale bars: 20 μm
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Discussion
The present study sought to investigate time-dependent
healing responses of the human acromioclavicular liga-
ment following acute traumatic rupture. Outcome re-
veals beneficial intrinsic healing capabilities of the
human ACLC during the first week after trauma. This
work is significant as it substantially influences the clin-
ical management of ACJ dislocations.
Early surgical therapy of acute ACJ appears to be fa-

vorable if surgical treatment is considered. Histologically,
only the first week after trauma can be regarded as the
acute inflammatory phase. Reparative processes (prolif-
eration and collagen 3 synthesis) already peak within the
second posttraumatic week suggesting limited healing
potential. Beginning from the third week after trauma,
the biological healing potential might be insufficient, as
early processes of ligamentous remodeling become evi-
dent. Processes of remodeling and proliferative granula-
tion of the rupture ends were consistently found in all
samples 2 weeks after trauma. Consequently, biological
augmentation with autologous or allogenous tendon
grafts may be favorable after the second posttraumatic
week, if surgical treatment is indicated. At our institu-
tion, conservative treatment is conducted in patients
presenting more than 3 weeks after trauma. Chronic ACJ

reconstruction using an autologous hamstring tendon
graft is then performed if conservative treatment fails.
However, prospective clinical studies are needed to
evaluate whether early ACJ stabilization truly translates
into clinical benefits. Furthermore, cut-off time points
need to be defined for biological augmentation. More-
over, additional histological and biomechanical analyses
should be performed to gain deeper insights into ACLC
tendon graft remodeling.
Ligament healing follows sequential phases of cellular

processes such as inflammation, proliferation, and ultim-
ately remodeling [5, 13] In contrast to bradytrophic ten-
dons, ligaments show a more dynamic and pronounced
biological response to acute injuries as recently demon-
strated for the ACL and MCL of the human knee joint
[24, 28–30]. The present findings indicate that the hu-
man ACLC exhibits early and highly dynamic intrinsic
responses to traumatic rupture. Early cellular changes
comprise activation of fibroblasts and invasion of inflam-
matory cells. Chemotaxis of macrophages with a marked
increase of CD68 expression was observed within the
first week after trauma. In the second posttraumatic
week, the maximum peaks of αSMA expression and col-
lagen type 3 were observed indicating high proliferative
activity and scar tissue formation. Moreover, the synovial

Table 2 Time-dependent histomorphological changes within the rupture zone

Group (time) Histomorphological changes within the rupture zone

Group 1 (0–7 days) Inflammation

- increase of total cell count and CD68-positive cells

- metabolic activation of fibrocyte-like cells

Group 2 (8–14 days) Proliferation, granulation

- increase of collagen 3 content

- increase of fibroblast-like cells

Group 3 (15–21 days) Consolidation, early remodeling

- reorientation of collagen bundles

- normalization of crimp length

Fig. 7 Time-dependent histomorphological changes within the rupture zone of the ACLC. Magnification: 400× (a), 200× (b, c); scale bars: 20 μm
(a), 50 μm (b, c)
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microenvironment of a full-thickness ACLC tear in-
duced a specific and redundant pattern of healing as ob-
served in the epiligamentous tissue formation at the
rupture site. Within the first week after trauma, synovial
granulation tissue consistently covered the rupture end.
In the second week, this ‘epiligament’ presented infiltra-
tive growth, strong neovascularization, and high rates of
αSMA expression. As previously proven for midsub-
stance ACL tears, αSMA-positive myofibroblasts might
cause retraction and progressive dehiscence of the rup-
ture ends, if operative reduction and stabilization do not
occur promptly [23, 24]. Both pathomechanisms, exces-
sive scar tissue, and epiligamentous tissue formation,
might prevent optimal ligamentous healing and promote
insufficient scar healing within the second posttraumatic
week. These findings strongly suggest that surgical treat-
ment of acute ACLC tears should be performed within
the first posttraumatic week to exploit the utmost intrin-
sic ligamentous healing capabilities.
Clinical findings on ACLC healing are limited to one

MRI-based study displaying hypertrophic consolidation
in all 37 cases that were surgically treated after a mean
time interval of 8.4 days after injury [31]. To our best
knowledge, there is currently no understanding of the
intrinsic healing mechanism of human ACLC. Anatom-
ically, the ACLC represents a ligamentous augmentation
of the superior ACJ capsule and therefore may be con-
sidered as a periarticular ligament [32]. In cases of
complete traumatic rupture, the ACLC is exposed to an
intraarticular, synovial microenvironment. Thus, com-
parisons to other human ligaments, particularly around
the knee joint, might be helpful for the understanding of
ACJ injuries. Past studies have extensively investigated
the healing characteristics of the ACL and MCL. In
1999, Lo et al. [33] described the fundamental ability of
the human ACL to heal. The authors observed scarred
reattachment of tibial ACL remnants onto the posterior
cruciate ligament, a mechanism clinically known as

‘lambda’ healing. More recently, Nguyen and coworkers
[24] performed detailed histological investigations of
spontaneously healed human ACL remnants and found
specific mechanisms of intrinsic healing such as neovas-
cularization and an increase in αSMA-positive myofibro-
blasts as well as collagen type 3 expression. Menetrey
et al. [22] compared healing characteristics of partial
midsubstance ACL tears with complete, midsubstance
(mop-end) MCL tears in a canine knee model. The au-
thors found higher rates of αSMA-positive cells and
TGF-1 expression in MCL than ACL tears, suggesting
the superior healing potential of the MCL compared to
the ACL. As early as 3 days after trauma, a significant in-
vasion of αSMA-positive cells could be detected at the
MCL rupture zone. Both, αSMA-induced activation of
fibroblasts and synthesis of collagen type 3, are known
as essential components of ligamentous healing [34, 35].
Our findings confirm the basic principles of ligament
healing described in previous work.
Biomechanically insufficient ACLC healing is a major

cause of symptomatic DHI following surgical treatment
of acute ACJ dislocations. Current evidence suggests de-
layed surgery to be a risk factor for impaired ACLC
healing. Considering our present findings, we assume
that the ideal timeframe for surgery might be closer than
previously expected. Furthermore, the dynamics and
characteristics of human ACLC healing indicate that the
earliest possible surgical intervention appears most
beneficial in acute high-grade ACJ dislocations. In vivo,
especially the first week after trauma may be regarded as
favorable time of surgical therapy, as the acute phase is
characterized by inflammatory processes and cellular ac-
tivation without the proliferation of extracellular matrix
components. In contrast, proliferative processes includ-
ing collagen type 3 production already peaked within the
second posttraumatic week. Within the third week
(group 3), ligamentous remodeling and a decrease of col-
lagen type 3 expression were apparent suggesting

Table 3 Time-dependent characteristics of epiligamentous tissue formation

Group (time) Characteristics of epiligamentous tissue formation

Group 1 (0–7 days) Synovialization

- synovial coverage of rupture end

- streaky formation of granulation tissue

Group 2 (8–14 days) Inflammation and epiligamentous tissue formation

- increase of αSMA-positive and fibroblast-like cells

- strong expression of collagen 3

- strong formation of the granulation tissue

- full synovial layer of epiligamentous tissue > 10 days

Group 3 (15–21 days) Infiltrative granulation, neovascularization

- neovascularization of newly formed granulation tissue

αSMA Alpha-smooth muscle actin
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insufficient intrinsic healing capacity of the ACLC. This
experimental study further confirms the findings intro-
duced by Barth et al. showing superior results when sur-
gery was performed within a timeframe of 10 days after
acute ACJ dislocation [6]. Hence, we support the au-
thors’ conclusion that surgery should be performed
within the early inflammatory phase before cell repair
mechanisms are initiated.
Our study is associated with strengths and limitations.

Major limitations are the small sample size and lack of a
healthy control group. An a priori power analysis was
not feasible due to the study design and protocol.
Though, previous studies on human ligament healing
had comparable or even smaller sample sizes [22, 23].
For ethical reasons, biopsies of healthy controls could
not be obtained, and group sizes had to be kept as small
as possible. The human in vivo model represents both, a
strength and a limitation. It is the only experimental
model that allows for clinically relevant conclusions on
human ACLC healing. On the other hand, patient-
specific parameters such as sex, age, ACLC tear type,
and individual variations of healing potential might have
influenced our outcome. However, strict inclusion and
exclusion criteria led to a homogeneous study popula-
tion minimizing selection bias. Due to methodological
reasons, the coracoclavicular ligament complex could
not be evaluated in this study.

Conclusions
The acromioclavicular ligament exhibits early and dy-
namic healing responses following acute traumatic rup-
ture. Our histological findings suggest that surgical
treatment of acute ACJ dislocations should be performed
as early as possible within a timeframe of 1 week after
trauma to exploit the utmost biological healing potential.
Prospective clinical studies are warranted to investigate
whether early surgical treatment of ACJ dislocations
translates into clinical benefits.

Abbreviations
ACJ: Acromioclavicular joint; ACLC: Acromioclavicular ligament complex;
ACL: Anterior cruciate ligament; αSMA: Alpha-smooth muscle actin;
DHI: Dynamic horizontal instability; HPF: High power field;
IHC: Immunohistochemistry; IZ: Intact zone; MCL: Medial collateral ligament;
NAR: Nuclear aspect ratio; RZ: Rupture zone; SD: Standard deviation

Acknowledgements
This study was performed in collaboration with the Committee of Shoulder
Instability of the German Speaking Society for Arthroscopy and Joint Surgery
(AGA, Porzellangasse 8/23, 1090 Vienna, Austria). We gratefully thank Mr.
Sergio Hernandez Latorre, laboratory assistant of G.E.R.N. Research Center, for
his excellent support in creation of the high-quality histological specimens.

Authors’ contributions
DM, NPS and KI conceived, designed and coordinated the study. LRT and AB
carried out the histological experiments. LRT, DM and KI performed the
histological analyses. LRT, DM, and KI performed the statistical analysis and
drafted the manuscript. GL, FCW and MJ participated in patient enrolment.

GL, FCW, MJ, PO and NPS critically reviewed the manuscript. The authors
read and approved the final version of the manuscript for submission.

Funding
The current study was funded by the Alwin Jäger Foundation (AJS,
Aschaffenburg, Germany). GL was supported by the Berta-Ottenstein-
Programme for Advanced Clinician Scientists, Faculty of Medicine, University
of Freiburg, Germany. Open Access funding provided by Projekt DEAL.

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
The study was approved by the local institutional review board (protocol
number 490/13) at Medical Center - University of Freiburg, Faculty of
Medicine, University of Freiburg, Germany. Informed consent was obtained
from all patients before study participation. All studies were performed in
accordance with the ethical standards as laid down in the 1964 Declaration
of Helsinki and its later amendments or comparable ethical standards. All
patients provided written informed consent prior to study inclusion.

Consent for publication
Not applicable.

Competing interests
The authors DM, LRT, AB, GL, FCW, MJ, PO, NPS, and KI declare that they
have no competing interests. DM is a medical consultant for Arthrex, Inc.,
Naples, FL, USA.

Author details
1Department of Orthopaedics and Trauma Surgery, Medical Center –
University of Freiburg, Faculty of Medicine, University of Freiburg, Hugstetter
Str. 55, 79106 Freiburg, Germany. 2Department of Orthopaedic Surgery,
Medical School Hannover, Diakovere Annastift, Anna-von-Borries-Str. 1-7,
30625 Hannover, Germany. 3Section Musculoskeletal Biomaterials of G.E.R.N.
Research Center, Department of Orthopaedics and Trauma Surgery, Medical
Center – University of Freiburg, Faculty of Medicine, University of Freiburg,
Hugstetter Str. 55, 79106 Freiburg, Germany. 4Center of Orthopaedic Sports
Medicine Freiburg, Breisacher Str. 84, 79110 Freiburg, Germany.

Received: 17 June 2020 Accepted: 26 August 2020

References
1. Martetschläger F, Kraus N, Scheibel M, Streich J, Venjakob A, Maier D. The

diagnosis and treatment of acute dislocation of the acromioclavicular joint.
Deutsches Aerzteblatt Online. 2019. https://doi.org/10.3238/arztebl.2019.
0089.

2. Balke M, Schneider MM, Shafizadeh S, Bäthis H, Bouillon B, Banerjee M.
Current state of treatment of acute acromioclavicular joint injuries in
Germany: is there a difference between specialists and non-specialists? A
survey of German trauma and orthopaedic departments. Knee Surg Sports
Traumatol Arthrosc. 2015;23:1447–52.

3. Beitzel K, Mazzocca AD, Bak K, Itoi E, Kibler WB, Mirzayan R, et al. ISAKOS
upper extremity committee consensus statement on the need for
diversification of the Rockwood classification for acromioclavicular joint
injuries. Arthroscopy. 2014;30:271–8.

4. Flint JH, Wade AM, Giuliani J, Rue J-P. Defining the terms Acute and Chronic
in Orthopaedic sports injuries: a systematic review. Am J Sports Med. 2014;
42:235–41. https://doi.org/10.1177/0363546513490656.

5. Muench LN, Kia C, Jerliu A, Murphy M, Berthold DP, Cote MP, et al.
Functional and radiographic outcomes after anatomic Coracoclavicular
ligament reconstruction for type III/V Acromioclavicular joint injuries. Orthop
J Sports Med. 2019;7:232596711988453. https://doi.org/10.1177/
2325967119884539.

6. Barth J, Duparc F, Andrieu K, Duport M, Toussaint B, Bertiaux S, et al. Is
coracoclavicular stabilisation alone sufficient for the endoscopic treatment
of severe acromioclavicular joint dislocation (Rockwood types III, IV, and V)?
Orthop Traumatol Surg Res. 2015;101(8 Suppl):S297–303.

Maier et al. BMC Musculoskeletal Disorders          (2020) 21:593 Page 10 of 11

https://doi.org/10.3238/arztebl.2019.0089
https://doi.org/10.3238/arztebl.2019.0089
https://doi.org/10.1177/0363546513490656
https://doi.org/10.1177/2325967119884539
https://doi.org/10.1177/2325967119884539


7. Hann C, Kraus N, Minkus M, Maziak N, Scheibel M. Combined
arthroscopically assisted coraco- and acromioclavicular stabilization of acute
high-grade acromioclavicular joint separations. Knee Surg Sports Traumatol
Arthrosc. 2018;26:212–20. https://doi.org/10.1007/s00167-017-4643-2.

8. Izadpanah K, Jaeger M, Ogon P, Südkamp NP, Maier D. Arthroscopically
assisted reconstruction of acute Acromioclavicular joint dislocations:
anatomic AC ligament reconstruction with protective internal bracing—the
“AC-RecoBridge” technique. Arthrosc Tech. 2015;4:e153–61. https://doi.org/
10.1016/j.eats.2015.01.012.

9. Saier T, Venjakob AJ, Minzlaff P, Föhr P, Lindell F, Imhoff AB, et al. Value of
additional acromioclavicular cerclage for horizontal stability in complete
acromioclavicular separation: a biomechanical study. Knee Surg Sports
Traumatol Arthrosc. 2015;23:1498–505.

10. Dyrna F, Berthold DP, Feucht MJ, Muench LN, Martetschläger F, Imhoff AB,
et al. The importance of biomechanical properties in revision
acromioclavicular joint stabilization: a scoping review. Knee Surg Sports
Traumatol Arthrosc. 2019;27:3844–55. https://doi.org/10.1007/s00167-019-
05742-6.

11. Jensen G, Ellwein A, Voigt C, Katthagen JC, Lill H. Doppel-Button-Fixierung
mit minimalinvasiver akromioklavikulärer Cerclage: Arthroskopisch-assistierte
Versorgung der akuten Schultereckgelenkinstabilität. Unfallchirurg. 2015;118:
1056–61. https://doi.org/10.1007/s00113-015-0106-8.

12. Maziak N, Audige L, Hann C, Minkus M, Scheibel M. Factors predicting the
outcome after arthroscopically assisted stabilization of acute high-grade
Acromioclavicular joint dislocations. Am J Sports Med. 2019;47:2670–7.
https://doi.org/10.1177/0363546519862850.

13. Dyrna F, Imhoff FB, Haller B, Braun S, Obopilwe E, Apostolakos JM, et al.
Primary stability of an Acromioclavicular joint repair is affected by the type
of additional reconstruction of the Acromioclavicular capsule. Am J Sports
Med. 2018;46:3471–9. https://doi.org/10.1177/0363546518807908.

14. Morikawa D, Dyrna F, Cote MP, Johnson JD, Obopilwe E, Imhoff FB, et al.
Repair of the entire superior acromioclavicular ligament complex best
restores posterior translation and rotational stability. Knee Surg Sports
Traumatol Arthrosc. 2019;27:3764–70. https://doi.org/10.1007/s00167-018-
5205-y.

15. Thangaraju S, Tauber M, Habermeyer P, Martetschläger F. Clavicle and
coracoid process periprosthetic fractures as late post-operative
complications in arthroscopically assisted acromioclavicular joint
stabilization. Knee Surg Sports Traumatol Arthrosc. 2019;27:3797–802.
https://doi.org/10.1007/s00167-019-05482-7.

16. Berthold DP, Muench LN, Dyrna F, Uyeki CL, Cote MP, Imhoff Andreas B,
et al. Radiographic alterations in clavicular bone tunnel width following
anatomic coracoclavicular ligament reconstruction (ACCR) for chronic
acromioclavicular joint injuries. Knee Surg Sports Traumatol Arthrosc. 2020.
https://doi.org/10.1007/s00167-020-05980-z.

17. Chamberlain CS, Crowley E, Vanderby R. The spatio-temporal dynamics of
ligament healing. Wound Repair Regen. 2009;17:206–15.

18. Faryniarz DA, Chaponnier C, Gabbiani G, Yannas IV, Spector M.
Myofibroblasts in the healing lapine medial collateral ligament: possible
mechanisms of contraction. J Orthop Res. 1996;14:228–37.

19. Frank C, Woo SL, Amiel D, Harwood F, Gomez M, Akeson W. Medial
collateral ligament healing. A multidisciplinary assessment in rabbits. Am J
Sports Med. 1983;11:379–89.

20. Georgiev GP, Vidinov NK, Kinov PS. Histological and ultrastructural
evaluation of the early healing of the lateral collateral ligament epiligament
tissue in a rat knee model. BMC Musculoskelet Disord. 2010;11:117.

21. Leong NL, Kator JL, Clemens TL, James A, Enamoto-Iwamoto M, Jiang J.
Tendon and ligament healing and current approaches to tendon and
ligament regeneration. J Orthop Res. 2020;38:7–12. https://doi.org/10.1002/
jor.24475.

22. Menetrey J, Laumonier T, Garavaglia G, Hoffmeyer P, Fritschy D, Gabbiani G,
et al. α-Smooth muscle actin and TGF-β receptor I expression in the healing
rabbit medial collateral and anterior cruciate ligaments. Injury. 2011;42:735–
41.

23. Murray MM, Martin SD, Martin TL, Spector M. Histological changes in the
human anterior cruciate ligament after rupture. J Bone Joint Surg Am. 2000;
82-A:1387–97.

24. Nguyen DT, Ramwadhdoebe TH, van der Hart CP, Blankevoort L, Tak PP, van
Dijk CN. Intrinsic healing response of the human anterior cruciate ligament:
an histological study of reattached ACL remnants. J Orthop Res. 2014;32:
296–301.

25. Maier D, Jaeger M, Reising K, Feucht MJ, Südkamp NP, Izadpanah K. Injury
patterns of the acromioclavicular ligament complex in acute
acromioclavicular joint dislocations: a cross-sectional, fundamental study.
BMC Musculoskelet Disord. 2016;17. https://doi.org/10.1186/s12891-016-
1240-3.

26. Laws G, Walton M. Fibroblastic healing of grade II ligament injuries.
Histological and mechanical studies in the sheep. J Bone Joint Surg Br.
1988;70:390–6.

27. Weiss JA, Woo SL, Ohland KJ, Horibe S, Newton PO. Evaluation of a new
injury model to study medial collateral ligament healing: primary repair
versus nonoperative treatment. J Orthop Res. 1991;9:516–28.

28. Abramowitch SD, Papageorgiou CD, Debski RE, Clineff TD, Woo SL-Y. A
biomechanical and histological evaluation of the structure and function of
the healing medial collateral ligament in a goat model. Knee Surg Sports
Traumatol Arthrosc. 2003;11:155–62.

29. Georgiev GP, Kotov G, Iliev A, Slavchev S, Ovtscharoff W, Landzhov B. A
comparative study of the epiligament of the medial collateral and the
anterior cruciate ligament in the human knee. Immunohistochemical
analysis of collagen type I and V and procollagen type III. Ann Anat. 2019;
224:88–96.

30. Woo SLY, Fisher MB, Feola AJ. Contribution of biomechanics to
management of ligament and tendon injuries. Mol Cell Biomech. 2008;5:49–
68.

31. Jobmann S, Buckup J, Colcuc C, Roessler PP, Zimmermann E, Schüttler KF,
et al. Anatomic ligament consolidation of the superior acromioclavicular
ligament and the coracoclavicular ligament complex after acute
arthroscopically assisted double coracoclavicular bundle stabilization. Knee
Surg Sports Traumatol Arthrosc. 2019;27:3168–79. https://doi.org/10.1007/
s00167-017-4717-1.

32. Emura K, Arakawa T, Miki A, Terashima T. Anatomical observations of the
human acromioclavicular joint. Clin Anat. 2014;27:1046–52.

33. Lo IK, de Maat GH, Valk JW, Frank CB. The gross morphology of torn human
anterior cruciate ligaments in unstable knees. Arthroscopy. 1999;15:301–6.

34. Serini G, Gabbiani G. Mechanisms of myofibroblast activity and phenotypic
modulation. Exp Cell Res. 1999;250:273–83.

35. Woo SL-Y, Abramowitch SD, Kilger R, Liang R. Biomechanics of knee
ligaments: injury, healing, and repair. J Biomech. 2006;39:1–20.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Maier et al. BMC Musculoskeletal Disorders          (2020) 21:593 Page 11 of 11

https://doi.org/10.1007/s00167-017-4643-2
https://doi.org/10.1016/j.eats.2015.01.012
https://doi.org/10.1016/j.eats.2015.01.012
https://doi.org/10.1007/s00167-019-05742-6
https://doi.org/10.1007/s00167-019-05742-6
https://doi.org/10.1007/s00113-015-0106-8
https://doi.org/10.1177/0363546519862850
https://doi.org/10.1177/0363546518807908
https://doi.org/10.1007/s00167-018-5205-y
https://doi.org/10.1007/s00167-018-5205-y
https://doi.org/10.1007/s00167-019-05482-7
https://doi.org/10.1007/s00167-020-05980-z
https://doi.org/10.1002/jor.24475
https://doi.org/10.1002/jor.24475
https://doi.org/10.1186/s12891-016-1240-3
https://doi.org/10.1186/s12891-016-1240-3
https://doi.org/10.1007/s00167-017-4717-1
https://doi.org/10.1007/s00167-017-4717-1

	Abstract
	Purpose
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Study population
	Surgery and biopsy
	Histology
	Immunohistochemistry
	Digital image analysis
	Statistical analysis

	Results
	Baseline characteristics
	Time-dependent healing response
	Cellularity
	Fibroblasts
	αSMA-positive cells
	CD68-positive cells
	Collagen content

	Histomorphology
	Rupture zone
	Epiligamentous tissue formation


	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

