British Journal of

Hospital Medicine Br. J. Hosp. Med. (Lond) 2026; 87(5): 53979

https://doi.org/10.31083/BJHM53979

Article
Comparative Evaluation of Functional Qutcomes and Postoperative

Complications After Minimally Invasive Fixation for
Acromioclavicular Joint Injuries

Yujie Yang'®, Rui Xie?, Sile Hu?®, Yuhang Lv?®, Tianjiao Ma?®, Huricha Zhao?®,
He Zhang?®, Zejian Jin?®, Hongxia Sun, Fei Yan?*

L Affiliated Tongliao Clinical College of Inner Mongolia Medical University, 028000 Tongliao, Inner Mongolia, China
20rthopedics Center, Tongliao People’s Hospital, 028000 Tongliao, Inner Mongolia, China
3Department of Surgical Nursing, Orthopedics Center, Tongliao People’s Hospital, 028000 Tongliao, Inner Mongolia, China
4Medical Records Department, Tongliao People’s Hospital, 028000 Tongliao, Inner Mongolia, China
*Correspondence: yanfei9101(@163.com (Fei Yan)

Academic Editor: John Alcolado

Submitted: 5 September 2025 Revised: 22 October 2025  Accepted: 3 November 2025 Published: 18 May 2026

Abstract

Aims/Background: Acromioclavicular (AC) joint dislocation is associated with severe pain, functional impairment, and postoperative
complications. This study aimed to compare the efficacy and safety of TightRope with hook plate fixation for Rockwood type III injuries
and to develop a postoperative complication prediction model. Methods: This retrospective study enrolled 178 patients with acute
Rockwood type III AC joint dislocation who underwent surgical treatment at Tongliao People’s Hospital, China, between January 2020
and December 2023. Among them, 93 patients received arthroscopic TightRope fixation and 85 underwent conventional hook plate
fixation. Perioperative parameters, radiographic outcomes, functional recovery, and complication rates were compared between the two
groups. Linear regression was employed to identify factors influencing key recovery indicators, and a logistic regression model was
constructed to predict complications. Results: The TightRope group exhibited significantly less intraoperative trauma, as indicated by
reduced blood loss and shorter incision length (both p < 0.001). Postoperative infection was less frequent with TightRope (2.15% vs.
10.59%). At 6 months postoperatively, radiographic parameters—including coracoclavicular distance (CCD), acromioclavicular distance
(ACD), and acromioclavicular index (ACI)—and functional outcomes (American Shoulder and Elbow Surgeons [ASES], Constant—
Murley, and University of California, Los Angeles [UCLA] scores) demonstrated improvement in the TightRope group, along with lower
visual analog scale (VAS) pain scores (all p < 0.05). Linear regression analysis identified operation type, intraoperative blood loss, and
implant displacement as independent predictors of recovery. Logistic regression revealed TightRope as an independent protective factor
for complications (odds ratio [OR] = 0.42, p = 0.028), whereas blood loss (OR = 1.86, p = 0.017) and ACD (OR = 1.34, p = 0.042)
were independent risk factors. The prediction model showed good discrimination in the training set (area under the curve [AUC] = 0.84,
95% confidence interval [CI]: 0.76—0.92) and validation set (AUC = 0.76, 95% CI: 0.64—0.89), with satisfactory calibration (Hosmer—
Lemeshow p = 0.177, p = 0.477) and clinical utility demonstrated by decision curve analysis. Conclusion: Compared with hook plate
fixation, the TightRope technique offers superior stabilization, improved functional recovery, and reduced complication rates in the
management of acromioclavicular joint (ACJ) dislocations. The proposed predictive model provides a valuable tool for preoperative risk
assessment and surgical decision-making.
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1. Introduction

Acromioclavicular joint (ACJ) dislocation is a com-
mon shoulder injury, particularly among young and phys-
ically active individuals, and predominantly results from
sports-related trauma or a direct impact. Epidemiological
data indicate that ACJ injuries account for approximately
9-12% of all shoulder injuries, occurring most frequently in
young male athletes [1]. The estimated incidence is roughly
1.8 per 10,000 individuals globally, with a strong associa-
tion with contact sports such as rugby and hockey [2,3].

Radiographic and clinical assessment commonly fol-
lows the Rockwood classification system, where higher in-
jury grades such as III, IV, V, and VI indicate increasing

vertical and/or horizontal instability [4]. For Rockwood
type III injuries, surgical fixation is often recommended,
particularly in patients with significant instability or high
functional demands, although the optimal surgical strategy
for managing these injuries remains a point of debate [5].
Traditional clavicular hook plate can restore joint alignment
by immediate reconstruction of the acromioclavicular rela-
tionship [6], but multiple studies report several complica-
tions, including subacromial impingement, bony changes of
the distal clavicle or acromion, persistent discomfort, and a
frequent need for implant removal [7,8].

Arthroscopic TightRope fixation, a minimally inva-
sive approach, has emerged as a promising option due to
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its preservation of acromial anatomy and lack of routine
implant removal [9]. Compared with hook plate fixation,
TightRope approach demonstrates shorter incision, less in-
traoperative blood loss, and alleviated postoperative pain
assessed through visual analog scale (VAS), with postop-
erative functional outcomes by American Shoulder and El-
bow Surgeons (ASES), Constant—Murley, and University
of California, Los Angeles (UCLA) scores that are com-
parable or often better, whereas overall complication rates,
such as infection and reoperation, are considerably lower
[10-12]. A meta-analysis indicates that while differences
in VAS, Constant—-Murley scores, and coracoclavicular dis-
tance (CCD) restoration are often small, the TightRope ap-
proach effectively reduces the likelihood of reoperations
and subacromial bony changes [10].

Despite extensive advances in surgical approach-
related investigations, integrated assessments examining
radiographic reduction quality, functional recovery, and
risk factors for postoperative complications remain limited.
To our knowledge, there is limited evidence on combining
clinical and imaging variables to develop predictive models
for individualized risk assessment before surgery.

Therefore, this study compares the efficacy and safety
of arthroscopic TightRope with conventional hook plate
fixation, identifies independent risk factors that shape post-
operative complications and functional outcomes, and de-
velops a complication-prediction model integrating clini-
cal variables with radiographic indices. The study aims
to provide practical, evidence-based guidance for surgical
decision-making and perioperative management in patients
with Rockwood III acromioclavicular (AC) dislocations.

2. Methods
2.1 Study Design and Patient Selection

This single-center retrospective cohort study enrolled
178 patients with acute Rockwood type III ACJ disloca-
tion who received surgical interventions at Tongliao Peo-
ple’s Hospital, China, between January 2020 and Decem-
ber 2023. Initially, 185 patients were screened according
to predetermined inclusion-exclusion criteria; 178 patients
who met the eligibility criteria were included in the final
analysis.

Based on the surgical approach, patients were divided
into two groups: arthroscopic TightRope fixation (n = 93)
and conventional open hook plate fixation (n = 85) (Fig. 1).
In this non-randomized, observational study, the selection
of an appropriate surgical procedure was a joint decision
of the surgeon and patient after assessing the severity of the
dislocation, patient preferences, and the surgeon’s expertise
in surgical indications.

As previously reported [11,13], a clinically meaning-
ful difference in functional scores between procedures is
generally 3—5 points, with an expected standard deviation
of approximately 10. Using a two-sided o = 0.05, post
hoc power analysis indicated approximately 50% statistical

All acute Tossy III-type
acromioclavicular joint dislocation
patients (n = 185)

Excluded (n=7)

Associated scapular or distal clavicular fractures; |
Open injuries or neurovascular compromise; |
Prior shoulder surgery; |
Severe systemic diseases or immunodeficiencies; |
Incomplete follow-up data. |

o o o o

Patients enrolled for analysis
(n=178)

Hook plate fixation (n =
85)

L J
T

Completed > 6-month follow-up and
included
in final analysis (n = 178)

TightRope fixation (n = 93)

Fig. 1. A flow chart of patient selection and study design.
Fig. 1 was created using BioRender (https://biorender.com), an
online platform for scientific illustration. The authors declare that
they have no financial, commercial, or personal relationship with
BioRender. The use of this software is solely for figure creation
and does not imply any endorsement by the authors or by the plat-

form.

power to detect a 3-point difference, 80% for a 4.2-point
difference, and over 90% for a 5-point difference. The cor-
responding Cohen’s d was approximately 0.42 (95% con-
fidence interval [CI]: 0.12-0.72), reflecting a moderate ef-
fect size. Therefore, the sample size was sufficient to detect
moderate or larger differences between these techniques,
whereas smaller effects (<4 points) may have been under-
powered.

All surgical procedures were performed by a special-
ized trauma team of four board-certified orthopedic sur-
geons. Standardized operative protocols were used for all
cases. Regular training sessions and case discussions were
performed to maintain consistency in the procedures and
reduce bias. Complete clinical records, including imaging,
surgical procedure data, and validated functional scores,
were obtained for all patients, and the patients were fol-
lowed up for 6 months after the procedure.

Patients’ inclusion criteria included adults aged 18 to
65 years with a confirmed Rockwood type III ACJ disloca-
tion who underwent arthroscopic TightRope or open hook
plate fixation, volunteered for a minimum 6-month follow-
up assessment, and had complete imaging, surgical, and
functional assessment data available. However, patients
were excluded from the study cohort if they had associated
scapular or distal clavicular fractures, open injuries or neu-
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rovascular compromise, a history of shoulder surgery, se-
vere systemic disease or immunodeficiency, or incomplete
follow-up data.

2.2 Surgical Procedures

2.2.1 Operative Steps in the TightRope Group (Minimally
Invasive Fixation)

Under general anesthesia, patients in the TightRope
group were placed in the beach-chair position. Standard
arthroscopic portals were established to access the gleno-
humeral joint and determine any intra-articular integrity,
such as superior labrum anterior and posterior (SLAP) le-
sions or rotator cuff pathology. After exposing the coracoid
under arthroscopy, a small clavicle incision was made to es-
tablish an auxiliary tunnel. A guidewire was used to create
a transosseous channel, after which the TightRope device
was inserted. Once the appropriate positioning of subcora-
coid and subclavicular buttons was confirmed, the fixation
was secured by tensioning the sutures. Intraoperative flu-
oroscopy was used throughout to confirm appropriate ACJ
reduction. Finally, the joint was irrigated, soft tissues were
closed in layers, and a sterile compression dressing was ap-
plied.

2.2.2 Operative Steps in the Hook Plate Group
(Traditional Open Fixation)

In the hook plate group, patients underwent general
anesthesia and were placed in the beach-chair position. A
longitudinal incision of approximately 8 cm was made over
the ACJ to expose the distal clavicle and acromion. An
appropriately contoured hook plate was selected, with the
hook inserted posterior and inferior to the acromion, and
the plate shaped to fit the clavicle. Fixation was achieved
with locking screws. Intraoperative fluoroscopy was used
to assess joint reduction and range of motion to ensure there
was no acromion impingement. After thorough lavage, the
wound was closed in layers, and a compression dressing
was applied.

2.2.3 Postoperative Management and Follow-up

All patients received standardized perioperative care,
including 1-2 days of prophylactic antibiotics, pain
management with nonsteroidal anti-inflammatory drugs
(NSAIDs) or adjusted analgesia as needed, local cold ther-
apy, and routine wound care. Shoulders were immobilized
in an abduction brace for 6 weeks, with restriction of ac-
tive upper limb motion. Only passive flexion (not exceed-
ing 90°) and abduction exercises were allowed to reduce
the risk of superior humeral head impingement or implant
displacement. After 6 weeks, patients gradually resumed
active range-of-motion exercises, including flexion, abduc-
tion, and rotation, while avoiding weight-bearing activities
for the first 12 weeks. From 3 months onward, patients pro-
gressed to resistance-based shoulder strengthening, such as
elastic-band work and scapular stabilization training.
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Follow-up radiographs were obtained immediately af-
ter surgery and then at 1-, 3-, and 6-month time points to
monitor implant position and joint alignment. However,
preoperative and 6-month postoperative imaging measures
were included in data analysis. Rehabilitation was guided
by a standardized, phase-based protocol, with adjustments
in intensity and progression for older patients or those with
reduced muscle strength. All rehabilitation sessions were
supervised by certified therapists in the hospital’s sports re-
habilitation center to ensure standardization while enabling
individualized care.

2.3 Data Collection
2.3.1 Clinical and Radiographic Data

Baseline characteristics included age, sex, body mass
index (BMI), injured side (left or right), and the time from
injury to surgery (days). Preoperative and 6-month postop-
erative imaging data were recorded using standard antero-
posterior radiographs or computed tomography (CT) scans.

The study assessed four radiographic and biomechan-
ical parameters. The coracoclavicular distance (CCD) was
determined as the vertical distance between the coracoid
tip and the inferior cortex of the clavicle on the injured
side, serving as an indicator of vertical ACJ stability. The
acromioclavicular distance (ACD) was defined as the hor-
izontal distance between the acromion and the distal clavi-
cle, reflecting horizontal stability of the joint. Furthermore,
the acromioclavicular index (ACI) was calculated as the ra-
tio of the CCD on the affected side to the CCD on the con-
tralateral, unaffected side (ACI = CCDaffected/ CCDunaffected )-
The index was calculated both preoperatively and at 6
months postoperatively to assess anatomic restoration of
the acromioclavicular joint. Finally, implant shift was de-
termined as the maximum displacement (in millimeters) of
the fixation device from its initial intraoperative position,
assessed from serial radiographs obtained immediately af-
ter surgery and 1, 3, and 6 months.

2.3.2 Functional Outcome Assessment

Functional outcomes were extracted from patient
medical records. Two orthopedic surgeons specializing in
shoulder and elbow surgery, each with more than five years
of clinical experience, independently assessed the patients
at baseline (preoperatively and at the 6-month follow-up).

Shoulder function was assessed using the ASES Stan-
dardized Shoulder Assessment questionnaire, specifically
the patient self-report section, which evaluates pain and ac-
tivities of daily living (ADL). Pain was measured on a 0—
10 VAS, with 0 representing no pain and 10 the worst pain
imaginable. The pain subscore was calculated as follows:
Pain subscore =5 x (10 — VAS score). The ADL subscore
includes 10 items scored 0—3. The raw ADL score (range 0—
30) was converted to a 0—50 scale using the formula: ADL
subscore = (5/3) x Raw ADL score. The total ASES score
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was the sum of the pain and ADL subscores, ranging from
0 (worst) to 100 (best), with higher scores indicating better
shoulder function [14,15].

Additional measurements included the Constant—
Murley score [16,17] (maximum score: 100), including
pain (15 points), activities of daily living (20 points), range
of motion (40 points), and strength (25 points).

The UCLA score [18,19] (maximum 35 points) incor-
porating pain, function, active forward flexion, strength,
and patient satisfaction used to evaluate short- to mid-term
postoperative outcomes; and the VAS for pain on 0 to 10
scale using standard instruments, where 0 indicates no pain
and 10 represents worst imaginable pain [20].

2.3.3 Perioperative Variables

Operative and perioperative variables were extracted
from standardized surgical and anesthesia records to ensure
data consistency. Variables included operative time (min-
utes) (the time measured from skin incision to final suture
closure), incision length (cm) (maximum length of the sur-
gical incision reflecting surgical invasiveness), and intra-
operative blood loss (mL) (estimated blood loss estimated
from suction canister volumes and gauze counts, serving as
an indirect measure of surgical trauma).

2.3.4 Definition and Assessment of Postoperative
Complications

Postoperative complications within 6 months included
implant loosening or breakage (TightRope or hook plate),
surgical site infection, recurrent or residual dislocation,
subacromial impingement syndrome (specific to the hook
plate group), heterotopic ossification of the ACJ, and nerve
compression symptoms in the operative field. Two mem-
bers of the research team, along with the treating ortho-
pedic surgeon, assessed and confirmed complications us-
ing follow-up notes, surgical records, and radiological ev-
idence. For statistical analysis, complications were coded
as a binary outcome (Yes = 1, No = 0), defined by the oc-
currence of any listed complication.

Clinical and imaging data were obtained from the hos-
pital electronic medical record (EMR) system and the Pic-
ture Archiving and Communication System (PACS). Sur-
gical parameters, including operative time, blood loss, and
incision length, were uniformly extracted from intraopera-
tive anesthesia and surgical records to minimize retrospec-
tive bias. All variables were manually entered by two inde-
pendent researchers and cross-checked; any discrepancies
were resolved by a third reviewer to ensure data accuracy
and consistency.

Imaging measurements were conducted indepen-
dently by two investigators who were blinded to treat-
ment group allocation—a radiology attending and a sports
medicine specialist. If measurements differed by more than
a predefined threshold (greater than 5% or >3 mm), a third
physician reviewed the images. Final values were deter-

mined by consensus among the three evaluators to maxi-
mize reliability.

2.4 Statistical Analysis

Statistical analyses were performed in R software
(version 4.3.0, R Foundation for Statistical Computing, Vi-
enna, Austria), using the tidyverse, car, rms, receiver oper-
ating characteristic curve package (pROC), ResourceSelec-
tion, caret, ggplot2, and MASS packages.

Normality of continuous variables was assessed using
the Shapiro-Wilk test. Normally distributed variables were
expressed as mean =+ standard deviation (mean £ SD), and
between-group comparisons were performed using the in-
dependent samples #-test and within-group pre- and postop-
erative comparisons using the paired #-test. Non-normally
distributed variables were reported as median (interquar-
tile range, IQR) and compared using the Mann—Whitney
U test (between-group) or the Wilcoxon signed-rank test
(within-group), as appropriate. Categorical variables were
presented as counts and percentages, and between-group
comparisons were conducted using the Chi-square test or
Fisher’s exact test when expected counts were <5. A two-
sided p-value < 0.05 was considered statistically signifi-
cant.

To identify key determinants associated with radio-
graphic and functional outcomes, multivariate linear regres-
sion models were constructed using the 6-month postop-
erative CCD and Constant—Murley shoulder score as de-
pendent variables. Variables included operation type, im-
plant shift, incision length, intraoperative blood loss, ACI,
surgical delay, BMI, operation time, and injured side. Be-
fore model construction, multicollinearity was assessed us-
ing variance inflation factors (VIFs), and variables with se-
vere collinearity (VIFs >5) were excluded. The final set
of predictors was selected using stepwise procedures based
on Akaike’s Information Criterion (AIC) to optimize model
fit and parsimony. Model assumptions were determined
by examining linearity, homoscedasticity, and normality of
residuals using standardized residual plots and Q—Q plots.
Results were reported as standardized regression coefficient
(B), t-statistic, and corresponding p-value.

Postoperative complications were analyzed as a binary
outcome (yes = 1, no = 0) using a logistic regression analy-
sis. The entire data set was randomly split at 7:3 into train-
ing (n = 124) and validation (n = 54) sets. In the training
set, univariate logistic regression identified candidate pre-
dictors (p < 0.05), which were subsequently entered into
a multivariate logistic regression model using AIC-based
stepwise selection. Before multivariable analysis, VIFs
were calculated to assess multicollinearity, and VIFs >5
were considered indicative of significant multicollinearity.
To align predictors with outcomes temporally, postopera-
tive radiological parameters (ACD, CCD and ACI) were
obtained 72 hours after surgery.
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Table 1. Comparison of baseline characteristics between the TightRope and hook plate groups.

Variable Hook plate group (n =85)  TightRope group (n = 93) Statistic ~ p-value
Age (years), mean &+ SD 39.35 £9.58 37.33 £8.82 t=1.47 0.144
BMI (kg/m?), mean + SD 25.09 +3.43 2491 +2.61 t=0.39 0.698
Surgery delay (days), mean &+ SD 5.62 +2.00 5.15+2.09 t=1.54 0.125
Sex, n (%) x2 =0.05 0.830
Female 25(29.41) 26 (27.96)
Male 60 (70.59) 67 (72.04)
Injury, n (%) x2=2.07 0.151
Right 42 (49.41) 36 (38.71)
Left 43 (50.59) 57 (61.29)

t, independent samples #-test; x 2, Chi-square test; SD, standard deviation; BMI, body mass index.

Table 2. Comparison of perioperative parameters between the hook plate and TightRope fixation groups (mean + SD).

Variable Hook plate group (n =85)  TightRope group (n=93)  Statistic = p-value
Operation time (min) 53.50 £ 491 56.78 £ 4.29 t=-476 <0.001
Incision length (cm) 8.14 +0.34 3.95+0.86 t=43.45 <0.001
Blood loss (mL) 71.04 £+ 27.70 4531 +£19.15 t=715 <0.001

Model performance was evaluated using the receiver
operating characteristic (ROC) curve and area under the
curve (AUC) with the pROC package. Calibration was
assessed using calibration plots constructed with the rms
package, and model goodness-of-fit was tested using the
Hosmer—Lemeshow (HL) test. Furthermore, clinical use-
fulness was evaluated using decision curve analysis (DCA)
performed with the ggDCA package. Additionally, we de-
termined accuracy, sensitivity, specificity, positive predic-
tive value (PPV), and negative predictive value (NPV) from
confusion matrix-derived metrics; the classification thresh-
old was selected by the maximum Youden index (sensitivity
+ specificity — 1). Finally, the trained model was then ap-
plied to the validation set, and the same performance met-
rics were reassessed to evaluate model robustness and gen-
eralizability.

3. Results

3.1 Comparison of Baseline Characteristics Between the
Two Groups

This analysis enrolled 178 patients, with 93 (52.25%)
treated with TightRope and 85 (47.75%) with a hook plate.
There were no statistically significant differences between
the two groups in terms of age, BMI, time from injury to
surgery, sex distribution, or side of injury (all p > 0.05)
(Table 1).

3.2 Comparison of Perioperative Parameters and
Complications Between the Two Groups

There were significant differences in perioperative
outcomes between the two groups. The TightRope group
had a slightly longer operative time (56.78 £ 4.29 min vs.
53.50 £4.91 min; p < 0.001), which demonstrated superior
performance on metrics of surgical invasiveness. Specifi-
cally, the incision was significantly shorter (3.95 + 0.86 cm
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vs. 8.14 + 0.34 cm; p < 0.001), and intraoperative blood
loss was lower (45.31 4+ 19.15 mL vs. 71.04 4+ 27.70 mL;
p < 0.001). These results indicate the minimally invasive
nature of the arthroscopic approach (Table 2).

Within 6 months postoperatively, the overall compli-
cation rate was substantially lower in the TightRope group
than the hook plate group (5.38% vs. 40.0%; x* =31.12,p
< 0.001). Infections were considerably less frequent with
TightRope compared with the hook plate group (2.15% vs.
10.59%; p = 0.020), and no redislocations were reported
(hook plate group: 4.71%). Subacromial impingement was
observed only in the hook plate group (7/85, 8.24%) and
not with TightRope fixation. Rates of implant loosening
(1.08% vs. 7.06%; p = 0.096) and heterotopic ossification
(2.15% vs. 5.88%; p = 0.372) were lower in the RightRope
group, although the differences were not statistically signif-
icant. Importantly, nerve compression was observed only in
the hook plate group (Table 3).

3.3 Radiographic and Functional Recovery Analysis

Baseline radiographic parameters (CCD, ACD, and
ACI) did not differ between the two groups (all p > 0.05),
confirming comparability before surgery. At 6 months
postoperatively, both groups showed significant improve-
ment in CCD, ACD, and ACI relative to baseline, indicat-
ing effective restoration of ACJ stability. The TightRope
group demonstrated superior radiographic recovery: post-
operative CCD was significantly smaller than in the hook
plate group (6.96 + 1.60 mm vs. 8.00 + 1.69 mm; p <
0.001), postoperative ACD was lower (3.94 & 1.17 mm vs.
4.34 + 0.96 mm; p = 0.013), and postoperative ACI was
closer to physiological levels (1.09 + 0.14 vs. 1.17 + 0.18;
p=0.005). Implant shift was also reduced in the TightRope
group (0.49 [0.30, 0.67] mm vs. 1.17 [0.59, 1.59] mm; p
< 0.001), supporting enhanced biomechanical stability (Ta-
ble 4).
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Table 3. Comparison of postoperative complications between TightRope and hook plate groups (n, %).

Variable Hook plate group (n =85)  TightRope group (n = 93) Statistic p-value
Loose broken implant, n (%) 6 (7.06) 1 (1.08) Fisher’s exact test 0.096
Infection, n (%) 9(10.59) 2 (2.15) x2=5.45 0.020
Redislocation, n (%) 4 (4.71) / - -
Impingement, n (%) 7 (8.24) / - -
Heterotopic ossification, n (%) 5(5.88) 2(2.15) Fisher’s exact test 0.372
Nerve compression, n (%) 3(3.53) / - -
Overall complication 34 (40.00) 5(5.38) x?=31.12 <0.001

Note: x?, Chi-square test. “/” indicates that this complication occurred exclusively in one treatment group; therefore, no

@

statistical comparison was applicable. indicates that no statistical test was performed because the event occurred only in

one group, making between-group comparison invalid. Loose Broken Implant and Heterotopic Ossification were analyzed

using Fisher’s exact test due to low frequencies.

Table 4. Radiographic outcomes before and after surgery in the two study groups (mean & SD).

Variable Hook plate group (n =85)  TightRope group (n=93)  Statistic p-value
CCD Pre (mm) 1552 £2.71 15.61 £2.40 =-0.24 0.809
CCD Post (mm) 8.00 + 1.69%*** 6.96 £ 1.60%** t=422 <0.001
ACD Pre (mm) 7.52 +1.65 7.78 + 1.89 t=-0.97 0.334
ACD Post (mm) 4.34 £ 0.96%** 3.94 £ 1.17%** t=2.50 0.013
ACI Pre 2.12+£0.28 2.11+0.26 t=0.26 0.795
ACI Post 1.17 £ 0.18%** 1.09 £ 0.14*** t=2.86 0.005
Implant shift (mm) [Median (Q1, Q3)] 1.17 (0.59, 1.59) 0.49 (0.30, 0.67) Z=-553 <0.001

t, independent samples z-test; Z, Mann—Whitney U test; Qi, Ist Quartile; Qs, 3st Quartile; CCD, coracoclavicular dis-

tance; ACD, acromioclavicular distance; ACI, acromioclavicular index.

ACI (Pre) and ACI (Post) were calculated as

CCDftected/CCDynatrected before and after surgery, respectively. *** p < 0.001 indicates the comparison between the post-

operative and preoperative conditions within the group.

Preoperative ASES, Constant—-Murley, UCLA, or
VAS scores did not differ between the two groups (all
p > 0.05), indicating comparable baseline function. At
6 months, both groups showed significant improvement
across all functional scales relative to the baseline. How-
ever, the TightRope group demonstrated superior improve-
ments, with higher postoperative ASES (89.27 4 6.10 vs.
84.20 £ 8.21; p < 0.001), Constant—Murley (87.98 £ 6.08
vs. 83.70 £ 7.31; p < 0.001), and UCLA (31.46 £ 3.11
vs. 28.66 + 2.92; p < 0.001) scores, and lower VAS pain
scores (1.35 £ 0.84 vs. 2.03 + 1.26; p < 0.001), suggesting
superior pain control and functional recovery (Table 5).

3.4 Multivariable Linear Models for Postoperative
Recovery Indicators

To identify key predictors of postoperative recovery,
we constructed two multivariable linear regression mod-
els with 6 months of CCD and Constant—-Murley score as
dependent variables (Fig. 2A,B). Model performance was
evaluated through residual diagnostics (Fig. 2C,D). Before
model construction, multicollinearity among candidate pre-
dictors was assessed. Variables with VIF <5 for stepwise
selection: surgical method (VIF = 1.92), implant migration
(VIF = 2.14), incision length (VIF = 2.01), intraoperative
blood loss (VIF = 1.76), ACI (VIF = 4.83), and preopera-
tive waiting time (VIF = 1.68).

In the CCD model, minimally invasive TightRope fix-
ation was significantly associated with better vertical sta-
bility. Specifically, TightRope fixation reduced CCD by an
additional 1.02 mm compared to hook plate fixation (5 =
~1.02, p =4 x 1075). Intraoperative blood loss was nega-
tively correlated with CCD (8 = —0.83, p = 0.0019), sug-
gesting that lower surgical trauma facilitates a more sta-
ble joint reduction. Time from injury to surgery showed
a marginally positive association with CCD (8 = 0.1, p =
0.085). Residuals were approximately normal, indicating
good model fit (Fig. 2C).

In the Constant—Murley score model, operation type
remained the strongest predictor. TightRope fixation was
associated with a mean 3.02-point higher score compared
with hook plate fixation (8 = 3.02, p = 0.0098). Implant
shift was negatively associated with functional outcome
(B =-1.77, p = 0.043), while incision length trended to-
ward significance (8 = 2.14, p = 0.053), suggesting that
smaller incisions may promote better recovery. Residual
plots confirmed stable model behavior without systematic
bias (Fig. 2D).

3.5 Risk Factor Analysis for Postoperative Complications

Before developing the model, baseline clinical charac-
teristics were compared between the training set (n = 124)
and the validation set (n = 54). No significant differences
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Table 5. Comparison of functional outcomes before and after surgery in hook plate and TightRope fixation groups (mean £ SD).

Variable Hook plate group (n=85)  TightRope group (n=93)  Statistic =~ p-value
ASES Pre 32.92 +7.96 31.23 +6.77 t=1.53 0.128
ASES Post 84.20 £ 8.21%** 89.27 £ 6.10%** t=-471 <0.001
Constant—Murley Pre 42.69 + 8.50 41.06 + 8.37 t=1.29 0.199
Constant—-Murley Post 83.70 £ 7.31%** 87.98 £ 6.08*** t=-425 <0.001
UCLA Pre 16.89 + 3.67 16.92 £+ 3.46 t=-0.04  0.966
UCLA Post 28.66 £ 2.92%** 31.46 £ 3.11%** t=-6.18 <0.001
VAS Pre 558 +£1.13 587 +1.28 t=-1.56  0.121
VAS Post 2.03 + 1.26%** 1.35 4 0.84%%** t=4.17  <0.001

*** p < 0.001 indicates the comparison between the postoperative and preoperative conditions within the
group. ASES, American Shoulder and Elbow Surgeons; UCLA, University of California, Los Angeles;

VAS, visual analog scale.
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Fig. 2. Multivariable linear regression models for key postoperative outcomes. (A) Regression coefficients for postoperative cora-
coclavicular distance (CCD). 3, regression coefficient; #(df), z-statistic and model degrees of freedom. (B) Regression coefficients for
Constant—Murley score. (C) Residual plot for the CCD model. (D) Residual plot for the Constant—-Murley score model.

were observed between the two groups (all p > 0.05), in-
dicating well-balanced baseline variables and suitable for
comparative analysis (Table 6).

To identify potential risk factors for postoperative
complications, univariate and multivariate logistic regres-
sion analyses were conducted using the training set. In the
univariate analysis, the TightRope operation type was as-
sociated with a significantly reduced risk of complication
(odds ratio [OR] = 0.36, 95% CI: 0.17-0.79; p = 0.014).
Factors associated with higher risk included longer incision
length (OR = 1.65, 95% CI: 1.14 —2.40; p = 0.009), greater
intraoperative blood loss (OR =1.02, 95% CI: 1.01-1.04; p
=0.007), larger immediate postoperative ACD (OR = 1.28,
95% CI: 1.03—-1.60; p = 0.025), and elevated postoperative
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ACI (OR =431, 95% CI: 1.27-14.62; p = 0.019). Shorter
operative time was linked to a protective effect (OR = 0.89,
95% CI: 0.80-0.99; p = 0.026) (Table 7).

Variables with p < 0.05 in univariate analysis were
entered into an AIC-based stepwise regression. All in-
cluded variables had VIF <5, indicating no significant mul-
ticollinearity. The final regression equation was as follows:
logit (p) = —2.41 — 0.87 x (TightRope vs. Hook plate) +
0.62 x (Blood loss, per 50 mL) + 0.29 x (ACD, per mm).

TightRope fixation remained an independent protec-
tive factor against postoperative complications (OR = 0.42,
95% CI: 0.19-0.91; p = 0.028). Conversely, greater intra-
operative blood loss (OR = 1.86, 95% CI: 1.12-3.09; p =
0.017) and larger immediate postoperative acromioclavicu-
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Table 6. Comparison of clinical characteristics between the training and validation sets.

Variable Training set (n = 124)  Validation set (n = 54) Statistic ~ p-value
Age (years), mean + SD 38.54 +£9.44 37.73 + 8.77 t=-0.54 0.588
BMI (kg/m?), mean + SD 24.96 +2.98 25.07 £ 3.16 =023 0.822
Surgery delay (days), mean 4+ SD 533+193 5.46 +2.34 t=0.37 0.712
Operation time (min), mean 4+ SD 55.57 £ 4.73 5440 £ 5.14 =-1.47 0.144
Incision length (cm), mean + SD 5.84 £2.21 6.21 £2.16 t=1.01 0.313
Blood loss (mL), mean &+ SD 59.41 £27.73 53.45 £24.43 t=-1.36 0.174
CCD Pre (mm), mean + SD 15.58 +2.54 15.54 +2.59 t=-0.09 0.927
ACD Pre (mm), mean £+ SD 7.53 £ 1.94 7.94 £ 1.32 t=1.64 0.103
ACI Post, mean + SD 1.13 £0.16 1.12 £0.18 t=-0.36 0.719
Operation type, n (%) x2=0.52 0470
Hook plate 57 (45.97) 28 (51.85)
TightRope 67 (54.03) 26 (48.15)
Sex, n (%) x2=0.28 0.596
Female 37 (29.84) 14 (25.93)
Male 87 (70.16) 40 (74.07)
Injury, n (%) x2=145 0229
Right 58 (46.77) 20(37.04)
Left 66 (53.23) 34 (62.96)

lar distance (ACD) (OR = 1.34, 95% CI: 1.01-1.80; p =
0.042) were identified as independent risk factors. Inci-
sion length, operation time, and immediate postoperative
acromioclavicular index (ACI) were not statistically signif-
icant (p > 0.05).

Overall, these findings indicate that the choice of Op-
eration type, the extent of surgical invasiveness, and im-
mediate postoperative radiographic alignment were the key
determinants of postoperative complications (Table 8).

3.6 Development and Validation of a Complication
Prediction Model

After developing the model in the training set, its
discriminative performance and generalizability were as-
sessed and subsequently validated in the independent vali-
dation set. In the training dataset, the model demonstrated
excellent discriminatory capacity with an area under the
curve (AUC) of 0.84 (95% CI: 0.76-0.92). Performance
remained robust in the validation set, with an AUC of 0.76
(95% CI: 0.64-0.89), indicating good external consistency.
Overlaid ROC curves from both sets showed stable classi-
fication performance across datasets (Fig. 3A—C).

Calibration analysis confirmed the model’s goodness-
of-fit, with a non-significant Hosmer—Lemeshow test in
both the training (p = 0.177) and validation (p = 0.477) sets,
indicating close agreement between predicted and observed
risks (Fig. 4A,B). Decision curve analysis (DCA) demon-
strated clinical utility within specific threshold ranges. In
the training set, the model provided a positive net clinical
benefit for predicted risk thresholds of approximately 0.05—
0.45, and in the validation set for thresholds of about 0.05—
0.40 (Fig. 4C,D).

Using a cutoff probability of 0.199, the confusion ma-
trix revealed strong classification metrics. In the training
set, the model achieved an accuracy of 77%, a sensitivity
of 74%, a specificity of 86%, a positive predictive value
(PPV) of 95%, and a negative predictive value (NPV) of
49%. In the validation set, accuracy was 67%, sensitivity
66%, specificity 69%, PPV 87%, and NPV 39% (Table 9).

4. Discussion

This study compared minimally invasive fixation
techniques for ACJ dislocation: TightRope suspension
and clavicular hook plate. At 6 months postopera-
tively, TightRope showed better radiographic outcomes—
improved CCD, ACD, ACI, and implant stability—
suggesting superior biomechanical performance. Patients
in the TightRope group also had higher functional scores
(ASES, Constant-Murley, and UCLA), along with lower
VAS pain. The overall incidence of complications was
lower with TightRope than with the hook plate. Multi-
variate analysis identified fixation methods, intraoperative
trauma, and implant displacement as independent predic-
tors of recovery and stability, while fixation type, postop-
erative ACD, and intraoperative blood loss independently
predicted complications. A risk predictive model incor-
porating these factors performed well in both the training
(AUC = 0.84) and validation (AUC = 0.76) sets, with good
calibration and clinical utility.

Clavicular hook plates offer rigid fixation by anchor-
ing beneath the acromion and acting as a mechanical lever
to maintain joint reduction [21]. Although effective at
restoring vertical alignment, the hook inevitably exerts
pressure on the subacromial space, which may lead to per-
sistent impingement of surrounding soft tissues. Prolonged
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Table 7. Univariate logistic regression results.

Variable B SE V4 p-value OR (95% CI)
Operation type

Hook plate 1.00 (Reference)

TightRope -1.01 041 -246 0.014 0.36 (0.17-0.79)
Sex

Female 1.00 (Reference)

Male -042 046 -0091 0.364 0.66 (0.27-1.61)
Injury

Right 1.00 (Reference)

Left 0.06 044 0.14 0.888 1.06 (0.45-2.51)
Age (years) -0.01 0.02 -047 0.638 0.99 (0.94-1.04)
BMI (kg/m?) -0.05 0.07 -0.67  0.505 0.95 (0.82-1.10)
Surgery delay (days) -0.09 0.10 -0.89 0.374 0.91 (0.75-1.10)
Operation time (min) -0.11 0.05 -2.23 0.026 0.89 (0.80-0.99)
Incision length (cm) 050 0.19 2.63 0.009 1.65 (1.14-2.40)
Blood loss (per 50 mL) 0.02 0.0 2.69 0.007 1.02 (1.01-1.04)

Immediate postoperative CCD (mm) 0.14  0.08 1.81 0.069 1.15(0.99-1.33)
Immediate postoperative ACD (mm)  0.25  0.11 225 0.025 1.28 (1.03-1.60)
Immediate postoperative ACI 146 062 235 0.019 431 (1.27-14.62)

B, regression coefficient; SE, standard error; Z, Wald Test Statistic; OR, odds ratio; CI, confidence

interval.
Table 8. Multivariate logistic regression results.

Variable B8 SE V4 p-value OR (95% CI) VIF
Operation type

Hook plate 1.00 (Reference)

TightRope -087 039 22 0.028 0.42 (0.19-091)  1.88
Incision length (cm) 0.17  0.17 099 0.322 1.19 (0.84-1.68)  1.95
Operation time (min) -0.08 005 -1.65 0.099 0.92 (0.83-1.02)  1.76
Blood loss (per 50 mL) 0.62 026 240 0.017 1.86 (1.12-3.09)  1.81
Immediate postoperative ACD (per mm)  0.29  0.14  2.03 0.042 1.34(1.01-1.80)  2.31
Immediate postoperative ACI .12 0.65 1.74 0.081 3.05(0.86-10.78)  4.18

VIF, variance inflation factor.
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Fig. 3. Receiver operating characteristic (ROC) curve analysis of the complication prediction model. (A) Training set (area under
the curve [AUC] = 0.84, 95% confidence interval [CI]: 0.76-0.92). (B) Validation set (AUC = 0.76, 95% CI: 0.64-0.89). (C) Overlaid
ROC showing consistent performance across sets.
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Table 9. Confusion matrix performance metrics for the training and validation sets.

Data

AUC (95% CI)  Accuracy (95% CI) Sensitivity (95% CI) Specificity (95% CI)

PPV (95% CI) NPV (95% CI) Cutoff

Train 0.84 (0.76-0.92)  0.77 (0.68-0.84)
Validation 0.76 (0.64-0.89)  0.67 (0.53-0.79)

0.74 (0.65-0.83)
0.66 (0.51-0.80)

0.86 (0.73-0.99)
0.69 (0.44-0.94)

0.95 (0.90-1.00) 0.49 (0.35-0.63) 0.199
0.87 (0.75-0.99) 0.39 (0.19-0.59) 0.199

PPV, positive predictive value; NPV, negative predictive value.

implant retention increases the risk of complications such
as subacromial impingement and humeral head osteolysis
[22,23]. Therefore, early removal of the hook plate is often
recommended after fracture or dislocation healing to mini-
mize these risks [24].

In contrast, the TightRope system establishes a dy-
namic, suture-based suspension between the coracoid and
clavicle, mimicking the function of the native coracoclavic-
ular ligaments while preserving joint mobility [25,26]. Be-
cause it avoids rigid metal intrusion into the joint space, it
better maintains physiological kinematics and reduces the
likelihood of mechanical irritation of the acromion. This
dynamic fixation system also allows controlled micromo-
tion, which may favor a more natural stress distribution dur-
ing shoulder movement.

In the current study, the TightRope group achieved
smaller CCD, ACD, and implant migration, reflecting
comparable—if not superior—joint alignment relative to
hook plate fixation. Previous biomechanical and clini-
cal studies also support the ability of the TightRope con-
struct to restore coracoclavicular stability [27]. While
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potentially offering less rigid fixation than metal plates,
the TightRope system’s soft tissue—preserving design and
dynamic-loading properties may yield superior functional
stability.

Our findings align with previous evidence indicat-
ing better pain control and functional recovery with the
TightRope approach. Wang et al. [28] observed sig-
nificantly lower VAS scores and higher Constant—-Murley
scores in the TightRope group compared to the hook plate
group at both 6 and 12 months postoperatively. A meta-
analysis by Pan et al. [29] involving 179 patients with
Rockwood type III-IV dislocations also reported substan-
tially lower postoperative VAS scores in the TightRope
group, although Constant-Murley or UCLA scores were
comparable between the two groups. Likewise, a random-
ized controlled trial by Cai et al. [30] reported smaller in-
cisions, reduced intraoperative blood loss, and significantly
lower VAS scores at postoperative day 1, 3 months, and 12
months with TightRope; Constant-Murley scores or cora-
coclavicular distances at 12 months did not differ.
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Multivariable regression revealed intraoperative
blood loss as an independent predictor of postoperative
complications (OR = 1.86, p = 0.017), indicating that
greater blood loss increases the risk of adverse outcomes,
likely reflecting the extent of surgical trauma and soft
tissue injury, which can impede recovery. In contrast,
although longer incision length was associated with higher
complication risk in univariate analysis (p = 0.009), it was
not statistically significant after adjustment (p = 0.322).
This suggests that once intraoperative blood loss and
implant stability are considered, the independent effect of
incision length on complications is limited.

Considering the minimally invasive nature of
TightRope fixation—smaller incisions, reduced tissue
trauma, and minimal subacromial irritation—our findings
highlight the importance of operation type and blood loss
control in optimizing postoperative recovery. TightRope
preserves soft tissue integrity and avoids direct mechanical
stimulation of the acromion. In contrast, hook plate
fixation often requires secondary removal due to chronic
foreign-body irritation, and it can limit shoulder motion
postoperatively, potentially delaying functional recovery
[31]. Overall, TightRope fixation provides stable joint
reduction while preserving joint mechanics, which supports
superior functional outcomes.

In this study, overall complication rates were lower
with TightRope than with hook plate fixation. The inci-
dence of infection was relatively low in both groups. Other
complications tended to occur less often after TightRope,
although several differences were not statistically signifi-
cant. Wang et al. [28] reported three cases of subacromial
impingement, two cases of post-traumatic arthritis, and two
wound infections in the hook plate cohort, versus one reduc-
tion failure in the TightRope group. Lin ef al. [32] demon-
strated that hook plate fixation can induce rotator cuff injury
and subacromial impingement, leading to decreased func-
tional scores. Our statistical analyses similarly confirmed
the influence of operation type on complication risk: hook
plate fixation is associated with implant tip irritation and a
higher likelihood of secondary procedures, and suboptimal
reduction or implant displacement increases the risk of re-
current dislocation, though re-dislocation rates did not dif-
fer significantly in our cohort.

Multivariate logistic regression identified operation
type, immediate postoperative ACD, and intraoperative
blood loss as independent predictors of complications.
These results underscore the need for an optimal reduction
and a carefully selected fixation method to minimize post-
operative risk. A meta-analysis by Pan et al. [29] found no
statistically significant difference in overall complication
rates between the two techniques; that conclusion may be
limited by heterogeneity in study design and definitions of
complications. Overall, TightRope has advantages in terms
of reduced surgical trauma and improved functional recov-
ery. The trend of lower frequency of certain complications
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is consistent with the theoretical mechanism of avoiding
mechanical damage to bones and soft tissues at the acro-
mial hook.

Additionally, we developed and validated a complica-
tion risk prediction model incorporating surgical method,
immediate postoperative ACD, and intraoperative blood
loss. The model demonstrated robust discriminative power
(AUC = 0.76-0.84) and favorable calibration (Hosmer-
Lemeshow, p > 0.05). Clinically, this model can facili-
tate preoperative patient counseling and guide periopera-
tive planning by identifying high-risk individuals, thereby
improving perioperative care and enhancing postoperative
recovery. Linear regression analyses further showed that
the surgical approach, intraoperative blood loss, and degree
of implant migration significantly influenced both postop-
erative CCD restoration and shoulder function. Lower in-
traoperative trauma was associated with better anatomical
reduction, likely through reduced postoperative inflamma-
tion. Implant stability was particularly critical: each 1 mm
increase in implant displacement was associated with an
approximately 1.8-point decrease in the Constant-Murley
score (8 = —1.77), highlighting the clinical importance of
minimizing postoperative implant migration.

Overall, these results suggest that TightRope fixation
provides robust stability and potential for functional recov-
ery in Rockwood III acromioclavicular joint dislocations,
with lower complication rates. Given its minimally inva-
sive profile, biomechanical advantages, and favorable pa-
tient recovery, TightRope represents a reasonable option for
selected patients. However, further high-quality random-
ized controlled trials (RCTs) are needed to confirm their
efficacy in reducing re-dislocation and overall complica-
tion rates. Treatment should remain individualized based
on patient age, bone quality, economic considerations, and
activity level. Postoperative management should empha-
size monitoring for implant displacement and early func-
tional rehabilitation to maximize outcomes and minimize
long-term disability.

Despite compelling findings, we acknowledge several
limitations. This is a single-center, retrospective cohort de-
sign with non-randomized treatment allocation, which in-
troduces potential selection bias. Although we adjusted for
known confounders such as operation type, intraoperative
blood loss, and ACD, unmeasured variables (e.g., surgeon
experience, soft tissue quality, and adherence to rehabilita-
tion) may have affected outcomes. Additionally, the sample
size is relatively modest and obtained from a single institu-
tion, limiting the external validity and generalizability of
our findings.

To validate these findings regarding outcomes and
complication risk, larger multicenter prospective random-
ized controlled trials (RCTs) are warranted. Long-term
follow-up is also needed to assess implant durability, sus-
tained functional recovery, and late complications. An-
other promising direction involves cost-effectiveness anal-
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yses to quantify the economic benefits of minimally inva-
sive techniques such as TightRope, particularly the poten-
tial reduction in complication rates, rehabilitation duration,
and overall healthcare utilization. Furthermore, future in-
vestigations should also explore the role of TightRope in
higher-grade dislocations (e.g., Rockwood type V-VI), es-
pecially after high-energy trauma or when additional liga-
mentous injuries occur. Finally, combining TightRope with
dual-suspension constructs or augmentation materials to en-
hance fixation strength and clinical outcomes also warrants
further investigation.

5. Conclusion

This study supports the minimally invasive TightRope
suspension as a biomechanically favorable, tissue-
preserving alternative for managing Rockwood type III
ACIJ dislocations. It appears particularly suitable for
patients with high functional demands or those seeking
to minimize the risk of reoperation. The improvements
demonstrated in stability and functional recovery highlight
the clinical potential of soft-fixation strategies in managing
ACJ injury. The complication risk prediction model
provides a quantitative tool for individualized preoperative
risk assessment and facilitates more informed surgical
planning.  With future validation through multicenter
cohorts and cost-effectiveness analyses, the TightRope
system could be adopted as a standardized, cost-effective
treatment strategy that guides clinical protocols and
insurance reimbursement frameworks.

Key Points

* TightRope fixation demonstrated minimally invasive
advantages, including shorter incision length, reduced in-
traoperative blood loss, and lower complication rates com-
pared with hook plate fixation.

* Radiographic outcomes in 6 months showed superior
AC] stability in the TightRope group, with significantly im-
proved CCD, ACD, and ACI values.

* Functional recovery was better in the TightRope co-
hort, evidenced by higher ASES, Constant-Murley, and
UCLA scores, alongside lower VAS pain levels.

* Multivariable linear regression identified operation
type, intraoperative blood loss, and implant displacement
as key predictors of radiographic and functional outcomes.

» Logistic regression analysis identified TightRope
fixation as an independent protective factor against com-
plications, while greater blood loss and larger ACD were
independent risk factors.

* The complication prediction model demonstrated
strong discrimination, calibration, and clinical utility, with
consistent performance in both the training and validation
sets.
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