
Original Research

Quantitative Magnetic Resonance
Imaging–Based Tendon Healing
of Different Regions of the Shoulder

Comparison Between the Suture-Bridge and Single-Row
Techniques

Yuxue Xie,* MD, Xiangwen Li,* PhD, Shaohua Liu,† PhD, Yiwen Hu,* PhD, Ye Chen,* BA,
Shiyin Liu,* BA, Puye Wu,‡ PhD, Hongyue Tao,*§ MD, and Shuang Chen,*§k PhD

Investigation performed at Huashan Hospital, Fudan University, Shanghai, China

Background: Rotator cuff retears occur more often at the proximal region with the suture-bridge (SB) technique than at the typical
footprint region with the single-row (SR) technique. Few longitudinal clinical trials have focused on the postoperative tendon quality
of the repaired rotator cuff at different regions between the 2 techniques.

Purpose: To compare tendon healing of the proximal and distal regions between the SB and SR techniques.

Study Design: Cohort study; Level of evidence, 3.

Methods: Included were consecutive patients who underwent arthroscopic rotator cuff repair and undertook clinical and magnetic
resonance imaging (MRI) examinations at 3, 6, and 12 months postoperatively between 2016 and 2017. These patients were
divided into the SB and SR groups according to the technique used. The repaired tendon was segmented into distal and proximal
regions on ultrashort echo time–T2* mapping images. Clinical outcomes (Constant score, American Shoulder and Elbow Surgeons
score, Fudan University Shoulder Score, and visual analog scale for pain) and MRI-based tendon healing (T2* values) of different
regions were compared between the 2 groups. The differences in T2* values and clinical scores were determined by 1-way analysis
of variance for repeated measurements.

Results: A total of 31 patients (17 in SB group and 14 in SR group) were included. At 12-month follow-up, significant improvements
from preoperatively were achieved for all patients in all clinical scores (P < .001 for all). No significant between-group differences
were found in T2* values of the distal region at any time point; however, the mean T2* value of the proximal region at 3 months was
significantly higher in the SB group compared with the SR group (P ¼ .03). This difference became nonsignificant at subsequent
follow-up time points.

Conclusion: Significant clinical improvements over time can be expected in the first year after arthroscopic rotator cuff repair.
In the early postoperative period, higher T2* values in the proximal region of the repaired tendon (representing inferior tendon
quality) were seen with the SB technique compared with the SR technique; however, this phenomenon was resolved over time.
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Arthroscopic rotator cuff repair (ARCR) has gradually
become the mainstream treatment option for rotator cuff
tears, owing to its being less invasive. The single-row
(SR), double-row (DR), and suture-bridge (SB) techniques
are currently the most commonly used approaches. In
recent years, the DR and SB techniques have attracted
more attention than the SR technique because of their
potential to increase the contact area, pressure, and force

load.8,25,26 Clinical studies have shown that the SB tech-
nique can achieve better biomechanical outcomes.16,17,32

In addition, evidence suggests that the healing pattern of
the proximal and distal regions of the repaired tendon with
the SB and SR techniques is different; retears occur more
often at the proximal area of the musculotendinous junc-
tion with the SB technique instead of at the distal area of
the footprint, as typically found with the SR technique.5,20

However, few longitudinal clinical trials have focused on
the in vivo anatomic quality of the repaired rotator cuff at
the musculotendinous junction and footprint regions
between the 2 techniques.
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Ultrashort echo time-T2* (UTE-T2*) mapping is a prom-
ising quantitative magnetic resonance imaging (MRI)
method that is well suited for the evaluation of short T2
structures, such as tendons.13 An earlier clinical study val-
idated that UTE-T2* mapping of the shoulder is promising
for the detection of biochemical healing conditions in the
tendon,37 where higher T2* values were associated with
less organized collagen fibers, thus representing inferior
tendon quality during the postoperative healing process.
In addition, repeat imaging may be warranted for the sur-
veillance of tendon healing progression in patients who
seek operative treatment.21,28

The purpose of this study was to serially evaluate the
clinical scores and MRI-based tendon healing (T2* values)
of the proximal and distal regions at 3, 6, and 12 months
and to compare these outcomes between the 2 surgical tech-
niques. We hypothesized that in the early follow-up period,
higher T2* values in the proximal region and lower T2*
values in the distal region would be seen with the SB tech-
nique compared with the SR technique.

METHODS

Patient Population

This study was approved by the health science institutional
review board of our hospital, and informed consent was
obtained from all participants before enrollment. A consec-
utive series of patients who underwent unilateral ARCR at
the Department of Sports Medicine of our hospital between
2016 and 2017 were invited to participate in this study. The
inclusion criteria were as follows: small- to large-sized tear
(1-5 cm) based on the criteria established by DeOrio
and Cofield10 and symptom duration before surgery
<12 months. The exclusion criteria included grade 3 or
4 fatty infiltration in rotator cuff muscles on MRI according
to the Goutallier classification,12 acromiohumeral interval
<7 mm, previous trauma or surgery, glenohumeral arthri-
tis, and labral tears. Serial follow-up evaluations were car-
ried out at 3, 6, and 12 months after surgery.

Surgical Technique and Postoperative
Rehabilitation

Surgery was performed arthroscopically with the patient
under general anesthesia in the lateral decubitus position.
A single sports medicine fellowship-trained orthopaedic

surgeon (with 26 years of experience in shoulder surgery)
performed all the surgical procedures. The arthroscope
was inserted through the posterior portal into the suba-
cromial space. Acromioplasty was performed if an osteo-
phyte was detected at the acromion or the acromion was
revealed to be hooked or curved. If necessary, tenotomy
or tenodesis was performed (for patients aged >65 years,
only tenotomy). The rotator cuff tear size was measured
in the anteroposterior dimension; retraction in the med-
iolateral dimension was assessed according to the Patte
classification.27 The SR or SB technique was determined
by a consensus between the patient’s preference after an
explanation of the repair techniques and the surgeon’s
expertise. Double- or triple-loaded medial-row anchors
were placed at the edge of the articular cartilage
(4.5 mm in the medial row [Helix; DePuy Mitek] and
4.5 mm in the lateral row [PushLock; Arthrex]). Lateral-
or single-row anchors were inserted at the lateral edge of
the footprint on the greater tuberosity, ensuring that the
tendon edge was at the lateral edge of the footprint with
low tension.

After surgery, all patients followed a standard reha-
bilitation program. Immobilization was maintained with
an abduction brace immediately after surgery for 6
weeks. From the day of surgery, slight passive exercises
were performed, including pendulum, forward flexion,
abduction, and external rotation. Active-assisted exer-
cises were started at 6 weeks postoperatively, and
muscle-strengthening exercises were introduced gradu-
ally. Then, 6 months later, all sports activities and daily
labor were permitted.

Clinical Assessments

The Constant score,9 American Shoulder and Elbow Sur-
geons (ASES) score,22 and Fudan University Shoulder
Score (FUSS)11 were used to evaluate the patient’s per-
ception of functional recovery. The FUSS was not
included in the preoperative assessments because it con-
sists of an evaluation of satisfaction regarding the treat-
ment. The visual analog scale (VAS), ranging from 0 (no
pain) to 10 (extreme pain), was administered to record
the subjective pain felt by the patients during ordinary
activities over a 24-hour period. Complications including
infections, synovitis, and suture anchor problems were
recorded if they occurred.

§

Address correspondence to Hongyue Tao, MD, Department of Radiology, Huashan Hospital, Fudan University, 12 Wulumuqizhong Road, Shanghai,
China (email: taohongyue@126.com); and Shuang Chen, PhD, Department of Radiology, Huashan Hospital, Fudan University, 12 Wulumuqizhong Road,
Shanghai, China (email: chenshuang6898@126.com).

*Department of Radiology and Institute of Medical Functional and Molecular Imaging, Huashan Hospital, Fudan University, Shanghai, China.
†Department of Sports Medicine, Huashan Hospital, Fudan University, Shanghai, China.
‡GE Healthcare, Shanghai, China.
kNational Clinical Research Center for Aging and Medicine, Huashan Hospital, Fudan University, Shanghai, China.
Y.X. and X.L. contributed equally to this article.
Final revision submitted August 19, 2022; accepted August 30, 2022.
One or more of the authors has declared the following potential conflict of interest or source of funding: This work was supported by the National Natural

Science Foundation of China (grants 82102013 and 82171911). AOSSM checks author disclosures against the Open Payments Database (OPD). AOSSM has
not conducted an independent investigation on the OPD and disclaims any liability or responsibility relating thereto.

Ethical approval for this study was obtained from Huashan Hospital (No. 2015M-010).

2 Xie et al The Orthopaedic Journal of Sports Medicine

mailto:taohongyue@126.com
mailto:chenshuang6898@126.com


Magnetic Resonance Imaging

MRI was performed with a 3.0-T system (Discovery MR750;
GE Healthcare). All patients were placed in the supine
position with a sandbag set in the supinated palm. An
8-channel phased array shoulder coil was used. Special
attention was paid to ensure that the shoulder was equally
parallel to the direction of the B0 field to minimize potential
magic angle effects.38 The MRI sequences and parameters
are presented in Table 1.

A radiologist with 8 years of experience in musculoskel-
etal radiology (R1, Y.X.), who was blinded to the distribu-
tion of participants, reviewed proton density–weighted
fat-saturated MRI scans and rated the repair status as
1 of 5 types according to the Sugaya classification31: type
1 (integrated tendon that had sufficient thickness with
homogeneously low intensity), type 2 (sufficient thickness
associated with a partial high-intensity area), type 3 (insuf-
ficient thickness with up to a 50% reduction without dis-
continuity), type 4 (minor discontinuity in >1 slice), or type
5 (major full-thickness discontinuity). Types 1, 2, and 3
represent attached repair sites, and types 4 and 5 represent
retears. The T2* value of the attached tendons was calcu-
lated by fitting the acquired signal to a monoexponential
decay model using the Advantage Workstation (Adw 4.6;
GE Healthcare). The repaired tendon was manually seg-
mented into 2 regions, the proximal region and distal
region according to a method described previously,1,28 on
coronal oblique UTE-T2* images (Figure 1) by another
musculoskeletal radiologist (R2, H.T., with 10 years of
experience in musculoskeletal radiology), who was blinded
to the distribution of participants. The repaired tendon
between the greater tuberosity and the articular surface of
the humerus was divided into 3 equal parts: lateral (distal
region); middle (proximal region); and medial (muscle
region), which was not studied in the present investigation.
To assess the interobserver reliability of T2* values, segmen-
tation was performed by R1 in 10 randomly selected patients
and was then repeated by R2. R1 repeated these segmenta-
tion procedures after 1 month to evaluate intraobserver
reproducibility.

Statistical Analysis

Data analysis was performed with R (Version 3.5.1;
R Project for Statistical Computing), and data were

presented as mean ± SD. The demographic data of the 2
groups were compared using the Student t test and the
chi-square test. According to our prior calculated sample
size (a ¼ .05; power ¼ 0.90), a minimum of 12 participants
was required to detect a statistically significant difference
in the T2* values. The differences in T2* values and clinical
scores at the different time points (3, 6, and 12 months)
were determined by 1-way analysis of variance for repeated
measurements. The interobserver reliability and intraob-
server reproducibility for T2* values were assessed with
intraclass correlation coefficients (ICCs) using a 2-way
random-effects model.35 The ICCs were graded as follows:
excellent reliability, 0.75 � ICC � 1.00; fair to good, 0.40 �
ICC < 0.75; and poor, 0.00 � ICC < 0.40.

TABLE 1
MRI Sequences and Parametersa

Sequence Coronal Oblique PDW Sagittal Oblique T1W Axial PDW Coronal Oblique UTE

Repetition time, ms 2682 553 2578 85.6
Echo time, ms 42 1 42 0.07, 3.1, 6.8, 10.2
Field of view, mm 18 � 18 20 � 20 17 � 17 14 � 14
No. of excitations 2.00 2.00 2.00 1.00
Slice thickness, mm 4 4 4 2.4
No. of slices 16 16 16 12
Scan time, min:s 1:31 1:57 1:59 5:24
Bandwidth, Hz/pixel 31.25 31.25 31.25 62.50

aMRI, magnetic resonance imaging; PDW, proton density–weighted; T1W, T1-weighted; UTE, ultrashort echo time.

Figure 1. Representative coronal oblique proton density–
weighted fat-saturated image of tendon segmentation. The
white lines represent landmarks that were manually chosen
at the greater tuberosity and the articular surface of the
humerus to divide the tendon into 3 equal parts: lateral (distal
region); middle (proximal region); and medial (muscle region),
which was not studied in the present investigation.
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RESULTS

Demographic and Surgical Characteristics

Patient demographics and surgical variables of the 2
groups are presented in Table 2. A total of 31 patients were
included (17 in SB group and 14 in SR group). No one had
complications throughout the follow-up period. Overall, no
significant differences were observed regarding preopera-
tive and surgical data between the groups (all P > .05)
(Table 2). The total retear rate was 6.5% (2/31), with 1 in
the SB group (Sugaya type 5) and 1 in the SR group (Sugaya
type 4). Both retears were observed within 6 months post-
operatively (one at 3 months and another at 6 months).
Both patients refused to undergo revision surgery because
the clinical outcomes were satisfactory. There were no sig-
nificant differences regarding the healing pattern between
the 2 groups according to the Sugaya classification (Table
2).

Clinical Outcomes

In both groups, there was a significant longitudinal
improvement in functional scores from preoperatively
(Constant, ASES, and FUSS) as well as VAS pain scores
(all P < .001), with no significant differences between the
groups at any follow-up time point (Figure 2). At the last
follow-up, all patients (including 2 patients with retears)
had excellent functional scores (Constant: 96.26 ± 4.77;
ASES: 96.81 ± 4.47; FUSS: 96.74 ± 4.65) as well as a low
VAS pain score (0.58 ± 0.67).

T2* Values of Different Regions

The ICC values of interobserver reliability and intraobser-
ver reproducibility of T2* values were 0.90 and 0.82, respec-
tively, indicating excellent reliability. Figure 3 displays
longitudinal UTE-T2* maps of 2 representative patients
at different time points from the SB and SR groups. The
T2* values of the distal and proximal regions of attached

tendons are compared between the 2 groups in Table 3 and
Figure 4. In the SB group, the T2* values showed a ten-
dency to decrease from 3 to 6 months (P ¼ .38 for distal and
P ¼ .55 for proximal) and from 6 to 12 months (P ¼ .04 for
distal and P ¼ .09 for proximal). Moreover, a significant
decrease was observed between 3 and 12 months
(P ¼ .003 for distal and P ¼ .02 for proximal). In the SR
group, T2* values increased from 3 to 6 months (P ¼ .13 for
distal and P ¼ .08 for proximal) and then decreased from
6 to 12 months (P¼ .006 for distal and P¼ .10 for proximal).

The SB group displayed significantly higher T2* values
than the SR group (17.8 ± 5.0 vs 14.2 ± 3.2, respectively;
P ¼ .03) in the proximal region at 3 months (Figure 4). The
differences became nonsignificant at subsequent time
points for the proximal region. Moreover, no significant
differences were detected for the distal region between the
2 groups throughout the follow-up period (Table 3 and Fig-
ure 4).

DISCUSSION

The most important finding of this study is that in the early
period (3 months) after surgery, higher T2* values at the
proximal region of the repaired tendon were found in
the SB group compared with the SR group (17.8 ± 5.0 vs
14.2 ± 3.2, respectively; P ¼ .03), indicating inferior tendon
quality at the musculotendinous junction with the SB
technique.

In this study, the tendon was divided into distal and
proximal regions as previously reported.1,28 The distal
region represents the healing site of the repaired tendon,
whereas the proximal region indicates the tendon-muscle
junction. Significant variations were observed in T2*
values based on the anatomic region; lower values were
obtained in the proximal region and higher values were
registered in the distal region in the first follow-up year.
It is well established that higher T2* values are associated
with collagen fibers that are less organized and more water
content based on studies using histological and biochemical
reference standards and clinical results.2,13,38 Therefore,

TABLE 2
Patient and Surgical Characteristicsa

SB Group (n ¼ 17) SR Group (n ¼ 14) P Value

Age at surgery, y 55.1 ± 10.3 53.6 ± 11.1 .58
Body mass index 22.2 ± 2.4 21.9 ± 3.2 .34
Sex, male/female 5/12 6/8 .68
Smoking 2 1 >.99
Fatty degeneration of supraspinatus, Goutallier grades 0/1/2 4/10/3 4/8/2 .94
Level of exercise,b high vs medium and low 0/17 0/14 >.99
Surgery on dominant side, right/left 10/7 9/5 >.99
Retraction, Patte stages 1/2/3 12/5/0 11/3/0 >.99
Previous treatment, medication/physical therapy/subacromial injection 9/4/0 7/4/0 .90
Symptom duration before surgery, mo 3.8 ± 2.4 4.1 ± 2.9 .74
Tear size in anteroposterior dimension, cm 3.7 ± 1.9 3.2 ± 1.6 .45
Healing pattern at last follow-up, Sugaya types 1/2/3/4/5 4/5/7/0/1 2/7/4/1/0 .47

aData are presented as No. or mean ± SD. SB, suture-bridge; SR, single-row.
bGraded according to Chen et al.4
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the variations between anatomic regions were expected in
the present study, as the distal region of the footprint
underwent a healing process of inflammation and neovas-
cularization,18,30 consisting of more water content and less
organized collagen fibers than that of the proximal region,
thus resulting in higher T2* values.

An increased risk of retears at the proximal region
instead of at the footprint has often been noticed and
reported during the past decade with the SB tech-
nique.6,7,14,15,19 This phenomenon reminded us of whether
there were differences in the recovery pattern for the prox-
imal region and distal region of the repaired tendon accord-
ing to operative techniques and what the factors affecting
the recovery pattern of arthroscopically repaired rotator
cuff tears may be in the early follow-up period in our daily
practice. In a study on medial rotator cuff failure after DR
ARCR, Trantalis et al33 considered that undue tension at
the proximal region with the DR technique may have been
the primary cause of the unusual failure pattern compared
with the SR technique. They speculated that during DR

surgery, surgeons generally aim for more medial suture
tendon passage for a greater footprint coverage and a more
robust biomechanical construct; this attempt leads to ten-
don compression at the proximal region instead of the distal
region, which consequently weakens proximal tendon
fibers more than the SR technique as reported before.7,19

However, no evidence regarding in vivo anatomic-based
tendon quality has been demonstrated on comparative
analysis to date. In this regard, the higher T2* values at
the proximal region that we observed in the SB group may
provide direct evidence on differences regarding the retear
pattern between the 2 techniques. Further research on the
biomechanical characteristics of this anatomic-based pat-
tern of tendon quality in rotator cuff healing with different
repair techniques is necessary for detailed analysis; sur-
geons still need to be mindful of higher T2* values, which
are associated with inferior tendon quality in the proximal
region at early follow-up time points with the SB technique
based on our pilot study.7,19 A detailed understanding of the
reasons that lead to differences in biochemical T2* values

Figure 2. Clinical outcomes over time between the suture-bridge (SB) and single-row (SR) groups. In both groups, the (A) Constant,
(B) American Shoulder and Elbow Surgeons (ASES), (C) Fudan University Shoulder Score (FUSS), and (D) visual analog scale (VAS)
pain scores markedly improved throughout the follow-up period (all P < .001), with no significant differences between the groups
(all P > .05) at any time point.
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at the proximal region of the repaired rotator cuff may fur-
ther contribute to improving the healing pattern.

At the subsequent follow-up time points of 6 and
12 months, no significant differences were observed
for T2* values in both regions between the 2 techniques,
indicating that tendon recovery tended to become similar
after 6 months between the 2 techniques. This phenome-
non was supported by the clinical outcomes, which were

also similar between the 2 techniques as reported
before.37

In addition, UTE-T2* mapping was used to detect time-
dependent changes in T2* values in order to monitor the
healing process in the first follow-up year. With the SR
technique, the T2* values increased from 3 to 6 months and
decreased from 6 to 12 months in both regions. These
results regarding T2* value–defined longitudinal tendon

Figure 3. Reformatted longitudinal ultrashort echo time–T2* images from (top row, A-C) a 52-year-old male patient from the suture-
bridge group and (bottom row, D-F) a 49-year-old male patient from the single-row group at different follow-up time points: (A, D) 3
months, (B, E) 6 months, and (C, F) 12 months. The range of interest (ROI) of the distal region is directly over the medial-row anchor, and
the ROI of the proximal region is directly over the humeral head. High T2* values are depicted as red and low T2* values as blue. The
region between the red arrows mean the proximal region of repaired tendon.

TABLE 3
T2* Values by Follow-up Time Point and Regiona

SB Group SR Group P Value

3 mo
Distal 21.01 ± 4.66 18.06 ± 3.97 .07
Proximal 17.79 ± 5.04 14.21 ± 3.19 .03

6 mo
Distal 19.53 ± 4.77 21.02 ± 5.38 .44
Proximal 16.64 ± 5.75 17.48 ± 5.60 .70

12 mo
Distal 16.67 ± 2.78 15.71 ± 3.09 .40
Proximal 13.60 ± 4.19 13.69 ± 5.72 .97

aData are presented as mean ± SD. Bolded P value indicates a
statistically significant difference between groups (P < .05). SB,
suture-bridge; SR, single-row.

Figure 4. Comparison between the suture-bridge (SB) and
single-row (SR) groups of mean longitudinal T2* values for the
(A) distal and (B) proximal regions. Error bars represent SDs.
*P < .05.
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healing are consistent with those of a previous study.37

After surgical repair of the rotator cuff, disorganized colla-
gen scar tissue is produced in the early period, and then,
the collagen fibers begin to rearrange over time. Similarly,
the water content gradually decreases over time. Therefore,
we can speculate that the repaired tendon did not gain
recovery until 6 months, as shown by the increase in T2*
values from 3 to 6 months, even if patients already expe-
rienced significant functional improvement and pain relief
before 6-month follow-up with the SR technique.5,21,36 On
the other hand, with the SB technique, T2* values
decreased over time in the first follow-up year. A labora-
tory study reported that the DR technique might promote
short-term acute inflammation after surgery in contrast to
the SR technique.3 As previously mentioned, inflamma-
tion is a process associated with higher T2* values.23,24,29

Therefore, we anticipated that the time-related decrease
in T2* values revealed a recovery process of inflammation
even from 3 months with the SB technique, indicating a
faster healing response achieved by the SB technique than
that by the SR technique as reported before.26,34

Limitations

Certain limitations to this study need to be acknowledged.
First, the sample size was relatively small. A larger sam-
ple size would strengthen our results about the clinical
significance of our findings regarding higher T2* values
at early follow-up in the SB group. Second, because satis-
factory outcomes were obtained in most patients, they
refused to return for clinical examinations, which pre-
vented us from commenting on the longer term prognosis.
Thus, the short duration of follow-up was another limita-
tion. Third, we did not perform histological assessments
and biomechanical measurements, which are the gold
standards to document tendon healing after surgery. How-
ever, these are ethically problematic in human longitudi-
nal clinical trials. Noninvasive imaging could provide a
more global view of the structures involved and dynamic
monitoring of the tendon-healing process. Finally, there
may be selection bias because of patients’ decisions on
repair techniques.

CONCLUSION

A significant improvement in clinical scores was seen in
patients after ARCR. In the early postoperative period,
higher T2* values in the proximal region of the repaired
tendon (representing inferior tendon quality) were seen
with the SB technique compared with the SR technique;
however, this phenomenon was resolved over time.
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