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Sports medicine has developed rapidly in recent years. Countless advancements
have been achieved regarding the mechanism, repair, and recovery of sports injuries.
The interaction between sports medicine and other disciplines is also a trending topic.
Multi-disciplinary outcomes are being increasingly yielded. In this Special Issue, we have
collected several clinical advancements in sports medicine.

Rotator cuff tear is a common shoulder disorder in clinical practice. Based on tear
size, treatment methods can be divided into direct repair using suture anchors or repair
with augmentation due to a massive tear size. Li et al. conducted a review of the current
literature and reported that bone quality, insertion depth, insertion angle, size of rotator
cuff tear, preoperative corticosteroid injections, anchor design, and the materials used to
produce anchors may influence the anchor pullout strength, leading to a poor recovery [1].
Regarding massive rotator cuff tear that cannot be fixed directly, Wellington et al. used a
biologically enhanced demineralized bone matrix for the augmentation and found that 10
of 20 patients who received this treatment still suffered from a retear at follow-up [2]. This
outcome suggested that there is still a long way to go to enhance the repair of rotator cuff.

For trunk, spinal fusion is usually applied for patients with lumbar degeneration
with overall good results. However, some may still experience failure. Guo et al. noticed
that the albumin-to-alkaline phosphatase ratio can be used as a prognostic biomarker for
measuring clinical outcomes after spinal fusion [3]. Regarding lower limb, Cong et al.
reported a modified capsulotomy approach to facilitate the arthroscopic femoroplasty
and acetabular labrum repair, with the clinical data supporting its popularization [4].
Regarding knee, Zhang et al. found that anterior cruciate ligament reconstruction using
an insertion preservation technique has a protective effect on cartilage degeneration in
long-term follow-up [5].

In addition to the general population, novel advancements have also been achieved re-
garding injuries in athletes. Martins established a predictive model for injury risk in football
players [6], while Keller et al. pointed out some divergences in terms of exaggerated blood
pressure response in athletes [7]. Gaudette et al. studied runner injuries and emphasized
the importance of gait retaining for post-injury recovery [8]. Merle et al. focused on the
oral health of young athletes and revealed an association of blood/performance indexes
and periodontal inflammation [9].

Some interesting multi-disciplinary research is also included in this Issue. Guo et al.
conducted a systematic review and found that aerobic plus machine-assisted resistance
training may improve the vascular function in patients with type 2 diabetes [10], while
Ma et al. found that adaptive posture-balance cardiac rehabilitation exercise could remark-
ably restore physical tolerance in a population suffering from cardiovascular diseases [11].
The interaction between sports medicine and other subjects will no doubt make this disci-
pline more meaningful in the future.

Author Contributions: Y.S. organized the paper and J.C. revised the paper. All authors have read
and agreed to the published version of the manuscript.
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Abstract: Introduction: Due to the aging of the population, the incidence of rotator cuff tears is
growing. For rotator cuff repair, arthroscopic suture-anchor repair has gradually replaced open
transosseous repair, so suture anchors are now considered increasingly important in rotator cuff
tear reconstruction. There are some but limited studies of suture anchor pullout after arthroscopic
rotator cuff repair. However, there is no body of knowledge in this area, which makes it difficult for
clinicians to predict the risk of anchor pullout comprehensively and manage it accordingly. Methods:
The literature search included rotator cuff repair as well as anchor pullout strength. A review of the
literature was performed including all articles published in PubMed until September 2021. Articles
of all in vitro biomechanical and clinical trial levels in English were included. After assessing all
abstracts (n = 275), the full text and the bibliographies of the relevant articles were analyzed for the
questions posed (n = 80). Articles including outcomes without the area of interest were excluded
(n = 22). The final literature research revealed 58 relevant articles. Narrative synthesis was undertaken
to bring together the findings from studies included in this review. Result: Based on the presented
studies, the overall incidence of anchor pullout is not low, and the incidence of intraoperative anchor
pullout is slightly higher than in the early postoperative period. The risk factors for anchor pullout are
mainly related to bone quality, insertion depth, insertion angle, size of rotator cuff tear, preoperative
corticosteroid injections, anchor design, the materials used to produce anchors, etc. In response to the
above issues, we have introduced and evaluated management techniques. They include changing
the implant site of anchors, cement augmentation for suture anchors, increasing the number of
suture limbs, using all-suture anchors, using an arthroscopic transosseous knotless anchor, the Buddy
anchor technique, Steinmann pin anchoring, and transosseous suture repair technology. Discussion:
However, not many of the management techniques have been widely used in clinical practice. Most
of them come from in vitro biomechanical studies, so in vivo randomized controlled trials with larger
sample sizes are needed to see if they can help patients in the long run.

Keywords: rotator cuff tear; rotator cuff repair; bone quality; osteopenia; osteoporosis; anchor pullout;
pullout strength

1. Introduction

Due to the aging of the population, the incidence of rotator cuff tears is growing [1,2].
For rotator cuff repair, arthroscopic suture-anchor repair has gradually replaced open
transosseous repair, so suture anchors are now considered increasingly important in rotator
cuff tear reconstruction [3]. The majority of patients with rotator cuff tears are over 60 years
old, and osteoporosis is very common among them [4,5]. This means that their proximal
humeral bone quality is often poor, which will increase the incidence of anchor pullout [6,7]
(Figure 1). Anchor pullout is one of the mechanisms of suture anchor failure. It occurs at
the anchor-bone interface during arthroscopic rotator cuff repair, resulting in pullout of
the anchors from the bone [8]. In terms of biomechanics, pullout strength is the pullout

J. Clin. Med. 2022, 11, 6870. https://doi.org/10.3390/jcm11226870 https://www.mdpi.com/journal/jcm
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force measured when anchor pullout occurs at the anchor-bone interface. Studies have
attempted to find new methods to improve pullout strength, thus reducing the risk of
anchor pullout.

  
(a) (b) 

Figure 1. (a) Intraoperative metallic suture anchor pullout; (b) intraoperative polyetheretherketone
suture anchor pullout.

The purpose of this review is to summarize the body of knowledge on suture anchor
pullout during arthroscopic rotator cuff repair. We will first briefly introduce the incidence of
anchor pullout before discussing the reason why the suture anchor pulls out. Lastly, we will
describe in detail the different technologies and studies that have been used to solve the problem
of anchor pullout, and we will compare their pros and cons to help future practice.

2. Method

The literature search included rotator cuff repair as well as anchor pullout strength.
A review of the literature was performed, including all articles published in PubMed
until September 2021. The following search terms were used alone and in combination:
“Rotator cuff repair”, “anchor pullout”, and “pullout strength”. The articles were assessed
considering the following research aspects: definition, incidence of anchor pullout, risk
factor for anchor pullout, and anchor pullout management.

Articles of all in vitro biomechanical and clinical trial levels in English were included.
After assessing all abstracts (n = 275), the full text and the bibliographies of the relevant
articles were analyzed for the questions posed (n = 80). Articles including outcomes without
the area of interest were excluded (n = 22). Specifically, publications from 1990 to 2021 were
included because of the advancements in biomechanics, surgical treatments, and improved
understanding of pullout strength for suture anchors. The final literature research revealed
58 relevant articles. Narrative synthesis was undertaken to bring together the findings from
studies included in this review.

3. Results

3.1. Total Incidence of Anchor Pullout

The incidence of anchor pullout varies depending on the circumstances. The incidence
of early anchor pullout after arthroscopic rotator cuff repair is approximately 0.1%–3.1%,
while the incidence of anchor pullout during surgery is higher, approximately 3.3%–5.4%.
Anchor pullout is one of the three mechanical mechanisms of revision surgery failure, with
an incidence of approximately 4.5%.

3.1.1. Early Anchor Pullout

A retrospective, monocentric study [9] by Skaliczki et al., showed that early anchor
pullout was observed in six patients out of 5327 (0.1%).
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Earlier studies found much higher rates of early anchor pullout. Benson et al. [10]
investigated 269 patients who underwent arthroscopic rotator cuff repair and found six
cases of early anchor pullout (2.4%). In their study of 127 patients, Dezaly et al. [11]
reported a 3.1% prevalence of early anchor displacement. The difference may be caused
by the different time points of the radiographic evaluation: The time period considered in
the latter two studies also included part of the rehabilitation, while the observation time
of Skaliczki et al. [9] was immediately after surgery. That is, early anchor pullout in the
series of Skaliczki et al. [9] is mainly attributed to surgical intervention, while the results of
Benson et al. [10] and Dezaly et al. [11] are at least partly due to the rehabilitation process.

3.1.2. Anchor Pullout during Surgery

The incidence of anchor pullout during surgery has not been investigated, and only a
few articles [9–11] have reported the incidence of early postoperative anchor failure.

A retrospective study [12] by Jung and colleagues showed that of 1076 patients who un-
derwent arthroscopic rotator cuff repair, 483 were treated with screw-in-type bioabsorbable
or biocomposite anchors, and 593 were treated with soft anchors. In the screw-in-type
anchor group, 16 patients (3.3%, 16/483) experienced anchor pullout during surgery. Of the
593 patients treated by soft anchor insertion, 32 (5.4%, 32/593) experienced anchor pullout.
These rates are not significantly different. Intraoperative anchor pullout was much more
likely to happen in patients with larger rotator cuff tears, women, older people, or those
who had shoulder stiffness before surgery.

3.1.3. Anchor Pullout Has a Relatively Low Incidence

Cummins et al. [8] found three mechanisms by which rotator cuff repairs fail me-
chanically at the time of revision surgery: rotator cuff suture pullout from the repaired
tendon (86.3% of cases), new tears in a different place (9.1% of cases), and complete anchor
displacement, or pullout, from the bone (4.5% of cases).

3.2. Risk Factors for Suture Anchor Pullout

The reason why the suture anchor pulls out is the poor stability of anchor fixation in
arthroscopic rotator cuff repair. The stability is determined by bone quality, insertion depth,
insertion angle, anchor design, the materials used to produce anchors [13–19] and so on.

3.2.1. Bone Quality

Pullout strength depends on bone mineral density [4,20,21].
Suture anchors have better pullout characteristics when placed in areas of higher bone

mineral density (BMD) [4,20,22,23]. However, the use of anchors in patients who are elderly
and who may be osteoporotic [24] can potentially increase the likelihood of anchor pullout.
The bone quality of the greater tuberosity is one of the factors affecting repair integrity [6].
In patients with poor bone quality, the failure rate after rotator cuff repair is as high as
68% [4,25]. The quality of the proximal humerus bone also deteriorates with age and is
more pronounced in patients who have RCT. Djurasovic et al. [7] reviewed 80 cases of
failed rotator cuff repair and showed that 10% of them had anchor migration or loosening.
Anchor migration is a state between anchor loosening and pullout, and it is incomplete
anchor pullout. From these results, we can see that the lower the bone mineral density, the
more easily the anchor will cut out of the humerus [4]. These studies provide a theoretical
basis for various augmentation technologies.

3.2.2. Anchor Material and Design

The mechanical fixation (pullout strength) of suture anchors is determined by their
design, such as the pitch and number of threads, length, size, and overall shape [4,10,26].
Anchors of various designs, materials, and sizes have been invented. The pullout strength
can differ according to the material and design of suture anchors [27–29].
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Anchors made of different materials have different incidences of anchor pullout.
Tingart et al. [4] found that the pullout strength of metal screw-type anchors is higher than
that of biodegradable hook-type anchors. In addition, most studies using radiotransparent
(RT) anchors have reported complications caused by bioabsorbable anchors resulting
in bone lysis, defects, and sometimes fractures [30–32], which may lead to late pullout.
However, osteolysis has no effect on clinical outcomes [33]. Polyetheretherketone (PEEK)
anchors, although non-absorbable, also enlarge the peripheral bones significantly more
laterally than medially in double-row (DR) repairs [34], which may be the reason why they
pull out. In short, the use of anchors of different materials will produce different pullout
strengths, which is the reason why anchor pullout occurs under specific circumstances.

A study by Chae and colleagues [35] indicated that high pullout strength was primarily
attributed to geometric design factors of the suture anchors, such as greater contact surface
area between the anchor threads and surrounding bone, overall length, number of threads,
and height of the thread. It is possible that the contact surface area between the anchor
threads and surrounding bone is related to other geometric design factors of the suture
anchor, such as the overall length, diameter, number of threads, height of the thread, pitch,
and helix angle. Chae et al., found that the number and height of threads were positively
correlated with the pullout strength among suture anchors of several geometric designs.
In fact, the number and height of threads are the most important geometric design factors
for increasing the contact surface area between suture anchors and surrounding bone.
Their results support the points of view that greater thread-to-bone surface contact leads to
greater pullout strength and that screw threads impart improved holding strength due to
the increased through contact with the surface of the bone [36–38]. Kang et al. [39] reported
that a micropore bioabsorbable suture anchor had higher pullout strength, which may
have been related to the bone growth induced by the micropore bioabsorbable anchor.
Even though more clinical trials need to be conducted to confirm the above assumptions,
there is no doubt that these research results point us in a new direction when it comes to
anchor design.

Therefore, the clinical application of anchors with different designs will often bring
about different pullout strengths and lead to different incidences of anchor pullout. Anchor
design determines the stability of anchor fixation, which is one of the reasons why anchor
design affects the incidence of anchor pullout.

3.2.3. Number of Anchors (Distance between Anchors)

The relationships of the pullout strength to the anchor material, anchor design, insertion
angle, insertion depth, and bone mineral density have been investigated [3,15,16,20,40–42].
However, these studies only focused on the pullout strength of one anchor. One study investi-
gated the pullout strength of two anchors instead of one [43], finding that the pullout strength
of two anchors was higher. Kawakami and colleagues [44] showed that in polyurethane and
porcine models, the minimum distance between anchors to not reduce the pullout strength was
6 mm, which was less than the previously determined 10-mm separation, and this result was
not affected by the different bone qualities, even when applied to osteoporotic bone. When
two anchors are placed 4 mm apart, there are two possible reasons for the decrease in pullout
strength. First, when two anchors are very close, the cancellous bone around the anchors is not
strong enough to support both. Second, in fact, a 4-mm distance means that adjacent anchors
will overlap. The contact area between the anchor thread and the cancellous bone decreases
as the amount of overlap increases. The contact area of the anchor thread is closely linked to
the pullout strength [37,45]. When calculating the distance between two anchors, we mean
from center to center, so the minimum distance without decreasing the pullout strength may
be different for suture anchors with different diameters. However, due to financial constraints,
only two types of suture anchors were examined in this study, compared to the ideal situation
of testing all commercially available anchors.

All-suture anchors are biomechanically inferior to screw-in-type anchors [46]. How-
ever, Ntalos et al. [47] reported that all-suture anchors and traditional anchors had similar
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average pullout strengths in an unlimited cyclic model. Moreover, compared with tradi-
tional anchors, all-suture anchors have a smaller volume, which allows more of them to
be implanted in the same volume of bone [48]. The overall biomechanical performance is
improved by sharing the load at multiple fixation points. However, the minimum distance
between all-suture anchors seems not to have been reported.

3.2.4. Insertion Angle

Accidental anchor pullout is a common mechanism of repair failure, and its occurrence
is affected by bone quality and the implantation technique [49,50]. The relationship between
anchor pullout and anchor insertion angle has also been studied. It was widely accepted
and understood that placing the anchor at 45◦ to the insertion surface would display the
strongest pullout strength [4,15,18–20,51] after Burkhart’s proposal of the deadman theory
in 1995 [52].

In 2009, Strauss et al., used cadaveric shoulders to study the effects of anchor insertion
angle and rotator cuff tendon repair [49]. The torn supraspinatus tendons were repaired
by single suture anchor with an insertion angle of 45◦ or 90◦. The results showed that the
rotator cuff repair with the anchor inserted at 90◦ to the bone surface was stronger than
the repair with the anchor inserted at 45◦. However, compared with the whole repaired
construct, the effect of insertion angle on just anchor pullout strength was of more interest
to the researchers.

In 2014, Clevenger et al., tested the pullout strength of anchors with insertion angles
from 45◦ to 135◦ in 15◦ increments [14]. According to the findings, anchors set at an acute
angle to the pulling axis were substantially weaker than those positioned at an obtuse
angle. It did not appear to necessarily match the clinical settings, though, as just one type
of synthetic cancellous bone was used and no cortical bone. In 2016, Nagamoto et al.,
conducted a biomechanical test of anchor insertion angle using the greater tuberosity of
porcine humeri and three different densities of synthetic cancellous bones with a 2-mm-
thick cortical bone connected to one side. Their findings showed that regardless of bone
density, the pullout strength of the anchors implanted at 90◦ to the bone surface was higher
than the anchors inserted at 45◦ [16].

In the same year, Itoi et al., comprehensively evaluated their laboratory data against
previous data and concluded that insertion angles of 45◦ and 90◦ were the strongest for
threadless and threaded anchors, respectively [53,54]. So, whether threaded or threadless
anchors are used should also affect the choice of insertion angle. Threadless anchors pro-
vide less friction. In this case, inserting an anchor at 45◦ had a higher pullout strength
than inserting an anchor at 90◦ or more. In contrast, threaded anchors can provide sub-
stantial friction. Therefore, the maximum pullout strength can be obtained by inserting the
anchor at 90◦.

In 2018, Ntalos et al.’s [47] biomechanical study demonstrated that the maximal force
in all-suture and traditional anchors could be detected at a 90◦ insertion angle. Regardless
of the kind, the pullout strength was decreased when they were inserted at more acute
(45◦) or obtuse (110◦) angles. Those differences were not statistically significant, though.
They thought that the angle at which the anchor was inserted was not as important in the
clinic as people had thought [47].

3.2.5. Size of Rotator Cuff Tear

The retrospective cohort study by Benson and colleagues provided conclusive evidence
that patients with larger rotator cuff tears have a significantly higher incidence of anchor
pullout. They found [10] that among 251 patients who used metallic suture anchor for
rotator cuff repair, six had early anchor pullout, with an overall incidence of about 2.4%.
The incidence of rotator cuff tears less than or equal to 3 cm was 0.5%, and the incidence in
tears greater than 3 cm was 11%. In large tears, the suture anchor bears higher tension, so
the incidence of anchor pullout will also be higher.
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3.2.6. Insertion Depth

In a biomechanical study, Bynum et al. [15] showed that changing the insertion depth
of the suture anchor affected the mechanical properties and the failure modes of suture
anchor constructs. Suture anchors inserted with the suture eyelet deep had premature
failure because of construct elongation.

Kirchhof et al. [55] reported that screwing the anchor deeper did not increase the
pullout strength. This is because the deep bone mineral density of the greater tuberosity
is relatively low. For patients with osteoporosis, this is of no help. Osteoporosis usually
involves the patient’s cancellous bone first, resulting in a decrease in cancellous bone
quality, followed by cortical bone. Therefore, the deep bone mineral density of the greater
tuberosity for patients with osteoporosis is relatively low, and screwing the anchor deeper
cannot improve the pullout strength.

Therefore, there is no consistent conclusion on whether increasing the insertion depth
of the anchor improves the pullout strength.

3.2.7. The Effect of Corticosteroid Injections on Anchor Pullout Strength

Because RCT patients usually have obvious pain symptoms, corticosteroid injections
(CSIs) into the subacromial space have been an important treatment for RCT patients.
Puzzitiello et al. [56] showed that for patients who had received CSIs within two weeks,
their suture anchor pullout strength decreased significantly after arthroscopic rotator cuff
repair. There was no significant decrease after 3 or 4 weeks. These findings suggest that for
patients who have received CSIs before surgery, we should ensure that they receive surgery
after a certain interval of time.

3.3. Anchor Pullout Management

As mentioned above, rotator cuff repair has a high retear rate, and the risk of failure
increases with the age of the patient [57] and with the size of the tear [58]. The quality of
the proximal humerus also deteriorates with age, and this phenomenon is more common
in RCT patients. With the continuous development and popularity of arthroscopic rotator
cuff repair, the practice of open rotator cuff repair in the new generation of surgeons is
becoming rarer. This section focuses on various management techniques and biomechanical
principles for anchor pullout during arthroscopic rotator cuff repair.

3.3.1. Changing the Implant Site of Anchors

For arthroscopic rotator cuff repair, the suture anchor is implanted in the proximal
humerus, usually into the greater tuberosity. Many studies have analyzed the bone quality
distribution of the greater tuberosity.

In 2003, an in vitro biomechanical study by Tingart et al. [4] demonstrated that, within
the proximal part of the greater tuberosity, trabecular bone mineral density of the posterior
region and cortical bone mineral density of the middle region were highest, respectively.
However, loads to failure in the anterior and middle regions were, on average, 62% higher
than the load to failure in the posterior region. They came to the conclusion that cortical
bone mineral density was a stronger predictor of pullout strength in the proximal region
of the tuberosity than trabecular bone mineral density. The pullout strength might be
improved by placing suture anchors in the proximal-anterior and proximal-middle regions
of greater tuberosity [20].

Kirchhof et al. [5] performed high-resolution peripheral quantitative CT scanning on
36 cadaver specimens, finding that the volume of highest bone quality was found at the
posteromedial aspect. Sakamoto et al. [59] used multidetector row computed tomography
to successfully perform an in vivo evaluation of the bone microstructure of the humeral
greater tuberosity in patients with rotator cuff tears. They also obtained the same results as
Kirchhof et al. According to the findings of both studies, the posterior medial region of the
greater tuberosity was the best location for anchor insertion in terms of bone quality. This
contradicted the results of Tingart et al. [4].
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3.3.2. Cement Augmentation for Suture Anchors

Bone grafting or using bone cement to fill the void caused by osteoporotic bone
resorption or large cystic changes within the subchondral plate can effectively improve the
bone quality of patients undergoing arthroscopic rotator cuff repair. It is very difficult to
perform structural bone grafting under arthroscopy, and the pullout strength will not be
improved immediately, so it is clinically more feasible to inject bone cement to enhance
bone quality and improve pullout strength.

Oshtory and colleagues [60] reported that the pullout strength of suture anchors
injected with tricalcium phosphate cement increased by 29%. Giori and colleagues [61]
reported a 71% gain in pullout strength with anchor augmentation by polymethyl methacry-
late (PMMA) cement. Although the pullout strength was improved, PMMA cement is
not bioabsorbable, which may make revision surgery harder. Moreover, PMMA cement
produces a thermal effect during the curing process, which may also cause bone necrosis,
making the pullout strength uncontrollable in specific cases.

Postl and colleagues [62] reported that the pullout strength of suture anchors injected
with bioabsorbable and fiber-reinforced calcium phosphate cement increased by 66.8%. This
fiber-reinforced calcium phosphate cement can reach a pullout strength similar to that of
PMMA cement but also retains the properties of calcium phosphate cement; that is, it does
not produce a thermal effect and is bioabsorbable [63]. This new bone cement combines the
advantages of calcium phosphate cement and PMMA cement and is a promising reinforcing
material. To be applied in the clinic, it needs to be evaluated in further in vivo experiments.

The biomechanical results above show that it is theoretically tenable to improve the
pullout strength of different materials by bone cement augmentation (Table 1).

Table 1. Pullout strength increment for augmentation with different types of bone cement.

Study Types of Bone Cement Testing Model Anchor Type
Percentage

Increase (%)
p Value

Giori et al. [61] PMMA bone cement Cadaveric humerus

Metal screw-like
suture anchors

(5-mm Fastin RC;
Mitek, Norwood,

MA, USA)

71 p = 0.02

Oshtory et al.
[60]

Bioabsorbable tricalcium
phosphate cement Cadaveric humerus

Metal screw-like
suture anchors

(5-mm Fastin RC;
Mitek, Norwood,

MA, USA)

29 p = 0.027

Postl et al. [62]
The bio-absorbable and
fiber-reinforced calcium

phosphate cement
Cadaveric humerus

titanium suture
anchors (Corkscrew

FT
1 Suture Anchors,

Arthrex, Naples, FL,
USA)

66.8 p < 0.001

In fact, not only the material of the bone cement but also the injection method of
bone cement has a great impact on the final biomechanical results. Braunstein et al. [64]
drilled a hole first, then injected bone cement, and finally implanted an anchor. However,
this method can easily lead to the extrusion of bone cement, which is not feasible in an
arthroscopic setting. Aziz and colleagues [65] introduced a new bone cement injection
method that used an open architecture-type anchor. This method allowed the operator
to implant the anchor first and then directly inject bone cement through a cannulated in
situ suture anchor with fenestrations. This anchor can make the bone cement interlace and
bond with the surrounding bone better, increasing the surface area in contact with the bone,
so it may have higher pullout strength. At the same time, we can limit the bone cement
injection to the distal end of the anchor, which can effectively reduce the occurrence of
bone cement extrusion and the thermal effect on the healing surface, thereby reducing the
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incidence of bone necrosis. In this way, the method can help to retain the bone quality and
improve the pullout strength.

The experimental results of in vitro biomechanical studies also confirm the hypothesis
above. Aziz and colleagues [65] reported that the pullout strength increased by 167%
when bone cement was injected through an open architecture-type anchor, which was
much higher than the pullout strength obtained by using the injection method of Braun-
stein et al. [64], which was only 45% to 47%, depending on the anatomic location.

3.3.3. Using All-Suture Anchors

The pullout strength of an all-suture anchor mainly depends on the thickness of
cortical bone [66]. Therefore, preoperative cortical bone thickness evaluation and no de-
cortication during operation are particularly important to improve the pullout strength of
all-suture anchors.

There is controversy about comparisons of pullout strength between all-suture anchors
and traditional anchors. Negra and colleagues found that the failure load of all-suture
anchors is less than that of traditional anchors, and they also have a significantly greater rate
of anchor pullout by various failure mechanisms than traditional anchors [46]. However,
this conclusion still needs to be further verified in a representative repair model. On the
contrary, Ntalos et al. [47] confirmed that all-suture anchors and conventional anchors have
no significant difference in biomechanical effects, and their pullout strength is also similar.

All-suture anchors have a much smaller volume than the traditional screw-in anchors,
which allows us to enhance the pullout strength of the repaired construct by implanting
more all-suture anchors in the limited bone [67].

3.3.4. Increasing the Number of Suture Limbs

Shi et al. [68] found that when controlling for the number of sutures, using more suture
limbs will result in a higher ultimate failure load. Conversely, when controlling for the
number of sutured limbs, they found no significant differences among SR anchored, DR
anchored, TOE, and transosseous repairs. In fact, they found that the number of sutures,
the number of suture limbs, and the number of mattress stitches were more important in
determining the overall strength than the suture structure.

3.3.5. Buddy Anchor Technique

As we know, in patients with osteoporosis, the inserted suture anchors are likely to
be unstable. Thus, Brady and Burkhart [36] introduced the buddy anchor technique as a
salvage technique: a second anchor is inserted adjacent to the loose anchor to create an
interference fit and subsequent higher pullout strength [36,38]. As reported by Denard
and Burkhart, the essential mechanism of the buddy anchor system is reinforcement of the
pull-out strength by interference fit [69].

One biomechanical study by Horoz et al., supported this technique [38]. They found
that in osteoporotic bone, two interlocking suture anchors were stronger than a single
anchor. The pullout strength was increased by interlocking a second suture anchor with the
first. However, another study contradicted this finding [44]. The opposing view was that
placing the two anchors to overlap would reduce the anchor bone contact area and thus
reduce the pullout strength [44]. However, the effectiveness of the buddy anchor technique
was for the original loose anchor, and the study did not evaluate whether the use of the
buddy anchor technique helped to enhance the fixation of the original loose anchor. These
two studies were in vitro biomechanical, and more in vivo clinical studies are needed to
demonstrate the effect of buddy screwing in the future.

Jung et al. [12] used the buddy screwing technique to augment repair in 16 patients
who experienced intraoperative anchor pullout. Three patients had early postoperative
failure after buddy screwing. They thought that placing another anchor in an enlarged
area tended to result in instability. However, this study was not strictly a randomized
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controlled trial. The number of cases was also limited since intraoperative anchor pullout
was uncommon.

3.3.6. Steinmann Pin Anchoring

Jung et al., invented a new anchor pullout management technique, bar anchoring with
a threaded Steinmann pin (BASP) [12]. Using a threaded Steinmann pin (S-pin) (2.3 mm)
and sutures, BASP was used to anchor pullouts during surgery. A threaded S-pin was
trimmed to a length of 25–30 mm, and the center two-fifths of the S-pin were wrapped with
three strands of a No. 2 high-strength suture and tied. A grasper was used to move the
S-pin to the pullout site after its short part had been inserted through the anchor insertion
portal. A specially made impactor was then attached to the end of the S-pin while being
held below the cortical bone of the GT. The suture strands were then withdrawn to cause
the S-pin to flip into the cancellous bone of the GT. Firm tension was gradually applied to
the strands while observing the S-pin through the GT hole to ensure fixation. The three
strands were attached to the S-pin using the Revo knot, a non-sliding knot, and were then
used to repair the ruptured tendon.

In this study, the success rate of pullout management was 100% (13/13) for the BASP
technique. At 6 months postoperatively, the tendon healing rate in patients undergoing
BASP was 92.3% (12/13).

We can say that the BASP technique achieves satisfactory results both in terms of
preventing suture anchor re-pullout and improving the tendon healing rate.

3.3.7. Using an Arthroscopic Transosseous Knotless Anchor

For arthroscopic rotator cuff repair, the most commonly used technology is TOE repair
technology. It is not a real transosseous repair technology, and suture anchors are still
needed, which means that this technology still brings a risk of anchor pullout, especially in
elderly patients and patients with osteoporosis.

Therefore, some surgeons have developed an arthroscopic transosseous knotless (ATOK)
anchor to realize true transosseous repair through arthroscopic technology. A noninferiority trial
by Sandow and colleagues [70] showed that none of the 15 patients who received the ATOK
anchor for rotator cuff repair had anchor displacement or anchor pullout.

Compared with the widely used TOE repair technology, ATOK anchor repair can
potentially reduce the incidence of anchor pullout. The effect of this technology also needs
to be validated by randomized controlled trials with larger sample sizes.

3.3.8. Transosseous Suture Repair Technology

The advent of suture anchors helped popularize arthroscopic rotator cuff repair due to the
ease and speed of operation and their facilitation of instrumentation [20]. However, arthroscopic
rotator cuff repair with suture anchors is not reliable for patients with osteoporosis, so some
scholars have readopted transosseous suture repair. Of course, the current transosseous suture
repair is not the same as the earlier arthrotomy but is performed under arthroscopy.

Randelli et al. [71] conducted a randomized controlled trial to compare the effectiveness
of arthroscopic transosseous repair to single-row suture anchor repair. The two procedures
produced equal results in terms of functional and radiological outcomes. Moreover, transosseous
repair was found to reduce pain more quickly in the first month after surgery.

A matched cohort study by Srikumaran et al. [72] showed that in terms of patient-reported
results, shoulder range of motion, and structural integrity, there are no differences between
transosseous and transosseous equivalent suture-bridge rotator cuff repair procedures. The
operating time was the same for all procedures. However, future randomized controlled trials
are still needed to further demonstrate the equivalence of the two techniques.

These results demonstrate that arthroscopic transosseous repair can achieve the same
results as arthroscopic rotator cuff repair with suture anchor in all aspects, and as a repair
technique using only sutures without anchors, it can be used as an alternative treatment
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option for patients with anchor pullout. However, in patients with osteoporosis, suture
cutting of the bone may also lead to failure of the repair.

In order to avoid bone cutting, some authors advise using a broader suture, such as a 2
mm tape, rather than the thinner No2 wire [73]. Due to its ideal viscoelastic properties [74]
and broader contact surface with bone and soft tissue, this tape would exert the same force
but less pressure at the contact region.

A cohort study by Beauchamp et al. [75] showed that arthroscopic transosseous repair
using 2 mm tape material achieved significant mid-term functional improvement in this
group of patients, with results statistically unaffected by larger tear size (>3 cm) or older
age (≥65 years), which also happen to be risk factors for anchor pullout after rotator cuff
repair with suture anchor. Therefore, arthroscopic transosseous repair using 2 mm braided
suture tape could be an alternative surgical option to reduce the risk of anchor pullout for
these two types of patients.

4. Discussion and Clinical Inspirations

This review organizes the body of knowledge on anchor pullout through a literature
review. However, there are still some issues that need to be addressed in this area.

There are very few studies on the incidence of anchor pullout. Although the overall
incidence of anchor pullout is not too high [8–12], studies of pullout rates under certain
conditions, such as in patients with poor bone quality, needed, which are important for
clinicians’ preoperative decision making.

Additionally, we present the risk factors for anchor pullout. The effect of bone quality
on pullout strength is relatively well established, and clinical studies with larger sample
sizes would provide stronger support for the existing view. For anchor material and
design, anchor insertion angle and depth, the existing findings are mainly from in vitro
biomechanical studies [30–40,46–48], which do not fully simulate the clinical situation, and
more in vivo clinical studies are needed to confirm the existing findings in the future. The
minimum distance (center-to-center) of suture anchors without decreasing the pullout
strength varies with anchor diameter [44]. The available studies only tested two types
of suture anchors rather than all commercially available suture anchors. The minimum
distance between all suture anchors has not been reported yet. Since the level of evidence
from existing studies is low, future randomized controlled trials are needed to evaluate the
effect of rotator cuff tear size and CSIs on pullout strength [10,56].

The focus of this review is corresponding management for suture anchor pullout. For
the anchor implantation site, Kirchhof and Sakamoto only evaluated the distribution of
total bone mineral density in the greater tuberosity without performing the corresponding
biomechanical tests, and their findings cannot be used as predictors of anchor pullout
strength [5,59]. From this point of view, the conclusions of Tingart et al. [4] seem to be
more credible. Their study showed that placing the anchor in the anterior and middle
regions proximal to the GT resulted in an average load to failure 62% higher than placing
it in the posterior region [20]. Prospective clinical trials are necessary to understand
whether the available managements can reduce anchor pullout rates and improve patient
prognosis. By comparing the in vitro biomechanical data, we found that PMMA bone
cement provides greater pullout strength compared to various new bone cements, despite
its various drawbacks [60,62,63]. For the bone cement injection method, the injection of bone
cement through an open architecture-type anchor is also superior to the traditional method
of drilling a hole first, then injecting bone cement, and finally implanting the anchor [64,65].
However, the arthroscopic application of this technique still needs to overcome some
technical difficulties, which require additional in vivo clinical studies. When a patient is
at high risk for anchor pullout, we can assess their cortical bone thickness preoperatively,
and if the cortical bone quality is good, we can use all suture anchors for rotator cuff repair
because they are small and can be implanted in greater numbers, which can improve the
overall pullout strength [66,67]. Buddy screwing, BASP, and ATOK are three relatively
new techniques. They are not only theoretically valid but have also been demonstrated in
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several studies. In fact, buddy anchor technique is a controversial technique. In the case of a
small sample size, its in vivo application has a failure rate of 19% (3/16) [12], but it remains
one of the few means of remedy in the event of intraoperative anchor pullout. In contrast,
better pullout strength was achieved using the BASP technique and the ATOK anchor,
and neither in vivo study reported anchor displacement or pullout [12,70]. However,
these two techniques are more complex to perform, and in practice, buddy screwing
remains a trusted and relatively simple remedy. However, neither of these studies were
strict randomized controlled trials, nor was the sample size large enough [1,36,38,44,69,70].
Relatively speaking, arthroscopic transosseous suture repair is a more established technique.
Its equivalence to suture anchor repair was also confirmed by a randomized controlled
trial [71]. Arthroscopic transosseous suture repair does not involve the use of suture
anchors at all, which is very suitable for patients at high risk of anchor pullout. However,
this technique also presents a new problem; that is, the sutures may cut the osteoporotic
bone, leading to repair failure. However, there are no studies on the probability of anchor
pullout and bone cutting with suture anchor repair and transosseous suture repair for the
same bone quality, respectively. Some cohort studies suggest that the use of wider sutures
may reduce the risk of transosseous suture repair failure [73–75]. However, due to the
uncertainty about the incidence of bone cutting, in vitro biomechanical studies using a
severe osteoporosis model may help to increase positive results and thus help us better
evaluate the effectiveness of this approach.

In conclusion, not many of the management techniques have been widely used in
clinical practice. Since most are derived from in vitro biomechanical studies, in vivo ran-
domized controlled trials with larger sample sizes are needed to confirm whether they can
ultimately benefit patients.
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Abstract: Despite its positive influence on physical and mental wellbeing, running is associated
with a high incidence of musculoskeletal injury. Potential modifiable risk factors for running-related
injury have been identified, including running biomechanics. Gait retraining is used to address these
biomechanical risk factors in injured runners. While recent systematic reviews of biomechanical
risk factors for running-related injury and gait retraining have been conducted, there is a lack of
information surrounding the translation of gait retraining for injured runners into clinical settings.
Gait retraining studies in patients with patellofemoral pain syndrome have shown a decrease in pain
and increase in functionality through increasing cadence, decreasing hip adduction, transitioning
to a non-rearfoot strike pattern, increasing forward trunk lean, or a combination of some of these
techniques. This literature suggests that gait retraining could be applied to the treatment of other
injuries in runners, although there is limited evidence to support this specific to other running-related
injuries. Components of successful gait retraining to treat injured runners with running-related
injuries are presented.

Keywords: gait retraining; running-related injuries; kinetics; kinematics; rehabilitation

1. Background

The sport of running has positive effects on both physical [1] and mental [2] wellbeing.
Unfortunately, runners experience a high rate of running-related injuries (RRIs). While
reports of incidence rate vary depending on the population, up to 79% of recreational
runners suffer a RRI each year [3]. In addition, RRIs have a high rate of recurrence. For
example, female youth runners with a history of bone stress injury (BSI) have a 5 times
elevated risk of sustaining a subsequent BSI [4]. Similar rates of injury reoccurrence were
found in high school cross country runners [5].

Prior research has characterized risk factors for RRI. Of those that are modifiable, risk
factors include neuromuscular, kinetic, kinematic, and spatiotemporal variables. While
muscle weakness and imbalance may contribute to RRIs [6], strengthening alone may be
insufficient for modifying biomechanical abnormalities that contribute to RRI [7]. Several
variables related to running mechanics are thought to be related to injury and are frequent
targets of intervention, including hip adduction [8,9], trunk lean [10,11], vertical loading
rates [12–18], and step rate [19–22].

Gait retraining has been described as a method to change running biomechanics
contributing to a given RRI [23]. Gait retraining using external feedback was first described
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in patients following stroke [24]. It used concepts of motor learning for both acquisition
and transfer phases and resulted in sustained improvements in hemiparetic gait. These
concepts have since been applied to the management of RRIs by addressing a variety of
aspects related to gait mechanics. Gait retraining typically involves the use of devices
to measure the targeted biomechanical variable and provide external visual, verbal, or
auditory cues to facilitate change. These external cues are described as biofeedback, and a
faded biofeedback design refers to gradual reduction in external cues to promote learning
of a new desired movement pattern without further feedback [24].

For gait retraining to be effective, biomechanical risk factors associated with RRI must
be properly identified, and, if possible, addressed appropriately during treatment. The
results of a recent systematic review and meta-analysis, which evaluated different forms of
gait retraining [23], suggest that the literature surrounding gait retraining is occasionally
inconsistent and largely inconclusive. There is need for a more easily digestible guide for
clinicians seeking to implement gait retraining in the treatment of injured runners. The
purpose of this narrative review is to provide a practical overview of what is known on
biomechanical risk factors for RRI, gait retraining strategies to alter these risk factors, and
provide clinical practical application of this knowledge.

2. Methods

This narrative review included studies related to the following topics: (I) Biomechani-
cal risk factors for RRI, and (II) Gait retraining for runners with RRI. No restrictions were
placed on language, publication date, participant age, gender, and duration of symptoms
or stage of disease. Articles were excluded if: (I) running was not the primary focus
of the study; (II) there was not a clear description of the gait retraining protocol used;
(III) feedback was not removed after gait retraining to determine if gait adjustments could
be maintained; (IV) the protocol did not use multiple sessions to allow for motor learning
to occur. Additionally, studies that were not presented as a full manuscript (i.e., abstracts)
were excluded. PubMed and EMBASE were the databases used. The date of the last search
was 30 June 2022. Subject headings, synonyms, relevant terms, and variant spellings of
three concepts (running biomechanics; gait retraining; running-related injuries) were used
for the searches on each database. This strategy was used for each database with the appro-
priate truncation. All references were imported into Mendeley Reference Manager (Version
2.65.0), and duplicates were removed. The screening of eligible studies was performed in
two steps: (I) screening the titles and abstracts, and (II) screening the full texts. List of refer-
ences of the retrieved studies were searched to identify additional publications. Eligibility
assessment was performed by two reviewers (LWG and MB). Disagreements were resolved
by discussion between the two review authors. If no agreement could be reached, a final
arbitration was performed by a third independent reviewer (AST). Relevant information
was organized using the following topics: (I) Biomechanical risk factors for RRI; (II) Gait
retraining overview; (III) Interventions characterizing gait retraining variables; (IV) Clinical
application of gait retraining; (V) Limitation of current gait retraining strategies.

3. Biomechanical Risk Factors for Running-Related Injury (RRI)

Two recent systematic reviews of prospective studies have examined potential biome-
chanical risk factors for RRI [25,26]. Both reviews concluded that there was not strong
evidence for a single biomechanical variable as a risk factor for all RRIs. The lack of an
association between biomechanical variables and grouped RRI indicates the importance of
investigating injury-specific biomechanical risk factors for RRI.

A recent systemic review examined biomechanical risk factors for several common
RRIs including hamstring tendinopathy, patellofemoral pain syndrome (PFPS), patellar
tendinopathy, iliotibial band syndrome, medial tibial stress syndrome, tibial stress fractures,
Achilles tendinopathy, and plantar fasciitis [27]. Criteria for inclusion of a biomechanical
risk factor in the study was a significant difference from a control group in one prospective
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study or two retrospective studies [27]. Levels of evidence for biomechanical risk factors
for specific RRIs varied from conflicting evidence to moderate evidence.

The strongest evidence supported decreased braking impulse [28,29] and increased
ground contact time [28,29] for PFPS, increased duration of rearfoot eversion angle [30,31]
and increased contralateral pelvic drop angle [30,32] for medial tibial stress syndrome,
and increased average [33,34] and instantaneous loading rate [33,35] of vertical ground
reaction force for plantar fasciitis. Each biomechanical variable was observed to have
moderate evidence as risk factors for specific RRIs. More limited evidence was found for
biomechanical risk factors for Achilles tendinopathy and tibial stress fractures, and very
limited evidence was found for iliotibial band syndrome. No biomechanical variables
met the study criteria for inclusion for patellar tendinopathy and hamstring tendinopathy.
Definitions of potential biomechanical risk factors can be found below in Table 1.

Table 1. Definitions of key biomechanical variables.

Variable Name Variable Definition

Vertical Impact Peak (VIP) The local maximum found between initial foot strike
and the maximum ground reaction force [12]

Vertical Average Loading Rate (VALR)
Slope of the ground reaction force curve from 20% to
80% of the vertical impact peak, measured in body
weights per second (BW/s) [12]

Vertical Instantaneous Loading Rate
(VILR)

Maximum slope of the ground reaction force curve
from 20% to 80% of the vertical impact peak,
measured in BW/s [12]

Braking Impulse

A measure of the total force applied in the posterior
direction during stance phase. Area under the
anteroposterior ground reaction force curve from
initial contact until midstance [36]

Peak Tibial Acceleration Maximum tibial acceleration at time of initial contact
(also known as “impacts”) [12]

4. Gait Retraining Overview

A narrative review published in 2020 evaluated the use of gait retraining as an inter-
vention for PFPS [37]. The review included mostly case series or studies that did not contain
a control group. Most biomechanical interventions included in the review, specifically
decreasing hip adduction, increasing trunk lean, transitioning from a rearfoot strike (RFS)
to a forefoot strike pattern, and increasing cadence, resulted in a reduction of pain [37]. The
review also concluded that greater gait retraining session volume and a faded feedback
design resulted in better outcomes compared to studies without a faded feedback design.

While a previous systematic review conducted in 2015 found foot strike manipulation
had the greatest effect on kinematic measures and live feedback of tibial acceleration had
the greatest effect on kinetic measures [38], a more recent systematic review and meta-
analysis of gait retraining by Doyle et al. [23], which included only randomized controlled
trials, concluded that the best evidence for gait retraining for runners supported step
rate-based gait retraining. Though it achieved only moderate evidence, step rate-based
gait retraining was shown to increase step rate, decrease stride length, decrease peak hip
adduction (HADD) during stance, increase footstrike angle at initial contact and decrease
VALR and VILR. Moderate evidence was also found for the ability of tibial acceleration
based gait retraining to lower VILR.

While some gait retraining studies have reported a decrease in pain and improvement
in functional outcomes in patients that underwent gait retraining, an insufficient number
of studies reported pain measurements or clinical outcomes compared to a control group
for inclusion in the systematic review and meta-analysis for conclusions regarding the
effectiveness of gait retraining on patient pain or clinical outcomes to be made [23]. A
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summary of gait retraining studies and their effect on various clinical and biomechanical
outcome variables can be seen in Table 2.

Table 2. Overview of Gait Retraining Studies.

Adjusted
Variable

Feedback Subjects
Retraining

Design
Outcomes

Noehren
et al., 2011 [8] HADD Visual display

and verbal cues

10 female runners
with PFPS and

high HADD

Faded, 8 sessions
over 2 weeks

86% reduction in pain with
11-point increase in LEFI.

Significant reduction in HADD
and contralateral pelvic drop. All

changes persisted at 1-month
follow-up

Willy et al.,
2012 [9] HADD

Visual
feedback from

mirror and
verbal cues

10 female runners
with PFPS

Faded, 8 sessions
over 2 weeks

Reduced HADD, thigh adduction
and contralateral pelvic drop. All

changes persisted at the 1- and
3-month follow-ups, although

HADD increased from post-trial
to 1- and 3-month follow-ups

Esculier et al.,
2018 [19] Step rate Not clear 69 runners with

PFPS

Not faded, 5
sessions over 8

weeks

No difference in KOS-ADLS
scores between runners who

received both education and gait
retraining compared to runners
who only received education on

load management

Willy et al.,
2016 [20] Step rate

Visual
feedback from

Garmin
Forerunner

30 healthy runners
with high loading

rates

Faded, 8 runs, no
feedback on 4th,

6th or 8th run

Significant increase in step rate,
significant reduction in VALR,

VILR, HADD and knee eccentric
work

Baumgartner
et al., 2019

[21]
Step rate

Visual
feedback from

watch

38 healthy runners,
step rate <170 Not faded

Significant increase in step rate
from 79.9 +/− 4.8 to 86.8 +/− 5.7

strides per leg per minute

Crowell and
Davis 2011

[12]

Tibial
acceleration

Visual
feedback

10 healthy RFS
runners with high
tibial acceleration

Faded, 8 sessions
over 2 weeks

Significant reductions in tibial
acceleration, VALR, VILR that
persisted at 1-month follow-up

Clansey et al.,
2014 [13]

Tibial
acceleration

Visual
feedback

22 healthy RFS
male runners with

high tibial
accelerations

Not faded, 6
sessions over 3

weeks

Significant reductions in tibial
acceleration, VALR, VILR at

post-trial. Only tibial acceleration
remained significant at the

1-month follow-up

Bowser et al.,
2018 [14]

Tibial
acceleration

Visual
feedback

19 healthy RFS
runners with high
tibial acceleration

Faded, 8 sessions
over 2 weeks

Significant reductions in tibial
acceleration, VIP, VALR, VILR, at
follow-up timepoints of 1, 6, and

12 months

Cheung et al.,
2018 [39]

Tibial
acceleration

Visual
feedback

16 healthy runners
with high tibial

accelerations

Faded, 8 sessions
over 2 weeks

In the post-trial participants were
distracted but still had significant

reduction in VALR, VILR and
tibial acceleration compared to

pre-trial
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Table 2. Cont.

Adjusted
Variable

Feedback Subjects
Retraining

Design
Outcomes

Ching et al.,
2018 [15]

Tibial
acceleration

Audio
feedback

16 healthy runners
with high tibial

acceleration

Faded, 8 sessions
over 2 weeks

In the post-trial participants were
distracted but still had significant

reduction in VALR, VILR and
tibial acceleration compared to

pre-trial. Additional feedback did
not change loading rates in

runners that had already
undergone gait retraining

Zhang et al.,
2019 [17]

Tibial
acceleration

Visual
feedback

13 healthy runners
with high tibial

acceleration

Faded, 8 sessions
over 2 weeks

37.3% reduction in peak tibial
acceleration, runners maintained
lower tibial accelerations at +/−

10% of their self-selected pace

Zhang et al.,
2019 [16]

Tibial
acceleration

Visual
feedback

12 healthy runners
with high tibial

acceleration

Faded, 8 sessions
over 2 weeks

Runners were able to maintain
lower tibial accelerations during

overground running and
treadmill slope running, but not

overground slope running

Sheerin et al.,
2020 [18]

Tibial
acceleration

Haptic
feedback

through watch

18 healthy runners
with high tibial

acceleration

Faded, 8 sessions
over 2 weeks

41% reduction in average tibial
acceleration on a treadmill. 17%
reduction in tibial acceleration

during overground running

da Silva Neto
et al., 2022

[40]

Vertical
ground

reaction force

Visual
feedback

24 healthy RFS
runners

Not faded, 8
sessions over 2

weeks

Reduced maximum force in the
midfoot and medial rearfoot.

Showed gait retraining can be
performed overground rather

than with a treadmill

Cheung and
Davis 2011

[41]

Forefoot
strike pattern

Audio
feedback from
buzzer in shoe

3 female runners
with PFPS

Faded, 8 sessions
over 2 weeks

All 3 participants had decreased
VALR and VILR by 10.9–35.1%.
Pain scores were improved by

10.4–19.5 points

Roper et al.,
2016 [42]

Forefoot
strike pattern

Visual
feedback from

mirror and
verbal cues

16 RFS runners
with

running-related
knee pain

Faded, 8 sessions
over 2 weeks

Significant reduction in pain from
5.3 to 1.0 at post-trial and

1-month follow-up

Chan et al.,
2020 [43]

Midfoot
strike pattern

Visual display
of footstrike

pattern

20 healthy RFS
male runners

Faded, 8 sessions
over 2 weeks

Only 40% of participants
successfully transitioned to

midfoot strike pattern, those who
did displayed no difference in

vertical loading rate

Yang et al.,
2020 [44]

Forefoot
strike pattern

Audio
feedback from

mobile app

17 healthy RFS
runners Not faded

Significantly lower loading rates,
significantly higher ankle joint

moment from pre- to post-study.
Significantly lower loading rates
in participants who underwent
gait retraining and switched to
minimalist shoes compared to

those who just switched to
minimalist shoes
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Table 2. Cont.

Adjusted
Variable

Feedback Subjects
Retraining

Design
Outcomes

Chan et al.,
2021 [45]

Forefoot
strike pattern

Audio
feedback 16 healthy runners Faded, 8 sessions

over 2 weeks

75% of participants switched to
non rearfoot striking over level

ground, 94% over uphill running
and 88% over downhill running

Teng et al.,
2020 [10] Trunk lean Visual display

of trunk lean
12 healthy RFS

runners
Faded, 5 sessions

over 8 weeks

Significant reduction in PFJ stress,
knee extensor moment, peak
ankle plantar flexor moment,

significant increase in peak hip
extensor moment

Helmhout
et al., 2015

[46]

Forefoot
strike pattern
and step rate

Education and
audio feedback

from verbal
cues

19 military
members with

chronic extertional
compartment

syndrome for at
least 2 months

Not faded

Significant increase in running
distance, significant increase in

SANE and LLOS, significant
decrease in PSC

Futrell et al.,
2020 [47]

Forefoot
strike pattern
and step rate

Audio
feedback from
metronome for
step rate group,
audio feedback
for footstrike
pattern group

39 healthy RFS
runners without a

history of bone
stress injuries and

with step rates
below 170

Faded, 8 sessions
over 2 weeks

41% reduction in VALR in the
footstrike pattern group

compared to 14% reduction in
VALR in the step rate group at

1-week post-trial. Changes were
maintained at 6 months post-trial

Miller et al.,
2021 [48]

Forefoot
strike pattern
and step rate

Audio
feedback from

metronome
and verbal cues

9 injured military
service members Not faded

Significant reduction in VALR,
increase in step rate, significant
improvement in patient SANE

scores. All participants remained
injury free at 6-month follow-up

Bonacci et al.,
2018 [49]

Footwear
and step rate

Audio
feedback from

metronome

14 RFS runners
with PFPS

Faded, 10 sessions
over 6 weeks

All subjects in gait retraining had
reduction in pain and

improvement in function.
Significantly lower anterior knee
pain compared to orthotics group

Molina-
Molina et al.,

2022 [50]

Footwear
and step rate

Audio
feedback from
a metronome
for step rate

group, removal
of shoes for

barefoot group

70 healthy runners
Not faded, 30
sessions over

3 weeks

Significant decrease in rearfoot
strike angle in barefoot group and

step rate group. Significant
increase in step rate at

comfortable speed for step rate
group. At a high speed, step rate
increased for the barefoot group
and decreased for the step rate

group.

dos Santos
et al., 2019

[11]

Forefoot
strike pattern,
step rate and

forward
trunk lean

Audio
feedback from

clinician for
footstrike and
forward trunk
lean groups,

audio feedback
from

metronome for
step rate group

18 runners with
PFPS

Faded, 8 sessions
over 2 weeks

All 3 groups had decreased pain,
increased functionality and

decreased LEFS scores from pre-
to post-trial. All changes were

maintained at a 6-month
follow-up. AKPS scores

decreased from pre-trial to
post-trial in the footstrike and

trunk lean groups and between
pre-trial and 6-month follow-up

in all groups

Clinical Outcomes: LEFI- Lower Extremity Functional Index (same as LEFS), KOS-ADLS- Knee Outcome Survey–
Activities of Daily Living Scale, SANE- Single Assessment Numeric Evaluation, LLOS- Lower Leg Outcome
Survey, PSC- Patient Specific Complaints questionnaire, LEFS- Lower Extremity Functional Scale, AKPS- Anterior
Knee Pain Scale, VAS- Visual Analog Scale.
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5. Interventions Characterizing Gait Retraining Variables

Biomechanical targets of gait retraining studies (shown above in Table 2) include
degree of hip adduction [8,9], step rate [19–21], tibial acceleration [12,14–18,39,45], footstrike
pattern [41–44] and trunk lean [10]. The outcome measures of each study varied and
included pain and functionality in injured runners, joint angles, and measures of loading
rates (such as VALR and VILR) in healthy runners.

While the literature supporting hip adduction as a risk factor for PFPS is inconsis-
tent [27], two studies have reported beneficial outcomes related to reduced hip adduction
in runners with PFPS [8,9]. One study used a real time display generated by motion capture
technology to display hip adduction [8], while the other study used visual feedback with a
full-length mirror [9]. Both studies reported decreases in pain and increases in functionality,
exceeding the minimal clinically important difference, at the end of the trial and at a 1- or
3-month follow-up.

Increases in step rate by 5% or 10% have been shown to lower COM vertical excursion,
decrease breaking impulse and transition runners towards a more anterior footstrike
pattern [36]. Three gait retraining studies have shown that step rate can be altered through
gait retraining outside of a laboratory setting, including while runners continue with
their training [20,21,50]. Willy et al. [20] found that this increase in step rate was also
associated with a decrease in VALR, VILR and HADD [20]. A decrease in pain and
increase in functionality was seen at the 6-month follow-up in runners that underwent
gait retraining to increase their step rate by 10% [11]. The changes in step rate seen after
gait retraining may not be constant at faster speeds, however [50]. One prospective study
found no difference in KOS-ADLS scores between runners who received education on load
management and underwent gait retraining based on step rate compared to those who
only received education on load management [19]. A possible side effect of step rate-based
gait retraining is calf muscle soreness. In one study, 43% of participants mentioned calf
muscle soreness [49]. However, this did not affect running volume.

Tibial acceleration is a common variable of interest in gait retraining studies as a
surrogate measure of loading rate. While a variety of techniques can be used to decrease
tibial acceleration, some studies have found that runners are capable of lowering their tibial
accelerations with visual feedback combined with instruction to land “softly” and “qui-
etly” [14,39,41]. A study that used visual feedback of accelerometer data for gait retraining
found significant reductions in tibial acceleration, VIP, VALR and VILR at post-training
compared to pre-training [14]. Tibial acceleration, VIP, VALR and VILR all remained
significantly reduced at 1-month, 6-month, and 12-month follow-ups.

Transitioning from a rearfoot strike to a forefoot strike has been shown to decrease
loading rates while running [41]. Improvements in clinical outcomes that reach minimal
clinically important difference in patients with PFPS that switch to a forefoot strike have
been reported in a case series study [11]. These improvements remained at a 6-month
follow-up. One randomized controlled trial found a significant reduction in pain in runners
with PFPS that underwent gait retraining while the control group did not experience any
significant changes in pain. However, subjects that underwent gait retraining reported calf
soreness while undergoing gait retraining. Twenty-five percent of participants from the
retraining group also reported ankle soreness at the 1-month follow-up when running more
than 4 miles in a single session [42]. Chan et al. also found that runners who transitioned
to a midfoot striking pattern did not display significantly different load rates compared to
rearfoot strikers [43].

While fewer studies involving trunk lean were found, improvements in functional
outcomes and decreases in pain were reported immediately upon the completion of gait
retraining and at a 6-month follow-up [11]. Changes in functionality between pre-training
and post-training reached minimal clinically important difference. These changes were sim-
ilar to the changes seen in the treatment group that transitioned to a forefoot strike pattern.
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6. Clinical Application of Gait Retraining

Sports injuries are complex and result from a combination of intrinsic and extrinsic
factors [51]. Although biomechanics play a role in RRIs [27], it is important to highlight
that a multifactorial perspective is required, and clinicians must identify the non-linear in-
teractions between biomechanics and other aspects that may be related to injuries [51]. Gait
retraining expands upon traditional approaches of addressing impairments in strength and
flexibility to address abnormal biomechanics and motor control and should be considered
as an aspect of a multimodal approach.

Most research on gait retraining strategies identified in this review (Table 2) focus
on changing lower extremity mechanics to address knee pain. In PFPS, best evidence
guidelines include exercises to improve hip and knee strength [52]. In the basics of the
preliminary strengthening phase, the patient can also be considered in the cognitive stages
of learning, using different exercises to gain intrinsic awareness of these muscles, and
using visual cues to gain greater proprioceptive awareness. The treatment program then
progresses to the associative stages of learning as tasks become more challenging. At this
point, the participant should not only improve strength based on exercise prescription but
improve ability to modify their alignment in a variety of tasks.

After addressing the pre-gait guidelines for management of PFPS, patients may further
benefit by participating in gait retraining programs. Changes in pain and function up to
six months were seen in runners with hip adduction greater than 20◦ that received visual
feedback and were cued to “run with your knees apart with your kneecaps pointing straight
ahead” [8,9], in runners with trunk flexion of 11◦ that were asked to “run with an increase in
flexed trunk posture” [11], in runners with step rate between 160 to 170 steps/minute that
were cued via an audio metronome set at 7.5–10% above their baseline step rate [11,19,49],
and in runners that adopted a forefoot strike pattern using visual feedback and cues such
as “run on your toes” and/or “run on the balls of your feet” [11,42].

The programs can be done using 8–12 sessions completed over 2–4 weeks (average of
2–3 gait retraining sessions per week). In this design, the feedback is provided continually
in the first week and then is gradually removed in the second week. Run time progres-
sively increases from 15 to 30 min [8,9,11,41,42]. This faded feedback program prevents
dependency on external feedback and generates long-term retention [24]. Various other
gait retraining programs have been proposed for patients with PFPS [19,49,53]. These
include programs using five sessions over eight weeks [19], ten sessions over six weeks [49],
and or only one session of ten minutes followed by four weeks of self-administration
and monitoring increased step rate [53]. Each has shown improvements in symptoms
and function and thus may be considered as an alternative to the above gait retraining
prescription. Considerations for type of gait retraining intervention need to account for
multiple factors including type of injury being treated, injury duration, time in season, and
level of competition, with the goal of developing a long-term strategy to reduce risk for
new or recurrent RRI.

Gait retraining implementation must consider the role of muscle strength and fa-
tiguability, as different strategies will have different demands of the neuromotor system.
An increase in trunk flexion is associated with greater peak hip extension moment [54],
and transition to a forefoot strike is associated with greater peak ankle plantarflexion mo-
ment [55]. Strengthening the calf muscles may reduce the incidence of calf soreness that was
reported for the step rate [49] and forefoot strike strategies [42]. Similarly, strengthening hip
extensor muscles may facilitate a better transition to a gait with increased trunk lean [56].
Further, a combination of gait retraining strategies may be used to achieve the goals of the
retraining program. Previous studies based on increasing step rate instructed patients to
land softly [49] or to land softly and adopt a non-rearfoot strike pattern if necessary [19].

Regardless of the benefits for injured runners, very limited evidence supports the use of
gait retraining for healthy runners. Athletes with VALR greater than 70 BW/s that received
visual feedback and were instructed to “run softer” presented a 62% lower occurrence
of RRIs in a year [57]. Only one retrospective study provided evidence that RFS runners
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present higher rates of prior RRIs than non-rearfoot strikers [58] and conversely another
cross-sectional study found that a non-RFS was associated with calf muscle injuries and
Achilles tendinopathy. Since no prospective studies have been performed, the transition to a
forefoot strike in healthy runners cannot be uniformly recommended using evidence-based
treatment [59,60]. Finally, limited evidence shows that the transition to a forefoot strike
does not change running economy at fast speeds and limited-to-moderate evidence shows a
decrease in running economy at low-medium speeds in recreational runners [59]. Therefore,
changing the foot strike pattern to improve the running economy is not recommended. The
potential of the other strategies to reduce the likelihood of RRIs and improve performance
was not assessed.

While gait retraining has largely been studied for those with PFPS; limited work has
been conducted on addressing biomechanical risk factors in non-PFPS RRI. Examples of
gait retraining strategies that may be applied to runners presenting with various injuries are
illustrated in Figures 1 and 2. It is important to note that gait retraining has only been used
to treat runners with PFPS and chronic exertional compartment syndrome (CECS). Studies
examining the effect of gait retraining on pain and functionality in many common running
injuries do not currently exist, so specific recommendations for using gait retraining in
injured runners with injuries other than PFPS and CECS cannot be made. Figures 1 and 2
serve only to provide examples on how a clinician may treat an injured runner using gait
retraining based on literature surrounding gait retraining studies and risk factors for specific
RRIs such as medial tibial stress syndrome [30,32], tibial stress fractures [61,62], iliotibial
band syndrome [63,64], PFPS [28,29,32,42,65–67], CECS [46] and plantar fasciitis [33–35].

 

Figure 1. Examples of using gait retraining to treat bone related RRIs [22,30,32,61,62].
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Figure 2. Examples of using gait retraining to treat other specific RRIs [28,29,32–35,42,46,63–67].

7. Limitations of Current Gait Retraining Strategies

Most studies characterizing gait retraining require participants to limit their running
to gait retraining sessions in a laboratory setting [12,14]. This may discourage injured
runners with an upcoming race, or those unwilling to take extended time away from run-
ning, from undergoing gait retraining. Studies that have allowed participants to continue
with their own training schedules outside of gait retraining have found that runners can
benefit from performing gait retraining while still participating in training outside of the
laboratory [10,16,44]. Gait retraining completed outside of a laboratory setting while still
continuing typical training has been observed to significantly reduce footstrike angle and
increase step rate [50]. While this study did not report any negative outcomes for partic-
ipants, RRI risk should be considered when allowing runners to continue with training
while completing gait retraining, accounting for time for soft tissue and bone adaptations.
Since this study only examined step rate manipulation, adjusting other variables may be
less feasible outside of the clinical setting.

Despite the success found in gait retraining strategies employed in many of the
studies examined in this review, a study conducted by Esculier et al. [19] found that
education of proper training loads and education combined with gait retraining resulted
in similar decreases in knee pain in runners with PFPS. Notably the session duration and
frequency was lower than standard gait retraining programs and did not use a faded
feedback design [8,9,11,14,18,41,42,47]. This discrepancy in results highlights that not all
gait retraining protocols are equally effective, and that it is important to identify factors
that may aid in the success of a gait retraining protocol.

Presently, it is unknown if gait retraining effectiveness is influenced by severity of
injury. For example, improvement in pain and functionality in patients with PFPS following
gait retraining only included participants that reported a pain level below a 7 out of 10 on a
visual analog scale [42]. A separate investigation on gait retraining instructed PFPS patients
to run only when their pain level was below a 2 out of 10 on the visual analog scale [19].
Thus, patients who report severe pain while running may benefit from undergoing other
forms of treatment before beginning gait retraining.
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There exists a clear gap in the literature surrounding gait retraining in terms of ran-
domized controlled trials. Only two randomized controlled gait retraining studies have
examined the effects of gait retraining as a form of injury treatment [19,42]. Both trials
examined knee pain as an outcome measure and the two studies found contrasting results.
While one study found a significant reduction in knee pain in the group that underwent gait
retraining [42], the other study found there was no difference in knee pain in those who had
undergone gait retraining and education compared to those who had underwent education
alone [19]. Other studies using gait retraining did not record patient pain levels or did not
include a control group. No randomized controlled trials have examined the effect of gait
retraining on pain and functionality in RRIs other than PFPS. Further investigation into the
effects of gait retraining as treatment for specific injuries may reveal that gait retraining is
not equally effective for all types of RRIs. Identifying specific injuries that gait retraining is
more effective in treating could increase the value of gait retraining as a rehabilitation tool
for RRIs.

Only two studies included in this review reported adverse effects [42,49]. Both studies
cited soreness of the calves that did not affect the ability of subjects to complete their
training. One study reported ankle soreness at a 1-month follow-up after gait retraining.
The time to achieve strength and tissue adaption must be individualized to reduce risk
for RRI and gait retraining should be progressed gradually. More studies investigating
potential adverse effects of gait retraining are needed before gait retraining can be fully
recommended as a treatment strategy in injured runners.

8. Conclusions

While biomechanical risk factors are variable across RRIs, gait retraining may be used
to modify potentially faulty running mechanics. An individualized and diagnosis-specific
approach is important to address specific risk factors for the injured runner. Running
mechanics can be modified using different forms of biofeedback and should use a faded
feedback design for motor learning. Future studies, ideally in a randomized clinical
study design, may clarify how different forms of gait retraining may be used, alone or in
combination, to treat and prevent RRI.
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Abstract: Type 2 diabetes mellitus (T2DM) is a chronic disease characterized by hyperglycemia,
insulin resistance, and pancreatic B cell dysfunction. Hyperglycemia can cause several complications,
including nephrological, neurological, ophthalmological, and vascular complications. Many modali-
ties, such as medication, physical therapies, and exercise, are developed against vascular disorders.
Among all exercise forms, aerobic plus machine-assisted resistance training is widely applied. How-
ever, whether this intervention can significantly improve vascular conditions remains controversial.
In this study, an electronic search was processed for the Pubmed, Embase, and Cochrane libraries
for randomized controlled trials (RCTs) comparing the efficacy of aerobic plus machine-assisted
resistance training with no exercise (control) on patients with T2DM. Pulse wave velocity (PWV),
the index of arterial stiffness, was chosen as primary outcome. The reliability of the pooled outcome
was tested by trial sequential analysis (TSA). Secondary outcomes included systolic blood pressure
(SBP) and hemoglobin A1c (HbA1c). Finally, five RCTs with a total of 328 patients were included.
Compared with control, aerobic plus machine-assisted resistance training failed to provide signif-
icant improvement on PWV (MD −0.54 m/s, 95% CI [−1.69, 0.60], p = 0.35). On the other hand,
TSA indicated that this results till needs more verifications. Additionally, this training protocol did
not significantly decrease SBP (MD −1.05 mmHg, 95% CI [−3.71, 1.61], p = 0.44), but significantly
reduced the level of HbA1c (MD −0.55%, 95% CI [−0.88, −0.22], p = 0.001). In conclusion, this
meta-analysis failed to detect a direct benefit of aerobic plus machine-assisted resistance training on
vascular condition in T2DM population. Yet the improvement in HbA1c implied a potential of this
training method in mitigating vascular damage. More studies are needed to verify the benefit.

Keywords: diabetes mellitus; aerobic training; resistance training; vascular function; meta-analysis

1. Introduction

The prevalence of Type 2 Diabetes Mellitus (T2DM) is increasing rapidly worldwide [1].
Characterized by hyperglycemia, insulin resistance, and pancreatic B cell dysfunction,
T2DM leads to several severe complications, including but not limited to neuropathy,
nephrology, and macrovascular disorders such as cardiovascular diseases [2,3]. Compared
to healthy population, the risk of cardiovascular events has a twofold increase [4]. Cardio-
vascular event is also the leading cause of mortality in patients with T2DM [5]. Therefore,
maintaining the function of vessels or retaining the damage of vessels is of vital importance.
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Lifestyle modifications, such as diet control, nutrients supply, body weight regula-
tion, and sports exercise, are well-acknowledged to improve the prognosis of T2DM [4–7].
Sports exercise can be divided into aerobic training, resistance training, or combination.
As an easily accessible pattern, aerobic training helps control blood pressure, systemic
inflammation, and glycemic level, et al. [8]. Way et al. found aerobic training could improve
smooth muscle function, but the improvement of vascular stiffness was still questioned [9].
Alternatively, resistance training can change body composition by increasing the mass
of muscle, which is important in controlling blood glucose and ameliorating insulin re-
sistance [10]. When combined with aerobic training, this strategy may improve vascular
function in healthy individuals [11]. In 2014, Li et al. found that combined aerobic and
resistance training was beneficial for decreasing arterial stiffness in population with or
without hypertension [12]. These findings provide the rationality of this combined training
for patients with T2DM.

In recent years, clinical trials have been launched to test whether aerobic plus resistance
training is beneficial to the vascular complications of T2DM. To better understand where we
are now, a systematic review and meta-analysis is organized to verify the effect of aerobic
plus machine-assisted resistance training on the vascular condition in patients with T2DM.

2. Materials and Methods

This systematic review was organized according to the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-analyses) checklist [13].

2.1. Search Strategy

On January 2022, the first two authors independently searched on Pubmed, Embase,
and Cochrane library. Reference lists of previously published systematic reviews were also
reviewed related researches. Key words used were, random *, (vessel * or cardiovascular or
vascular), diabet *[title/abstract], and (exercise or training).

2.2. Study Selection

Studies focusing on the comparison of resistance plus aerobic training and no or sham
training for improvement of the vascular function in T2DM population were included.
The inclusion criteria were (1) randomized controlled trials (RCTs), (2) an intervention
consisted of a combination of machine-assisted resistance training and aerobic training, and
(3) intervention duration for at least four weeks [14]. The exclusion criteria were (1) non-
randomized control trials, (2) animal studies, and (3) RCTs in which the intervention group
did not have a combined training protocol, (4) combined protocol in which resistance
training protocol was unclear or not machine-assisted, and (5) non-randomized clinical
trials, case reports, reference abstracts, or reviews. The first two authors independently
screened titles and abstracts of all searched items based on the criteria above. Once the
information to make a decision was insufficient, full-text would be retrieved for further
judgment. In case of debate, the senior author would decide whether to include the research.

2.3. Data Extraction

The same authors independently extracted data from eligible studies including name
of first author, published year, inclusion and exclusion criteria, number of patients included,
training protocols, and items of measurements, as well as conclusions. The difference of
changes of central pulse wave velocity (PWV) between two groups was selected as the
primary outcome, since PWV is not only an indicator arterial stiffness but also an inde-
pendent predictor of cardiovascular risk [15]. Secondary outcomes included the difference
of changes of systolic blood pressure (SBP) and hemoglobin A1c (HbA1c) between two
group. The former reflects vasculature plasticity [16], while the latter is used for evaluating
blood-glucose control over a period of time and to predict the occurrence of long-term
complications due to diabetes [17].

32



J. Clin. Med. 2022, 11, 4257

2.4. Data Analysis

The random-effects model was applied for each comparison since patient conditions,
exercise duration and modes, as well as other factors were inconsistent across RCTs. Dif-
ference in primary and secondary outcomes were measured by mean difference (MD)
and 95% confidence interval (CI). For researches in which the standard deviation (SD) of
pre-intervention and post-intervention difference was not reported, a correlation of 0.5
was used for dispersion estimation [18]. For researches with multiple eligible intervention
groups, the control group was split equally based on the number of intervention groups,
and two or more comparison pairs were input [19]. Heterogeneity was assessed by Q
statistic and I2 statistic. I2 statistic larger than 50% were considered to have significant
heterogeneity [20]. When significant heterogeneity was noticed regarding primary out-
come, sensitivity analysis was conducted. One study was omitted in each turn to locate the
potential source of heterogeneity. Since the number of RCTs included did not reach ten,
publication bias was not detected [21]. Two-tail p value < 0.05 was considered statistically
significant. Analyses were performed using Review Manager, Version 5.3 (The Nordic
Cochrane Centre, The Cochrane Collaboration; Copenhagen, Denmark).

2.5. Quality Assessment

The Cochrane’s risk of bias tool was used by the first two reviewers independently
assess the quality of included studies [22]. Value of low, unclear or high risk of bias was
assigned to the following items: random sequence generation, allocation concealment,
blinding of participants and personnel, blinding of outcome assessment, incomplete out-
come data, selective reporting and other bias. Disagreement was solved by discussion. The
degree of inter-reviewer agreement was measured by κ value. A κ from 0.40 to 0.59 was
regarded as fair, 0.60 to 0.74 as good, 0.75 or more as excellent [22].

The quality of evidence for primary outcome was rated by the Grading of Recom-
mendations Assessment, Development, and Evaluation (GRADE) approach. The level
of evidence was entitled as high, moderate, low, or very low, according to five domains:
high risk of bias, imprecision, indirectness, heterogeneity, and publication bias [23–27].
Considering the limited number of studies included, publication bias could not be assessed.
Instead, evidence was downgraded when heterogeneity exceeded 40% [25].

2.6. Trial Sequential Analysis

Given sparse data and repeated significance testing, the risk of type I error might
be elevated by cumulative meta-analyses [28–31]. To control this potential risk, trial
sequential analysis (TSA) was launched (TSA software version 0.9 Beta; Copenhagen
Trial Unit, Copenhagen, Denmark) for all measurements by empirical method for the
estimation of the required information size. The diversity-adjusted required information
size (DIS) and the eventual breach of the cumulative Z-curve of relevant trial sequential
monitoring boundaries was obtained to calculate the required information size together
with a threshold for a statistically significant treatment effect [32]. An overall 5% risk of a
type I error was maintained with a power of 80% [32].

3. Results

A total of 4838 titles were identified after electronic screening in three databases. After
reading titles and abstracts, the full-text of seven titles were retrieved for further exclusion.
The resistance training in the trial reported by Okada et al. [33] was not machine-assisted,
therefore was excluded. Two studies shared the same patient cohort, so the latter one,
which was a secondary analysis of the original population, was excluded [34]. One eligible
study [35] was identified from a systematic review [14], and was included (Figure 1).
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Figure 1. The flowchart of study inclusion.

Five RCTs with a total of 328 patients were included, of which four RCTs were quanti-
tatively analyzed [35–38], while one was descriptively analyzed [39]. Basic characteristics
of these studies were listed in Table 1. These researches were published from 2001 to 2019.
A total of 176 patients with T2DM were allocated to aerobic plus resistance training group.
The age range of the patients included in the systematic review was from about 40 to over
60 years old. In one study, only male participants were enrolled [35]. Detailed intervention,
follow-up duration, and conclusions were listed in Table 2. The aerobic training consisted
of cycle ergometry, walking, or treadmill et al., while resistance training focused mainly
on trunk and extremities on machines. All training processes use a heart rate detector to
determine the quality and quantity of exercise. Started from the beginning of exercise, two
RCTs had a follow-up of 52 weeks [35,38], two had a follow-up of 26 weeks [36,37], and
one had 16 weeks [39].

Table 1. Basic characteristics of included studies.

Number Title Authors
Year of

Publication

Participants Age

Exercise Control Exercise Control

1
The effect of combined aerobic and

resistance exercise training on
vascular function in type 2 diabetes

Maiorana et al. 2001 6 16 52 ± 8 as a whole

2
Exercise training improves

baroreflex sensitivity in type
2 diabetes

Loimaala et al. 2003 24 25 53.6 ± 6.2 54 ± 5

3

A randomized trial of exercise for
blood pressure reduction in type

2 diabetes: Effect on flow-mediated
dilation and circulating biomarkers

of endothelial function

Baron et al. 2012 49 63 58 ± 5 56 ± 6

4
Effect of exercise on blood pressure

in type 2 diabetes: a randomized
controlled trial

Dobrosielski
et al. 2012 70 70 57 ± 6 56 ± 6

5

Effects of combined training with
different intensities on vascular
health in patients with type 2
diabetes: a 1-year randomized

controlled trial

Magalhaes
et al. 2019 28 27 59.7 ± 8.3 59.0 ± 6.5
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Table 2. Measurements, exercise protocols, follow-up duration, and findings.

Number Analyzed Measurements
Aerobic Training

Protocol
Resistance Training

Protocol
Follow-Up Conclusion

1

I: Changes in forearm
blood flow

II: Endothelium-dependent,
flow-mediated dilation of

brachial artery
III: Endothelium-independent
glyceryl trinitrate-mediated
dilation of brachial artery

A combination of
cycle ergometry

and treadmill
walking

maintained at 70%
to 85% of peak

heart rate.

Leg press, hip and shoulder
extension, pectoral exercises,

seated abdominal flexion
and dual leg flexion on

weight-stack machines, with
an intensity 55% to 65% of

pretraining maximum
voluntary contraction.

16 weeks

This study
supports the
value of an

exercise
program in the
management of
type 2 diabetes.

2

I: Systolic blood pressure
II: Pulse wave velocity
III: Systemic vascular

resistance indexIV: HbA1c

Jog or walk twice a
week at a heart rate

level of 65–75%
maximal oxygen

consumption

Eight sessions for large
muscle groups from the

trunk and upper and lower
extremities with three sets of
10–12 repetitions at 70–80%

maximum voluntary
contraction.

52 weeks

No significant
changes in
systemic

hemodynamics
were observed.

3

I: Blood pressure
II: HbA1c
III: Lipids

IV: Endothelial biomarkers
V: BMI, body and visceral fat
VI: Endothelium-dependent,

flow-mediated dilation of
brachial artery

A 10–15 min
warm-up, 45 min
of aerobic exercise

at a target heart
rate between 60

and 90% of
maximum heart
rate, and a cool

down.

Weight training exercises
(latissimus dorsi pull down,

leg extension, leg curl,
bench press, leg press,

shoulder press, and seated
mid-rowing) for 2 sets of

12–15 repetitions at 50% of
1-repetition maximum.

26 weeks

There were no
changes in

endothelium-
dependent

flow-mediated
dilation or
circulating
endothelial
biomarkers.

4

I: Resting systolic and
diastolic blood pressure

II: Diabetes status
III: Pulse-wave velocity
IV: Body composition

and fitness

45 min for
treadmill,

stationary cycle, or
stairstepper with a
target range of 60%

to 90% of
maximum heart

rate.

Two sets of 7 exercises at 10
to 15 repetitions per exercise

at 50% of 1-repetition
maximum on a multistation

machine

26 weeks

The lack of
change in

arterial
stiffness

suggests a
resistance to

exercise-
induced blood

pressure
reduction in
persons with

T2DM.

5

I: Systolic and diastolic
blood pressure

II: HbA1c
III: Conduit artery

intima-media thicknessIV:
Carotid blood pressure
V: pulse wave velocity

VI: Physical activity
and fitness

Continuous
cycling with 40 to
60% of maximal

heart rate.

10–12 repetitions of seated
row, pull-down, chest press,

shoulder press, leg press,
one leg lunge, dead bug and
regular plank, with a weight

adjusted individually.

52 weeks

No effect was
found for

hemodynamic
variables after

the
intervention.

Risk of bias of included studies was shown in Figure 2. Most of the studies did not
mention the detail of randomization or allocation concealment. Considering the nature of
exercise process, it was impossible to keep patients blinded to interventions. No studies
had incomplete outcome data or selective reporting. Regarding other biases, two of the five
studies had sample size calculation prior to patient enrollment, and therefore was ranked
as low risk [36,38]. The κ value was 0.82, indicating an excellent consistency between
two reviewers.
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Figure 2. Risk of bias of each included study [35–39]. +: low risk; -: high risk; ?: unclear risk.

3.1. Primary Outcome

Compared with control, aerobic plus resistance training did not significantly improve
PWV of patients with T2DM (MD −0.54 m/s, 95% CI [−1.69, 0.60], p = 0.35, three studies
included [35,37,38]). The heterogeneity was not remarkable (I2 = 0%, p = 0.86) (Figure 3.2).
Considering that study design might introduce bias and some data were calculated based
on estimation, the level of evidence was low. However, this insignificance was not sup-
ported by TSA, which indicated the current outcome might be a result of limited sample
size (Figure 4).

Figure 3. The pooled result of the difference of changes in pulse wave velocity between two
groups [35,37,38].

3.2. Secondary Outcomes
Compared with control, aerobic plus resistance training did not significantly improve SBP
of patients with T2DM (MD −1.05 mmHg, 95% CI [−3.71, 1.61], p = 0.44, four studies
included [35–38]). The heterogeneity was not significant (I2 = 0%, p = 0.87) (Figure 5).
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Figure 4. The result of TSA for PWV. TSA showed that the pooled results did not (z-curve, blue
curve) crossed the conventional boundary of benefit (brown line) or the trial sequential monitoring
boundary for benefit (upper red line), and did not reach the required sample size based on TSA
(n = 3681) [35,37,38].

Figure 5. The pooled result of the difference of changes in systolic blood pressure between
two groups [35–38].

On the other hand, aerobic plus resistance training significantly decreasedHbA1c
of patients with T2DM (MD −0.55%, 95% CI [−0.88, −0.22], p = 0.001, three studies
included [34,36,37]). The heterogeneity was insignificant (I2 = 0%, p = 0.72) (Figure 6).
This outcome was in consistent with the records of Maiorana et al. [39] that, at the final
follow-up, the level of HbA1c was 7.9 ± 0.3% in patients with exercise, significantly lower
than those without exercise (8.5 ± 0.4%).

 
Figure 6. The pooled result of the difference of changes in hemoglobin A1c between two
groups [35–37].

4. Discussion

Numerous meta-analyses have discussed the benefit of various types of exercise
training on T2DM in glycemic control, psychosocial performance, the level of inflammatory
cytokines, et al. [40–42]. In the current study, we primarily focused on the effect of aerobic
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plus machine-assisted resistance training on vascular function in patients with T2DM.
Based on the data available, we failed to detect a statistical significance of this combined
training method for vascular condition, as indicated by PWV or SBP. On the other hand,
TSA suggested that this insignificant difference might be attributed to a relatively small
sample size. Moreover, aerobic plus machine-assisted resistance training significantly
reduced the level of HbA1c, which is associated with cardiovascular risk. Therefore, it is
currently not appropriate to negate the benefit of this training method on vascular health
in T2DM population.

Resistance training can be either machine-assisted [38,39], elastic band-assisted [43],
or even free weight [44]. Some studies used elastic bands in resistance training section, but
did not notice an improvement in flow-mediated dilation or endothelium-independent
vasodilation in T2DM population [43,45]. On the other hand, aerobic plus free weight-based
resistance training could significantly decrease carotid intima-media thickness and arterial
stiffness [44,46]. Considering that the uncertainty in body weight or the elasticity of bands
may act as confounders, we focused specifically on machine-assisted resistance training.

As the widely used structural and functional index for measuring arterial stiffness [47],
PWV is usually faster in T2DM population [48], indicating vascular stiffening and high
cardiovascular risk [49]. Surprisingly, the present data did not support the application of
this exercise protocol for improving vascular condition in T2DM population. This may be
explained by two factors. First, as aforementioned, those receiving free weight exercise
have improved vascular condition, so one can speculate that different resistance training
protocol may yield different outcomes. Second, by conducting TSA, we noted that the
required sample size was not reached, therefore more clinical trials are still needed.

Next, we compared the change in hemodynamic index, SBP. As an reflection of the
plasticity in vasculature [16], SBP is always higher in stiffened vessel [50]. We found that
the change of SBP following aerobic plus resistance training was comparable to that in
control group, indicating that this training protocol may not be able to improve vascular
function in T2DM population.

However, in agreement with a recent meta-analysis [42], we noticed a significant
decrease of HbA1c in T2DM population with exercise, implying that aerobic plus machine-
assisted resistance training could help control blood glucose. In hyperglycemia-induced
complications of T2DM, especially vascular dysfunction, oxidative stress plays a pivotal
role [51]. Oxidative damage caused by excessive reactive oxygen species can lead to
endothelial damage via several signaling pathways, aggravating vascular stiffness and
impairing vasorelaxation [52,53]. To prevent or retard the progression of complications,
long-term control of blood glucose is of vital importance [54], the benefit of aerobic plus
machine-assisted resistance training on blood glucose control was an indirect evidence that
this exercise protocol could be meaningful for controlling vascular complications. This was
in accordance with previous researches that high HbA1c was associated vascular risk and
could be predictive of vascular events [55,56].

Previously, several systematic reviews and meta-analyses studied the influence of
exercise on vascular function in T2DM. By measuring brachial artery flow-mediated dila-
tion, Lee found that exercise as a whole, regardless of the pattern, significantly improved
vascular endothelial function [57]. Dos et al. noticed that aerobic plus resistance training
could improve vascular function in T2DM [14]. However, some of the included studies
were not RCTs, which may act as the origin of divergence compared with ours.

The current findings should be interpreted with caution. First, some data we input
were based on estimation, which might introduce impreciseness. The sample size was also
not statistically sufficient, as indicated by TSA. In addition, the relatively short follow-up
duration may contribute to the insignificant difference of PWV or SBP. Contrarily, we found
that HbA1c was improved by training. Since HbA1c is related to better glucose metabolism,
which indicates greater redox balance, one can expect a better vascular system [58]. Next,
the evaluation of vascular condition should be multi-dimensional. A comprehensive
understanding of vascular status in T2DM patients with exercise can be conducted in
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the future. Thirdly, albeit an exact protocol of exercise in each study, confounders were
unavoidable. The age ranges from 40 to over 60, the follow-up duration ranges from
16 to 52 weeks, and even one study only recruited male patients. To reveal the effect
of aerobic plus resistance training on vascular health, a longer follow-up period in a
group of patients with closer age range is necessary. Finally, HbA1c does not indicate the
variation of the glycemic profile, which is also a risk factor for cardiovascular events in
T2DM population [59]. The effect of exercise on glycemic variability can be detected in
further trials.

In conclusion, the outcome of the current meta-analysis was not supportive of the
benefit of aerobic plus machine-assisted resistance training on vascular condition in T2DM
population. However, this finding could be a result of small sample size. Considering that
there was a significant improvement of HbA1c after training, this method may still have
the potential of maintaining vascular health. More studies with longer follow-up duration
are required to verify this potential.
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Abstract: Background: Comparing to anterior cruciate ligament reconstructions (ACLR) with free
hamstring tendon (FHT), ACLR with preserved tibial-insertion hamstring tendon (HT-PTI) could
ensure the blood supply of the graft and avoid graft necrosis. Yet, whether HT-PTI could protect the
cartilage and clinical outcomes in mid-long period after ACLR was still unclear. Purpose: To compare
the cartilage change and clinical results between the HT-PTI and FHT in 5 years after ACLR. Study

design: Randomized controlled trial; Level of evidence, 2. Methods: A total of 45 patients who
underwent isolated ACLR with the autograft of hamstring tendons were enrolled and randomized
into 2 groups. The study group undertook ACLR with HT-PTI, whereas the control group had FHT.
At pre-operation, and 6, 12, 24, and 60 months post-operation, all cases underwent evaluation with
Knee Injury and Osteoarthritis Outcome Score (KOOS), and MR examination. The knee cartilage was
divided into 8 sub-regions of which the T2 value and cartilage volume on MRI were measured and
documented. The data of two groups were compared and their correlations were analyzed. Results:

A total of 18 patients in the HT-PTI group and 19 patients in the FHT group completed the follow-up.
The KOOS scores were improved at each follow-up time point (p < 0.001), reached the most superior
at 12 months and maintained until 60 months but had no significant difference between the two
groups. At 60 months, the cartilage in most subregions in FHT group had higher T2 values than those
of pre-operation (p < 0.05) and also higher than HT-PTI group; The cartilage volume changes (CV%)
are positive at 6 months and negative from 12 to 60 months in the FHT group, while being negative
at all time points in the HT-PTI group. The values of absolute CV% in most subregions in FHT group
were significantly higher than those in the HT-PTI group at 6 and 60 months (p < 0.05). Conclusion:

The improvement of KOOS score peaked at 12 months in all cases and had no difference between the
two groups. The cartilage in the FHT group had more volume loss, earlier and wider damage than
that in the HT-PTI group within 5 years. No significant correlation was found among KOOS score,
CV%, and T2 value.

Keywords: ACLR; hamstring tendon with preserved tibial insertion; MRI; T2; cartilage volume

1. Introduction

The instability of the knee joint after the injury of the anterior cruciate ligament
(ACL) will lead to the wear of articular cartilage. At present, relevant research shows
that ACL reconstruction (ACLR) can effectively correct the instability of the knee joint,
thereby reducing the wear of articular cartilage [1]. However, various studies showed
that the damage of articular cartilage was still progressing after ACLR had corrected joint
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instability [2–6]. It was proved that various inflammatory factors including IL-1β, IL-6,
IL-10 and TNF-α were released into the joint during the graft necrosis and proliferation
stages after ACLR, activated matrix metalloproteinases to digest collagen and proteoglycan
in cartilage matrix, and resulted in cartilage degeneration [7,8]. Therefore, the potential
biochemical and metabolic factors could lead to the occurrence of knee OA after ACLR [1,9].

In the early stage of cartilage degeneration, the cartilage would have increased water
content, decreased proteoglycan content [10] and reduced volume [11,12]. MRI is the most
commonly used to evaluate cartilage injury [12–14] because its sensitivity in detecting the
water change in cartilage [15]. As the T2 relaxation time of cartilage is directly proportional
to the water distribution in cartilage and inversely proportional to the specific distribution
of proteoglycan [12,16,17], MRI quantitative T2 value is used for detecting early cartilage
lesions through the changes of cartilage matrix and water content [18].

The growing activity in the field of cartilage damage creates a need for validated
clinical outcome scores whose special emphasis was given to patients with cartilage in-
juries [19]. Different from the Lysholm, Tegner, and international knee documentation
committee (IKDC) scores, the Western Ontario and McMaster Universities Index (WOMAC)
is commonly used to measure the patients with osteoarthritis (OA) [20]. However, the
population presenting with focal cartilage lesions after ACLR is generally younger and
more active as compared to patients with OA [21]. The Knee Injury and Osteoarthritis Out-
come Score (KOOS) was developed as an extension of the WOMAC and designed to assess
symptoms and function in younger or more active patients with ACL injuries and cartilage
damage [19]. Therefore, the KOOS would fit this population better. In addition, the KOOS
have been proved to be a measure of sufficient reliability, validity, and responsiveness for
surgery and physical therapy after ACLR [19,22].

Given the hamstring tendon with intact tibial insertion (HT-PTI) had much less necrosis
than the free hamstring tendon (FHT) after ACLR [7,23], and could avoid necrosis and
reduced the level of intra-articular inflammation [7,23,24], we hypothesized that the knee
after ACLR using HT-PTI might have less cartilage degeneration than those using FHT.

The purpose of this study was to investigate and compare the KOOS score and cartilage
degeneration measured on MRI after ACLR in 5 years with HT-PTI and FHT, then to analyze
which operation could help to slow down the cartilage degeneration after surgery and
analyze the potential correlations between knee function and cartilage degeneration.

2. Methods

2.1. Participants

This study was approved by the local ethical committee and all patients signed in-
formed consent before enrollment. This single-center, prospective, randomized trial was
conducted in our hospital. The patients with ACL injury were consecutively enrolled from
January to December 2014, and the indication, inclusion criteria, and other detail informa-
tion were described in the methods of our previous study [24]. The inclusion criteria for
participants were (1) unilateral ACL injury, (2) no history of surgery in the injured knee,
and (3) age between 18 and 45 years. The participants were excluded if they had any of the
following: (1) osteoarthritis; (2) combined ligament injuries; (3) multisystem trauma, nerve
injuries, or fractures; or (4) cartilage injury more severe than grade 2 using the Outerbridge
grading system [25] (determined during diagnostic arthroscopy) [7]. Differences of demo-
graphic data between the 2 groups were not statistically significant (all p values < 0.05) [7].
In all, 45 patients who qualified for inclusion were recruited and randomly distributed
into 2 groups, including 21 patients underwent ACLR with HT-PTI and 24 with FHT, were
performed follow-up during the periodic follow-up (Figure 1). 17.8% of the patients were
lost to the follow-up.
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Figure 1. Flowchart of the randomized clinical trial. Full follow-up within 60 months included
patients who had follow-up at pre-operation and 6, 12, 24, and 60 months postoperatively. The
HT-PTI group had ACLR with an insertion preserved hamstring tendon autograft, and the FHT
group had ACLR with a free hamstring tendon autograft. HT-PTI, hamstring tendon with intact tibial
insertion; FHT, free hamstring tendon; ACL, anterior cruciate ligament; ACLR, ACL reconstruction.

2.2. Surgical Technique and Postoperative Rehabilitation

The surgical techniques had been published previously. All operations were performed
by the same senior surgeon using the same instrumentation and the same arthroscopic
single-bundle ACLR techniques. All patients received the same protocol of postoperative
rehabilitation [1].

2.3. Clinical Evaluation

Considering the assessment of the outcomes during inflammatory processes and
stable-state condition postoperatively [7], the evaluations were performed and documented
before surgery and at 6, 12, 24, and 60 months after surgery. As our previous study sum-
marized and published the clinical outcomes based on objective scores within 60 months
postoperatively [1], the KOOS score was evaluated at pre-operation and 6, 12, 24 and
60 months post-operatively in this study. The score includes five subscales: symptoms,
pain, activities of daily living (ADL), sport and recreation function (Sports/rec), and quality
of life (QoL). The higher the total score, the better the outcome of knee joint after ACLR.

2.4. MRI Scan and Image Analysis

MRI examinations were conducted by 3.0-T MRI scanner (MAGNETOM Verio, A
Tim System; Siemens, Shanghai, China) and performed at 6, 12, 24 and 60 months after
ACLR. Three-dimensional double echo steady states (3D-DESS) in sagittal plane was used
to quantify cartilage. The repetition time was 14.45 ms, the echo time was 5.17 ms, and
the turn angle was 25◦, The thickness was 1.5 mm. In sagittal T2 mapping sequence,
the repetition time was 2820 ms, echo time was 13.8/27.6/41.4/55.2/69.0 ms, and turn
angle was 180◦, The voxel size was 0.4 × 0.4 × 3.0 mm; The visual field was 160 mm; The
imaging time was 5 min 48 s. All image data were collected by Siemens software package
(numaris/7, syngomr B17; Siemens) measurement and processing.
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The MRI data of 3D-DESS sequence were imported into Siemens knee cap (version 1.5)
workstation for automatic recognition of knee cartilage. The software could automatically
divide articular cartilage into eight sub-regions [26,27]: patella (P), femoral trochlea (TrF),
anterior area of lateral femoral condyle (aLFC), posterior area of lateral femoral condyle
(pLFC), and anterior area of medial femoral condyle, (aMFC), posterior area of medial
femoral condyle (pMFC), lateral tibia plateau (LT), medial tibia plateau (MT). The volume
of cartilage in each subregion was obtained by manual fine-tuning. The aLFC and pLFC
were divided by the posterior horn of the lateral meniscus, and the aMFC and pMFC were
divided by the posterior horn of the medial meniscus. The specific operation interface of the
software was shown in Figure 2, and the 3D model established by the software according
to the preoperative knee cartilage of the patient is shown in Figure 3.

After all the MRI images being input into PACS Image processing software, two
experienced radiologists independently measured the T2 value and cartilage value (CV) of
each sub-region of cartilage after operation without knowing the specific grouping of FHT
and HT-PTI. The repeated measurements were made on 2 days at 1–2 weeks apart [1].

The T2 values of cartilage were measured on three consecutive sagittal planes of
the medial, lateral tibiofemoral and patellofemoral joints respectively (Figure 4). When
manually sketching the cartilage contour for measurement, tried to avoid the subchondral
bone plate and joint fluid and remove the extreme value. The average T2 value of all
3 consecutive layers was the T2 value corresponding to the measured cartilage subregion.
All data of T2 mapping sequence were imported into Siemens workstation (syngi mrb17
software) for reconstruction to obtain T2 mapping.

The percent of cartilage volume changing (CV%) [17] of 8 sub-regions were measured
and compared between HT-PTI and FHT groups preoperatively and at 6, 12, 24, and
60 months after ACLR. The volume change rate CV% of cartilage was calculated according
to the following formula:

CV% =
postoperative CV − preoperative CV

preoperative CV
× 100%

The negative value of CV% indicated that the cartilage volume decreased at this
follow-up time point comparing to the preoperative CV, while the positive value indicated
increased cartilage volume. The larger the absolute value of CV%, the greater the change of
cartilage volume.

2.5. Statistical Analysis

Stata software (v13.0; Stata Corp., College Station, TX, USA). Continuous variables
are represented by means ± standard deviation. The differences of T2 value, CV% and
KOOS score between HT-PTI group and FHT group were compared. If the data obeyed
normal distribution and the variance was homogeneous, the independent sample t-test
was used; otherwise, the nonparametric Mann Whitney rank sum test was used. When
comparing within groups, paired t-test was used if the data obeyed normal distribution
and the variance was homogeneous, otherwise nonparametric Wilcoxon signed ranks test
was used. Spearman correlation analysis was used to calculate and analyze the correlation
between knee cartilage KOOS score, T2 and CV%. Intra correlation coefficient (ICC) was
used to evaluate the consistency between the two measurements and scores (ICC < 0.4
was defined as poor; 0.4 ≤ ICC ≤ 0.75 was defined as medium; ICC > 0.75 was defined
as good). The significance level was set at 0.05. Using G*Power software (version 3.1) to
calculate the sample size, according to the previous relevant research to determine the
corresponding research index threshold [15], set the test level α = 0.5, test efficiency (1 − β).
Additionally, post hoc power analysis found that each group needs at least 16 patients to
achieve significant difference. Therefore, the number of patients included in this study
meets the minimum sample size requirements.
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Figure 2. Siemens knee cap (version 1.5) software 3D-DESS image workstation operation interface.
The software can automatically recognize and calculate the volume of each cartilage subregion of the
knee joint. (A-1), Sagittal position of lateral knee joint; (B-1), Horizontal position of lateral knee joint;
(C-1), Coronal position of lateral knee joint; (A-2), Sagittal position of middle knee joint; (B-2), Hor-
izontal position of middle knee joint; (C-2), Coronal position of middle knee joint; (A-3), Sagittal
position of medial knee joint; (B-3), Horizontal position of medial knee joint; (C-3), Coronal position
of medial knee joint.
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Figure 3. 3D model of knee joint cartilage. The 3D reconstruction model of complete knee cartilage
was automatically divided into 8 subregions: P, TrF, aMFC, pMFC, aLFC, pLFC, MT and LT by
Siemens knee cap (version 1.5). Different cartilage subareas are marked with different colors. The
corresponding cartilage subareas of each color are shown in the far right of this figure. P, patella.
TrF, femoral trochlea. aLFC, anterior area of lateral femoral condyle. pLFC, posterior area of lateral
femoral condyle. aMFC, anterior area of medial femoral condyle. pMFC, posterior area of medial
femoral condyle. LT, lateral tibia plateau. MT, medial tibia plateau.

 

Figure 4. Measurements of T2 value of cartilage in each sub region of knee joint. (A) the lateral
tibiofemoral joint of the knee: the measurement sub zone 1 is the aLFC, the measurement sub zone
2 is the pLFC, and the measurement sub zone 3 is the LT; (B) patellofemoral joint of knee joint: the
measurement sub zone 1 is P, and the measurement sub zone 2 is TrF; (C) medial tibiofemoral joint
of knee joint: the measurement subzone 1 is aMFC, the measurement subzone 2 is pMFC, and the
measurement subzone 3 is MT.

3. Results

Finally, 5 patients in the control group and 3 patients in the study group were lost to full
follow-up. 37 participants (82.2%) undergone complete follow-ups in this study: 18 patients
in the study group and 19 patients in the control group, and relevant demographic data
has been published in our previous study [24]. Differences of demographic data between
the two groups were not statistically significant (all p values > 0.05) [1].
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3.1. Clinical Outcomes

In our previous study [24], the clinical outcomes including the International Knee
Documentation Committee (IKDC), Tegner scores, Lysholm activity score, and KT-1000
arthrometer measurements were improved compared with before surgery (p < 0.001) and
were similar in both groups.

As shown in Table 1, the scores of KOOS in the two groups showed the same trend with
time, which significantly improved at 6 months (p < 0.001), further significantly improved
at 12 months (p < 0.05), and then maintained at a relatively stable level from 12 months to
60 months after ACLR. The differences were statistically significant (p < 0.001). There was
no significant difference between HT-PTI group and FHT group in the symptoms, pain,
activities of daily living, sport and recreation function, and quality of life scores of KOOS at
pre-operation, 6, 12, 24 and 60 months after ACLR (p > 0.05).

Table 1. KOOS Outcomes in the Study and Control Groups a.

Symptoms Pain ADL Sports/Rec QoL

Control Group
Pre-operative 67.1 ± 22.3 75.2 ± 23.8 80.8 ± 21.7 51.3 ± 18.9 47.3 ± 24.9

6-month 82.5 ± 15.3 * 84.9 ± 13.8 * 89.9 ± 11.3 * 63.3 ± 21.2 * 81.6 ± 17.3 *
12-month 90.2 ± 11.7 *# 91.0 ± 9.9 *# 95.6 ± 5.5 *# 80.4 ± 8.7 *# 92.4 ± 7.2 *#

24-month 92.1 ± 13.9 *# 93.7 ± 7.4 *# 97.1 ± 4.2 *# 86.9 ± 10.6 *# 93.8 ± 6.1 *#

60-month 92.3 ± 10.6 *# 93.3 ± 6.3 *# 96.7 ± 4.4 *# 86.3 ± 11.1 *# 92.1 ± 5.8 *#

Study group
Pre-operative 68.9 ± 23.7 73.7 ± 21.1 79.8 ± 22.5 53.7 ± 19.6 50.1 ± 22.8

6-month 83.1 ± 15.9 * 86.3 ± 12.6 * 88.5 ± 10.9 * 65.1 ± 19.7 * 80.8 ± 15.9 *
12-month 89.9 ± 10.8 *# 92.2 ± 13.3 *# 96.8 ± 5.3 *# 81.2 ± 10.4 *# 91.7 ± 9.9 *#

24-month 91.9 ± 12.5 *# 94.5 ± 7.1 *# 98.1 ± 4.7 *# 87.5 ± 12.0 *# 93.2 ± 7.7 *#

60-month 92.7 ± 11.2 *# 93.6 ± 7.7 *# 97.3 ± 4.5 *# 85.6 ± 11.5 *# 92.5 ± 6.2 *#

a Clinical-outcomes in the study and control groups at pre-operation, 6, 12, 24 and 60 months after ACLR. KOOS:
Knee Injury and Osteoarthritis Outcome Score, ADL: activities of daily living, Sports/Rec: sport and recreation
function, QoL: quality of life. Comparing with the pre-operative clinical outcome, * p < 0.001. Comparing with the
6-month clinical outcome, # p < 0.05. Values were shown as mean ± SD.

3.2. MRI Findings

On the MR images, no ligament re-tear or obvious cartilage defects were observed.
The ICC index of inter-observer reliability was 0.786, and the ICC index of intra-observer
reliability was 0.803.

3.3. T2 Value

The T2 mapping color scale of articular cartilage in HT-PTI group and FHT group at
6, 12, 24 and 60 months after operation is shown in Figures 5 and 6. If the false color of
cartilage is close to red, the cartilage had higher T2 value and more damage. Meanwhile, if
the color is closer to dark blue, the cartilage had lower T2 value and less damage.

As shown in Figure 7, the preoperative cartilage T2 values had no significant difference
in each sub-region of knee joint between groups (p > 0.05). Compared with HT-PTI group,
the FHT group had higher T2 values in P, TrF, pMFC, MT and LT at 6th month, in aLFC,
aMFC, MT and LT at 12 months, in TrF, aLFC, aMFC, LT and MT at 24 months, and in TrF,
aLFC, aMFC, LT and MT at 60 months (all p < 0.05).

As shown in Table 2, in the FHT group, except from pMFC, the T2 value increased
within 60 months after operation in all measured areas. In HT-PTI group, the T2 value did
not change in P, TrF, pMFC and pLFC, and increased in aMFC, aLFC, MT and LT.
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Figure 5. Sagittal T2 mapping of knee joint in HT-PTI group. (A-1–A-3) show the lateral tibiofemoral
joint, patellofemoral joint and medial tibiofemoral joint in HT-PTI group at 6 months after operation;
(B-1–B-3) show the lateral tibiofemoral joint, patellofemoral joint and medial tibiofemoral joint in
HT-PTI group 12 months after operation; (C-1–C-3) show the lateral tibiofemoral joint, patellofemoral
joint and medial tibiofemoral joint in HT-PTI group 24 months after operation; (D-1–D-3) show
the lateral tibiofemoral joint, patellofemoral joint and medial tibiofemoral joint in HT-PTI group
60 months after operation.
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Figure 6. T2 mapping of knee joint sagittal plane in FHT group. (A-1–A-3) show the lateral
tibiofemoral joint, patellofemoral joint and medial tibiofemoral joint at 6 months after opera-
tion in FHT group; (B-1–B-3) show the lateral tibiofemoral joint, patellofemoral joint and medial
tibiofemoral joint 12 months after operation in FHT group; (C-1–C-3) show the lateral tibiofemoral
joint, patellofemoral joint and medial tibiofemoral joint 24 months after operation in FHT group;
(D-1–D-3) show the lateral tibiofemoral joint, patellofemoral joint and medial tibiofemoral joint in
FHT group 60 months after operation.
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Figure 7. The T2 values of cartilage in each subregion were compared between FHT group and HT-
PTI group. There was no significant difference in T2 value between the two groups before operation;
The difference of P T2 value between two groups was significant at 6 months after operation; The
differences of TrF T2 values between two groups were significant at 6, 24 and 60 months after
operation; The differences of aMFC T2 values between two groups were significant at 12, 24 and
60 months after operation; The T2 values of aLFC, MT and LT between two groups were significantly
different within 60 months after operation. * p < 0.05; ** p < 0.001. FHT, free hamstring tendon;
HT-PTI, hamstring tendon with intact tibial insertion; P, patella; TrF, femoral trochlea; aLFC, anterior
area of lateral femoral condyle; pLFC, posterior area of lateral femoral condyle; aMFC, anterior area
of medial femoral condyle; pMFC, posterior area of medial femoral condyle; LT, lateral tibia plateau;
MT; medial tibia plateau.

3.4. Cartilage Volume Change

In comparison with the FHT group, the HT-PTI group had similar CV% at 12 and
24 months after operation (p > 0.05), but significantly lower |CV%| all subregions at
6 month (all p < 0.05) and significantly lower |CV%| P, TrF, aMFC, aLFC, MT and LT at
60 months (all p < 0.05) (Figure 8).

In FHT group, the cartilage CV in all 8 sub-regions showed a transient increase at
6 months after operation, and reduced from 12 to 60th month with the increased |CV%|
(p < 0.05). In HT-PTI group, the cartilage CV decrease with the increased |CV%| in aLFC,
pMFC, pLFC, MT and LT at 24 and 60 months, and in P, TrF and aMFC at 60 months
(p < 0.05) (Table 3).

3.5. Correlation Analysis

Possible associations among KOOS, T2 values and CV% are shown in Appendix A
Tables A1–A3. However, no correlation was found between T2 value and KOOS scores,
between CV% of each cartilage sub-region and KOOS scores, or between T2 value and CV%
of each cartilage sub-region in FHT group and HT-PTI group at all timepoints (all p > 0.05).
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Figure 8. The CV% of cartilage between FHT group and HT-PTI group were compared. At 6 months
after operation, significant differences were observed in all subgroups; Significant differences were
observed in P, TrF, aMFC, aLFC, MT and LT at 60 months between two groups after operation.
* p < 0.05; ** p < 0.001. CV%, the percent of cartilage volume changing; FHT, free hamstring tendon;
HT-PTI, hamstring tendon with intact tibial insertion; P, patella; TrF, femoral trochlea; aLFC, anterior
area of lateral femoral condyle; pLFC, posterior area of lateral femoral condyle; aMFC, anterior area
of medial femoral condyle; pMFC, posterior area of medial femoral condyle; LT, lateral tibia plateau;
MT; medial tibia plateau.

4. Discussion

In this study, we compared the clinical KOOS score, T2 value and CV of cartilage
in 5 years after ACLR with HT-PTI and FHT. The results showed that the clinical KOOS
scores of all cases were significantly improved comparing to pre-operation, and there was
no significant difference between the two groups. Within the 5 years after ACLR, knee
cartilage injury was found in all patients, and mainly in the aMFC, aLFC, MT and LT areas.
Compared to the FHT group, the cartilage damage in the HT-PTI group occurred later with
the smaller area. No correlation among KOOS score, CV% and T2 values were found in all
cases.

The KOOS scores of HT-PTI group and FHT group had no significant difference
within 60 months after ACLR, and it had a significant improvement compared with pre-
operation from the 6-month, reached the peak at the 12-month, and maintained until the
60-month after ACLR. In our previous study [24], the clinical outcomes including the IKDC,
Tegner, Lysholm activity score, and KT-1000 arthrometer measurements were improved
compared with before surgery (p < 0.001) and were similar in both groups. Different with
IKDC, Tegner and Lysholm activity score, KOOS was created as a need for clinical or
researching outcomes tool given to patients with cartilage injuries [19] and was designed
to assess symptoms and function in younger or more active patients with ACL injuries,
cartilage damage [19]. Furthermore, the KOOS has adequate internal consistency, test-retest
reliability and construct validity for surgery and physical therapy after reconstruction of
the ACL [19,22]. Cristiani et al. evaluated the preoperative KOOS of 73 patients undergoing
ACLR with FHT for the first time, and found that the average score of the preoperative
KOOS subscales were consistent with the preoperative KOOS scores of the two groups in
this study. In addition, consistent with the results of this study, Macri et al. evaluated ACLR
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with FHT at 5 years and found that the average score of KOOS subscales were significantly
improved after ACLR.

Based on T2 value on MRI, the cartilage damage in FHT group was found earlier and
in more sub-regions than that in HT-PTI group in this study. Compared to pre-operation,
the higher T2 values were found in aLFC and LT at 6 months in FHT group, in aMFC and
MT at 12 months in FHT group, and in MT at 24 months in HT-PTI group. The similar
findings were also reported in other studies of ACLR with FHT. Related studies have
found that ACL injury is easy to cause contusion to the lateral tibiofemoral joint cartilage.
Histologically, the proteoglycan content of the cartilage matrix in the above subregions
is significantly reduced, while imageology shows that the T2 value of the cartilage in
the above subregions is significantly increased [28]. It can be inferred that the cartilage
degeneration in the aLFC and LT subregions occurred 6 months after the operation in this
study may be due to the further aggravation of the cartilage damage in the lateral femur
of the patient before the operation. Based on T2 value evaluation within one year after
ACLR using FHT, Poter et al. [29] reported the risk of cartilage damage in LT sub-region
was doubled, which further supported the conclusion that the cartilage of LT subregion
in FHT group would degenerate in the early stage after ACLR in our study. In addition,
many other related studies also found similar conclusions to this study, that the T2 value of
cartilage in the medial area of tibiofemoral joint was significantly higher in the follow-up
of 6-36 months than that before operation [28,30].

Regarding the CV change evaluated on MRI, the CV decreased significantly in both
groups. The absolute value of CV% at 5 years in HT-PTI group was smaller than that in FHT
group, which means the cartilage degenerate less in HT-PTI group. Although ACLR was to
maintain knee stability and avoid cartilage damage, it had been proved that the incidence
of cartilage degeneration would still high after ACLR [1]. In addition to the possible
mechanical factors leading to cartilage injury after ACLR, the changes of biochemical
environment in the articular cavity after reconstruction had also been proved to play a role
in cartilage injury [7,8]. Among them, most of the research was the inflammation after ACL
reconstruction [31–34]. Our previous studies had confirmed that ACLR with HT-PTI had
less graft necrosis and less inflammation than FHT [7,23]. Therefore, HT-PTI might reduce
the effect of postoperative articular cartilage by reducing necrosis and inflammation.

Interestingly, the CV% was positive at 6 months in FHT group. Relevant studies also
found that compared with pre-operation, the cartilage volume increased in 3–24 months
and then decreased using traditional FHT [12,13,35,36]. Wang et al. [37] conducted relevant
studies and concluded that the volume increase might be caused by cartilage edema and
swelling after ACLR with FHT, and they also found that there was a certain correlation
between the late cartilage defect after ACLR with FHT and the early cartilage volume
increase after ACLR.

Although the knee cartilage degeneration was different between two groups, both the
HT-PTI and FHT groups had similar KOOS scores at all time points. The postoperative
KOOS scores were significantly higher than pre-operation from the 6th month after the
operation, reached the best at the 12 months and maintained until the 60 months. The
correlation analysis of each group showed that there was no correlation among the KOOS
score, CV% and T2 value. This might be due to the fact that the clinical score used to
evaluate the prognosis was mainly based on the subjective feelings of patients [7].

5. Limitation

There were still some limitations in this study. Firstly, this study was limited to the
quantitative monitoring of the changes of knee cartilage by MRI, but lacked of relevant
clinicopathological and histological verification. However, considering the related problems
of clinical ethics, it was difficult to obtain the cartilage tissue of patients after ACLR for
related pathological and histological research. In addition, the current measurement of
T2 value was mainly based on the measurement of cartilage T2 at multiple levels, and the
average value was taken, although the measurement bias was reduced to a certain extent.
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However, it was also limited to the selected cartilage MRI layers, which was not the actual
T2 value of the complete cartilage in some regions.

6. Conclusions

No matter whether FHT or HT-PTI was used for ACLR, the KOOS scores of all patients
were significantly improved after their operations, and there was no significant change
within 5 years after operations for both groups. The clinical outcomes of T2 and CV based
on MRI confirmed that there was a certain degree of articular cartilage degeneration in
both groups, and FHT group was more severe. However, there was no correlation among
KOOS score, CV%, and T2 in all patients.

Author Contributions: Data curation, Y.X.; Investigation, S.L.; Methodology, Y.S.; Writing—original
draft, Y.Z.; Writing—review & editing, J.C. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of Huashan Hospital of Fudan University
(protocol code 2011 (256) and date of approval 16 November 2011).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patients to publish this paper.

Conflicts of Interest: The authors declare no conflict of interest.

56



J. Clin. Med. 2022, 11, 6157
A

p
p

e
n

d
ix

A

T
a

b
le

A
1

.
C

or
re

la
ti

on
be

tw
ee

n
T2

va
lu

e
an

d
K

O
O

S
of

ea
ch

ca
rt

ila
ge

su
b-

re
gi

on
be

fo
re

an
d

af
te

r
op

er
at

io
n

(r
va

lu
e)

.

K
O

O
S

-S
y

m
p

to
m

s
K

O
O

S
-P

a
in

K
O

O
S

-A
D

L
K

O
O

S
-S

p
o

rt
s/

R
e
c

K
O

O
S

-Q
o

L

T
o

ta
l

(n
=

3
7
)

F
H

T
(n

=
1
9
)

H
T

-P
T

I
(n

=
1
8
)

T
o

ta
l

(n
=

3
7
)

F
H

T
(n

=
1
9
)

H
T

-P
T

I
(n

=
1
8
)

T
o

ta
l

(n
=

3
7
)

F
H

T
(n

=
1
9
)

H
T

-P
T

I
(n

=
1
8
)

T
o

ta
l

(n
=

3
7
)

F
H

T
(n

=
1
9
)

H
T

-P
T

I
(n

=
1
8
)

T
o

ta
l

(n
=

3
7
)

F
H

T
(n

=
1
9
)

H
T

-P
T

I
(n

=
1
8
)

P
re

-o
p

e
ra

ti
o

n

P
−0

.0
34

−0
.1

70
−0

.0
54

−0
.0

62
−0

.0
77

−0
.1

53
−0

.0
46

−0
.0

43
−0

.0
72

−0
.0

62
−0

.0
33

−0
.1

83
−0

.2
54

−0
.0

57
−0

.0
32

Tr
F

−0
.0

72
−0

.0
31

−0
.2

84
−0

.0
29

−0
.0

72
−0

.0
85

−0
.0

27
−0

.0
17

−0
.0

26
−0

.0
36

−0
.1

73
−0

.0
47

−0
.0

39
−0

.0
63

−0
.0

28
aM

FC
−0

.0
63

−0
.1

63
−0

.2
94

−0
.0

35
−0

.0
26

−0
.0

82
−0

.0
53

−0
.0

63
−0

.0
84

−0
.1

68
−0

.2
29

−0
.0

62
−0

.0
52

−0
.1

49
−0

.0
62

aL
FC

−0
.1

40
−0

.0
62

−0
.0

72
−0

.0
48

−0
.0

82
−0

.0
27

−0
.0

81
−0

.2
29

−0
.1

18
−0

.0
53

−0
.0

85
−0

.0
72

−0
.0

44
−0

.0
84

−0
.0

84
pM

FC
−0

.1
94

−0
.2

85
−0

.0
63

−0
.0

27
−0

.0
19

−0
.0

07
−0

.0
83

−0
.0

44
−0

.2
47

−0
.0

02
−0

.0
62

−0
.0

68
−0

.0
82

−0
.1

83
−0

.2
25

pL
FC

−0
.0

09
−0

.0
72

−0
.0

74
−0

.0
07

−0
.1

73
−0

.2
94

−0
.2

73
−0

.0
57

−0
.0

74
−0

.0
42

−0
.0

63
−0

.0
27

−0
.0

18
−0

.0
92

−0
.0

05
M

T
−0

.0
57

−0
.0

73
−0

.1
73

−0
.2

39
−0

.0
52

−0
.0

74
−0

.0
52

−0
.2

26
−0

.0
62

−0
.0

95
−0

.1
67

−0
.0

73
−0

.0
75

−0
.0

86
−0

.0
03

LT
−0

.0
07

−0
.0

36
−0

.0
73

−0
.0

86
−0

.0
81

−0
.1

72
−0

.2
97

−0
.0

16
−0

.0
91

−0
.0

07
−0

.0
32

−0
.0

82
−0

.1
09

−0
.1

01
−0

.0
98

6
-m

o
n

th

P
−0

.2
63

−0
.2

85
−0

.2
74

−0
.0

73
−0

.0
52

−0
.0

71
−0

.0
11

−0
.0

78
−0

.0
35

−0
.2

73
−0

.2
27

−0
.0

74
−0

.0
45

−0
.0

25
−0

.1
93

T r
F

−0
.0

82
−0

.0
73

−0
.1

33
−0

.0
47

−0
.0

82
−0

.1
75

−0
.2

27
−0

.2
46

−0
.0

62
−0

.0
84

−0
.0

82
−0

.0
36

−0
.0

75
−0

.0
52

−0
.0

74
aM

FC
−0

.0
77

−0
.0

94
−0

.0
19

−0
.0

05
−0

.2
91

−0
.0

63
−0

.2
59

−0
.0

81
−0

.0
71

−0
.0

82
−0

.2
19

−0
.0

06
−0

.0
78

−0
.0

62
−0

.1
98

aL
FC

−0
.0

33
−0

.1
99

−0
.2

42
−0

.0
26

−0
.0

89
−0

.0
37

−0
.0

73
−0

.0
05

−0
.0

18
−0

.2
66

−0
.0

61
−0

.0
88

−0
.2

06
−0

.0
19

−0
.0

54
pM

FC
−0

.0
41

−0
.2

07
−0

.0
19

−0
.2

68
−0

.2
11

−0
.1

06
−0

.1
42

−0
.2

15
−0

.0
42

−0
.1

21
−0

.2
71

−0
.1

04
−0

.2
18

−0
.2

04
−0

.1
33

pL
FC

−0
.1

50
−0

.2
40

−0
.1

30
−0

.0
73

−0
.1

91
−0

.1
26

−0
.1

30
−0

.2
73

−0
.0

62
−0

.2
99

−0
.0

51
−0

.2
72

−0
.2

36
−0

.1
14

−0
.2

93
M

T
−0

.0
58

−0
.1

76
−0

.2
65

−0
.0

84
−0

.2
82

−0
.0

62
−0

.1
10

−0
.1

09
−0

.2
53

−0
.0

82
−0

.0
42

−0
.0

72
−0

.0
05

−0
.2

71
−0

.0
54

LT
−0

.0
91

−0
.2

30
−0

.2
79

−0
.1

48
−0

.2
01

−0
.2

38
−0

.0
59

−0
.0

22
−0

.1
74

−0
.1

74
−0

.1
90

−0
.1

91
−0

.0
12

−0
.2

84
−0

.0
03

1
2
-m

o
n

th

P
−0

.1
85

−0
.0

42
−0

.2
87

−0
.2

66
−0

.1
52

−0
.0

40
−0

.0
20

−0
.1

29
−0

.1
02

−0
.1

97
−0

.2
58

−0
.1

38
−0

.1
69

−0
.0

81
−0

.0
08

Tr
F

−0
.1

13
−0

.2
75

−0
.2

70
−0

.0
29

−0
.1

54
−0

.2
22

−0
.1

83
−0

.1
59

−0
.1

58
−0

.0
44

−0
.1

46
−0

.2
22

−0
.0

13
−0

.1
75

−0
.1

20
aM

FC
−0

.0
67

−0
.2

74
−0

.2
30

−0
.2

14
−0

.1
20

−0
.1

55
−0

.1
58

−0
.1

43
−0

.2
38

−0
.2

11
−0

.0
34

−0
.0

75
−0

.1
82

−0
.0

95
−0

.1
84

aL
FC

−0
.0

80
−0

.1
26

−0
.0

52
−0

.1
67

−0
.2

99
−0

.0
68

−0
.2

75
−0

.1
69

−0
.0

92
−0

.2
68

−0
.1

36
−0

.0
09

−0
.0

04
−0

.2
30

−0
.0

59
pM

FC
−0

.2
27

−0
.0

36
−0

.0
44

−0
.1

87
−0

.2
85

−0
.1

30
−0

.0
12

−0
.1

78
−0

.2
55

−0
.1

21
−0

.0
49

−0
.1

72
−0

.1
16

−0
.0

51
−0

.1
84

pL
FC

−0
.1

89
−0

.2
24

−0
.2

37
−0

.0
07

−0
.2

09
−0

.1
54

−0
.1

28
−0

.2
35

−0
.2

97
−0

.2
23

−0
.1

74
−0

.1
27

−0
.1

42
−0

.0
85

−0
.1

45
M

T
−0

.0
74

−0
.1

71
−0

.1
58

−0
.0

84
−0

.1
81

−0
.2

79
−0

.0
94

−0
.0

45
−0

.0
43

−0
.1

67
−0

.1
22

−0
.1

46
−0

.1
51

−0
.1

87
−0

.0
91

LT
−0

.2
14

−0
.0

98
−0

.0
92

−0
.2

82
−0

.1
66

−0
.1

13
−0

.2
19

−0
.1

56
−0

.1
71

−0
.2

06
−0

.2
99

−0
.0

19
−0

.2
66

−0
.1

71
−0

.1
29

2
4
-m

o
n

th

P
−0

.2
41

−0
.0

39
−0

.0
58

−0
.1

84
−0

.2
04

−0
.0

04
−0

.1
35

−0
.1

69
−0

.2
59

−0
.0

47
−0

.1
98

−0
.2

26
−0

.2
11

−0
.2

26
−0

.2
84

57



J. Clin. Med. 2022, 11, 6157

T
a

b
le

A
1

.
C

on
t.

K
O

O
S

-S
y

m
p

to
m

s
K

O
O

S
-P

a
in

K
O

O
S

-A
D

L
K

O
O

S
-S

p
o

rt
s/

R
e
c

K
O

O
S

-Q
o

L

T
o

ta
l

(n
=

3
7
)

F
H

T
(n

=
1
9
)

H
T

-P
T

I
(n

=
1
8
)

T
o

ta
l

(n
=

3
7
)

F
H

T
(n

=
1
9
)

H
T

-P
T

I
(n

=
1
8
)

T
o

ta
l

(n
=

3
7
)

F
H

T
(n

=
1
9
)

H
T

-P
T

I
(n

=
1
8
)

T
o

ta
l

(n
=

3
7
)

F
H

T
(n

=
1
9
)

H
T

-P
T

I
(n

=
1
8
)

T
o

ta
l

(n
=

3
7
)

F
H

T
(n

=
1
9
)

H
T

-P
T

I
(n

=
1
8
)

Tr
F

−0
.2

02
−0

.0
94

−0
.0

20
−0

.0
33

−0
.1

17
−0

.1
75

−0
.1

63
−0

.1
28

−0
.2

35
−0

.1
24

−0
.0

75
−0

.1
38

−0
.1

45
−0

.1
29

−0
.0

15
aM

FC
−0

.1
25

−0
.1

90
−0

.1
02

−0
.0

30
−0

.1
72

−0
.1

81
−0

.0
78

−0
.1

12
−0

.1
27

−0
.0

52
−0

.0
29

−0
.0

89
−0

.0
41

−0
.1

58
−0

.2
57

aL
FC

−0
.0

72
−0

.0
88

−0
.0

70
−0

.1
85

−0
.2

17
−0

.1
02

−0
.0

65
−0

.0
15

−0
.2

32
−0

.0
14

−0
.1

04
−0

.0
54

−0
.2

56
−0

.0
99

−0
.0

54
pM

FC
−0

.0
45

−0
.2

95
−0

.1
30

−0
.1

70
−0

.1
90

−0
.1

76
−0

.0
83

−0
.2

91
−0

.2
50

−0
.2

80
−0

.0
93

−0
.0

73
−0

.0
85

−0
.1

79
−0

.0
64

pL
FC

−0
.1

32
−0

.2
16

−0
.2

74
−0

.0
21

−0
.1

91
−0

.2
03

−0
.2

18
−0

.1
70

−0
.1

63
−0

.0
87

−0
.2

96
−0

.2
55

−0
.1

77
−0

.0
07

−0
.0

12
M

T
−0

.0
96

−0
.1

32
−0

.1
44

−0
.2

87
−0

.1
85

−0
.0

62
−0

.2
58

−0
.1

99
−0

.2
87

−0
.1

80
−0

.0
09

−0
.2

62
−0

.1
16

−0
.1

72
−0

.2
33

LT
−0

.2
54

−0
.0

64
−0

.2
80

−0
.1

57
−0

.0
23

−0
.0

91
−0

.0
04

−0
.2

32
−0

.1
82

−0
.2

18
−0

.0
07

−0
.1

73
−0

.1
33

−0
.2

77
−0

.1
35

6
0
-m

o
n

th

P
−0

.1
75

−0
.0

18
−0

.1
02

−0
.2

40
−0

.1
69

−0
.0

89
−0

.1
72

−0
.0

20
−0

.2
56

−0
.1

96
−0

.2
64

−0
.2

48
−0

.0
17

−0
.0

98
−0

.0
12

Tr
F

−0
.0

43
−0

.1
49

−0
.2

02
−0

.2
46

−0
.1

25
−0

.1
47

−0
.0

69
−0

.1
42

−0
.2

40
−0

.2
72

−0
.1

01
−0

.1
75

−0
.2

94
−0

.2
40

−0
.1

74
aM

FC
−0

.0
27

−0
.1

85
−0

.1
30

−0
.1

18
−0

.1
87

−0
.2

61
−0

.2
40

−0
.0

34
−0

.2
18

−0
.2

22
−0

.0
15

−0
.0

15
−0

.2
46

−0
.1

17
−0

.1
66

aL
FC

−0
.2

95
−0

.0
43

−0
.1

35
−0

.2
71

−0
.1

15
−0

.2
06

−0
.2

40
−0

.1
52

−0
.1

80
−0

.0
78

−0
.1

62
−0

.0
61

−0
.1

55
−0

.1
36

−0
.0

36
pM

FC
−0

.0
15

−0
.1

97
−0

.2
13

−0
.2

60
−0

.2
24

−0
.0

55
−0

.0
83

−0
.2

91
−0

.1
26

−0
.1

85
−0

.2
16

−0
.0

39
−0

.2
64

−0
.0

38
−0

.2
93

pL
FC

−0
.0

65
−0

.1
23

−0
.2

84
−0

.2
63

−0
.1

09
−0

.0
93

−0
.0

84
−0

.1
15

−0
.1

12
−0

.0
16

−0
.2

37
−0

.2
47

−0
.1

06
−0

.0
63

−0
.2

20
M

T
−0

.1
75

−0
.1

72
−0

.0
81

−0
.2

34
−0

.0
62

−0
.0

87
−0

.0
53

−0
.0

19
−0

.2
44

−0
.1

76
−0

.0
54

−0
.2

94
−0

.2
38

−0
.0

01
−0

.2
72

LT
−0

.1
39

−0
.1

56
−0

.1
23

−0
.0

22
−0

.1
35

−0
.2

18
−0

.0
86

−0
.0

58
−0

.2
54

−0
.1

50
−0

.2
38

−0
.2

40
−0

.0
59

−0
.1

23
−0

.0
93

FH
T:

fr
ee

ha
m

st
ri

ng
te

nd
on

,H
T-

PT
I:

pr
es

er
ve

d
tib

ia
l-i

ns
er

tio
n

ha
m

st
ri

ng
te

nd
on

,K
O

O
S:

K
ne

e
In

ju
ry

an
d

O
st

eo
ar

th
ri

tis
O

ut
co

m
e

Sc
or

e,
A

D
L:

ac
tiv

iti
es

of
da

ily
liv

in
g,

Sp
or

ts
/r

ec
:s

po
rt

an
d

re
cr

ea
ti

on
fu

nc
ti

on
,Q

oL
:q

ua
lit

y
of

lif
e.

T
a

b
le

A
2

.
C

or
re

la
ti

on
be

tw
ee

n
va

lu
e

C
V

%
an

d
K

O
O

S
of

ea
ch

ca
rt

ila
ge

su
b-

re
gi

on
af

te
r

op
er

at
io

n
(r

va
lu

e)
.

K
O

O
S

-S
y

m
p

to
m

s
K

O
O

S
-P

a
in

K
O

O
S

-A
D

L
K

O
O

S
-S

p
o

rt
s/

R
e

c
K

O
O

S
-Q

o
L

T
o

ta
l

(n
=

3
7

)

F
H

T
(n

=
1

9
)

H
T

-
P

T
I

(n
=

1
8

)

T
o

ta
l

(n
=

3
7

)

F
H

T
(n

=
1

9
)

H
T

-P
T

I
(n

=
1

8
)

T
o

ta
l

(n
=

3
7

)

F
H

T
(n

=
1

9
)

H
T

-
P

T
I

(n
=

1
8

)

T
o

ta
l

(n
=

3
7

)
F

H
T

(n
=

1
9

)
H

T
-P

T
I

(n
=

1
8

)

T
o

ta
l

(n
=

3
7

)

F
H

T
(n

=
1

9
)

H
T

-
P

T
I

(n
=

1
8

)

6
-m

o
n

th

P
0.

28
8

0.
00

1
0.

12
8

0.
02

0
0.

21
2

0.
01

2
0.

10
1

0.
26

7
0.

06
9

0.
16

9
0.

26
9

0.
27

5
0.

21
3

0.
20

7
0.

18
5

Tr
F

0.
17

8
0.

07
3

0.
13

5
0.

26
9

0.
18

7
0.

19
1

0.
26

2
0.

30
0

0.
18

1
0.

05
7

0.
17

6
0.

18
9

0.
02

2
0.

11
3

0.
16

7
aM

FC
0.

25
8

0.
24

5
0.

05
2

0.
08

7
0.

08
2

0.
14

6
0.

03
5

0.
15

3
0.

02
8

0.
01

8
0.

13
7

0.
17

3
0.

24
7

0.
25

7
0.

24
9

aL
FC

0.
18

3
0.

23
8

0.
27

3
0.

22
2

0.
19

0
0.

23
9

0.
18

3
0.

22
5

0.
07

4
0.

06
7

0.
05

2
0.

27
5

0.
21

0
0.

07
6

0.
07

1
pM

FC
0.

18
1

0.
09

2
0.

26
5

0.
22

6
0.

01
1

0.
02

1
0.

07
6

0.
15

2
0.

04
4

0.
16

4
0.

05
1

0.
01

0
0.

24
1

0.
29

0
0.

15
6

pL
FC

0.
13

9
0.

08
5

0.
22

7
0.

12
2

0.
01

0
0.

05
2

0.
29

6
0.

27
9

0.
16

0
0.

27
3

0.
25

1
0.

03
3

0.
14

8
0.

22
1

0.
04

3

58



J. Clin. Med. 2022, 11, 6157

T
a

b
le

A
2

.
C

on
t.

K
O

O
S

-S
y

m
p

to
m

s
K

O
O

S
-P

a
in

K
O

O
S

-A
D

L
K

O
O

S
-S

p
o

rt
s/

R
e

c
K

O
O

S
-Q

o
L

T
o

ta
l

(n
=

3
7

)

F
H

T
(n

=
1

9
)

H
T

-
P

T
I

(n
=

1
8

)

T
o

ta
l

(n
=

3
7

)

F
H

T
(n

=
1

9
)

H
T

-P
T

I
(n

=
1

8
)

T
o

ta
l

(n
=

3
7

)

F
H

T
(n

=
1

9
)

H
T

-
P

T
I

(n
=

1
8

)

T
o

ta
l

(n
=

3
7

)
F

H
T

(n
=

1
9

)
H

T
-P

T
I

(n
=

1
8

)

T
o

ta
l

(n
=

3
7

)

F
H

T
(n

=
1

9
)

H
T

-
P

T
I

(n
=

1
8

)

M
T

0.
19

0
0.

17
7

0.
12

1
0.

00
4

0.
14

4
0.

27
3

0.
11

9
0.

10
2

0.
06

8
0.

03
7

0.
10

8
0.

06
9

0.
26

1
0.

27
0

0.
07

9
LT

0.
10

1
0.

16
9

0.
17

1
0.

08
3

0.
03

3
0.

20
0

0.
09

9
0.

11
9

0.
17

8
0.

12
0

0.
14

4
0.

25
9

0.
08

7
0.

12
8

0.
29

5

1
2

-m
o

n
th

P
0.

01
8

0.
29

8
0.

05
1

0.
06

1
0.

23
9

0.
27

5
0.

10
0

0.
13

8
0.

02
9

0.
09

3
0.

29
4

0.
17

2
0.

10
6

0.
24

8
0.

11
8

Tr
F

0.
02

7
0.

06
1

0.
24

2
0.

12
2

0.
18

3
0.

13
5

0.
28

3
0.

17
1

0.
06

4
0.

14
2

0.
11

3
0.

08
5

0.
15

2
0.

12
3

0.
06

2
aM

FC
0.

23
0

0.
10

4
0.

18
9

0.
29

5
0.

11
6

0.
21

7
0.

17
3

0.
15

5
0.

14
9

0.
02

1
0.

01
6

0.
21

0
0.

22
8

0.
22

4
0.

13
3

aL
FC

0.
08

7
0.

17
9

0.
09

1
0.

23
2

0.
26

5
0.

25
4

0.
13

8
0.

06
4

0.
10

5
0.

23
1

0.
17

0
0.

16
1

0.
19

9
0.

05
3

0.
06

4
pM

FC
0.

07
9

0.
16

9
0.

29
7

0.
15

3
0.

23
9

0.
11

4
0.

08
6

0.
14

3
0.

11
9

0.
06

1
0.

28
9

0.
05

9
0.

16
6

0.
26

4
0.

26
2

pL
FC

0.
11

1
0.

10
7

0.
23

5
0.

29
3

0.
24

7
0.

11
4

0.
05

3
0.

00
3

0.
15

4
0.

05
8

0.
06

8
0.

19
1

0.
28

8
0.

09
7

0.
09

9
M

T
0.

05
2

0.
05

7
0.

25
3

0.
22

6
0.

24
9

0.
29

4
0.

25
1

0.
26

9
0.

24
5

0.
12

0
0.

04
9

0.
05

0
0.

20
9

0.
08

1
0.

29
1

LT
0.

28
9

0.
06

7
0.

02
0

0.
18

4
0.

28
5

0.
03

2
0.

11
7

0.
09

2
0.

03
7

0.
17

8
0.

09
3

0.
13

1
0.

27
8

0.
11

0
0.

00
5

2
4

-m
o

n
th

P
0.

04
5

0.
23

3
0.

20
8

0.
09

5
0.

00
2

0.
09

1
0.

14
5

0.
07

0
0.

15
0

0.
27

9
0.

02
5

0.
23

3
0.

03
2

0.
13

0
0.

10
0

Tr
F

0.
02

5
0.

20
8

0.
08

9
0.

08
3

0.
28

9
0.

18
8

0.
17

8
0.

25
8

0.
01

2
0.

28
9

0.
24

9
0.

09
3

0.
10

2
0.

29
5

0.
03

3
aM

FC
0.

07
4

0.
22

1
0.

01
0

0.
03

6
0.

24
6

0.
11

5
0.

11
8

0.
09

7
0.

08
9

0.
29

1
0.

19
4

0.
25

8
0.

04
5

0.
11

4
0.

02
4

aL
FC

0.
03

8
0.

10
7

0.
10

7
0.

23
9

0.
18

4
0.

15
5

0.
22

7
0.

27
5

0.
11

8
0.

16
2

0.
25

3
0.

23
9

0.
25

2
0.

02
1

0.
20

4
pM

FC
0.

06
2

0.
01

5
0.

00
9

0.
15

1
0.

12
2

0.
29

5
0.

21
0

0.
27

5
0.

21
3

0.
04

4
0.

09
4

0.
10

0
0.

05
8

0.
01

8
0.

03
2

pL
FC

0.
19

9
0.

25
3

0.
15

9
0.

04
8

0.
14

8
0.

19
0

0.
25

4
0.

01
2

0.
16

4
0.

05
0

0.
29

2
0.

27
6

0.
16

2
0.

03
0

0.
02

1
M

T
0.

08
7

0.
16

5
0.

07
2

0.
11

7
0.

24
2

0.
12

9
0.

04
9

0.
06

7
0.

12
5

0.
06

2
0.

14
0

0.
00

3
0.

16
7

0.
23

9
0.

26
9

LT
0.

22
4

0.
18

7
0.

24
0

0.
17

1
0.

08
8

0.
01

4
0.

13
8

0.
14

6
0.

01
7

0.
28

1
0.

21
2

0.
28

7
0.

22
4

0.
10

9
0.

25
7

6
0

-m
o

n
th

P
0.

07
6

0.
18

2
0.

04
4

0.
26

9
0.

20
3

0.
11

6
0.

22
5

0.
22

1
0.

09
4

0.
29

1
0.

23
9

0.
10

2
0.

03
0

0.
09

5
0.

05
9

Tr
F

0.
05

7
0.

18
1

0.
05

6
0.

26
9

0.
16

0
0.

14
5

0.
06

7
0.

03
1

0.
07

7
0.

18
5

0.
26

1
0.

28
0

0.
17

2
0.

25
5

0.
26

9
aM

FC
0.

02
8

0.
17

6
0.

04
2

0.
05

1
0.

16
2

0.
20

9
0.

10
0

0.
13

0
0.

05
1

0.
18

7
0.

25
9

0.
00

5
0.

21
0

0.
09

5
0.

10
7

aL
FC

0.
02

4
0.

21
0

0.
23

9
0.

10
7

0.
13

0
0.

09
7

0.
10

1
0.

26
4

0.
24

5
0.

24
3

0.
14

3
0.

19
9

0.
07

4
0.

27
7

0.
03

7
pM

FC
0.

10
2

0.
27

2
0.

12
3

0.
16

5
0.

09
2

0.
09

3
0.

08
3

0.
17

7
0.

08
4

0.
18

8
0.

28
1

0.
01

5
0.

27
5

0.
09

8
0.

18
2

pL
FC

0.
01

4
0.

23
4

0.
27

4
0.

25
3

0.
29

4
0.

24
7

0.
11

3
0.

06
8

0.
21

2
0.

22
0

0.
09

6
0.

26
1

0.
17

1
0.

09
9

0.
29

6
M

T
0.

28
2

0.
10

7
0.

08
9

0.
16

3
0.

05
4

0.
20

4
0.

23
9

0.
21

5
0.

12
3

0.
11

0
0.

07
0

0.
05

7
0.

17
4

0.
25

8
0.

09
1

LT
0.

00
0

0.
11

5
0.

25
7

0.
04

9
0.

09
1

0.
02

4
0.

25
8

0.
17

0
0.

23
9

0.
08

4
0.

09
6

0.
01

6
0.

20
8

0.
04

6
0.

26
6

FH
T:

fr
ee

ha
m

st
ri

ng
te

nd
on

,H
T-

P
T

I:
pr

es
er

ve
d

ti
bi

al
-i

ns
er

ti
on

ha
m

st
ri

ng
te

nd
on

,C
V

%
:T

he
pe

rc
en

to
fc

ar
ti

la
ge

vo
lu

m
e

ch
an

gi
ng

,K
O

O
S:

K
ne

e
In

ju
ry

an
d

O
st

eo
ar

th
ri

ti
s

O
ut

co
m

e
Sc

or
e,

A
D

L:
ac

ti
vi

ti
es

of
da

ily
liv

in
g,

Sp
or

ts
/r

ec
:s

po
rt

an
d

re
cr

ea
ti

on
fu

nc
ti

on
,Q

oL
:q

ua
lit

y
of

lif
e.

59



J. Clin. Med. 2022, 11, 6157

T
a

b
le

A
3

.
C

or
re

la
ti

on
be

tw
ee

n
va

lu
e

C
V

%
an

d
T2

va
lu

e
of

ea
ch

ca
rt

ila
ge

su
b-

re
gi

on
af

te
r

op
er

at
io

n
(r

va
lu

e)
.

6
-M

o
n

th
1

2
-M

o
n

th
2

4
-M

o
n

th
6

0
-M

o
n

th

T
o

ta
l

(n
=

3
7

)
F

H
T

(n
=

1
9

)
H

T
-P

T
I

(n
=

1
8

)
T

o
ta

l
(n

=
3

7
)

F
H

T
(n

=
1

9
)

H
T

-P
T

I
(n

=
1

8
)

T
o

ta
l

(n
=

3
7

)
F

H
T

(n
=

1
9

)
H

T
-P

T
I

(n
=

1
8

)
T

o
ta

l
(n

=
3

7
)

F
H

T
(n

=
1

9
)

H
T

-P
T

I
(n

=
1

8
)

P
−0

.0
48

−0
.3

71
−0

.2
23

−0
.1

06
−0

.1
40

−0
.1

59
−0

.2
66

−0
.3

62
−0

.1
43

−0
.4

21
−0

.3
92

−0
.0

12
Tr

F
−0

.4
58

−0
.2

67
−0

.3
05

−0
.5

01
−0

.4
20

−0
.0

48
−0

.1
42

−0
.3

32
−0

.3
25

−0
.1

79
−0

.3
66

−0
.5

61
aM

FC
−0

.2
30

−0
.2

07
−0

.2
40

−0
.5

41
−0

.0
99

−0
.2

07
−0

.1
90

−0
.4

36
−0

.5
60

−0
.5

69
−0

.5
32

−0
.5

23
aL

FC
−0

.5
45

−0
.1

11
−0

.4
96

−0
.2

88
−0

.0
24

−0
.0

63
−0

.0
75

−0
.1

41
−0

.3
22

−0
.5

78
−0

.1
02

−0
.3

39
pM

FC
−0

.3
04

−0
.1

51
−0

.0
46

−0
.1

56
−0

.5
55

−0
.5

86
−0

.3
19

−0
.0

49
−0

.4
53

−0
.0

29
−0

.3
55

−0
.1

69
pL

FC
−0

.4
95

−0
.5

90
−0

.1
77

−0
.1

05
−0

.3
52

−0
.0

85
−0

.5
64

−0
.3

80
−0

.0
43

−0
.2

27
−0

.5
88

−0
.4

48
M

T
−0

.4
89

−0
.3

57
−0

.3
02

−0
.3

66
−0

.5
44

−0
.3

64
−0

.2
87

−0
.4

97
−0

.0
65

−0
.0

94
−0

.5
44

−0
.3

34
LT

−0
.2

81
−0

.3
58

−0
.4

29
−0

.4
93

−0
.4

93
−0

.3
31

−0
.5

32
−0

.4
56

−0
.4

31
−0

.2
77

−0
.5

37
−0

.5
67

FH
T:

fr
ee

ha
m

st
ri

ng
te

nd
on

,H
T-

PT
I:

pr
es

er
ve

d
ti

bi
al

-i
ns

er
ti

on
ha

m
st

ri
ng

te
nd

on
,C

V
%

:T
he

pe
rc

en
to

fc
ar

ti
la

ge
vo

lu
m

e
ch

an
gi

ng
.

60



J. Clin. Med. 2022, 11, 6157

References

1. Ajuied, A.; Wong, F.; Smith, C.; Norris, M.; Earnshaw, P.; Back, D.; Davies, A. Anterior cruciate ligament injury and radiologic
progression of knee osteoarthritis: A systematic review and meta-analysis. Am. J. Sports Med. 2014, 42, 2242–2252. [CrossRef]
[PubMed]

2. Belk, J.W.; Kraeutler, M.J.; Carver, T.J.; McCarty, E.C. Knee Osteoarthritis After Anterior Cruciate Ligament Reconstruction
With Bone–Patellar Tendon–Bone Versus Hamstring Tendon Autograft: A Systematic Review of Randomized Controlled Trials.
Arthrosc. J. Arthrosc. Relat. Surg. 2018, 34, 1358–1365. [CrossRef] [PubMed]

3. Belk, J.W.; Kraeutler, M.J.; Houck, D.A.; McCarty, E.C. Knee Osteoarthritis After Single–Bundle Versus Double–Bundle Anterior
Cruciate Ligament Reconstruction: A Systematic Review of Randomized Controlled Trials. Arthroscopy 2019, 35, 996–1003.
[CrossRef]

4. Bellamy, N.; Buchanan, W.W.; Goldsmith, C.H.; Campbell, J.; Stitt, L.W. Validation study of WOMAC: A health status instrument
for measuring clinically important patient relevant outcomes to antirheumatic drug therapy in patients with osteoarthritis of the
hip or knee. J. Rheumatol. 1988, 15, 1833–1840. [PubMed]

5. Collins, N.J.; Prinsen, C.A.; Christensen, R.; Bartels, E.M.; Terwee, C.B.; Roos, E.M. Knee Injury and Osteoarthritis Outcome Score
(KOOS): Systematic review and meta-analysis of measurement properties. Osteoarthr. Cartil. 2016, 24, 1317–1329. [CrossRef]
[PubMed]

6. Corona, K.; Cerciello, S.; Vasso, M.; Toro, G.; D'Ambrosi, R.; Pola, E.; Ciolli, G.; Mercurio, M.; Panni, A.S. Age over 50 does not
predict results in anterior cruciate ligament reconstruction. Orthop. Rev. 2022, 14, 37310. [CrossRef]

7. Cristiani, R.; Viheriävaara, S.; Janarv, P.-M.; Edman, G.; Janarv, P.-M.; Forssblad, M.; Stålman, A. Knee laxity and functional knee
outcome after contralateral ACLR are comparable to those after primary ACLR. Knee Surg. Sports Traumatol. Arthrosc. 2021, 29,
3864–3870. [CrossRef]

8. Del Torto, M.; Enea, D.; Panfoli, N.; Filardo, G.; Pace, N.; Chiusaroli, M. Hamstrings anterior cruciate ligament reconstruction
with and without platelet rich fibrin matrix. Knee Surg. Sports Traumatol. Arthrosc. 2015, 23, 3614–3622. [CrossRef]

9. Eckstein, F.; Wirth, W.; Lohmander, L.S.; Hudelmaier, M.I.; Frobell, R.B. Five-Year Followup of Knee Joint Cartilage Thickness
Changes After Acute Rupture of the Anterior Cruciate Ligament. Arthritis Rheumatol. 2015, 67, 152–161. [CrossRef]

10. Figueroa, D.; Figueroa, F.; Calvo, R.; Vaisman, A.; Ahumada, X.; Arellano, S. Platelet-rich plasma use in anterior cruciate ligament
surgery: Systematic review of the literature. Arthroscopy 2015, 31, 981–988. [CrossRef]

11. Frobell, R.B. Change in cartilage thickness, posttraumatic bone marrow lesions, and joint fluid volumes after acute ACL disruption:
A two-year prospective MRI study of sixty-one subjects. J. Bone Joint Surg. Am. 2011, 93, 1096–1103. [CrossRef] [PubMed]

12. Frobell, R.; Le Graverand, M.-P.; Buck, R.; Roos, E.; Roos, H.; Tamez-Pena, J.; Totterman, S.; Lohmander, L. The acutely ACL
injured knee assessed by MRI: Changes in joint fluid, bone marrow lesions, and cartilage during the first year. Osteoarthr. Cartil.
2009, 17, 161–167. [CrossRef] [PubMed]

13. Gong, X.; Jiang, D.; Wang, Y.-J.; Wang, J.; Ao, Y.-F.; Yu, J.-K. Second-Look Arthroscopic Evaluation of Chondral Lesions After
Isolated Anterior Cruciate Ligament Reconstruction: Single-Versus Double-Bundle Reconstruction. Am. J. Sports Med. 2013, 41,
2362–2367. [CrossRef]

14. Kumar, D.; Su, F.; Wu, D.; Pedoia, V.; Heitkamp, L.; Ma, C.B.; Souza, R.B.; Li, X. Frontal Plane Knee Mechanics and Early Cartilage
Degeneration in People With Anterior Cruciate Ligament Reconstruction: A Longitudinal Study. Am. J. Sports Med. 2018, 46,
378–387. [CrossRef] [PubMed]

15. Li, X.; Kuo, D.; Theologis, A.; Carballido-Gamio, J.; Stehling, C.; Link, T.M.; Ma, C.B.; Majumdar, S. Cartilage in Anterior Cruciate
Ligament–Reconstructed Knees: MR imaging T1{rho} and T2—Initial Experience with 1-year Follow-up. Radiology 2011, 258,
505–514. [CrossRef] [PubMed]

16. Liu, S.; Li, H.; Tao, H.; Sun, Y.; Chen, S.; Chen, J. A Randomized Clinical Trial to Evaluate Attached Hamstring Anterior Cruciate
Ligament Graft Maturity With Magnetic Resonance Imaging. Am. J. Sports Med. 2018, 46, 1143–1149. [CrossRef]

17. Liu, S.; Sun, Y.; Wan, F.; Ding, Z.; Chen, S.; Chen, J. Advantages of an Attached Semitendinosus Tendon Graft in Anterior Cruciate
Ligament Reconstruction in a Rabbit Model. Am. J. Sports Med. 2018, 46, 3227–3236. [CrossRef] [PubMed]

18. Maerz, T.; Sherman, E.; Newton, M.; Yilmaz, A.; Kumar, P.; Graham, S.F.; Baker, K.C. Metabolomic serum profiling after ACL
injury in rats: A pilot study implicating inflammation and immune dysregulation in post-traumatic osteoarthritis. J. Orthop. Res.
2018, 36, 1969–1979. [CrossRef] [PubMed]

19. McAlindon, T.E.; LaValley, M.P.; Harvey, W.F.; Price, L.L.; Driban, J.; Zhang, M.; Ward, R.J. Effect of Intra-articular Triamcinolone
vs Saline on Knee Cartilage Volume and Pain in Patients With Knee Osteoarthritis: A Randomized Clinical Trial. JAMA 2017, 317,
1967–1975. [CrossRef]

20. McAlindon, T.E.; Nuite, M.; Krishnan, N.; Ruthazer, R.; Price, L.; Burstein, D.; Griffith, J.; Flechsenhar, K. Change in knee
osteoarthritis cartilage detected by delayed gadolinium enhanced magnetic resonance imaging following treatment with collagen
hydrolysate: A pilot randomized controlled trial. Osteoarthr. Cartil. 2011, 19, 399–405. [CrossRef]

21. Mendias, C.L.; Enselman, E.R.S.; Olszewski, A.M.; Gumucio, J.P.; Edon, D.L.; Konnaris, M.A.; Carpenter, J.E.; Awan, T.M.;
Jacobson, J.A.; Gagnier, J.J.; et al. The Use of Recombinant Human Growth Hormone to Protect Against Muscle Weakness in
Patients Undergoing Anterior Cruciate Ligament Reconstruction: A Pilot, Randomized Placebo—Controlled Trial. Am. J. Sports
Med. 2020, 48, 1916–1928. [CrossRef] [PubMed]

61



J. Clin. Med. 2022, 11, 6157

22. Nishioka, H.; Hirose, J.; Nakamura, E.; Okamoto, N.; Karasugi, T.; Taniwaki, T.; Okada, T.; Yamashita, Y.; Mizuta, H. Detecting
ICRS grade 1 cartilage lesions in anterior cruciate ligament injury using T1ρ and T2 mapping. Eur. J. Radiol. 2013, 82, 1499–1505.
[CrossRef]

23. Nugzar, O.; Zandman-Goddard, G.; Oz, H.; Lakstein, D.; Feldbrin, Z.; Shargorodsky, M. The role of ferritin and adiponectin as
predictors of cartilage damage assessed by arthroscopy in patients with symptomatic knee osteoarthritis. Best Pract. Res. Clin.
Rheumatol. 2018, 32, 662–668. [CrossRef] [PubMed]

24. Papalia, R.; Franceschi, F.; Vasta, S.; Di Martino, A.; Maffulli, N.; Denaro, V. Sparing the anterior cruciate ligament remnant: Is it
worth the hassle? Br. Med. Bull. 2012, 104, 91–111. [CrossRef]

25. Potter, H.G.; Jain, S.K.; Ma, Y.; Black, B.R.; Fung, S.; Lyman, S. Cartilage Injury After Acute, Isolated Anterior Cruciate Ligament
Tear: Immediate and Longitudinal Effect with Clinical/MRI Follow-up. Am. J. Sports Med. 2012, 40, 276–285. [CrossRef]

26. Roos, E.M.; Roos, H.P.; Lohmander, L.S.; Ekdahl, C.; Beynnon, B.D. Knee Injury and Osteoarthritis Outcome Score (KOOS)—
Development of a self-administered outcome measure. J. Orthop. Sports Phys. Ther. 1998, 28, 88–96. [CrossRef]

27. Song, E.-K.; Seon, J.-K.; Yim, J.-H.; Woo, S.-H.; Seo, H.-Y.; Lee, K.-B. Progression of Osteoarthritis After Double- and Single-Bundle
Anterior Cruciate Ligament Reconstruction. Am. J. Sports Med. 2013, 41, 2340–2346. [CrossRef]

28. Song, G.-Y.; Zhang, H.; Zhang, J.; Li, X.; Chen, X.-Z.; Li, Y.; Feng, H. The Anterior Cruciate Ligament Remnant: To Leave It or
Not? Arthrosc. J. Arthrosc. Relat. Surg. 2013, 29, 1253–1262. [CrossRef] [PubMed]

29. Su, F.; Hilton, J.F.; Nardo, L.; Wu, S.; Liang, F.; Link, T.; Ma, C.; Li, X. Cartilage morphology and T1ρ and T2 quantification in
ACL-reconstructed knees: A 2-year follow-up. Osteoarthr. Cartil. 2013, 21, 1058–1067. [CrossRef]

30. Subburaj, K.; Kumar, D.; Souza, R.B.; Alizai, H.; Li, X.; Link, T.M.; Majumdar, S. The Acute Effect of Running on Knee Articular
Cartilage and Meniscus Magnetic Resonance Relaxation Times in Young Healthy Adults. Am. J. Sports Med. 2012, 40, 2134–2141.
[CrossRef]

31. Theologis, A.A.; Haughom, B.; Liang, F.; Zhang, Y.; Majumdar, S.; Link, T.M.; Ma, C.B.; Li, X. Comparison of T1rho relaxation
times between ACL-reconstructed knees and contralateral uninjured knees. Knee Surg. Sports Traumatol. Arthrosc. 2014, 22,
298–307. [CrossRef]

32. Van Ginckel, A.; Verdonk, P.; Victor, J.; Witvrouw, E. Cartilage Status in Relation to Return to Sports After Anterior Cruciate
Ligament Reconstruction. Am. J. Sports Med. 2013, 41, 550–559. [CrossRef] [PubMed]

33. Wang, H.-J.; Ao, Y.-F.; Jiang, D.; Gong, X.; Wang, Y.-J.; Wang, J.; Yu, J.-K. Relationship Between Quadriceps Strength and
Patellofemoral Joint Chondral Lesions After Anterior Cruciate Ligament Reconstruction. Am. J. Sports Med. 2015, 43, 2286–2292.
[CrossRef]

34. Wang, X.; Bennell, K.L.; Wang, Y.; Wrigley, T.V.; Van Ginckel, A.; Fortin, K.; Saxby, D.J.; Cicuttini, F.; Lloyd, D.; Vertullo, C.J.; et al.
Tibiofemoral joint structural change from 2.5 to 4.5 years following ACL reconstruction with and without combined meniscal
pathology. BMC Musculoskelet. Disord. 2019, 20, 312. [CrossRef] [PubMed]

35. Wang, X.; Wrigley, T.V.; Bennell, K.L.; Wang, Y.; Fortin, K.; Cicuttini, F.M.; Lloyd, D.G.; Bryant, A.L. Cartilage quantitative
T2 relaxation time 2–4 years following isolated anterior cruciate ligament reconstruction. J. Orthop. Res. 2018, 36, 2022–2029.
[CrossRef] [PubMed]

36. Woollard, J.D.; Gil, A.B.; Sparto, P.; Kwoh, C.K.; Piva, S.R.; Farrokhi, S.; Powers, C.M.; Fitzgerald, G.K. Change in Knee Cartilage
Volume in Individuals Completing a Therapeutic Exercise Program for Knee Osteoarthritis. J. Orthop. Sports Phys. Ther. 2011, 41,
708–722. [CrossRef]

37. Zhang, Y.; Liu, S.; Chen, Q.; Hu, Y.; Sun, Y.; Chen, J. Maturity Progression of the Entire Anterior Cruciate Ligament Graft of
Insertion—Preserved Hamstring Tendons by 5 Years: A Prospective Randomized Controlled Study Based on Magnetic Resonance
Imaging Evaluation. Am. J. Sports Med. 2020, 48, 2970–2977. [CrossRef]

62



Citation: Ma, M.; Zhang, B.; Yan, X.;

Ji, X.; Qin, D.; Pu, C.; Zhao, J.; Zhang,

Q.; Lowis, H.; Li, T. Adaptive

Posture-Balance Cardiac

Rehabilitation Exercise Significantly

Improved Physical Tolerance in

Patients with Cardiovascular

Diseases. J. Clin. Med. 2022, 11, 5345.

https://doi.org/10.3390/jcm11185345

Academic Editors: Jiwu Chen

and Yaying Sun

Received: 30 July 2022

Accepted: 7 September 2022

Published: 12 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Adaptive Posture-Balance Cardiac Rehabilitation Exercise
Significantly Improved Physical Tolerance in Patients with
Cardiovascular Diseases

Mei Ma 2,†, Bowen Zhang 1,†, Xinxin Yan 3, Xiang Ji 1, Deyu Qin 2, Chaodong Pu 2, Jingxiang Zhao 2, Qian Zhang 2,

Heinz Lowis 4 and Ting Li 1,*

1 Institute of Biomedical Engineering, Chinese Academy of Medical Sciences and Peking Union Medical College,
Tianjin 300192, China

2 Department of Rehabilitation Medicine, Tianjin Chest Hospital, Tianjin 300192, China
3 Department of Cardiology, Key Laboratory of Pulmonary Vascular Medicine, Fuwai Hospital,

Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing 100037, China
4 Drei-Burgen-Klinik of German Pension Insurance of Rhineland-Palatinate, 55583 Bad Kreuznach, Germany
* Correspondence: liting@bme.cams.cn; Tel.: +86-180-0212-7296
† These authors contributed equally to this work.

Abstract: Cardiac rehabilitation (CR) requires more professional exercise modalities to improve the
efficiency of treatment. Adaptive posture-balance cardiac rehabilitation exercise (APBCRE) is an
emerging, balance-based therapy from clinical experience, but lacks evidence of validity. Our study
aimed to observe and assess the rehabilitation effect of APBCRE on patients with cardiovascular
diseases (CVDs). All participants received one-month APBCRE therapy evenly three times per
week and two assessments before and after APBCRE. Each assessment included cardiopulmonary
exercise testing (CPET), resting metabolic rate (RMR) detection, and three questionnaires about
general health. The differences between two assessments were analyzed to evaluate the therapeutic
effects of APBCRE. A total of 93 participants (80.65% male, 53.03 ± 12.02 years) were included in the
analysis. After one-month APBCRE, oxygen uptake (VO2, 11.16 ± 2.91 to 12.85 ± 3.17 mL/min/kg,
p < 0.01) at anaerobic threshold (AT), ventilation (VE, 28.87 ± 7.26 to 32.42 ± 8.50 mL/min/kg,
p < 0.01) at AT, respiratory exchange ratio (RER, 0.93 ± 0.06 to 0.95 ± 0.05, p < 0.01) at AT and
oxygen uptake efficiency slope (OUES, 1426.75 ± 346.30 to 1547.19 ± 403.49, p < 0.01) significantly
improved in CVD patients. The ≤55-year group had more positive improvements (VO2 at AT,
23% vs. 16%; OUES, 13% vs. 6%) compared with the >55-year group. Quality of life was also
increased after APBCRE (47.78 ± 16.74 to 59.27 ± 17.77, p < 0.001). This study proved that APBCRE
was a potentially available exercise rehabilitation modality for patients with CVDs, which performed
significant increases in physical tolerance and quality of life, especially for ≤55-year patients.

Keywords: cardiac rehabilitation; exercise therapy; balance exercises; cardiovascular diseases

1. Introduction

Cardiovascular diseases (CVDs) are a group of disorders of heart and blood vessel
disorders, such as coronary heart disease [1] and heart failure [2]. CVDs are the leading
cause of death and disability in the world [3]. Approximately 330 million people in China
suffer from CVDs, and the prevalence continues to increase [4]. With the progression of
CVDs, physical tolerance in patients gradually declines until complete loss, along with
increasing dyspnea. It seriously affects the quality of life of patients and causes a huge
social burden [5]. Therefore, it is critical to improve the physical tolerance of CVDs patients.

The American College of Cardiology guidelines emphasize [6] that cardiac rehabili-
tation (CR) is an important and effective approach to preventing and treating CVDs and
is strongly recommended for clinical practice. Moreover, numerous studies confirm [7,8]
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that CR improves physical tolerance [9] and quality of life in patients with CVDs [10,11],
reduces the incidence risk of CVDs [12], and decreases the rate of hospital readmission.

At present, the main modality of CR is physical exercise [13], occasionally supple-
mented with health education and psychological counseling [7]. Patients could choose
to finish CR at home or in center depending on their condition. Although there are no
significant differences in rehabilitation effects between home-based CR and center-based
CR, home-based CR provides better satisfaction and comfort for patients [14,15]. The
general exercise methods of CR [16] include walking, jogging, cycling and other aerobic
exercises, combined with resistance training. Emerging techniques and traditional exercises
have been explored and are found to be effective, such as high-intensity interval training
(HIIT) [17,18], yoga [19,20] and Tai Chi [21]. In most studies, the exercise intensity is con-
trolled at 40% to 80% of the maximum heart rate (HR) [22,23], and the exercise frequency
ranges from 3 to 6 times per week [24,25]. However, the above sports methods and rehabil-
itation modalities are mainly based on existing general exercise models [6,17], rather than
exclusively focusing on CVDs. Universal models usually do not achieve the expected effect
due to lack of pertinence, although they are intensively adopted.

Based on balance exercise, a new rehabilitation approach was designed and named
as adaptive posture-balance cardiac rehabilitation exercise (APBCRE). The approach was
inspired by clinical practice about CVDs, specifically designed to reduce the risk of falls.
To better understand the clinical effectiveness of APBCRE on CVDs patients, the current
study aimed to assess whether APBCRE could enhance physical tolerance and improve the
quality of life in patients with CVDs.

2. Materials and Methods

2.1. Study Design

This experiment was performed among CVDs patients from December 2020 to March
2021 in Tianjin Chest Hospital. This study protocol was approved by the local ethics com-
mittee (IRB-SOP-016(F)-001-02, 9 August 2021). All subjects have signed informed consent
forms before being enrolled. The whole experiment included one month of APBCRE and
two clinical assessments before and after APBCRE interventions. The one-month APBCRE
consisted of twelve exercise sessions, evenly three times per week. Each assessment in-
cluded cardiopulmonary exercise testing (CPET), resting metabolism rate (RMR) detection,
and questionnaires about quality of life (QoL), depression levels and anxiety levels. The
primary outcome was physical tolerance assessed by oxygen uptake (VO2) at anaerobic
threshold (AT). The secondary endpoints were the resting metabolism level and QoL mea-
sured by RMR and 12-item Short Form Survey (SF-12), respectively. A flowchart of this
study is provided in Figure 1.

Figure 1. Flowchart of this study. CPET cardiopulmonary exercise testing, RMR resting metabolism
rate, APBCRE adaptive posture-balance cardiac rehabilitation exercise.

2.2. Patient Selection

Subjects were recruited from patients with CVDs. The inclusion criteria were (1) age
over 18 years old; (2) diagnosed as CVDs, including coronary heart disease (CHD), old
myocardial infarction (MI), arrhythmias and heart valve disease; (3) without percutaneous
coronary intervention (PCI) or one week after PCI; (4) without coronary artery bypass graft
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(CABG) or one month after CABG. Patients were excluded if having abnormal blood pres-
sure response, acute heart failure, unstable angina, acute myocardial infarction, congenital
heart disease, and severe musculoskeletal diseases limiting [23].

2.3. Rehabilitation Protocol

Depending on personal physical conditions, participants were assigned to three danger
levels: low-level, medium-level, and high-level. The standards of danger level are shown
in Table A1 in Appendix A. The different danger-level patients underwent individualized
APBCRE with matched different exercise thresholds and accepted comprehensive guidance
from professional nurses.

The fundamental process of APBCRE consisted of four parts: breathing training
and warm-up, aerobic exercise, resistance exercise, and flexibility exercise. The first part
generally lasted 5–15 min for any danger level. For better effects of sport rehabilitation, our
study designed a new warm-up method based on balance exercise, which was the essence
of APBCRE. Figure 2a outlined the specific steps of the new warm-up method, including
stretching of upper limbs, legs, waist, and other parts. The first part mainly contributed
to improving body coordination and balance. The second part was moderate-intensity
endurance exercise. The intensity was controlled at 40–60% AT, 60–70% of peak HR and
Borg grade 12–13. The exercise duration of aerobic exercise was usually 30 min. Moreover,
a body-building vehicle was used for resistance exercise in the third part for 10–15 min.
The resistance power of the bicycle was adjusted depending on danger level and VO2 at
AT. The last part was the continuation of low-intensity aerobic training for 5–10 min. It was
designed to slow flow of blood from the skeletal muscles back to the heart, which could
effectively prevent a significant increase in cardiac stress. In summary, the total exercise
time for one session was generally 50–70 min, varying with physical function of patients.
Although there is no specific date for each training, patients were required to complete
12 sessions within one month.

 
Figure 2. (a) Critical steps of balance exercise in APBCRE; (b) operation diagram of CPX. APBCRE
adaptive posture-balance cardiac rehabilitation exercise. CPX exercise cardiopulmonary function
measurement system.

2.4. Outcome Measure

• Cardiopulmonary Exercise Testing (CPET)

CPET was performed on the exercise cardiopulmonary function measurement system
(Oxycon Mobile, JAEGER-CareFusion, Hoechberg, Germany) (CPX, Figure 2b). Individ-
ualized ramp protocol was used for CPET. HR, VO2, respiratory exchange ratio (RER)
and ventilation (VE) were collected at resting state and AT, respectively. AT was defined
by the V-slope method. VE-VCO2 slope (VE/VCO2) and oxygen uptake efficiency slope
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(OUES) was calculated based on VO2, VE and carbon dioxide output (VCO2). The power
of the bicycle at AT (WAT) in CPET was also collected to evaluate sports performance in
participants. Maximum effort was reached when RER was above 1.05.

• Resting Metabolic Rate (RMR)

Resting metabolic rate was also measured by CPX. The energy expenditure (ee) of
RMR was calculated by detecting VO2 and VCO2 in the resting state. The equation was
‘ee = 1.59 × VCO2 + 5.68 × VO2 + 2.17 × α2’, in which α was a fixed variable depending
on patients. RMR consisted of three parts: fat energy (fat), carbohydrate energy (cho) and
protein energy. Protein energy was set as a constant (405 Kcal/d), and the others were
computed as ee.

• General health assessment of quality of life, anxiety and depression

Three validated questionnaires were used to assess general health of participants. It
included quality of life assessed by SF-12, level of anxiety assessed by Generalized Anxiety
Disorder 7-item (GAD-7), level of depression assessed by Patient Health Questionnaire-9
(PHQ-9). The score of SF-12 was a continuous variable, ranging from 0 to 100. Closer to
0 meant lower quality of life, and closer to 100 was opposite. GAD-7 and PHQ-9 were
grade variables, which were respectively divided into 4 groups and 5 groups. Higher score
presented higher severity of anxiety or depression.

2.5. Sample Size

Sample size calculation was performed for primary outcome physical tolerance mea-
sured by VO2 at AT. Michitaka K. et al. [16] found that VO2 at AT notably increased
around 11.7% (11.1 ± 1.1 to 12.4 ± 2.4 mL/min/kg) after rehabilitation. We hypothe-
sized that significance level was 0.05, power was 0.90 and the improvement of before and
after intervention was 15%. The sample size was calculated as at least 21 participants
per group. Since our study was a self-controlled experiment, at least 21 patients were
needed in total. The sample size was calculated using online free tool from Harvard Univer-
sity (http://hedwig.mgh.harvard.edu/sample_size/js/js_parallel_quant.html, accessed on
7 October 2020).

2.6. Statistical Analysis

Continuous variables were described by mean and standard deviation (SD), and categor-
ical variables were described by absolute count and relative frequency. K-NearestNeighbor
(KNN) algorithm was used to fill in the missing values. The differences of continuous
variables between before and after APBCRE were compared by two-tailed paired Student’s
t test. Fisher’s exact test was used for categorical variables. Moreover, all participants were
divided into two subgroups (≤55-year group and >55-year group) by the mean age in order
to analyze age differences in rehabilitation effect of APBCRE. The same analysis methods
were applied to compare differences within subgroups between two time points. We also
counted the rate of changes in outcomes for each patient after APBCRE, which aimed to
compare the alteration degree of multiple indicators.

Two-tailed p < 0.05 was regarded as the significant level for all tests. Data analyses
and visualization were conducted with R (version 3.6.2, created by Robert Clifford Gentle-
man and George Ross Ihaka, https://www.r-project.org/, accessed on 30 July 2022) and
Python (version 3.7, created by Guido van Rossum, https://www.python.org/, accessed
on 30 July 2022).

3. Results

3.1. Participants Characteristics

In our study, 93 enrolled patients were all eligible for analysis. Table 1 outlines the
demographic characteristics and clinical profiles of patients. Overall, 80.65% of patients
were male and the mean age was 53.03. Most of the participants (77.42%) were overweight
(body mass index (BMI) > 24.0 kg/m2), even 29.03% obesity (BMI ≥ 28.0 kg/m2). In
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CVDs composition, 72 (77.42%) patients had CHD, 47 (50.54%) had MI, 21 (22.58%) had
arrhythmias and 7 (7.53%) had heart valve disease. Of these, 44 patients were complicated
with hypertension, and 17 with diabetes. More than one-third of patients (44.09%) have
accepted PCI, and 14 patients have undergone CABG.

Table 1. Characteristics of study participants.

Characteristics Normal

Sex (Male) 75 (80.65%)
Mean age (years) 53.03 (12.02)

Mean body mass index (kg/m2)
<18.5 3 (3.22%)

18.5~24.0 18 (19.35%)
24.0~28.0 45 (48.39%)
≥28.0 27 (29.03%)

Coronary Heart Disease (%) 72 (77.42%)
Old Myocardial Infarction (%) 47 (50.54%)

Arrhythmias (%) 21 (22.58%)
Heart Valve disease (%) 7 (7.53%)

Hypertension (%) 44 (47.31%)
Diabetes (%) 17 (18.28%)

Percutaneous Coronary Intervention (%) 41 (44.09%)
Coronary Artery Bypass Graft (%) 14 (15.05%)

3.2. Physical Tolerance

VO2 at AT increased significantly after one-month APBCRE (11.16 ± 2.91 to
12.85 ± 3.17 mL/min/kg, p < 0.01) (Table 2). VE at AT, RER at AT were also sig-
nificantly different (respectively, 28.87 ± 7.26 to 32.42 ± 8.50 mL/min/kg, p < 0.001;
0.93 ± 0.06 to 0.95 ± 0.05, p < 0.01). Moreover, the variation of VE was higher than VO2
(3.55 vs. 1.69 mL/min/kg). VE at AT and VO2 at AT had higher changing proportions
(more than 15%) compared with other notably different variables. There were no significant
differences between before and after APBCRE in resting state (all p > 0.05).

To explore the specific efficiency of APBCRE in different age groups, participants
were divided into ≤55-year group and >55-year group by the average age. The ≤55-year
group contained 54 patients (49 male, 44.67 ± 6.73 years), and the >55-year group con-
tained 39 patients (26 male, 64.62 ± 7.04 years). VO2 at AT increased significantly in both
groups (p < 0.01) (Figure 3a), while the ≤55-year group had higher changing proportion
(0.23 (95%CI, 0.1 to 0.35)) compared with >55-year group (0.16 (95%CI, 0.09 to 0.23))
(Figure 4). But the rate of change of VE at AT was similar in two subgroups (0.17 (95%CI,
0.06 to 0.28) vs. 0.17 (95%CI, 0.08 to 0.26)). OUES was significantly different (1531.19 ± 265.11
to 1706.60 ± 363.39, p < 0.01) in the ≤55-year group, but not different in the >55-year group
(p = 0.22). More details about CPET results being significantly different were shown in
Figure 3, including VE at AT, VO2 at AT, RER at AT and OUES.
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Figure 3. Distribution of significantly different variables in CPET between before and after APBCRE
in all participants, the ≤55-year group and the >55-year group. (a) VO2 at AT; (b) VE at AT; (c) OUES;
(d) RER at AT. CPET cardiopulmonary exercise testing, APBCRE adaptive posture-balance cardiac
rehabilitation exercise, VO2 oxygen uptake, VE ventilation, OUES: oxygen uptake efficiency slope,
RER respiratory exchange ratio, AT anaerobic threshold.

Figure 4. Changing rate of the ≤55-year group and >55-year group about CPET. * p < 0.05, comparing
the increment between the ≤55-year group and >55-year group. Δ refers to the changing rate of
variables. CPET cardiopulmonary exercise, HR heart rates, VO2 oxygen uptake, RER respiratory
exchange ratio, VE ventilation, VE/VCO2 VE–VCO2 slope, OUES, oxygen uptake efficiency slope,
CI Confidence interval.

3.3. Secondary Endpoints

The resting metabolic rate was not significantly different between before and after
APBCRE (Figure 5a), including total energy, fat energy, and carbohydrate energy. However,
the score of SF-12 significantly increased after one-month APBCRE (47.78 ± 16.74 to
59.27 ± 17.77, p < 0.001) (Figure 5b). The level distribution of PHQ-9 also varied significantly
(p < 0.05), but the GAD-7 had no difference (p = 0.06, data not shown). The number of
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PHQ-9 scores below 10 changed from 26 (83.87%) to 29 (93.55%). WAT also increased
significantly after APBCRE intervention (56.56 ± 23.55 to 68.85 ± 24.46 watt, p < 0.001)
(Figure 5c).

Figure 5. Secondary endpoint results before and after APBCRE: (a) resting metabolic rate, including
energy expenditure, carbohydrate energy and fat energy; (b) the score of SF-12; (c) bicycle power at
AT. APBCRE adaptive posture-balance cardiac rehabilitation exercise, AT anaerobic threshold.

4. Discussion

Our study demonstrated that APBCRE was a potentially safe and effective rehabilita-
tion approach for patients with CVDs. Patients performed a significant increase in physical
tolerance after undergoing one-month APBCRE. The ≤55-year group was more positive
than the >55-year group. Quality of life and level of anxiety were also notably improved.
APBCRE is the combination of existing exercise modalities and traditional medicine. It
starts from respiratory regulation, and gradually extends the limb movement to the whole
body through aerobic exercise, resistance exercise and flexibility training. APBCRE aims to
improve neuroplasticity of the autonomic nerve through resetting the pattern of exercise.

European and American Heart Disease guidelines [26,27] recommend exercise re-
habilitation as an adjuvant treatment for CVDs to compensate some shortcomings of
pharmacological therapy. It is universally accepted that exercise rehabilitation is benefi-
cial to improving physics tolerance [6], although there is controversial in specific exercise
modalities and intensity [23]. In previous studies, physics tolerance is usually assessed by
the peak oxygen uptake (VO2peak) [8,10,28]. However, VO2peak needs to be measured in
the exhaustion state, which is easily interfered by subjective consciousness. Therefore, our
study chose VO2 at AT instead of VO2peak to ensure the objectivity of measurements. We
found that VO2 at AT significantly improved by 19.79%, which was similar to other rehabil-
itation modalities (simple aerobic exercise [29] and HIIT [17]). Meanwhile, it confirmed the
positive rehabilitation effect of APBCRE.

Moreover, we observed that VO2, VE at AT in two age subgroups both significantly
increased, while the ≤55-year group improved more. OUES only increased in the ≤55-year
group (p < 0.01 vs. p = 0.22). OUES was an objective, reproducible measure of cardiopul-
monary reserve, which integrated cardiovascular, musculoskeletal and respiratory func-
tion [30]. The differences between subgroups indicated that APBCRE had various modes
of effect for different age levels. For lower-age patients, APBCRE improved both mus-
culoskeletal, respiratory and cardiovascular function. However, for higher-age patients,
APBCRE mainly enhanced ventilation when sporting rather than directly improving oxy-
gen utilization of skeletal muscle. The improvement of ventilation was also relatively
constrained. This result was consistent with the irreversible alterations in skeletal muscles
and myocardium from aging. Thus, age is a nonnegligible factor when making exercise
rehabilitation protocol for CVDs patients.

Furthermore, our study showed the positive therapeutic effect of exercise rehabilitation
on elder patients with CVDs, which was similar to the results of Marchionni et al. [31] and
Campo G et al. [32]. Lachman S et al. [33] found that moderate exercise training contributes
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to improving cardiovascular functions, even for elderly patients. These results confirmed
that appropriate physical exercise played an important role in preventing and treating
CVDs without age limitation.

The other important purpose of CR is to improve the quality of life [31], which is
directly perceived by patients. Our study made individualized APBCRE programs and
professional guidance for each participant to ensure more suitable exercise intensity and
sports modality. The results showed that one-month APBCRE effectively improved quality
of life, depression level and sports performance. However, the finding in previous studies
was controversial. Snoek J.A. et al. [3] showed no differences in quality of life between the
home-based mobile-guided cardiac rehabilitation group and controlled group. Yan-Wen
Chen et al. [10] observes the opposite result in patients with chronic heart failure. It is
indicated that the paradox possibly results from different types of CVDs and diverse sports
modalities. Therefore, we will conduct additional experiments to verify the effectiveness of
APBCRE on the quality of life of CVDs patients in the future.

In addition, cardiac function indicators or metabolic rate in resting state had no
notable alterations after one-month APBCRE. The differences between AT and resting state
indicated that short-term exercise rehabilitation mainly improved compensation capacity
when sporting and had limited benefit for the whole organic function and basal metabolism.
Eva Prescott et al. [5] showed that the rehabilitation efficacy was not well maintained at one
year compared with the end of exercise. Therefore, we suggested that long-term regular
rehabilitation was essential to improving overall function of the cardiovascular system.

There are some limitations in this study. Firstly, all patients in our study were recruited
from a single center, and the sample distributions of gender and age were unbalanced. It
limited the observation of the outcome of female and elderly patients, especially those over
75 years of age. Secondly, our study was a self-controlled experiment without the non-
intervention control group. It led to a moderate decrease in the precision and explanation
of experiments. Finally, the advantages of APBCRE were not fully explored due to a lack
of comparing APBCRE with other exercise modalities. In the future, we plan to conduct a
multi-center randomized controlled trial with more samples to cover the shortcomings of
this study and further confirm our findings.

5. Conclusions

This study showed that the self-created rehabilitation method (adaptive posture-
balance cardiac rehabilitation exercise, APBCRE) significantly improved the physical tol-
erance and quality of life of patients with CVDs. Moreover, compared with the >55-year
group, the ≤55-year had more positive therapeutic efficiency.
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Appendix A

Table A1. Detailed criteria for distinguishing danger levels.

Danger Level Symptoms Clinical Indicator Standard

Low

• No angina pectoris
• No myocardial ischemia
• No complex arrhythmias
• No postoperative complications of PCI or CABG
• No anxiety or depression

• LVEF > 50%
• METs > 7.0
• cTn < 0.1 μg/L

Complies with all standards

Medium

• Angina pectoris when medium-intensity exercise
(5.0~6.9 METs)

• Myocardial ischemia when low-intensity exercise
(5.0~6.9 METs)

• No complex ventricular arrhythmias when
resting or sporting

• No severe psychological disorders

• LVEF: 40~49%
• METs: 5.0~7.0
• cTn < 0.1 μg/L

Does not comply with
low-level and high-level

High

• Angina pectoris when low-intensity exercise
(<5.0 METs)

• Myocardial ischemia when low-intensity exercise
(<5.0 METs)

• Complex ventricular arrhythmias when resting
or sporting

• Combined cardiogenic shock or heart failure
after PCI or CABG

• Severe psychological disorders

• LVEF < 40%
• METs ≤ 5.0
• cTn > 0.1 μg/L

Complies with one standard

METs, metabolic equivalents; PCI, percutaneous coronary intervention; CABG, coronary artery bypass graft; LVEF,
left ventricular ejection fraction; cTn, cardiac troponin.
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Abstract: This retrospective cross-sectional study aimed to explore interactions between signs of
periodontal inflammation and systemic parameters in athletes. Members of German squads with
available data on sports medical and oral examination were included. Groups were divided by
gingival inflammation (median of papillary bleeding index, PBI ≥ median) and signs of periodontitis
(Periodontal Screening Index, PSI ≥ 3). Age, gender, anthropometry, blood parameters, echocardiog-
raphy, sports performance on ergometer, and maximal aerobic capacity (VO2max) were evaluated.
Eighty-five athletes (f = 51%, 20.6 ± 3.5 years) were included (PBI < 0.42: 45%; PSI ≥ 3: 38%).
Most associations were not statistically significant. Significant group differences were found for
body fat percentage and body mass index. All blood parameters were in reference ranges. Minor
differences in hematocrit, hemoglobin, basophils, erythrocyte sedimentation rates, urea, and HDL
cholesterol were found for PBI, in uric acid for PSI. Echocardiographic parameters (n = 40) did not
show any associations. Athletes with PSI ≥ 3 had lower VO2max values (55.9 ± 6.7 mL/min/kg
vs. 59.3 ± 7.0 mL/min/kg; p = 0.03). In exercise tests (n = 30), athletes with PBI < 0.42 achieved
higher relative maximal load on the cycling ergometer (5.0 ± 0.5 W/kg vs. 4.4 ± 0.3 W/kg; p = 0.03).
Despite the limitations of this study, potential associations between signs of periodontal inflammation
and body composition, blood parameters, and performance were identified. Further studies on the
systemic impact of oral inflammation in athletes, especially regarding performance, are necessary.

Keywords: performance; systemic inflammation; physical endurance; physical fitness; maximal
aerobic capacity; gingivitis

1. Introduction

The high-performance standards of elite athletes are built on foundations of physical
fitness, health, and wellbeing. It may be a surprise, therefore, that oral ill health is common
in elite athletes and results in an increased oral inflammatory burden [1]. The prevalence
of both gingivitis and periodontitis can be high [1] and differs significantly from non-elite
controls [2–4]. For instance, among footballers, a periodontitis prevalence of 41% was
reported [5].

Oral infections, including periodontal diseases, cause increased systemic inflamma-
tion [6], which can resolve following treatment [7], although there are inconsistencies
between studies [8]. The relationship between oral health and physical activity could
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be bidirectional. Some studies have reported an impairment from poor oral health on
measures of physical activity and performance [9]. On the other hand, intensive physical
activity leads to systemic changes: levels of (pro-)inflammatory cytokines [10,11] as well as
stress hormones [12] increase. On the other side, immunoglobulin A levels decrease [13]. A
transitional reduced cellular immune response [14,15] has been proposed to lead to an open
window for infections [16]. However, the impact of these changes on oral inflammation is
not clear.

The relationship between oral health and anaerobic capacity of athletes has received
very little attention. A recent study in elite rowers did not find a relationship between dental
caries and anaerobic capacity, although the study had few participants and differences
in oral health status between comparison groups were small [17]. There has been no
published research investigating the influence of oral inflammation on the performance
of athletes or systemic biomarkers. Nevertheless, several studies have found negative
impacts of poor oral health on self-reported measures of performance [18,19]. Consequently,
this retrospective explorative study aimed to investigate associations between signs of
periodontal inflammation and systemic parameters in elite athletes. Associations between
gingival and periodontal inflammation to blood, echocardiographic, and performance
parameters were investigated. It was hypothesized that these parameters would be affected
in athletes with increased signs of periodontal inflammation.

2. Materials and Methods

2.1. Study Design and Participants

This pilot study was based on a retrospective data evaluation from a collaboration
between the Department of Cariology, Endodontology and Periodontology and the Institute
for Applied Scientific Training (IAT) Leipzig. Dental examinations were performed as a
supplement to the annual sports medical and performance diagnostics.

Inclusion criteria were athletes of German national teams, perspective, or youth squads,
aged between 18 and 30 years, male and female. The sports medical and standardized
dental examination (performed on the same day) were conducted between May and
December 2019. Participants with incomplete dental examination were excluded. A
comprehensive description of the cohort and oral health status was already published
elsewhere [4].

The study was reviewed and approved by the Ethics Committee of the medical faculty
of Leipzig University, Germany (No. 091/20-ek). All participants were informed verbally
and in writing about the scientific use of their clinical data and provided their informed
consent for participation in research studies. The recommendations for strengthening the
reporting of cross-sectional studies (STROBE) were considered [20].

2.2. Data Collection

Data on general characteristics, blood parameters, echocardiographic examination,
and sports performance tests as part of the sports medical records were exported from the
IAT database. Data on signs of periodontal inflammation were extracted from patients’
dental records.

General characteristics. Recorded general characteristics were age, gender, training,
and anthropometric data including body mass index (BMI), body fat percentage (BFP), lean
body mass (LBM), and resting heart rate (RHR).

Blood parameters. The annual sports medical and performance diagnostics comprised
extensive blood tests for all athletes. A complete blood count with the number of ery-
throcytes, leukocytes, thrombocytes, lymphocytes, neutrophils, basophils, eosinophils and
monocytes, hematocrit, hemoglobin, mean corpuscular hemoglobin (MCH), mean corpus-
cular hemoglobin concentration (MCHC), mean corpuscular volume (MCV), immature
reticulocyte fraction (IFR), high (HFR), medium (MFR), and low-fluorescence reticulocytes
(LFR) was performed. Neutrophil–lymphocyte (NLR), monocyte–lymphocyte (MLR), and
platelet–lymphocyte ratios (PLR) were calculated. Further determined blood parame-
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ters were erythrocyte sedimentation rates after 1 (ESR1h) and 2 h (ESR2h), iron, ferritin,
natrium, calcium, potassium, magnesium, gamma-glutamyl transferase (GGT), glutamic-
pyruvate-transaminase (GPT), urea, uric acid, creatine kinase, total protein, total cholesterol,
low-density lipoprotein (LDL) and high-density lipoprotein (HDL) cholesterol, LDL/HDL
ratio, glucose, and triglycerides.

Echocardiographic examination. Additionally, if available, sport-specific and performance-
related measurements of transthoracic echocardiographic examination were exported:
absolute heart volume (HV_abs), relative heart volume (HV_rel) (calculated by the equation
of Dickhuth) [21], left atrial size (LA), left ventricular end-diastolic dimension (LVEDd),
and tricuspid annular plane systolic excursion (TAPSE).

Sports performance. Maximal aerobic capacity (VO2max) by spiroergometry was ex-
tracted if available. If not, it was estimated by the equation of Rexhepi and Brestoci [22].
Furthermore, data from sports performance tests with incremental exercise tests on run-
ning or cycle ergometer were considered: RHR, heart rates (HF), lactate, and power,
respectively, and speed were extracted for analysis. Besides minimum, maximum, and
differences, the speed/power output at individual anaerobic threshold (IAnT), lactate
threshold 1 (LT1, initial rise after basal lactate), lactate threshold 2 (LT2, Dickhuth model:
basal lactate + 1.5 mmol/L), without load (p = 0), and maximal load (Pmax) at the ergometer
were tested.

Signs of periodontal inflammation. Data for both gingival and periodontal inflam-
mation were extracted from patients’ dental records. A comprehensive (standardized)
orofacial examination was performed using a headlight on an examination couch at the
IAT. A single skilled dentist that was trained in these periodontal parameters examined
all athletes (kappa > 80%). Gingival inflammation was assessed by the papillary bleeding
index (PBI) [23] which discriminates five scores after probing (0: no bleeding; 1: single
bleeding point; 2: several bleeding points or fine line; 3: interdental triangle filled with
blood, 4: profuse bleeding). The PBI index was calculated per patient by division of the
total sum by the total number of interdental papillae. Periodontal conditions (= sign of
periodontitis/periodontal treatment need) were examined using the Periodontal Screening
Index [24]: score 0 to 2 has probing depths less than 3.5 mm. Score 0 shows no bleeding,
no calculus, score 1 bleeding on probing, and score 2 calculus. A score of 3 or 4 indicates
increased probing depths (3: pocket depth 3.5–5.5 mm; 4: pocket depth > 5.5 mm) as a sign
of periodontitis. Third molars were not included in this evaluation despite they took a
more anterior position.

2.3. Statistical Analysis

Statistical analysis was performed with SPSS Statistics for Windows (version 23.0, IBM
Corp., Armonk, NY, USA). Possible associations from signs of periodontal inflammation
to anthropometric data, blood, echocardiographic, and exercise test parameters were
examined. For analyzing associations to gingival inflammation, the athletes were divided
into two groups by median of the PBI (PBI < median vs. PBI ≥ median). Regarding signs
of periodontitis, group division was based on having increased probing depths (≥3.5 mm)
or not (PSI < 3 vs. PSI ≥ 3). Quantitative variables were presented by mean and standard
deviation (SD). Independent, normal-distributed samples were analyzed with a t-test.
For non-normal distributed samples, the Mann–Whitney U test was used. All tests were
performed two sided, with a significance level at p < 0.05 and under exclusion of missing
data. Normal distribution was verified by Kolmogorov–Smirnov test. For parameters with
an association (p < 0.1) and plausible link to PBI or PSI, a multivariate analysis of variance
(MANOVA) and, for significant models, linear regression were planned.
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3. Results

3.1. Athletes

Records of 85 athletes from the German national elite, perspective, and youth squads
(f = 51%, 20.6 ± 3.5 years) were included for retrospective evaluation. Table 1 shows their
characteristics, training, and anthropometric data.

Table 1. Characteristics of the athletes (entire cohort).

n %

n—All disciplines 85 100.0
-Running 39 45.9
-Biathlon 24 28.2
-Cross-country skiing 10 11.8
-Rowing 8 9.4
-Triathlon 4 4.7

Female gender 43 50.6

mean SD

Age (years) 20.6 ± 3.5

Training sessions per week 9.8 ± 2.9

Training time (h) per week 17.3 ± 4.8

Training history (years) 7.2 ± 2.9

Body mass index (kg/m2) 20.7 ± 2.1

Body weight (kg) 65.9 ± 10.5

Body height (cm) 177.8 ± 9.6

Resting heart rate a (bpm) 49.0 ± 8.2

Body fat percentage (by impedance) (%) 8.7 ± 3.5

Body fat percentage (by skin folds) (%) 13.1 ± 4.7

Lean body mass (%) 57.3 ± 9.2

VO2max (mL/min/kg) 58.02 ± 7.02
Abbreviations: n: number of participants; VO2max: maximal aerobic capacity. a Missing data for eight participants
(n = 77).

3.2. Signs of Periodontal Inflammation

Mean gingival inflammation (PBI) was 0.48 ± 0.29 and the median was 0.42 (IQR: 0.31;
0.69). The subgroup PBI < 0.42 contained 40 and the subgroup PBI ≥ 0.42 45 athletes. As
such, 53 athletes had a PSI < 3 and 32 a PSI ≥ 3 with 11 having a PSI ≥ 3 in more than one
sextant. No athlete showed a PSI score of 4. The associations between body composition
and performance with periodontal health are shown in Table 2. Most associations were not
statistically significant at p < 0.05. BFP was significantly lower in PBI ≥ 0.42 (PBI < 0.42:
14.4 ± 4.8 vs. PBI ≥ 0.42: 11.9 ± 4.3; p = 0.02) but significantly higher in PSI ≥ 3 (PSI < 3:
12.4 ± 4.9 vs. PSI ≥ 3: 14.3 ± 4.2; p = 0.047). Athletes with signs of periodontitis also had a
higher BMI (PSI < 3: 20.3 ± 2.0 vs. PSI ≥ 3: 21.5 ± 2.0; p = 0.01).

3.3. Blood Parameters

Results of the complete blood count (Table 3) and further blood parameters (Table 4)
are presented for the entire cohort and separately for the divided groups by PBI and PSI.
Again, most associations were not statistically significant. However, statically significant
differences between athletes with a lower and those with a higher PBI were found for
hematocrit (PBI < 0.42: 41.5 ± 2.8% vs. PBI ≥ 0.42: 42.6 ± 2.4%; p = 0.04), hemoglobin
(14.2 ± 1.2 g/dL vs. 14.7 ± 0.9 g/dL; p = 0.04), basophils (0.5 ± 0.2% vs. 0.4 ± 0.2%;
p = 0.03), ESR1h (5.1 ± 3.3 mm vs. 3.8 ± 2.8 mm; p = 0.01), ESR2h (10.6 ± 7.2 mm vs.
8.0 ± 5.7 mm; p = 0.04), urea (6.3 ± 1.7 mmol/L vs. 5.5 ± 1.4 mmol/L; p = 0.04), and HDL
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cholesterol (1.9 ± 0.3 mmol/l vs. 1.7 ± 0.2 mmol/L; p = 0.02). In relation to periodontitis
based on PSI ≥ 3, statistically significant differences were found only for uric acid (PSI < 3:
251.3 ± 74.1 μmol/L vs. PSI ≥ 3: 283.1 ± 60.8 μmol/L; p = 0.04). Multivariate linear regres-
sion was performed for urea, uric acid, HDL cholesterol, thrombocytes, and iron, whereby
ANOVA revealed significance for two different models, including urea, uric acid, and
thrombocytes, however, showing a small effect size (Supplementary Materials Table S1).

3.4. Echocardiographic Parameters

An echocardiographic examination was performed on a subgroup of 40 athletes.
The results of the quantitative measurements are presented in Supplementary Materials
Table S2. HV_rel was, on average, 12 mL/kg, LA 3.6 cm, and TAPSE 2.5 cm. There were no
statistically significant associations with PBI or PSI.

3.5. Performance Parameters

Spiroergometric data were available for 41 athletes; 30 completed further performance
diagnostics with incremental exercise tests (Table 5). Ergometer types were running (n = 20,
biathletes) or cycling (n = 10, cross-country skiers). Overall, in athletes, those with signs of
periodontitis had lower VO2max values (55.9 ± 6.7 mL/min/kg vs. 59.3 ± 7.0 mL/min/kg;
p = 0.03). Detailed data on power on the ergometer are presented in Table 6; the group
with less gingival inflammation achieved a higher relative maximal load on the cycling
ergometer (PBI < 0.42: 5.0 ± 0.5 W/kg vs. PBI ≥ 0.42: 4.4 ± 0.3 W/kg; p = 0.03).
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4. Discussion

Overall, young athletes showed low mean gingival inflammation (PBI = 0.48 ± 0.29)
but, importantly, signs of periodontitis (PSI ≥ 3) were present in 38% of the athletes. Group
differences between athletes with lower or higher gingival inflammation were found for
several blood parameters (hematocrit, hemoglobin, basophils, ESR1h, ESR2h, and urea),
maximal aerobic capacity (VO2max), and maximum load on the cycling ergometer. Athletes
with signs of periodontitis differed in body composition (BMI, BFP), uric acid, and VO2max.

One explanation for the differences between groups of different oral health status is
that increased oral inflammation affects systemic parameters. Despite controversial dis-
cussion [8], various changes in blood values have been observed in periodontitis patients,
including inflammation markers, cytokines, and changes in both white and red blood
cell counts [25–29]. Furthermore, periodontal treatment that reduces local inflammation
also reduces these systemic effects [7,30,31]. In the presented cohort of young athletes,
the prevalence of signs of periodontitis was quite high (38%) in comparison to the overall
population (1.7%) at this young age [32]. Moreover, this cohort of elite athletes showed
a higher prevalence for signs of periodontitis than amateur athletes, despite similar oral
health behavior [4]. Moderately elevated periodontal pockets (PSI score 3: none above
5.5 mm) were assessed. This low severity is in line with a previous study on periodon-
titis in footballers that reported overall mild periodontitis and a similar prevalence of
periodontitis [5]. Even though the extent of systemic changes depends on the severity
of periodontitis [28], increased CRP values have also been stated due to experimental
gingivitis caused by cessation of oral hygiene [33]. Consequently, a systemic impact is
possible, even for mild periodontitis and gingivitis. Regarding the gingival inflammation
status in the present study, the PBI per papilla was below one (median: 0.42, IQR: 0.31;0.69),
indicating mild or localized gingivitis.

Interestingly, the current study also revealed differences in the anthropometric data de-
pending on periodontal status: individuals with probable signs of periodontitis showed higher
BMI and BFP (Table 2). In contrast, another study could not reveal such differences between
athletes, with and without periodontitis [5]. The values of BMI and BFP of the athletes were
generally at a low level. For low BMI (18 to 22), a negative correlation between BMI and
generalized aggressive periodontitis was already described [34] as well as in athletes, between
BFP and periodontal probing depths [5]. In athletes with lower BMI and BFP, the phenomena
of ‘Relative Energy Deficiency in Sport’ must be considered [35]. However, the results of the
current study are inconclusive between the groups of gingival and periodontal inflammation:
athletes with higher gingival inflammation showed lower BFP measured by skin folds (Table 2).

Some blood parameters showed significant differences: basophils, hematocrit, hemoglobin,
ESR1, ESR2, urea, HDL cholesterol (by PBI), and uric acid (by PSI). The detected extensions
were not of clinical relevance, as all investigated blood markers were within the reference
ranges and the differences were small. As the direction of the group differences was incon-
sistent between the groups of gingival and periodontal inflammation and partly even in
the same comparison (ESR1 and ESR 2), the significance of these differences is questionable
in general. Nevertheless, the direction and extent of the revealed differences for uric acid,
hemoglobin, and hematocrit would be in line with the results of a study in blood donors
with increased probing depths compared to periodontally “healthy” ones [36]. In contrast
to the stated difference in HDL cholesterol in the present study, experimental gingivitis did
not lead to differences in cholesterol fractions [33].

Regarding the results of the performance tests, on the cycling ergometer, athletes with a
lower level of signs of periodontal inflammation consistently reached higher power. Despite
the small subgroup size, several trends for gingival inflammation became apparent and
athletes with less gingival inflammation reached a significantly higher relative maximum
power (Table 6). The revealed differences are relevant, especially as the subgroup is a
homogeneous elite group from one sport discipline. Furthermore, in general, athletes
with signs of periodontitis achieved lower VO2max values (Table 2). These results are
in line with the stated negative influence of periodontitis on physical fitness in other
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population cohorts [9]. Athletes with higher oral inflammation could be compromised in
their performance due to a systemic effect. In contrast, no impact of caries on the anaerobic
capacity of athletes was found by another study [17]. However, this does not contradict a
potential influence of oral inflammation as superficial caries generally have less systemic
impact. The possibility of such systemic influence of oral health in athletes is underlined
by potential associations between poor oral health and injuries [5,37,38].

Strengths and limitations: This explorative study was, to the best of the author’s
knowledge, the first published on possible associations between signs of periodontal
inflammation and systemic parameters in competitive athletes. Including data from 85
athletes from the German national elite, perspective, or youth squads, allowed us to eval-
uate a considerable cohort. The limitation in athletes between 18 and 30 years indicates
to include the typical age of elite athletes. With the resulting medium age of 21 years, this
study presents the stage of young elite athletes. Moreover, a detailed description of the
oral health status and oral health behavior of this cohort of elite athletes is available [4]. A
major strength of the current study is the comprehensive number of available parameters,
including blood parameters, echocardiographic parameters, as well as performance param-
eters. One limitation of the present study is the multiple statistical testing. Nevertheless,
due to the explorative character, data were not adjusted [39]. Therefore, all statistical
differences should be interpreted with caution. Overall, this applies to the performance and
echocardiographic examinations, as only small subgroups could be analyzed. In addition, a
potential selection bias must be considered, because it cannot be excluded that athletes with
more severe signs of periodontal inflammation were more strongly affected and could not
fulfill the squad levels for inclusion. In addition, the methods for the assessment of signs
of periodontal inflammation must be discussed. The evaluated data originate from oral
examinations that were part of the annual sports medical diagnostics and aimed to detect
treatment need. Regarding the PSI, it must be considered that this screening index only
indicates gingival inflammation and/or increased probing depths as a sign of probable
periodontitis [23] and could also be caused by local swelling due to gingivitis. However,
the stated prevalence of signs of periodontitis (38%) complies with the prevalence of a
study with comprehensive periodontal examination, according to the current classification
(41%, initial periodontitis, stage I, in all but two athletes) [5]. The current classification of
periodontal disease (staging/grading matrix) [40] allows for the correct diagnosis with peri-
odontitis. Nevertheless, these diagnoses are mainly based on attachment loss and may be in
a stable status without inflammation [40]. The question of current periodontal inflammation
and stability depends on periodontal probing depths and bleeding on probing (BOP) [40]
but the BOP is not integrated in the basis diagnosis (stage/grade) of periodontitis. For
the precise identification to periodontitis and/or periodontal inflammation, a complete
periodontal chart (periodontal probing depths, clinical attachment loss for stage, and grade
as well as BOP) would be necessary. The concept of the periodontal inflammation surface
area (PISA) [41] could quantify the resulting inflammatory burden. These data were not
available in the present study. This should be taken into account for interpretation of the
presented data and for future studies. Nevertheless, despite not exactly identifying the
diagnosis of periodontitis, the PSI identifies elevated periodontal probing depths in the
case of full mouth and all-around-the-tooth examination [42]. Thus, it can detect current
signs of periodontal inflammation (= inflammatory burden) and periodontal treatment
need (PSI Score ≥ 3). Regarding the periodontal attachment loss, under- and, in young age
groups, overestimation by the PSI have been discussed [43]. For gingival inflammation,
such strict group definition (health vs. presence of inflammation) was not possible, as all
athletes showed bleeding as a sign of gingivitis or periodontitis (no PSI score 0) [4]. The
performed PBI is a gingivitis index that evaluates the gingival inflammation by the inten-
sity of bleeding on probing at the interdental sites [23]. Generally, gingival inflammation
as well as signs of periodontitis were only mild or localized. Due to the resulting small
inflammation (PBI: median: 0.42, IQR: 0.31;0.69; PSI ≥ 3 in 38%, localized in 34% of them),
the group size could still be too small for detecting these slight systemic effects. Further
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limitations must be addressed regarding the compared subgroups. The group differences
of gingival inflammation (PBI < 0.42 vs. PBI ≥ 0.42) were small and might have limited
the ability to assess the differences in the systemic effects. As, in addition to PSI score
1 to 2, score 3 could indicate the status of gingivitis due to localized swelling, the group
division by PSI might not distinguish clearly enough between those athletes with and
those without periodontal inflammation. A larger sample size as well as comprehensive
periodontal examination might improve the identification of the small, but potentially
important, systemic effects for both initial periodontitis and gingival inflammation. In
addition, cohorts with more severe periodontal inflammation or experimental gingivitis
are further interesting research possibilities. The blood parameters investigated in this
study were those from routine medical tests due to the retrospective nature of the project.
Thus, the available blood parameters are an unspecific part of the routine diagnostics. Even
though, for periodontitis patients, some studies could reveal such differences [26,28,29],
these parameters are probably not sensitive enough for such localized, mild inflammatory
group differences. Furthermore, VO2max was determined by spiroergometry in only less
than half of the participants. The used formula for VO2max in the others is based on age,
body mass, and RHR. Nevertheless, it can be considered an appropriate estimation in case
of missing exercise tests [22].

5. Conclusions

The present study supports the hypothesis for an influence of oral inflammation
in athletes; body composition, blood, and performance test parameters differed slightly
between athletes with different levels of signs of periodontal inflammation. A potential
systemic impact of oral inflammation on athletic performance should be investigated.

This explorative study identifies some aspects for future research; prospective studies
during a uniform exercise test with spiroergometry of all participants should be carried
out. Blood analysis should include more sensitive inflammatory parameters, such as
CRP and interleukins. As a marker for the oral status, the PISA and salivary biomarkers
would be recommendable. A cohort with a higher level of inflammation burden could
simplify the discrimination. Similarly, a larger sample size, based on an appropriate power
calculation with consideration for the variability in outcome measures, will be important.
Furthermore, an intervention study could prove the connection by showing the systemic
effect of periodontal treatment in athletes.
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Abstract: Injuries are one of the most significant issues for elite football players. Consequently, elite
football clubs have been consistently interested in having practical, interpretable, and usable models
as decision-making support for technical staff. This study aimed to analyze predictive modeling of
injury risk based on body composition variables and selected physical fitness tests for elite football
players through a sports season. The sample comprised 36 male elite football players who competed
in the First Portuguese Soccer League in the 2020/2021 season. The models were calculated based on
22 independent variables that included players’ information, body composition, physical fitness, and
one dependent variable, the number of injuries per season. In the net elastic analysis, the variables
that best predicted injury risk were sectorial positions (defensive and forward), body height, sit-and-
reach performance, 1 min number of push-ups, handgrip strength, and 35 m linear speed. This study
considered multiple-input single-output regression-type models. The analysis showed that the most
accurate model presented in this work generates an error of RMSE = 0.591. Our approach opens a
novel perspective for injury prevention and training monitorization. Nevertheless, more studies are
needed to identify risk factors associated with injury prediction in elite soccer players, as this is a
rising topic that requires several analyses performed in different contexts.

Keywords: sports injuries; machine learning; injury prediction; sports monitorization; elite football

1. Introduction

Injuries are one of the most significant hampering issues for elite football players [1].
Football is known for its fast-paced and powerful actions [2,3], which might contribute
to players’ increased risk of injuries [4]. Due to their effects on individuals’ mental states
and overall teams’ performances, elite players’ injuries significantly impact the sports
business [5,6]. Consequently, elite football clubs have been consistently interested in having
practical, interpretable, and usable models as decision-making support for coaches and
their technical staff members [7].
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From the clinical standpoint, the literature describes the lower limbs as the most
affected body zone by sports injuries [4,8–14], particularly for muscle injuries in the thigh
area, the quadriceps, and the groin [4,10,15,16]. Since injuries in professional soccer are
an increasingly problem, it is crucial that the work done in training sessions reflects the
demands of competition, aiming at the development of athletes’ performance, which
includes injury prevention [17–19].

Machine learning or statistical learning methods are currently tools that can signifi-
cantly support decision-making in various aspects of the training process. For instance, it
has been reported in the literature that some models can optimize training loads [20], which
reinforces the applicability of machine learning in improving injury prediction [21,22].

Researchers, managers, and coaches are becoming increasingly involved in injury
forecasting, using regular data collection that will allow them to act consciously and
intervene on time on this global issue [23]. An investigation conducted over 18 years
showed that the total injury rate in practice and competition has dropped during the past
years [24]. Although the cause leading to this decrease is still unknown, one potential
explanation for this decrease may be related to the effectiveness of injury prevention. If so,
it is likely that the motivation of the medical staff at elite football teams is increasing, in
terms of implementing and overseeing preventive injury programs [24].

Machine learning offers a modern statistical method that uses algorithms mainly
created to deal with unbalanced data sets and enable the modeling of interactions between
a large number of variables [25]. In the football context, machine learning has been used in
injury prediction, physical performance prediction, training load and monitoring, players’
career trajectories, clubs’ performance, and match attendance [26].

There has been some research done on elite-football-injury prediction up to this
point [23,25,27–31]. In 2019, 96 male elite football players participated in a study throughout
a season, with hamstring-strain injuries being the primary anticipated consequence. In that
study, the prediction model showed moderate to high accuracy for identifying players at
risk of hamstring-strain injuries during pre-season testing [31]. Another example involved
26 elite football players participating in year-long research to forecast non-contact injuries.
The authors reported that machine learning was far more accurate than baselines and
modern injury-risk-estimating approaches, detecting roughly 80% of injuries with about
50% accuracy [23]. In another study conducted with 132 male elite football and handball
players, the prediction model accurately identified elite players at risk of developing
muscular injuries [25].

Two types of variables are highlighted in the previous research on predictive modeling
of injury risk [30]. The first block of predictor variables is modifiable variables, i.e., training
loads or physiological and physical fitness tests. The second type is non-modifiable vari-
ables, including demographic variables, anthropometric parameters, and injury histories.
Indeed, body composition and physical fitness tests are the most commonly assessed by
sports staff given their close relationship with game performance and players’ health.
Moreover, evaluating and monitoring players’ characteristics during the season provides
valuable information to understand better players’ behavioral changes and support coaches’
decision-making in the training and match process. In the sports injury literature, most of
the investigation conducted aimed to assess one specific variable at a time to predict injury
risk. However, this approach limits the correlation of injury risk and a global interpretation
of players’ performance in professional football [23]. Therefore, this study aimed to ana-
lyze predictive modeling of injury risk based on body composition variables and selected
physical fitness tests for elite football players across a sports season.

2. Materials and Methods

2.1. Participants

Thirty-six players from a professional football team participated in this study. This
team competed in the First Portuguese League during the 2020/2021 season.
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A description of the variables together with the basic statistics (M—mean value,
SD—standard deviation) is given in Table 1. The models were calculated based on 22 inde-
pendent variables (x1–x22) and one dependent variable (y). Independent variables include
players’ information (sectorial position, age, experience, and number of previous injuries),
anthropometric parameters with body composition, and components of physical fitness
(flexibility, general strength, explosive strength, speed, agility, and aerobic endurance). The
dependent variable is the number of injuries per season. The predictive analysis did not
use the data of all athletes. Twenty-four players’ data were used. This was due to the fact
that some of the athletes were noted to have missing data related to not taking certain
physical fitness tests.

Table 1. Description of the variables used to construct the predictive model (N = 24).

Variable Description M sd

x1–x3 Sectorial Position * - -
x4 Age (y) 25.45 3.34
x5 Experience (y) 7.29 3.38
x6 Body mass (kg) 80.09 7.07
x7 Height (cm) 182.52 6.01
x8 TBW (L) 51.93 4.66
x9 BFM (kg) 8.2 2.41
x10 FFM (kg) 71.2 6.50
x11 Previous injury (n) 1.29 1.63
x12 Sit and reach (cm) 34.52 6.79
x13 Push-ups (n) 43.63 8.68
x14 Handgrip right (kg) 50.87 9.62
x15 Handgrip left (kg) 48.92 8.67
x16 CMJ height (cm) 40.14 4.58
x17 SJ height (cm) 39.64 4.26
x18 LS 5 m (s) 1.16 0.13
x19 LS 10 m (s) 1.88 0.16
x20 LS 35 m (s) 4.85 0.27

x21
Estimated VO2 max

(L/kg/min) 50.82 3.98

x22 Yoyo (m) 1720 476
y Injury frequency (n) 0.79 0.72

*—qualitative variable, M (mean value), sd (standard deviation), Me (median), TBW (total body water), BFM
(body fat mass), FFM (fat free mass), CMJ (countermovement jump), SJ (squat jump), LS (linear speed), y (years),
kg (kilograms), cm (centimeters), L (liters), n (number), s (speed), min (minutes), m (meters).

All procedures applied were approved by the Ethics Committee of the Faculty of
Human Kinetics, CEIFMH No. 34/2021. The investigation was conducted following the
Declaration of Helsinki, and informed consent was obtained from all participants.

2.2. Body-Composition Assessment

Body-composition variables were assessed using hand-to-foot bioelectrical impedance
analysis (InBody 770, Cerritos, CA, USA). Height was measured to the nearest 0.1 cm
using a stadiometer (SECA 213, Hamburg, Germany). The measurements occurred in
the early morning, with participants fasting and wearing only their underwear. During
the assessment, participants were barefoot, standing with both arms 45◦ apart from the
trunk, with both feet bare on the spots of the platform. A total of 26 evaluations of body
composition were considered during the season. Body mass, total body water (TBW), body
fat mass (BFM), and fat-free mass (FFM) were retained for analysis.

2.3. Physical Fitness Assessment

The sit-and-reach bilateral test was used to evaluate flexibility measurement. A box
(32.4 cm high and 53.3 cm long) with a 23 cm heel line mark was used. The participants sat
barefoot in front of the box, with both knees fully extended and heels against the box. The
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research team held one hand lightly against each participant’s knees to ensure complete leg
extension. Then, participants placed their hands on top of each other, palms down, and
slowly bent forward along the measuring scale. The forward-hold position was repeated
twice. The third and final forward stretch was held for three seconds, and the score was
recorded to the nearest 0.1 cm.

The push-ups test protocol consisted in performing the highest number of push-ups
in one minute, respecting the success criteria judged by the evaluator. The participants
started the test in the down position to get correct hand placement and then assumed the
up position, from which they did the maximum number of push-ups possible. No cadence
was used, although participants were encouraged to execute push-ups with good form
but fast enough to obtain the best possible score in a minute. The evaluator independently
counted the number of push-ups correctly executed.

The handgrip protocol consisted of three alternated data collection trials for each arm,
performed using a hand dynamometer (Jamar Plus+, Chicago, IL, USA). Participants were
instructed to hold a dynamometer in one hand, laterally to the trunk with the elbow at a
90◦ position [32]. From this position, participants were instructed to squeeze as hard as
possible, progressively and continuously squeezing the hand dynamometer for about two
seconds. The dynamometer could not contact the participant’s body; otherwise, the trial
was repeated. The best score of the three trials was retained for analysis.

The countermovement jump (CMJ) and the squat jump (SJ) were used to assess lower-
body explosive strength [33]. Both protocols included four data collection trials and were
performed using the Optojump Next (Microgate, Bolzano, Italy) system of analysis and
measurement. In both tests, participants were encouraged to jump to their maximum
height. Before data collection, three experimental trials were performed by each participant
to ensure correct execution. For the CMJ, participants began in a tall standing position,
with feet placed hip-width to shoulder-width apart. Then, participants dropped into the
countermovement position to a self-selected depth, followed by a maximal-effort vertical
jump. Hands remained on the hips for the entire movement to eliminate any influence of
arm swing. If the hands were removed from the hips at any point, or excessive knee flexion
was exhibited during the countermovement, the trial was repeated. The participants reset
to the starting position after each jump. The SJ protocol testing began with the participant
in a squat position at a self-selected depth of approximately 90◦ of knee flexion, holding
this position for the researchers’ count of three before jumping. If a dipping movement
of the hips was evident, then the trial was repeated. The participants reset to the starting
position after each jump.

Linear speed was assessed with maximal sprints at 5, 10, and 35 m, starting from
a stationary position. Sprint time was recorded using Witty-Gate photocells (Microgate,
Bolzano, Italy). Participants were allowed two trials for each sprinting distance, and the
best time was used for analysis.

A yoyo intermittent recovery test was applied to evaluate the athlete’s maximum
oxygen uptake under repeated high-intensity aerobic exercise [34,35]. The test consists
of a 2 × 20 m shuttle run at increasing speeds, interspersed with 10 s of active recovery,
controlled by audio signals. The test terminated when the subject was no longer able to
maintain the required speed. The total distance and VO2 maximum record were used as
results [36]. The results used were based on the athletes’ performance in the yoyo test,
which is an indirect method of measuring such variables.

All tests were performed on the same day within a 4 h period in the morning
(8 a.m.–12 p.m.). They were conducted by trained staff from the research team, who were
familiar with each protocol. All protocols were followed with the utmost rigor, and the
organization of the sequence of physical tests was designed to reduce the fatigue factor
throughout all tests.
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2.4. Injury Report

This study followed the Union of European Football Association (UEFA)’s recommen-
dations for epidemiological investigations. An injury was defined as an event during a
scheduled training session or match, resulting in an absence from the next training session
or match [37]. Regarding the variables under analysis, the type, zone, and specific location
of the injury are complementary variables that identify the part of the body that suffered
structural and/or functional changes. The mechanism of injury is intended to understand
if the injury was traumatic or if it was contracted by overload. The severity of the injury
considers the period, in days, from the athlete’s stoppage until resuming field work with
the consent of the clinical department. Finally, an injury was marked as recurrent when a
player was injured in the same place and type where they were previously affected by an
injury. Injury records during the season, including in training and competitive moments,
were made daily by the clinical department.

2.5. Predictive Modeling

In this analysis, multiple-input single-output models for prediction were used. The
output of the model is a continuous variable and represents the number of occurrences of
potential injuries. Therefore, we consider regression-type models, not classifiers. Classic
regression models (OLS), shrinkage regression, and stepwise regression were used in the
models’ calculations. All predictive models were calculated using R Software version
4.2.0 (R Foundation for Statistical Computing, Vienna, Austria, 2022). The implemented
methods included:

• The ordinary least squares regression (OLS) used a popular least-squares method, in
which weights are calculated by minimizing the sum of the squared errors.

• The Ridge model was calculated using the criterion of performance, which includes a
penalty for increased weights. Parameter λ decides the size of the penalty: the greater
the value of λ is, the bigger the penalty. The value of lambda can vary from 0 to
infinity [38].

• Lasso regression is the model where the mechanism facilitates assigning a penalty to
variables, and, in this way, they are eliminated from equations. In Lasso regression [39],
the parameter s (penalty) is used to optimize the model.

• Elastic net (ENET) [40] combines the features of ridge and LASSO regressions. The
performance criterion is the so-called naive elastic net. To minimize the criterion, the
LARS-EN algorithm was suggested [40], which is based on the LARS algorithm for
LASSO regression. In elastic net regression, we have two parameters, penalty s and λ.

• Stepwise Forward Regression has a forward selection procedure (FS), which begins
with an equation that contains only a free expression. The first variable in the equation
is the one that has the highest correlation with the output variable. If the coefficient of
regression of the variable differs significantly from zero, the variable remains in the
equation and another variable is added. The second variable introduced into the equa-
tion is the one that has the highest correlation with output, which has been adjusted
for the effect of the first variable. If the regression coefficient is statistically significant
(using F-test), adding the next variable is implemented in the same way [41,42].

The presented methods were used to calculate models from all variables (Table 1).
Additionally, OLS, Ridge, LASSO, and elastic net models have been reimplemented for the
best subset of input variables computed from stepwise regression. All models calculated in
the study were tested by leave-one-out cross validation (LOOCV). In this method, the data
set is divided into two subsets: learning and testing (validation). In LOOCV, the test set is
composed of a selected pair of data (xi, yi), and the number of tests is equal to the number
of data n. During the cross-validation, RMSECV error was calculated:

RMSECV =

√
1
n

n

∑
i=1

(yi − ŷ−i)
2
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where n—number of patterns, y−i—the output value of the model built in the i-th step of
cross-validation based on a data set containing no testing pair (xi, yi), ŷi—the output value
of the model built in the i-th step based on the full data set, and RMSECV—root mean
square error of prediction.

3. Results

Table 2 summarizes the data regarding the participants and injuries characterization
of Club Sport Marítimo in the 2020/2021 season. Of the 36 players participating in the
study, 23 contracted at least one injury over the 2020/2021 season. Injured players missed
an average of 14.3 days per injury. There were 0.9 injuries contracted by the number of
participants (34 injuries/36 players) over the study period. Most injuries were classified as
traumatic (52.9%). About 50% of the injuries were, according to their severity, moderate,
since the athletes missed between 8 and 28 days of training and/or competition. Finally,
four of the injuries counted were classified as recurrent.

Table 2. Characterization of participants and injuries of CS Marítimo in the 2020/2021 season.

No. of Players 36

No. of Injured Players 23

Total Injuries 34

Average Days Missed Due to Injury 14.3

Injury per Player 0.9

Injury Mechanism

Traumatic 18 (52.9%)

Overload 16 (47.1%)

Injury Severity *

Minimal (1–3 days) 4 (11.7%)

Mild (4–7 days) 7 (20.5%)

Moderate 17 (50%)

Severe (+28 days) 6 (17.6%)

Injury Recurrence

Yes 4 (11.8%)

No 30 (88.2%)
* Number of days missed by a player due to a sports injury contracted in training or match.

Figures 1–3 summarize the type, area, and specific location of injuries. The lower limbs
were the body area most affected by injuries (85.2%). Sprains (35.2%) and muscle injuries
(35.2%) were the most recurrent type of injuries throughout the study period, particularly
in the ankles (29.4%), quadriceps (11.7%), and hamstrings (11.7%).

Table 3 presents the errors for each model and the sets of predictors calculated by the
variable selection methods. The classical OLS regression model has the worst predictive
ability, for which the error of RMSE = 18.57. Such a large error shows that the injury-
prediction problem is complex and needs to be regularized by, among other things, using
shrinkage regression. The use of shrinkage models (Ridge, LASSO, and elastic net) resulted
in a sharp decrease in error and, thus, an improvement in the predictive ability of the model.
The best model performing injury-prediction tasks for all predictors is the Ridge model,
in which the RMSE error was 0.698. The optimal Ridge model was calculated for λ = 82.2.
Optimizations of all shrinkage models are presented in Figure 4. The LASSO model for
all predictors was not calculated because the algorithm does not work properly for such
a configuration of the number of variables and patterns. Therefore, the following model
used was the elastic net regression model. For elastic net regression, a very small prediction
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error was obtained (RMSE = 0.633), and the number of predictors was reduced due to the
properties of this method. The result of the elastic net analysis was that the best set of input
variables is the set of seven variables: x1—sectorial position 1, x3—sectorial position 3,
x7—body height, x12—sit and reach, x13—n push-ups, x15—handgrip (l), and x20—V35 m.

 

Figure 1. Injury frequency by zone (n).

 
Figure 2. Injury frequency by type (n).

 
Figure 3. Injury frequency by specific location (n).
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Table 3. Predictive errors for calculated models.

Method Predictors RMSECV Parameter

OLS x1, x2, x3, . . . , x23 18.57 -
Ridge x1, x2, x3, . . . , x23 0.698 λ = 82.2

LASSO x1, x2, x3, . . . , x23 0.737 s = 0
Elastic net (EN) x1, x3, x7, x12, x13, x15, x20 0.633 λ = 0.1, s = 0.22

Forward (F) x1, x12, x13, x15 0.618 -
Ridge (EN) x1, x3, x7, x12, x13, x15, x20 0.592 λ = 17.5
Ridge (F) x1, x12, x13, x15 0.591 λ = 7

LASSO (EN) x1, x3, x7, x12, x13, x15, x20 0.635 s = 0.55
LASSO (F) x1, x12, x13, x15 0.613 s = 0.87

 

 

Figure 4. Cont.
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Figure 4. Optimization of predictive models (the red line indicates the optimal model).

The forward regression showed that the significant predictors are x1 – sectorial position
1, x12—sit and reach, x13—n push-ups, and x15—handgrip l). All the predictors determined
by forward regression are contained in the set determined by elastic net regression. The
model determined by forward regression generates an error of RMSE = 0.618. The predictors
obtained using elastic net (E) and forward regression (F) were used in further predictive
analysis. Both sets were used to recalculate the Ridge and LASSO models. The Ridge model
with the set calculated by elastic net generates an error of RMSE = 0.592, and a very similar
error was obtained for the Ridge model, with the set calculated by forward regression, with
RMSE = 0.591. Both Ridge models with new sets of predictors show the best ability. LASSO
models for enumerated sets of predictors showed worse predictive abilities than Ridge
models. In the case of the best model, the model predicts the number of injury occurrences
with an error of 0.59. This means that if a player has three injuries, the model would predict
a value from the range of 2.41 to 3.59. The equations for the best models are presented in
Table 4.

Table 4. Predictive errors for calculated models.

Method Equation

Ridge
(EN)

y = 0.01 + 0.10⊕x1 − 0.27⊕x3 + 0.01⊕x7 − 0.01⊕x12 − 0.01⊕x13 −
0.03⊕x15 − 0.45⊕x20

Ridge
(F) y = −0.28 + 0.35⊕x1 − 0.02⊕x12⊕−0.01x13 + 0.04⊕x15

4. Discussion

This study aimed to analyze predictive modeling of injury risk based on players’
sectorial position, body composition variables (i.e., weight, height, TBW, FAT, and FFM),
and selected physical fitness tests, which include sit-and-reach, push-ups, handgrip, CMJ,
SJ, 5 m, 10 m, 35 m, and yoyo tests.

This study considered multiple-input single-output regression-type models. It allowed
us to select the best model to perform injury prediction tasks, considering all predictors.
Previous work on predictive injury risk models is mostly based on classification learning
models [31,43,44]. These models’ predictive accuracy ranged from 75% to 82.9% [30]. The
present study did not use a categorical variable but rather a continuous variable. A similar
solution was presented in another work, where a continuous variable was also placed in
the output [45]. A direct comparison of the models’ predictive ability with those presented
by other authors is complex because different quality criteria were used.

The value of cross-validation error is important, but a more critical element of the
analysis presented was the identification of significant predictors of injury risk. An im-
portant part of the analysis was the variable-selection methods, resulting in a very clear
and simplified model structure. The simple structure of the model and the linear nature
of the methods made it possible to interpret the impact of individual variables on injury
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risk. Data-selection mechanisms were also used by other authors who have also used
LASSO [44].

According to the data collected for this study, a professional football team can experi-
ence 0.9 injuries for every player on the field. This number is noticeably lower than that
reported in a study following the analysis of three sports seasons, averaging 1.5 injuries per
player [4]. In reality, training load and competitive load—both internal and external—are
variables that are related to muscle injuries and that change depending on the situation and
level of competition. In this study, sprains and muscular injuries were the most common
types of injuries in the lower limbs. The quadriceps and hamstrings were the next most
afflicted muscles, followed by the ankles. These results are consistent with the previous
findings in the literature [10,12–14,16]. In reality, the lower limbs are under more pressure
in this activity because of the tactical–technical maneuvers needed, which justifies their
increased risk of damage. Overload injuries were more common than traumatic injuries.
A recent investigation also established the existence of such prevalence [4]. In contrast, a
different article discovered that overload was the cause of two out of every three injuries
in their study [12]. Since there is a strong link between training load and the likelihood
of injury, it is imperative to emphasize the significance of appropriately structuring the
training cycles according to the players’ attributes and physical condition. When individ-
ual training loads are measured using the right tools, this process happens more reliably
and consistently. Coaches, players, and their technical-support personnel increasingly
monitor and evaluate the sports load using a scientific method [46]. In reality, keeping an
eye on the training process is essential for assessing the level of athlete weariness, which
may help to lower the risk of injury. Soccer involves physical contact and high intensity.
Therefore, injury-prevention procedures should take both overload and traumatic injuries
into account. Each athlete missed 14.3 days of practice or competition after suffering an
injury, on average. This finding differs from that seen in the literature, with players missing
an average of seven to eight days owing to injury [4,8,12]. On the other hand, we draw
the conclusion that more serious injuries result in a longer period of player absence. This
demonstrates the necessity of strengthening all preventative and rehabilitation efforts,
while taking into consideration the predictive variables of injury as well as more frequent
medical checkups and physical testing. Some authors claim that muscle injuries in soccer
are the most common [9,10], converging with our findings. The injury-recurrence rate in
our study is consistent with the rates reported in the literature, which range from 8% to
22% [9,47,48]. According to earlier research, these percentage discrepancies may result from
the resources available in the individual clinical departments as well as a particular club’s
infrastructure and material-resource capabilities to respond quickly, in order to maximize
the injury prevention and healing process.

Regarding the impact of selected predictors included in the models, first of all, for sec-
torial position, the defensive and forward sectors were the ones that presented a higher risk
of injury. A previous study conducted across three consecutive seasons with 123 Chilean
elite male football players also reported that the defensive and forward sectors were the
ones that contracted more injuries over the study period [4]. Among 71 Spanish elite male
players, forwards were the ones who presented the highest rates in both incidence and
severity of injury [14]. Indeed, the literature has described that certain positions, such as
fullbacks and forwards, have more demanding tasks both in-game and during training
sessions, such as covering greater distances and running with higher intensity than their
peers. Overall, fullbacks and forwards perform a total of 29–35 sprints, which is higher than
other positions (approx. 17–23 sprints) [49], which may justify their higher injury rates (i.e.,
hamstring injuries) [50,51]. Therefore, managing training loads appropriately following the
physical demands of different sectors and playing positions might be a helpful method to
lower the risk of injury in football [52]. Sports agents and coaches should consider load
exposure according to players’ position, particularly when designing training sessions [52].
Moreover, our results consolidate the need to consider the players’ position as a variable to
be included in the definition of injury-risk programs.

98



J. Clin. Med. 2022, 11, 4923

Another important predictor identified in our study was lower-limb flexibility. The
sit-and-reach test is one of the physical fitness tests mostly used to predict the injury
risk of elite football players across a sports season. In the literature, several studies have
concluded that reduced flexibility in the lower limbs is related to the increased risk of
injuries in elite football players [53–56]. Some studies report that it is essential to develop
and introduce a standard battery assessment of flexibility in preseason tests, contributing
to the awareness of the players’ profile [56,57]. The newest Guidelines for Exercise Testing
and Prescription from the American College of Sports Medicine reported that maintaining
good flexibility in all joints depends on many specific variables, including distensibility
of the joint capsule and muscle viscosity, which facilitates movement and may prevent
injuries [58]. However, we must acknowledge some limitations on the topic. First, it is
not entirely understood if pre-activity stretching unequivocally reduces injuries associated
with training load. Secondly, the most recent guidelines recommend direct measures of
range of motion (i.e., goniometer and inclinometer) rather than indirect methods, such as
sit-and-reach tests assessing flexibility. This means that most of the indirect measures that
we most often use in various sports context are coming into disuse. It is recommended
that direct measures of range of motion should be used more regularly. In general, the
important focus will be that future studies continue to investigate this topic, so we can
draw more reliable and valid conclusions regarding the relationship between flexibility
and sports injuries.

According to our analyses, the push-up, handgrip, and 35 m linear sprint tests may
be reliable predictors of injury risk among elite football players. Besides, height was also
one of the variables significantly integrated into injury-prediction models in elite football
players. Those variables can be related to each other, since they all end up influencing the
players’ sports performance. In fact, the main value of this study is directed towards sports
monitoring and injury prevention, as we analyzed the relationship between overall strength
and height in elite soccer players as predictors of injury, and this is a topic on the rise. In the
literature, we identified two studies conducted with youth footballers that have determined
that injured players were significantly stronger, bigger, and more experienced than non-
injured players [59,60]. This aspect becomes even more relevant when we talk about
elite football players, since their demands are higher. The slightest physical differences
can make all the difference in the outcome of individual action, dictating the outcome of
crucial moments of games and seasons. We believe that these achievements can support
future research on the topic to disentangle this complex net of variables that may affect
the injury profile.

There are some limitations to this study that need to be acknowledged. The sample
size and the fact that we only evaluated the elite players for 26 weeks across 42 weeks of the
season are the main limitations of this study. The sample size is related to the number of
patterns teaching predictive models. The greater the amount of recorded-injury information
is, the better the material for calculating predictive models. Continued collection of learning
patterns will improve the predictive ability of the models. Moreover, this is a cross-sectional
study, which does not allow a cause–effect of the presented results. However, these results
bring important and specific practical implications for those involved in the elite football
context, mainly for the topics of injury prevention and training monitorization, since these
are issues that are gaining significant attention in the sports business.

5. Conclusions

Addressing the need for further studies to identify risk factors for predicting injuries
in elite football players, our approach opens a novel perspective on injury prevention
and training monitorization, providing a methodology for evaluating and interpreting the
complex relations between injury risk and players’ performance in elite football. Players’
sectorial position, body-composition variables, and physical fitness tests (sit-and-reach,
push-up, handgrip, countermovement jump, squat jump, linear speed, and yoyo tests),
were all important predictors that may be considered in the injury-risk prevention in elite
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football players. It would be an added value if future studies analyzed the influence of body-
composition factors and physical fitness tests in elite football teams across different seasons.
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Abstract: Background: An exaggerated blood pressure response (EBPR) during exercise testing is not
well defined, and several blood pressure thresholds are used in different studies and recommended in
different guidelines. Methods: Competitive athletes of any age without known arterial hypertension
who presented for preparticipation screening were included in the present study and categorized for
EBPR according to American Heart Association (AHA), European Society of Cardiology (ESC), and
American College of Sports Medicine (ACSM) guidelines as well as the systolic blood pressure/MET
slope method. Results: Overall, 1137 athletes (mean age 21 years; 34.7% females) without known
arterial hypertension were included April 2020–October 2021. Among them, 19.6%, 15.0%, and 6.8%
were diagnosed EBPR according to ESC, AHA, and ACSM guidelines, respectively. Left ventricular
hypertrophy (LVH) was detected in 20.5% of the athletes and was approximately two-fold more
frequent in athletes with EBPR than in those without. While EBPR according to AHA (OR 2.35 [95%CI
1.66–3.33], p < 0.001) and ACSM guidelines (OR 1.81 [95%CI 1.05–3.09], p = 0.031) was independently
(of age and sex) associated with LVH, EBPR defined according to ESC guidelines (OR 1.49 [95%CI
1.00–2.23], p = 0.051) was not. In adult athletes, only AHA guidelines (OR 1.96 [95%CI 1.32–2.90],
p = 0.001) and systolic blood pressure/MET slope method (OR 1.73 [95%CI 1.08–2.78], p = 0.023)
were independently predictive for LVH. Conclusions: Diverging guidelines exist for the screening
regarding EBPR. In competitive athletes, the prevalence of EBPR was highest when applying the
ESC (19.6%) and lowest using the ACSM guidelines (6.8%). An association of EBPR with LVH in
adult athletes, independently of age and sex, was only found when the AHA guideline or the systolic
blood pressure/MET slope method was applied.

Keywords: arterial hypertension; exercise hypertension; blood pressure; exercise testing

1. Introduction

Arterial hypertension is the most important and most common cardiovascular risk
factor (CVRF) for morbidity and mortality worldwide [1–4]. The prevalence of arterial
hypertension is high [5], affecting approximately 78 million adults in the United States of
America [6]. While the prevalence of arterial hypertension increases substantially with
age [7–10], its prevalence in athletes is low, at approximately 3% [11].

Diagnosis of arterial hypertension by resting blood pressure is well defined. In Europe,
a systolic blood pressure (BP) value of ≥140 mmHg and a diastolic BP value of ≥90 mmHg
are the defined thresholds of arterial hypertension [12–15]. In contrast, an exaggerated
blood pressure response (EBPR) during treadmill and bicycle exercise testing is not well de-
fined and poorly recognized, and several blood pressure thresholds were used in the differ-
ent studies and are recommended in different guidelines [9,14,16–22]. While the American
Heart Association (AHA) guideline [23] (EBPR threshold: systolic peak BP >210 mmHg
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in men, >190 mmHg in women, and/or >90 mmHg diastolic peak BP in both sexes) and
the European Society of Cardiology (ESC) guideline [22,24] (EBPR threshold: systolic peak
BP >220 mmHg in men, >200 mmHg in women, and/or >85 mmHg in men and 80 mmHg
in women for diastolic peak BP) used sex-specific EBPR thresholds, the American College of
Sports Medicine (ACSM) guideline [20,21] (EBPR threshold: systolic peak BP >225 mmHg
and/or >90 mmHg for diastolic peak BP in both sexes) recommends the same systolic and
diastolic thresholds values for both sexes.

However, for arterial-hypertension-naïve individuals with EBPR during the exercise
testing, it was shown that these individuals are at increased risk of developing both arterial
hypertension as well as cardiovascular events in the future, underlining the importance of
this phenomenon [1,4,17,25–37].

In the context of arterial hypertension, it is well known that an increase in left ventricu-
lar mass and left ventricular hypertrophy (LVH) are associated with cardiovascular disease
(CVD) as well as an elevated number of cardiovascular events and mortality [37,38]. De-
spite the development of the heart in highly trained athletes, a septal thickness of ≥13 mm
was observed in only a very small number of athletes and should be considered as LVH in
athletes [22,39–41].

Thus, the objectives of the present study were to evaluate (I) how prevalent EBPR is in
athletes and (II) which definition of an EBPR during exercise testing was best associated
with LVH in athletes without known arterial hypertension.

2. Materials and Methods

We performed a retrospective analysis of athletes of any age without known arterial
hypertension who presented at the Department of Sports Medicine (Medical Clinic VII)
of the University Hospital Heidelberg (Germany) for their preparticipation screening
examination between April 2020 and October 2021.

2.1. Enrolled Subjects

Athletes were eligible for this study if they performed regular training for competition,
were able to perform an exercise test at our department, had no contraindications for exer-
cise testing, and had no known diagnosis of arterial hypertension. Exclusion criteria were
a known diagnosis of arterial hypertension and contraindications regarding performing
exercise testing [22,23].

2.2. Ethical Aspects

The requirement for informed consent was waived as we used only anonymized
retrospective data routinely collected during the health screening process. Studies in
Germany involving a retrospective analysis of diagnostic standard data of anonymized
patients do not require an ethics statement.

2.3. Definitions

Arterial hypertension at rest was defined according to the ESC guidelines [42]. In all
athletes, a transthoracic echocardiography was performed. Investigated echocardiographic
parameters were defined according to current guidelines [22,43].

LVH was defined as (I) septal or posterior left ventricular (LV) wall
diameter ≥13 mm [22,40] or (II) LV mass >162 g in female or >224 g in male individu-
als [43]. LV mass was computed according the established 2D echocardiography area-
length method: LV mass = 0.80 × (1.04 × [(septal LV wall thickness + LV end-diastolic
diameter + posterior LV wall thickness)3 − (LV end-diastolic diameter)3]) + 0.6 g [43]. LVH
was considered to be present if one or both of the definitions applied.

EBPR was defined on the basis of the peak BP values during exercise testing according
to three different guidelines and the systolic BP/MET slope method:

• American Heart Association (AHA) guidelines [23]: systolic peak BP >210 mmHg in
men, >190 mmHg in women, and/or >90 mmHg diastolic peak BP in both sexes.
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• European Society of Cardiology (ESC) guidelines [22,24]: systolic peak BP >220 mmHg
in men, >200 mmHg in women, and/or >85 mmHg in men and 80 mmHg in women
for diastolic peak BP.

• The American College of Sports Medicine (ACSM) guidelines [20,21]: systolic peak
BP >225 mmHg and/or >90 mmHg, for diastolic peak BP in both sexes.

• The systolic BP/MET slope method [44–47]: The Δ regarding systolic BP was calcu-
lated as maximum systolic BP during exercise—systolic BP at rest and was indexed
by the increase in MET from rest (Δ regarding MET was calculated as peak MET-1) to
obtain the systolic BP/MET slope [46]. In accordance with previous studies, a cutoff
value > 6.2 mmHg/MET was used to define an EBPR [44,46]. The MET value was
calculated based on the athletes’ VO2 maximum values during exercise testing as
recommended by the ACSM guideline (MET = VO2max/3.5 mL·kg−1·min−1) [48].

• Exercise testing was performed according to current guidelines with electrocardiogram
(ECG) and BP measurements at the end of every load level. The exercise test was
stopped if the athlete was at their maximum capacity or stopping criteria according to
current guidelines [22,23].

Obesity was defined as body mass index (BMI) ≥30 kg/m2 according to the World
Health Organization.

2.4. Statistics

Athletes categorized as athletes with EBPR according to the three aforementioned
guidelines and the systolic BP/MET slope method were compared to those athletes not
categorized as EBPR (normal BP response during the exercise test) with the help of the
Wilcoxon–Mann–Whitney U test for continuous variables and Fisher’s exact or chi2 test
for categorical variables, as appropriate. Data of continuous variables were presented
as median and interquartile range and categorical variables as absolute numbers with
related percentages.

We performed univariate and multivariate logistic regression models to investigate
the association between EBPR (defined according to the three guidelines) as well as BP
values at rest and maximum values during exercise on the one hand and LVH on the other
hand. Multivariate regression models were adjusted for age and sex in order to prove
the independence of the statistical results of athletes’ age and sex. Results of the logistic
regressions are presented as odds ratio (OR) and 95% Confidence interval (CI).

All statistical analyses were carried out with the use of SPSS software (IBM Corp.
Released 2017. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY, USA). Only the
p values < 0.05 (two-sided) were considered to be statistically significant. No adjustment
for multiple testing was applied to the present analysis.

3. Results

3.1. Athletes’ Characteristics

Overall, 1137 athletes (mean age 21 years; median 18 years (IQR 15/25); 395 (34.7%)
females) without known arterial hypertension were included in the present study between
April 2020 and October 2021. Most included athletes were in the second or third decade of
life (Figure 1A). Among them, CVRF were rare, with nicotine abuse reported in 34 (3.0%)
and obesity detected in 14 (1.2%) athletes. LVH was diagnosed in 233 athletes (regardless
of athletes’ sex: 20.5%; 87 female athletes (22.0%); 146 male athletes (19.7%)). Median past
training period was 8 (IQR 5/12) years.
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Figure 1. Included numbers of athletes and proportion of blood pressure deviations stratified for
age by decade. Panel (A) Total numbers of included athletes stratified for age by decade. Panel
(B) Proportion of athletes with exaggerated blood pressure response according to American Heart
Association (AHA) guideline stratified for age by decade. Panel (C) Proportion of athletes with
exaggerated blood pressure response according to European Society of Cardiology (ESC) guideline
stratified for age by decade. Panel (D) Proportion of athletes with exaggerated blood pressure
response according to American College of Sports Medicine (ACSM) guideline stratified for age
by decade.

3.2. Prevalence of Exaggerated Blood Pressure Response (EBPR) during Exercise Testing

Overall, 223 athletes (regardless of athletes’ sex: 19.6%; 74 female athletes (18.7%);
149 male athletes (20.1%)) had a diagnosis of EBPR according to AHA guidelines (Table 1),
171 (regardless of athletes’ sex: 15.0%; 66 female athletes (16.7%); 105 male athletes (14.2%))
according to ESC guidelines (Table 2), and 77 (regardless of athletes’ sex: 6.8%; 11 female
athletes (2.8%); 66 male athletes (8.9%)) according to ACSM guidelines (Table 3).

Table 1. Patient characteristics of the 1137 examined athletes without known arterial hypertension
stratified for exaggerated blood pressure response according to AHA guideline.

Parameters
Normal Blood Pressure Response
According to AHA Classification

(n = 914; 80.4%)

Exaggerated Blood Pressure
Response According to AHA
Classification (n = 223; 19.6%)

p-Value

Age (in years) 17.0 (15.0/22.0) 22.0 (18.0/33.0) <0.001

Female sex 321 (35.1%) 74 (33.2%) 0.586

Body height (cm) 174.0 (166.9/181.0) 179.0 (173.0/184.0) <0.001

Body weight (kg) 67.0 (57.6/77.7) 75.8 (68.0/85.8) <0.001

Body mass index (kg/m2) 22.0 (20.2/24.1) 23.4 (22.0/25.4) <0.001

Body fat (%) 11.3 (8.5/16.4) 11.9 (9.0/16.3) 0.140
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Table 1. Cont.

Parameters
Normal Blood Pressure Response
According to AHA Classification

(n = 914; 80.4%)

Exaggerated Blood Pressure
Response According to AHA
Classification (n = 223; 19.6%)

p-Value

Leading athletes at a regional or
national level 707 (77.4%) 146 (65.5%) <0.001

Training years 8.0 (5.0/11.0) 11.0 (6.0/15.0) <0.001
Cardiovascular risk factors

Nicotine abuse 20 (2.2%) 14 (6.3%) 0.003

Obesity 8 (0.9%) 6 (2.7%) 0.039
Blood pressure values

Systolic blood pressure (mmHg) 115.0 (110.0/120.0) 120.0 (115.0/130.0) <0.001

Diastolic blood pressure (mmHg) 70.0 (60.0/75.0) 70.0 (70.0/80.0) <0.001

Maximum systolic blood pressure
during exercise (mmHg) 180.0 (160.0/190.0) 220.0 (210.0/230.0) <0.001

Maximum diastolic blood
pressure during exercise (mmHg) 70.0 (70.0/80.0) 80.0 (70.0/85.0) <0.001

Exercise parameters
VO2 maximum during exercise 45.5 (39.9/50.5) 44.0 (37.2/49.5) 0.031

Respiratory exchange
ratio (RER) 1.15 (1.10/1.20) 1.15 (1.11/1.21) 0.864

Maximum lactate value 9.46 (7.79/11.2) 9.21 (7.61/11.24) 0.861
Echocardiographic parameters
Left ventricular hypertrophy 151 (16.5%) 82 (36.8%) <0.001

Left ventricular mass 158.8 (128.0/200.4) 194.2 (164.1/220.8) <0.001

Aortic valve regurgitation 48 (5.3%) 26 (11.7%) 0.001

Mitral valve regurgitation 474 (51.9%) 153 (68.6%) <0.001

Tricuspid valve regurgitation 115 (12.6%) 43 (19.3%) 0.027

Pulmonary valve regurgitation 91 (10.0%) 17 (7.6%) 0.311

Heart volume in total (mL) 760.5 (625.8/906.3) 910.3 (770.2/1004.5) <0.001

Heart volume related to body
weight (mL/kg) 11.4 (10.2/12.4) 11.7 (10.6/12.8) 0.003

Left ventricular ejection fraction
(%) 65.0 (62.0/69.0) 66.0 (62.0/69.0) 0.140

Left ventricular end-diastolic
diameter (cm) 49.0 (45.0/53.0) 51.0 (48.0/54.0) <0.001

Left atrial area (cm2) 13.5 (11.1/15.4) 15.2 (12.9/17.6) <0.001

Right atrial area (cm2) 13.2 (11.0/15.5) 15.1 (13.3/17.7) <0.001

Tricuspid annular plane systolic
excursion (TAPSE, cm) 2.46 (2.20/2.70) 2.6 (2.3/2.9) <0.001

Systolic pulmonary artery
pulmonary pressure (mmHg) 20.0 (17.0/23.0) 20.3 (17.0/23.6) 0.274

E/A quotient 2.7 (1.9/3.7) 2.6 (1.8/3.6) 0.215

E/E’ quotient 4.7 (4.0/5.7) 4.8 (4.0/5.7) 0.606
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Table 2. Patient characteristics of the 1137 examined athletes without known arterial hypertension
stratified for exaggerated blood pressure response according to ESC guideline.

Parameters
Normal Blood Pressure Response
According to ESC Classification

(n = 966; 85.0%)

Exaggerated Blood Pressure
Response According to ESC

Classification (n = 171; 15.0%)
p-Value

Age (in years) 17.0 (15.0/22.0) 26.0 (18.0/42.0) <0.001

Female sex 329 (34.1%) 66 (38.6%) 0.251

Body height (cm) 175.0 (167.0/182.0) 179.0 (171.0/184.0) <0.001

Body weight (kg) 68.2 (58.3/78.5) 75.8 (66.4/84.0) <0.001

Body mass index (kg/m2) 22.1 (20.2/24.2) 23.7 (22.3/25.5) <0.001

Body fat (%) 11.0 (8.5/16.0) 13.0 (9.5/17.2) <0.001

Leading athletes at a regional or
national level 754 (78.1%) 99 (57.9%) <0.001

Training years 8.0 (5.0/11.0) 11.0 (7.0/16.0) <0.001
Cardiovascular risk factors

Nicotine abuse 19 (2.0%) 15 (8.8%) <0.001

Obesity 8 (0.8%) 6 (3.5%) 0.011
Blood pressure values

Systolic blood pressure (mmHg) 115.0 (110.0/120.0) 120.0 (110.0/130.0) <0.001

Diastolic blood pressure (mmHg) 70.0 (60.0/75.0) 75.0 (70.0/80.0) <0.001

Maximum systolic blood pressure
during exercise (mmHg) 180.0 (160.0/195.0) 220.0 (210.0/230.0) <0.001

Maximum diastolic blood
pressure during exercise (mmHg) 70.0 (70.0/80.0) 85.0 (80.0/90.0) <0.001

Exercise parameters
VO2 maximum during exercise 45.6 (40.1/50.6) 42.0 (35.1/49.1) <0.001

Respiratory exchange
ratio (RER) 1.15 (1.10/1.20) 1.15 (1.11/1.21) 0.497

Maximum lactate value 9.42 (7.71/11.2) 9.28 (7.96/11.07) 0.933
Echocardiographic parameters
Left ventricular hypertrophy 177 (18.3%) 56 (32.7%) <0.001

Left ventricular mass 164.3 (132.6/200.8) 188.0 (153.2/219.7) <0.001

Aortic valve regurgitation 50 (5.2%) 24 (14.0%) <0.001

Mitral valve regurgitation 506 (52.4%) 121 (70.8%) <0.001

Tricuspid valve regurgitation 123 (12.7%) 35 (20.5%) 0.022

Pulmonary valve regurgitation 94 (9.7%) 14 (8.2%) 0.526

Heart volume in total (mL) 774.4 (634.6/919.0) 883.0 (728.4/982.6) <0.001

Heart volume related to body
weight (mL/kg) 11.5 (10.3/12.5) 11.5 (10.3/12.5) 0.790

Left ventricular ejection fraction
(%) 65.0 (62.0/68.0) 66.0 (63.0/69.0) 0.012

Left ventricular end-diastolic
diameter (cm) 50.0 (46.0/53.0) 51.0 (47.0/54.0) 0.004

Left atrial area (cm2) 13.6 (11.3/15.6) 15.0 (12.6/15.6) <0.001
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Table 2. Cont.

Parameters
Normal Blood Pressure Response
According to ESC Classification

(n = 966; 85.0%)

Exaggerated Blood Pressure
Response According to ESC

Classification (n = 171; 15.0%)
p-Value

Right atrial area (cm2) 13.4 (11.1/15.7) 15.0 (12.9/17.7) <0.001

Tricuspid annular plane systolic
excursion (TAPSE, cm) 2.50 (2.20/2.80) 2.6 (2.4/2.9) <0.001

Systolic pulmonary artery
pulmonary pressure (mmHg) 20.0 (17.0/23.0) 21.0 (18.0/24.1) 0.018

E/A quotient 2.7 (2.0/3.7) 2.2 (1.6/3.3) <0.001

E/E’ quotient 4.7 (4.0/5.7) 4.9 (4.1/6.0) 0.167

Table 3. Patient characteristics of the 1137 examined athletes without known arterial hypertension
stratified for exaggerated blood pressure response according to ACSM guideline.

Parameters
Normal Blood Pressure Response
According to ACSM Classification

(n = 1060; 93.2%)

Exaggerated Blood Pressure
Response According to ACSM

Classification (n = 77; 6.8%)
p-Value

Age (in years) 18.0 (15.0/23.0) 29.0 (19.5/48.5) <0.001

Female sex 384 (36.2%) 11 (14.3%) <0.001

Body height (cm) 175.0 (167.0/182.0) 181.0 (175.3/186.5) <0.001

Body weight (kg) 68.4 (58.8/78.5) 80.3 (75.0/87.9) <0.001

Body mass index (kg/m2) 22.2 (20.4/24.2) 24.4 (23.0/26.3) <0.001

Body fat (%) 11.3 (8.6/16.7) 11.5 (9.2/14.0) 0.884

Leading athletes at a regional or
national level 817 (77.1%) 36 (46.8%) <0.001

Training years 8.0 (5.0/11.0) 13.0 (8.5/18.8) <0.001
Cardiovascular risk factors

Nicotine abuse 27 (2.5%) 7 (9.1%) 0.006

Obesity 10 (0.9%) 4 (5.2%) 0.012
Blood pressure values

Systolic blood pressure (mmHg) 115.0 (110.0/120.0) 125.0 (120.0/135.0) <0.001

Diastolic blood pressure (mmHg) 70.0 (60.0/75.0) 80.0 (70.0/80.0) <0.001

Maximum systolic blood pressure
during exercise (mmHg) 180.0 (160.0/200.0) 230.0 (230.0/240.0) <0.001

Maximum diastolic blood
pressure during exercise (mmHg) 75.0 (70.0/80.0) 80.0 (80.0/90.0) <0.001

Exercise parameters
VO2 maximum during exercise 45.4 (39.8/50.4) 43.2 (35.8/49.5) 0.040

Respiratory exchange
ratio (RER) 1.15 (1.11/1.20) 1.15 (1.11/1.21) 0.515

Maximum lactate value 9.40 (7.75/11.21) 9.41 (7.85/11.16) 0.974
Echocardiographic parameters
Left ventricular hypertrophy 203 (19.2%) 30 (39.0%) <0.001

Left ventricular mass 164.3 (132.8/200.8) 207.1 (181.4/227.7) <0.001
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Table 3. Cont.

Parameters
Normal Blood Pressure Response
According to ACSM Classification

(n = 1060; 93.2%)

Exaggerated Blood Pressure
Response According to ACSM

Classification (n = 77; 6.8%)
p-Value

Aortic valve regurgitation 60 (5.7%) 14 (18.2%) <0.001

Mitral valve regurgitation 571 (53.9%) 56 (72.7%) 0.001

Tricuspid valve regurgitation 141 (13.3%) 17 (22.1%) 0.090

Pulmonary valve regurgitation 101 (9.5%) 7 (9.1%) 1.000

Heart volume in total (mL) 774.6 (642.5/919.0) 965.4 (829.4/1047.0) <0.001

Heart volume related to body
weight (mL/kg) 11.5 (10.3/12.5) 11.7 (10.4/12.6) 0.350

Left ventricular ejection fraction
(%) 65.0 (62.0/69.0) 66.0 (62.0/72.0) 0.037

Left ventricular end-diastolic
diameter (cm) 49.0 (46.0/53.0) 52.0 (49.5/54.5) <0.001

Left atrial area (cm2) 13.6 (11.4/15.7) 15.7 (14.4/18.2) <0.001

Right atrial area (cm2) 13.5 (11.2/15.8) 16.5 (14.0/18.5) <0.001

Tricuspid annular plane systolic
excursion (TAPSE, cm) 2.50 (2.20/2.80) 2.6 (2.3/2.9) 0.001

Systolic pulmonary artery
pulmonary pressure (mmHg) 20.0 (17.0/23.0) 22.0 (20.0/25.0) <0.001

E/A quotient 2.7 (1.9/3.7) 2.1 (1.5/3.2) <0.001

E/E’ quotient 4.7 (4.0/5.7) 5.1 (4.1/6.4) 0.080

3.3. Comparison of Athletes with and without Exaggerated Blood Pressure Response (EBPR)
during Exercise Testing

While the proportions of female athletes with and without EBPR according to ESC
and AHA guidelines were widely balanced, comprising approximately 1/3 of the athletes
with EBPR, the proportion of male athletes with EBPR according to ACSM was distinctly
higher, with 85.7% of all individuals with EBPR (Table 3). CVRF nicotine abuse and obesity
were both more prevalent in athletes with EBPR regardless of which definition of EBPR
was chosen (Tables 1–3). The criteria regarding full effort during the exercise test did not
differ between athletes with and without EBPR (Tables 1–3).

The proportion of athletes with EBPR increased with inclining age regardless of the
chosen definition. Notably, EBPR was more often diagnosed due to maximum systolic in
comparison to maximum diastolic blood pressure values during exercise (Figure 1B–D).

3.4. Prevalence of Left Ventricular Hypertrophy (LVH) in Athletes

LVH was approximately two-fold more frequent in athletes with EBPR than in those
without (risk ratios (RR) 2.2, 1.8, and 2.0 when using the definitions of AHA guidelines,
ESC guidelines, and ACSM guidelines, respectively).

Interestingly, aortic valve regurgitation and mitral valve regurgitation were both more
prevalent in athletes with EBPR (Tables 1–3).

3.5. Association of Exaggerated Blood Pressure Response (EBPR) during Exercise Testing and Left
Ventricular Hypertrophy (LVH) in Athletes

In addition, we computed logistic regression models in order to analyse associations
between EBPR defined according to the different guidelines on the one hand and LVH on
the other hand. While EBPR according to the definition of the AHA guidelines (OR 2.35
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(95%CI 1.66–3.33), p < 0.001) and the ACSM guidelines (OR 1.81 (95%CI 1.05–3.09), p = 0.031)
were independently (of age and sex) associated with LVH, EBPR defined according to the
ESC guidelines (OR 1.49 (95%CI 1.00–2.23), p = 0.051) was not independently associated
with LVH (Figure 2B, Table 4).

Figure 2. Exaggerated blood pressure response and left ventricular hypertrophy. Panel (A) Pro-
portion of left ventricular hypertrophy stratified for age by decades. Panel (B) Association of
exaggerated blood pressure response according to AHA, ESC, and ACSM guidelines with left
ventricular hypertrophy.

Table 4. Association between of exaggerated blood pressure response, blood pressure values at rest,
and maximum value during exercise on the one hand and left ventricular hypertrophy on the other
hand (univariate and multivariate logistic regression model).

Left Ventricular Hypertrophy

Univariate Regression Model
Multivariate Regression Model

(Adjusted for Age and Sex)

OR (95% CI) p-Value OR (95% CI) p-Value

AHA guideline classification of
exaggerated blood pressure response 2.939 (2.127–4.060) <0.001 2.351 (1.660–3.328) <0.001

ESC guideline classification of
exaggerated blood pressure response 2.171 (1.517–3.107) <0.001 1.493 (0.998–2.232) 0.051

ACSM guideline classification of
exaggerated blood pressure response 2.695 (1.663–4.367) <0.001 1.805 (1.054–3.093) 0.031

Systolic blood pressure/MET slope
(>6.2 mmHg/MET) 2.120 (1.449–3.101) <0.001 2.257 (0.403–12.655) 0.355

Systolic blood pressure at rest (mmHg) 1.023 (1.010–1.036) <0.001 1.016 (1.001–1.030) 0.033

Diastolic blood pressure at rest (mmHg) 1.025 (1.007–1.043) 0.005 1.011 (0.992–1.030) 0.253

Maximum systolic blood pressure during
exercise (mmHg) 1.024 (1.018–1.030) <0.001 1.026 (1.019–1.033) <0.001

Maximum diastolic blood pressure during
exercise (mmHg) 1.023 (1.007–1.040) 0.005 1.006 (0.989–1.024) 0.470
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In addition, LVH was associated with systolic BP at rest and maximum systolic BP
during exercise, but not with diastolic BP values (Table 4).

3.6. Prevalence of Exaggerated Blood Pressure Response (EBPR) during Exercise Testing and Left
Ventricular Hypertrophy (LVH) in Adult Athletes

When focusing on the adult athletes only, 598 athletes (33.1% females; median age
23.0 (19.0–29.0) years) aged 18 years or older remained in the analysis. Among these,
180 (30.1%) had an LVH.

According to the guideline definitions, 170 (regardless of athletes’ sex: 28.4%; 54 female
athletes (27.3%); 116 male athletes (29.0%)) athletes were classified as EBPR according to
AHA guidelines, 137 (regardless of athletes’ sex: 22.9%; 54 female athletes (27.3%); 83 male
athletes (20.8%)) according to ESC guidelines, and 65 (regardless of athletes’ sex: 10.9%;
11 female athletes (5.6%); 54 male athletes (13.5%)) according to ACSM guidelines.

3.7. Association of Exaggerated Blood Pressure Response (EBPR) during Exercise Testing and Left
Ventricular Hypertrophy (LVH) in Adult Athletes

In adult athletes, only the definition of EBPR according to AHA guidelines was inde-
pendently predictive for LVH (univariate: OR 1.88 (95%CI 1.29–2.74), p = 0.001; multivariate:
OR 1.96 (95% CI 1.32–2.90), p = 0.001). EBPR according to the ESC (univariate: OR 1.40
(95% CI 0.94–2.10), p = 0.100; multivariate: OR 1.44 (95%CI 0.93–2.22), p = 0.104) as well as
ACSM guidelines (univariate: OR 1.64 (95% CI 0.97–2.79), p = 0.067; multivariate: OR 1.73
(95% CI 0.98–3.07), p = 0.060) were not associated with LVH independently of age and sex.

3.8. Prevalence of Exaggerated Blood Pressure Response (EBPR) during Exercise Testing Identified
by Systolic BP/MET Slope Method with a Cutoff Value > 6.2 mmHg/MET

When using the systolic BP/MET slope method with a cutoff value > 6.2 mmHg/MET
to define an EBPR in those 639 athletes, who underwent spiroergometric testing, we de-
tected 386 athletes (60.4%) with normal BP response and 253 athletes with EBPR (regardless
of athletes’ sex: 39.6%; 80 female athletes (36.5%); 173 male athletes (41.2%)) (Table 5). LVH
was more prevalent in athletes with than without EBPR (29.6% vs. 16.6%, p < 0.001).

Table 5. Patient characteristics of the 639 examined athletes with spiroergometry and without known
arterial hypertension stratified for exaggerated blood pressure response according to systolic blood
pressure/MET slope.

Parameters

Normal Blood Pressure Response
According to Systolic Blood

Pressure/MET Slope
(≤6.2 mmHg/MET) (n = 386; 60.4%)

Exaggerated Blood Pressure
Response According to Systolic

Blood Pressure/MET Slope
(>6.2 mmHg/MET) (n = 253; 39.6%)

p-Value

Age (in years) 18.0 (15.0/22.0) 24.0 (18.0/36.5) <0.001

Female sex 139 (36.0%) 80 (31.6%) 0.253

Body height (cm) 175.0 (168.0/182.0) 178.0 (170.0/184.0) 0.014

Body weight (kg) 66.8 (58.0/77.7) 76.0 (66.0/85.9) <0.001

Body mass index (kg/m2) 21.7 (20.2/24.0) 23.8 (22.3/26.0) <0.001

Body fat (%) 12.4 (8.2/16.6) 12.2 (9.2/17.1) 0.003

Leading athletes at a regional or
national level 295 (76.4%) 135 (53.4%) <0.001

Training years 7.0 (5.0/10.0) 10.0 (5.0/14.0) <0.001
Cardiovascular risk factors

Nicotine abuse 8 (2.1%) 18 (7.1%) 0.003

Obesity 1 (0.3%) 9 (3.6%) 0.001
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Table 5. Cont.

Parameters

Normal Blood Pressure Response
According to Systolic Blood

Pressure/MET Slope
(≤6.2 mmHg/MET) (n = 386; 60.4%)

Exaggerated Blood Pressure
Response According to Systolic

Blood Pressure/MET Slope
(>6.2 mmHg/MET) (n = 253; 39.6%)

p-Value

Blood pressure values
Systolic blood pressure (mmHg) 120.0 (110.0/125.0) 120.0 (110.0/125.0) 0.908

Diastolic blood pressure (mmHg) 70.0 (60.0/75.0) 70.0 (65.0/80.0) 0.003

Maximum systolic blood pressure
during exercise (mmHg) 170.0 (155.0/180.0) 210.0 (190.0/220.0) <0.001

Maximum diastolic blood
pressure during exercise (mmHg) 70.0 (65.0/80.0) 80.0 (70.0/80.0) <0.001

Exercise parameters
VO2 maximum during exercise 47.5 (42.1/51.5) 41.9 (36.2/47.0) <0.001

Respiratory exchange
ratio (RER) 1.15 (1.10/1.19) 1.15 (1.11/1.21) 0.037

Maximum lactate value 9.36 (7.67/11.24) 9.51 (7.89/11.24) 0.533
Echocardiographic parameters
Left ventricular hypertrophy 64 (16.6%) 75 (29.6%) <0.001

Left ventricular mass 163.6 (132.3/199.3) 188.1 (153.4/220.6) <0.001

Aortic valve regurgitation 20 (5.2%) 22 (8.7%) 0.080

Mitral valve regurgitation 203 (52.6%) 169 (66.8%) <0.001

Tricuspid valve regurgitation 46 (12.0%) 51 (20.2%) 0.010

Pulmonary valve regurgitation 34 (8.8%) 25 (9.9%) 0.647

Heart volume in total (mL) 772.0 (639.0/908.5) 896.4 (732.9/1000.0) <0.001

Heart volume related to body
weight (mL/kg) 11.4 (10.2/12.4) 11.4 (10.2/12.3) 0.803

Left ventricular ejection fraction
(%) 65.0 (62.0/69.0) 66.0 (63.0/69.0) 0.041

Left ventricular end-diastolic
diameter (cm) 50.0 (46.0/53.0) 51.0 (47.0/54.0) <0.001

Left atrial area (cm2) 13.5 (11.0/15.3) 14.9 (12.6/17.4) <0.001

Right atrial area (cm2) 13.3 (11.1/15.5) 14.9 (12.8/17.9) <0.001

Tricuspid annular plane systolic
excursion (TAPSE, cm) 2.40 (2.20/2.70) 2.60 (2.40/2.90) <0.001

Systolic pulmonary artery
pulmonary pressure (mmHg) 20.0 (16.5/23.0) 21.5 (18.0/24.0) 0.002

E/A quotient 2.5 (1.9/3.4) 2.4 (1.6/3.6) 0.111

E/E’ quotient 4.7 (4.0/5.7) 4.9 (4.1/5.9) 0.193

3.9. Association of Exaggerated Blood Pressure Response (EBPR) during Exercise Testing Identified
by Systolic BP/MET Slope Method with a Cutoff Value > 6.2 mmHg/MET and Left Ventricular
Hypertrophy (LVH) in Athletes

Systolic BP/MET slope > 6.2 mmHg/MET was associated with LVH in the univari-
ate regression analysis (OR 2.12 (95% CI 1.45–3.10), p < 0.001), but this association re-
mained not significant after adjustment for age and sex (OR 2.26 (95% CI 0.40–12.66),
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p = 0.355). Sex-specific analyses revealed a significant association of systolic BP/MET
slope > 6.2 mmHg/MET with LVH in male (OR 2.348 (95%CI 1.472–3.746), p < 0.001) in
contrast to female athletes (OR 1.706 (95%CI 0.878–3.315), p = 0.115).

In contrast, in the 398 adult athletes with spiroergometric evaluation, systolic BP/MET
slope > 6.2 mmHg/MET was associated with LVH in both, the univariate (OR 1.67 (95% CI
1.07–2.60), p = 0.023) as well as multivariate logistic regression analysis adjusted for age and
sex (OR 1.73 (95% CI 1.08–2.78), p = 0.023). However, sex-specific analyses also revealed
sex-specific differences in adult athletes. While systolic BP/MET slope > 6.2 mmHg/MET
was associated with LVH in male adult athletes (OR 1.848 (95% CI 1.079–3.166), p = 0.025),
in females, no association was seen (OR 1.325 (95% CI 0.603–2.913), p = 0.484).

4. Discussion

Arterial hypertension is accompanied by substantially increased cardiovascular mor-
bidity and mortality [2,4,7,9,17,49–51].

Among individuals who were not categorized as patients with arterial hyperten-
sion [12–15] a number of individuals revealed EBPR during exercise testing. The conse-
quences of this phenomenon are not well elucidated, and study results are inconsistent.
In previous investigations, a large number of different definitions of EBPR were used,
hampering a clear interpretation of study results [1,4,17,25–37]. However, several studies
have shown that individuals without known arterial hypertension who present with EBPR
during the exercise testing are at increased risk to develop arterial hypertension in the
future and might also be prone to develop cardiovascular events [1,4,17,25–37]. Three
guideline definitions are currently available and valid: the AHA [23], the ESC [22,24],
and the ACSM guidelines [20,21]. In this context, it is widely unclear from which study
sample these definitions were derived and whether these definitions were able to predict
cardiovascular morbidity, e.g., LVH, in athletes.

Thus, the objectives of our present study were to evaluate the prevalence of EBPR in
athletes and which definition regarding EBPR during exercise testing was best/strongest
associated with LVH in athletes without known arterial hypertension.

The main results of the study can be summarized as follows:

(I) EBPR was diagnosed between 6.8% and 19.6% of all athletes in our study according
to the different guideline recommendations. Prevalence was highest when catego-
rized according to the ESC guidelines (19.6%) and lowest according to the ACSM
guidelines (6.8%).

(II) CVRF, such as nicotine abuse and obesity, were more prevalent in athletes with EBPR.
(III) The proportion of athletes with EBPR increased with inclining age regardless of the

chosen definition.
(IV) EBPR was more often diagnosed due to maximum systolic in comparison to maximum

diastolic BP values during exercise.
(V) Only the EBPR definition of the AHA guideline was able to predict LVH independently

of age and sex in both the overall sample as well as in adult athletes as the only
guideline recommended threshold.

(VI) In addition, the recently implemented systolic BP/MET slope method with a cutoff
value > 6.2 mmHg/MET to define an EBPR, was able to predict LVH in adult athletes
independently of age and sex.

Our study results reveal a large variation regarding the prevalence of EBPR according
to the different guideline definitions in athletes without known arterial hypertension
(variation of 12.8% according to different guideline recommendations). The prevalence
was highest when categorized according to the ESC guidelines [22,24] (19.6%) and lowest
when classified according to the ACSM guidelines [20,42] (6.8%). In contrast to the study
of Caselli at al. [24], who reported that only a rate of 7.5% of the 1876 investigated athletes
had an EBPR defined according to the ESC guidelines, we identified a frequency of 19.6%
in the athletes presenting with EBPR according the ESC guidelines’ definition. However,
the differences between our results and the aforementioned study might be based on
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differences regarding the performance level of the examined athletes and athletes’ ages in
both studies.

As expected, CVRF, such as nicotine abuse and obesity, were in our study more
prevalent in those athletes with EBPR. This finding is in line with the literature, reporting a
close relation between obesity and elevated blood pressure [52,53]. Arterial hypertension is
frequently observed in individuals who are obese [53]. In addition, smoking was strongly
associated with arterial hypertension in several studies [54,55].

The proportion of athletes with EBPR increased significantly with inclining age regard-
less of the chosen definition. In this context, studies underlined a physiological increase in
BP with age [4,56–58]. While at birth, the systolic and diastolic BP values are on average
at levels of 70 mmHg and 50 mmHg, respectively [4,56,58], BP values rise progressively
throughout childhood and adolescence [4,56–58]. As aforementioned, BP is substantially
determined by body weight, and it is of key interest that BP in childhood has a strong
impact on adult BP levels [4,57,58]. Individuals aged ≥70 years reach an average systolic
BP of approximately 140 mmHg. Diastolic BP tends also to rise with the aging process
but the intense of this increase is less steep and after the 50th life year, diastolic mean BP
either inclines only slightly or even declines [4,56]. These changes in BP reflect normal
age-dependent development, while BP deviations due to arterial hypertension could be
detected in every period of life [4,56]. The association between a growing burden of arte-
rial hypertension with increasing age is well known and described [4,6,56,59]. While in
Germany, 10–35% of the citizens aged between 30 and 60 were diagnosed with arterial
hypertension, the frequency increases to higher than 65% in people aged 60 years and
older [8]. In light of the quoted literature, an age-dependent increase regarding the propor-
tion of athletes with EBPR might be expected but could also be interpreted as an increasing
number of athletes who might have undiagnosed or masked arterial hypertension.

In stress situations, the BP rises from resting to stress level depending on the exercise
intensity and the affecting stressor [4,17,19,60]. The BP responses to exercise are a result
of cardiac output and peripheral vascular resistance [61]. Cardiac output is elevated to
provide oxygenated blood and nutrition for the active regions of the body according to
increased demand [62]. During physical activity, BP values increase, whereby the rise in
systolic BP values becomes more pronounced compared to diastolic BP. BP values generally
increase to an exercise dependent and predetermined individual limit [1,4,17,61]. Normal
systolic BP response in progressive exercise testing on a bicycle stress test comprise a
systolic BP increase of approximately 7 to 10 mmHg per 25 watt workload incline [19].
Expected maximal BP values in bicycle testing are approximately 200/100 mmHg in healthy
untrained adults in the general population and approximately 215/105 mmHg in those
individuals who are older than 50 years [16]. Notably, only systolic BP values, not diastolic
values, could be reliably measured with the standardly used non-invasive methods [1].

Thus, in our present study, it is of outstanding importance that EBPR was more often
diagnosed due to maximum systolic in comparison to maximum diastolic BP values during
exercise, although all of the guideline recommendations defined a diastolic threshold
regarding EBPR [20–24].

Although three different guideline recommendations for the definition of EBPR are
available, only the EBPR definition of the AHA guidelines [23] was able to predict LVH
independently of age and sex in both the overall sample as well as in adult athletes only in
our study. Nevertheless, despite this result, we do not think that the definition of EBPR
as systolic BP > 210 mmHg in men, > 190 mmHg in women, and/or > 90 mmHg diastolic
peak BP in both sexes [23] is well suited to identify individuals at risk and deduce further
consequences as a singular diagnostic tool in athletes. From the experiences of daily routine
in sports medicine, the defined systolic BP values regarding EBPR are too low for exercise
testing in male and female athletes. In accordance with these experiences of daily practice, it
has been reported in the literature that very fit and powerful athletes reach physiologically
higher BP values during competition as well as exercise testing [4,16,19,63]. Although,
systolic BP values ≥ 250 mmHg and diastolic BP values ≥ 120 mmHg were defined as stop-
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ping criteria for bicycle ergometry exercise testing [16,63,64]—especially in young athletes,
who exceed these thresholds within their normal sports practice—a stop of the exercise
testing even at this higher and rigid recommended thresholds (250/120 mmHg) seems
limited in its usefulness and the decision to stop should be made individually [16,19,63].

In order to encounter these only-in-part useful definitions of EBPR for athletes, a
workload-indexed EBPR definition was introduced by different authors with promising
results [44–47]. Our study confirmed these results—that an EBPR defined according to the
systolic BP/MET slope method with a cutoff value >6.2 mmHg/MET was able to predict
LVH in adult athletes independently of age and sex. A threshold of 6.2 mmHg/MET was
chosen since a systolic BP/MET slope >6.2 mmHg/MET was in the study of Hedman
et al. associated with a 27% higher risk for mortality during a 20-year observational
period in males compared to those with <4.3 mmHg/MET [44,46]. However, we detected
sex-specific differences regarding this associations between EBPR defined according to
the systolic BP/MET slope method with a cutoff value >6.2 mmHg/MET and LVH with
significant associations in males and missing associations in females. In accordance, several
studies revealed sex-specific differences regarding blood pressure response in males and
females [65–67]. In studies, men had significantly higher systolic BP values at 50%, 75%,
and 100% of maximum exercise efforts [67].

Nevertheless, although these recommended EBPR thresholds—defined by the three
guidelines—seem only in part to be suitable for athletes (but more for the general untrained
population), an identified EBPR and especially a prolonged and delayed decline in blood
pressure after exercise testing could provide clues regarding a masked arterial hypertension
or development of a manifest arterial hypertension in the future [4,63].

In athletes with EBPR and/or a prolonged and delayed decline in blood pressure after
exercise testing, a 24 h blood pressure measurement could give important and valuable ad-
ditional diagnostic information [15]. Where the threshold regarding EBPR in athletes from
which further diagnostic procedures should be implemented is still controversial [16,19,63].

5. Conclusions

EBPR was diagnosed in between 6.8% and 19.6% of all athletes without known arterial
hypertension. Prevalence was highest when athletes were categorized according to ESC
guidelines (19.6%) and lowest when categorized according to ACSM guidelines (6.8%). The
proportion of athletes with EBPR increased with inclining age regardless of the chosen
definition. Only the EBPR definition of the AHA guidelines and the systolic blood pres-
sure/MET slope method were associated with LVH independently of age and sex in adult
athletes. However, the prognostic value of this association remains to be elucidated by
sufficiently powered in-depth long-term studies. Such studies are also necessary to further
evaluate the importance of the identification of EBPR in athletes and the significance of
actual EBPR guidelines as diagnostic tools in young athletes.
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Abstract: Objective: To determine if preoperative albumin-alkaline phosphatase ratio (AAPR) is pre-
dictive of clinical outcomes in patients with degenerative lumbar diseases undergoing lumbar fusion.
Method: 326 patients undergoing posterior lumbar decompression and fusion were retrospectively
analyzed. The cumulative grade was calculated by summing the Pfirrmann grades of all lumbar
discs. Grouping was based on the 50th percentile of cumulative grade. The relationship between
AAPR, intervertebral disc degeneration (IDD) severity, and fusion rate was explored using correlation
analyses and logistic regression models. Meanwhile, the ROC curve evaluated the discrimination
ability of AAPR in predicting severe degeneration and non-fusion. Results: High AAPR levels were
significantly negatively correlated with severe degeneration and non-fusion rate. A multivariate
binary logistic analysis revealed that high preoperative AAPR was an independent predictor of
severe degeneration and postoperative non-fusion (OR: 0.114; 95% CI: 0.027–0.482; p = 0.003; OR:
0.003; 95% CI: 0.0003–0.022; p < 0.001). The models showed excellent discrimination and calibration.
The areas under the curve (AUC) of severe degeneration and non-fusion identified by AAPR were
0.635 and 0.643. Conclusion: The AAPR can help predict the severity of disc degeneration and the
likelihood of non-fusion.

Keywords: degenerative lumbar diseases; albumin-to-alkaline phosphatase ratio; spinal fusion rate;
prognostic marker

1. Introduction

The spine is the central axis bone of the human body and the pillar of the body. It serves
as a weight-bearing, shock-absorbing, protective, and moving device and regulates various
activities of the upper and lower limbs to maintain body balance. Many patients suffer
from severe pain and dysfunction due to degenerative spinal diseases, and their motor
ability will be further limited, which is a severe issue in sports medicine. Intervertebral
Disc Degeneration (IDD) is a common cause of low back pain and discogenic low back pain,
which places a heavy financial burden on families and society [1]. IDD is characterized by
extensive morphological and mechanical changes in the disc, decreased intervertebral space
height, disc structure destruction, reduced spinal mobility, and loss of disc biomechanical
function [2,3]. These changes ultimately lead to low back pain and clinical symptoms.
Among the primary biochemical changes associated with IDD are the diminished number
and function of nucleus pulposus cells and the loss of matrix macromolecules such as
type II collagen and proteoglycan in the extracellular matrix, causing the destruction of
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cells’ conditions for survival [4,5]. Inflammatory mediators play a crucial role in this
process [6]. Research has shown that inflammatory factors promote disc degeneration
mainly by triggering an inflammatory response and apoptosis [7]. The inflammatory
factors in intervertebral disc tissues interact in a cascade reaction, further aggravating
the inflammatory response of intervertebral disc tissue and ultimately accelerating IDD.
Spinal fusion is a classic treatment option for those who suffer from degenerative spinal
diseases [8]. Some patients, however, suffer from spinal fusion failure after surgery, which
leads to a loss of spinal stability and chronic pain caused by local abnormalities, directly
affecting the patients’ movement ability. Spinal fusion is a multifaceted and complex process
that requires the involvement of many different cells, molecules, extracellular matrix (ECM)
components, and growth factors. It is imperative for a successful spinal fusion to undergo
the initial phase of the inflammatory process within the first two weeks [9]. Angiogenesis
and osteogenesis may be disrupted by repeated excessive inflammation, however, posing a
negative impact on bone formation.

The serum albumin (ALB) synthesized in the liver serves various physiological func-
tions, including free radical scavenging, antioxidant, and vascular permeability [10]. Recent
reports indicate that ALB is an accurate biomarker of underlying systemic inflammatory
responses in organisms [9–11]. Additionally, alkaline phosphatase (ALP) is widely ex-
pressed in the liver, bones, and kidney and is involved in many physiological processes,
such as bone mineralization, vascular calcification, and immune system function [12–14].
Studies suggest that biochemical analysis of peripheral blood and whole blood count ex-
traction parameters can aid in the prognosis of diseases such as breast cancer and colorectal
cancer [14,15]. The albumin to alkaline phosphatase ratio (AAPR), also based on serum
albumin and alkaline phosphatase, can provide insights into systemic inflammation and nu-
tritional status. AAPR has been studied in the context of many different diseases, including
non-small cell lung cancer and cholangiocarcinoma, and a low AAPR was associated with a
poor prognosis [16,17]. In addition, the activity or mass concentration of bone-specific ALP
is closely related to the metabolism of pre-bone cells and forms a chemically classifiable
bone matrix. The level of serum ALP activity is a commonly used marker for the evaluation
of bone formation rather than the amount of a functional enzyme affecting osteogenesis.
Fauran Clavel et al. found that the slowdown of osteogenesis could be demonstrated by the
decrease of serum ALP activity [18]. Moreover, serum albumin has been shown to enhance
osteogenic differentiation and bone formation in bone defect models [19,20]. Khalooeifard
et al. found that increasing protein intake can improve vertebral fusion rate and enhance
the recovery ability of patients after spinal fusion [21]. There was also a study showing
that ALB decreased the risk of non-fusion rate [22]. As described above, AAPR can be
derived or calculated with these two indicators. Moreover, the inflammatory reaction may
affect bone metabolism, disrupt the dynamic balance between osteogenesis and osteoclasts,
and result in poor bone healing. Hence, AAPR, an indicator reflecting the body systemic
inflammatory response, also has the theoretical potential to be an osteogenic marker.

However, there has not been any research on the role of AAPR in degenerative lumbar
discs. Therefore, the study of whether AAPR can be applied to lumbar disc degeneration
patients is intriguing. Consequently, we conducted a retrospective study to study AAPR’s
correlation with the extent of lumbar disc degeneration before surgery and its prognostic
value for postoperative fusion rate.

2. Materials and Methods

2.1. Study Design and Patient Characteristics

Prior to its implementation, ethical approval was obtained from the Shanghai East
Hospital Ethics Committee. We enrolled all participants retrospectively and obtained
informed consent in accordance with our institutional guidelines.

Three hundred and twenty-six lumbar spinal stenosis patients accompanied with
lumbar disc herniation who received lumbar fusion surgery were retrospectively analyzed
from May 2019 to May 2020. The following criteria were used to select participants:
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(1) lower back pain symptoms of lumbar disc herniation and lumbar spinal stenosis;
(2) a positive straight leg elevation test or neurological dysfunction (lack of movement,
numbness, or lack of reflexes in the lower extremities); (3) MRI findings of disc herniation
or spinal stenosis should also correspond to the findings of all participating participants;
(4) patients intending to undergo single segmental fusion. Participants who met the
following criteria were excluded from the study: (1) a history of spinal deformity, spinal
infection, injury, or tumor; (2) the corresponding disc segment had been surgically fused;
(3) known history of chronic diseases of lungs, kidneys, or liver; (4) Known inflammatory
conditions (such as osteomyelitis, polychondritis, rheumatoid arthritis, etc.).

We collected data on routine clinical variables such as demographics, radiographic
findings (intervertebral disc calcification and disc degeneration), and biochemical tests such
as uric acid (UA). The presence of intervertebral disc calcification was assessed by lumbar
CT. The above information is obtained from our center’s electronic record-keeping system
and imaging system. A standard posterior lumbar posterior decompression and fusion was
performed in all cases, including instrumentation and bone grafting. Moreover, follow-up
radiography was prescribed for the patients after discharge. The imaging system collected
lumbar CT data from patients two years after spinal fusion surgery to assess fusion rate.
Spinal fusion rate was evaluated by an experienced radiologist without prior knowledge of
clinical information through CT images according to the evaluation system proposed by
Siepe [23].

2.2. Albumin-to-Alkaline Phosphatase Ratio (AAPR) and Disc Degeneration Assessment

We performed routine blood tests on the patient within three days before surgery and
recorded relevant data. AAPR is defined as the serum albumin/serum alkaline phosphatase
ratio. The Pfirrmann grading system was used by magnetic resonance imaging (MRI) to
evaluate the degree of disc degeneration [24], and the cumulative grade is calculated by
summarizing the five discs’ grades. All MRI images were read blindly by three experienced
spine surgeons. Grouping was based on the median of cumulative grade.

2.3. Statistical Analysis

The continuous data were expressed as mean ± standard deviation (SD) and categori-
cal data were presented as frequencies and percentages. The Chi-square and nonparamet-
ric tests were used to compare baseline characteristics between groups. Univariate and
multivariate analyses were performed by binary logistic regression models to assess the
prognostic effect of variables and estimate odds ratios (OR) with 95% confidence intervals
(CI). Hosmer–Lemeshow goodness of fit test was used to assess the model fit (Hosmer-
Lemeshow statistic ≥ 0.05). The receiver operating characteristic (ROC) curve and the
area under the ROC curve (AUC) were also performed to assess the predictive ability of
the built models. At the same time, ROC analysis determined AAPR’s predictive power
and the optimal cut-off value. p-values for linear trends were calculated using the quartile
median values. Collected data were encoded into SPSS 26.0 and analyzed.

3. Results

3.1. Patient Demographics and Outcomes

The baseline characteristics of study participants are shown in Table 1. There were
185 women (56.7%) among the patients with an average age of 63.48. The mean BMI
of the patients was 24.80 kg/m2. There were significant differences in the following
factors: age (p < 0.001), ALP (p < 0.001), RBP (p < 0.001), AST (p = 0.048), lumbar CT value
(p < 0.001), AAPR (p < 0.001), fusion rate (p = 0.001), and the prevalence of hypertension
(p = 0.042), disc calcification (p < 0.001) and osteoporosis (p = 0.018) between the high score
group (accumulative grade > 18) and the low score group (accumulative grade ≤ 18). No
significant differences were observed among the two groups regarding gender distribution,
BMI, VAS, the length of hospital stay, hematological indicators other than ALP, AST and
RBP, smoking history, etc.
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Table 1. Demographic characteristics of patients with disc degeneration disease.

All

Low Score Group High Score Group

p-Value(Accumulative
Grade ≤ 18)

(Accumulative
Grade > 18)

Subjects, n (%) 326 179 147
Age (year) 63.48 ± 13.38 60.49 ± 14.93 67.11 ± 10.13 <0.001

Gender 0.562
Male, n (%) 141 (43.3) 80 (44.7) 61 (41.5)

Female, n (%) 185 (56.7) 99 (55.3) 86 (58.5)
BMI (kg/m2) 24.80 ± 3.54 24.96 ± 3.49 24.60 ± 3.60 0.371
Smoking (y) 42 (12.9) 22 (12.3) 20 (13.6) 0.724

Alcohol abuse (y) 27 (8.3) 11 (6.1) 16 (10.9) 0.122
Hypertension (y) 155 (47.5) 76 (42.5) 79 (53.7) 0.042

DM (y) 57 (17.5) 30 (16.8) 27 (18.4) 0.704
CHD (y) 40 (12.3) 24 (13.4) 16 (10.9) 0.490

Osteoporosis (y) 115 (35.3) 53 (29.6) 62 (42.2) 0.018
Calcification (y) 164 (50.3) 60 (33.5) 104 (70.7) <0.001

ALB (g/L) 42.49 ± 3.29 42.56 ± 3.19 42.41 ± 3.41 0.923
ALP (U/L) 74.18 ± 27.27 68.65 ± 24.02 80.90 ± 29.47 <0.001

AAPR 0.64 ± 0.22 0.69 ± 0.24 0.58 ± 0.17 <0.001
Calcium (mmol/L) 2.26 ± 0.10 2.25 ± 0.09 2.27 ± 0.10 0.092

Phosphorus (mmol/L) 1.14 ± 0.17 1.15 ± 0.16 1.14 ± 0.17 0.505
FBG (mmol/L) 5.54 ± 1.47 5.45 ± 1.36 5.65 ± 1.60 0.394
BUN (mmol/L) 6.04 ± 1.77 6.05 ± 1.73 6.02 ± 1.82 0.547

Scr (μmol/L) 72.33 ± 23.22 72.09 ± 21.65 72.62 ± 25.06 0.779
UA (μmol/L) 320.44 ± 82.57 323.42 ± 80.03 316.82 ± 85.69 0.597

ALT (U/L) 19.51 ± 14.34 20.12 ± 16.06 18.77 ± 11.92 0.549
AST (U/L) 19.12 ± 8.64 18.75 ± 9.80 19.56 ± 6.99 0.048

RBP (mg/L) 41.26 ± 9.54 42.83 ± 9.49 39.35 ± 9.27 <0.001
Fusion (y) 230 (70.6) 140 (78.2) 90 (61.2) 0.001

VAS 3.91 ± 1.84 3.73 ± 1.84 4.13 ± 1.84 0.067
Hospital stay (day) 12.21 ± 4.39 12.20 ± 4.36 12.21 ± 4.45 0.854

CT value (HU) 131.26 ± 49.20 140.51 ± 52.51 120.01 ± 42.35 <0.001

Values are expressed as n (%) or mean ± SD. BMI, body mass index; VAS, visual analogue scale; AAPR, albumin-
to-alkaline phosphatase ratio; FBG, fasting blood glucose; CHD, coronary heart disease; DM, diabetes mellitus;
ALT, alanine transaminase; AST, aspartate transaminase; RBP, retinol-binding Protein; UA, uric acid; BUN, blood
urea nitrogen; Scr, serum creatinine.

3.2. IDD Severity Classification and Association with AAPR

Table 2 illustrates the distribution of disc grades among the target population. There
were 41.7%, 35.9%, and 32.5% of grades for L1/2, L2/3, and L3/4, respectively, which were
smaller than 4 (2, 3, and 3). For L4/5 and L5/S1, however, the majority (38.0% and 43.9%)
were equal to or greater than 4. At the same time, the low score group showed the same
trend as the whole population. On the other hand, all discs except L1/2 scored more than
or equal to 4 in the high score group.

We defined mild to moderate degeneration as a score of less than 4 and severe degen-
eration as a score of more than or equal to 4. As shown in Table 3, the mean levels of LMR
were substantially lower in the severe degeneration group (Pfirrmann grade ≥ 4) compared
with the mild to moderate degeneration group (Pfirrmann grade < 4) in all lumbar discs ex-
cept L5/S1. In addition, correlation analysis showed that LMR was significantly correlated
with age, osteoporosis, calcification, Scr, VAS, CT value, non-fusion rate, and accumulative
grade in all demographic and clinical parameters in Table 4. It is worth mentioning that
there is a borderline positive correlation between LMR and UA. The LMR did not show
any significant correlation with the length of hospital stay.
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Table 2. The Pfirrmann grading system for lumbar disc degeneration.

1 2 3 4 5

All (n = 326)
L1/2 0 136 (41.7) 106 (32.5) 50 (15.3) 34 (10.4)
L2/3 0 79 (24.2) 117 (35.9) 78 (23.9) 52 (16.0)
L3/4 1 (0.3) 49 (15.0) 106 (32.5) 105 (32.2) 65 (19.9)
L4/5 0 24 (7.4) 82 (25.2) 124 (38.0) 96 (29.4)

L5/S1 0 27 (8.3) 53 (16.3) 103 (31.6) 143 (43.9)
Low score group

(n = 179)
L1/2 0 114 (63.7) 47 (26.3) 14 (7.8) 4 (2.2)
L2/3 0 77 (43.0) 81 (45.3) 19 (10.6) 2 (1.1)
L3/4 1 (0.6) 49 (27.4) 90 (50.3) 37 (20.7) 2 (1.1)
L4/5 0 24 (13.4) 64 (35.8) 74 (41.3) 17 (9.5)

L5/S1 0 27 (15.1) 42 (23.5) 65 (36.3) 45 (25.1)
High score group

(n = 147)
L1/2 0 22 (15.0) 59 (40.1) 36 (24.5) 30 (20.4)
L2/3 0 2 (1.4) 36 (24.5) 59 (40.1) 50 (34.0)
L3/4 0 0 16 (10.9) 68 (46.3) 63 (42.9)
L4/5 0 0 18 (12.2) 50 (34.0) 79 (53.7)

L5/S1 0 0 11 (7.5) 38 (25.9) 98 (66.7)
Values are expressed as n (%).

Table 3. The relationship between the severity of individual disc degeneration and AAPR/.

AAPR p

L1/2
Pfirrmann grade < 4 0.65 ± 0.21

0.003Pfirrmann grade ≥ 4 0.59 ± 0.22

L2/3
Pfirrmann grade < 4 0.68 ± 0.23

<0.001Pfirrmann grade ≥ 4 0.58 ± 0.18

L3/4
Pfirrmann grade < 4 0.70 ± 0.25

<0.001Pfirrmann grade ≥ 4 0.58 ± 0.17

L4/5
Pfirrmann grade < 4 0.68 ± 0.19

<0.001Pfirrmann grade ≥ 4 0.62 ± 0.23

L5/S1
Pfirrmann grade < 4 0.67 ± 0.23

0.181Pfirrmann grade ≥ 4 0.63 ± 0.21
Values are expressed as mean ± SD; AAPR, albumin-to-alkaline phosphatase ratio.

3.3. Univariable and Multivariable Analysis on Predictive Factors of Severe Disc Degeneration

Univariable binary logistic regression analysis based on the entire patient cohort
showed that each additional unit of age (p < 0.001), hypertension (p = 0.043), osteoporosis
(p = 0.019), calcification (p < 0.001), RBP (p = 0.001), and AAPR (p < 0.001) was significantly
associated with severe disc degeneration (Table 5). ROC analysis was performed by
defining severe disc degeneration as an endpoint, with the AUC(AAPR) being 0.652 (95% CI:
0.593–0.712) and the difference being statistically significant (p < 0.001) (Figure 1a). It is
found that the optimal critical value for AAPR is 0.68, while the maximum approximate
index is calculated at this point (0.251). Multivariable binary logistic regression model 1
built on clinical parameters further demonstrated that every one unit of increase in RBP
(OR: 0.948; 95% CI: 0.919-0.977; p = 0.001), AAPR (OR: 0.114; 95% CI: 0.027-0.482; p = 0.003),
and the occurrence of CHD (OR: 0.360; 95% CI: 0.155-0.834; p = 0.017) and disc calcification
(OR: 3.215; 95% CI: 1.848-5.594; p < 0.001) were determined to be independent predictors of
severe disc degeneration. Moreover, AAPR did not interact significantly with calcification,
CAD, or RBP in the one-way ANOVA (p > 0.05). This model is also capable of calibration
and discrimination (p > 0.05 and p < 0.05, respectively). The area under ROC curve is 0.782
(Figure 1c). At the same time, trend analysis showed that the higher the AAPR, the lower
the risk of severe disc degeneration (p = 0.010; Table 6).
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Table 4. Correlation of AAPR with demographic and clinical parameters.

r p

Age −0.110 0.046
Gender 0.070 0.210

BMI 0.028 0.611
Smoking 0.026 0.640

Alcohol abuse −0.070 0.209
Hypertension −0.045 0.417

DM −0.014 0.796
CHD −0.058 0.295

Osteoporosis −0.167 0.002
Calcification −0.422 <0.001

Calcium 0.025 0.656
phosphorus 0.080 0.150

FBG −0.034 0.546
BUN 0.046 0.408
Scr 0.179 0.001
UA 0.108 0.052
ALT −0.019 0.728
AST −0.064 0.249
RBP 0.036 0.521

Non-fusion −0.132 0.017
VAS −0.132 0.017

Hospital stay, day 0.087 0.118
CT value 0.198 <0.001

Accumulative grade −0.379 <0.001
BMI, body mass index; VAS, visual analogue scale; AAPR, albumin-to-alkaline phosphatase ratio; FBG, fasting
blood glucose; CHD, coronary heart disease; DM, diabetes mellitus; ALT, alanine transaminase; AST, aspartate
transaminase; RBP, retinol-binding protein; UA, uric acid; BUN, blood urea nitrogen; Scr, serum creatinine.

Table 5. Univariate and multivariate analysis model 1 of risk factors for severe degeneration.

Variables
Univariate Multivariate

OR (95% CI) p OR (95% CI) p

Age (year) 1.042 (1.023–1.062) <0.001 1.027 (0.999–1.055) 0.062
Gender (male) 0.878 (0.565–1.364) 0.562 0.953 (0.478–1.903) 0.892

BMI 0.971 (0.913–1.034) 0.358 0.979 (0.903–1.061) 0.604
Smoking 1.124 (0.587–2.151) 0.724 1.492 (0.623–3.574) 0.369

Alcohol abuse 1.865 (0.837–4.155) 0.127 2.037 (0.735–5.646) 0.172
Hypertension 1.574 (1.015–2.443) 0.043 1.179 (0.649–2.141) 0.588

DM 1.117 (0.630–1.982) 0.704 0.935 (0.397–2.201) 0.877
CHD 0.789 (0.402–1.548) 0.490 0.360 (0.155–0.834) 0.017

Osteoporosis 1.734 (1.096–2.742) 0.019 1.045 (0.581–1.880) 0.883
Calcification 4.797 (2.993–7.689) <0.001 3.215 (1.848–5.594) <0.001

AAPR 0.055 (0.015–0.194) <0.001 0.114 (0.027–0.482) 0.003
Calcium 6.241 (0.649–59.996) 0.113 14.486 (0.796–263.562) 0.071

phosphorus 0.618 (0.166–2.308) 0.474 1.456 (0.296–7.161) 0.644
FBG 1.096 (0.944–1.274) 0.229 1.080 (0.868–1.344) 0.489
BUN 0.988 (0.873–1.118) 0.850 0.975 (0.822–1.157) 0.773
Scr 1.001 (0.992–1.010) 0.839 1.004 (0.988–1.021) 0.590
UA 0.999 (0.996–1.002) 0.472 1.001 (0.997–1.004) 0.755
ALT 0.993 (0.977–1.009) 0.405 0.996 (0.961–1.032) 0.832
AST 1.011 (0.985–1.038) 0.408 1.003 (0.947–1.061) 0.928
RBP 0.960 (0.937–0.984) 0.001 0.948 (0.919–0.977) 0.001

BMI, body mass index; AAPR, albumin-to-alkaline phosphatase ratio; FBG, fasting blood glucose; CHD, coronary
heart disease; DM, diabetes mellitus; ALT, alanine transaminase; AST, aspartate transaminase; RBP, retinol-binding
protein; UA, uric acid; BUN, blood urea nitrogen; Scr, serum creatinine.
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Figure 1. Receiver operating characteristic (ROC) curve to determine the predictive performance of
AAPR for severe degeneration (a) and non-fusion (b). ROC curve analysis of severe degeneration
(c) and non-fusion models (d) (see Tables 5 and 7 for included variables).

Table 6. Association of severe degeneration and non-fusion with AAPR.

Variable Cases
Model 1 (Degeneration Model) Model 2 (Non-Fusion Model)

OR [95% CI] p for Trend OR [95% CI] p for Trend

AAPR (Median [Range])

Q1 (0.42 [≤0.49]) 82 Reference Reference
Q2 (0.56 [0.49–0.61]) 81 0.632 [0.306–1.306] 0.653 [0.320–1.334]
Q3 (0.67 [0.61–0.75]) 82 0.731 [0.342–1.563] 0.400 [0.184–0.873]

Q4 (0.85 [>0.75]) 81 0.316 [0.139–0.719] 0.010 0.103 [0.038–0.277] <0.001

AAPR, albumin-to-alkaline phosphatase ratio.

3.4. Univariable and Multivariable Analysis on Risk Factors of Non-Fusion

Univariable binary logistic regression analysis based on the entire patient cohort
showed that each additional unit of AAPR (p < 0.001) and phosphorus (p = 0.002) were
significantly associated with postoperative non-fusion rate, as shown in Table 7. ROC
analysis was performed by defining non-fusion as an endpoint, with the AUC(AAPR)
being 0.695 (95% CI: 0.636–0.755) and the difference being statistically significant (p < 0.001)
(Figure 1b). The optimal cut-off value for AAPR is 0.63. After adjustment by all covariable
estimates, multivariate binary logistic regression analysis model 2 showed that for every
one unit increase in UA (OR: 1.005; 95% CI: 1.001-1.010; p = 0.014), phosphorus (OR: 16.677;
95% CI: 2.794–99.552; p = 0.002), AAPR (OR: 0.003; 95% CI: 0.0003–0.022; p < 0.001), and
the prevalence of CHD (OR: 0.357; 95% CI: 0.128–0.998; p = 0.049) could be independent
prognostic factors for non-fusion in patients with lumbar disease undergoing lumbar fusion
surgery. At the time, the one-way ANOVA showed no significant interactions between
AAPR and UA, CHD, or phosphorus. In addition, this model has effective calibration and
discrimination (p > 0.05 and p < 0.05, respectively). The area under ROC curve of the model
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is 0.781(Figure 1d). Trend analysis showed that the higher the AAPR, the lower the risk of
a non-fusion rate (p < 0.001; Table 6).

Table 7. Univariate and multivariate analysis model 2 of risk factors for non-fusion.

Variables
Univariate Multivariate

OR (95% CI) p OR (95% CI) p

Age (year) 0.995 (0.977–1.013) 0.569 0.987 (0.960–1.014) 0.345
Gender (male) 0.630 (0.385–1.031) 0.066 0.570 (0.261–1.247) 0.159

BMI 0.973 (0.909–1.042) 0.432 0.959 (0.880–1.046) 0.345
Smoking 1.086 (0.538–2.191) 0.819 1.915 (0.743–4.936) 0.179

Alcohol abuse 0.826 (0.337–2.023) 0.675 0.808 (0.262–2.489) 0.710
Hypertension 0.855 (0.530–1.379) 0.520 1.101 (0.582–2.081) 0.767

DM 0.742 (0.385–1.432) 0.374 0.666 (0.237–1.873) 0.441
CHD 0.470 (0.200–1.102) 0.082 0.357 (0.128–0.998) 0.049

Osteoporosis 1.222 (0.746–2.002) 0.426 1.129 (0.591–2.156) 0.713
Calcification 1.581 (0.977–2.559) 0.062 0.834 (0.439–1.586) 0.580

AAPR 0.009 (0.002–0.047) <0.001 0.003 (0.0003–0.022) <0.001
Calcium 1.616 (0.144–18.189) 0.697 0.397 (0.017–9.500) 0.569

phosphorus 9.892 (2.270–43.106) 0.002 16.677 (2.794–99.552) 0.002
FBG 1.024 (0.873–1.201) 0.770 1.104 (0.868–1.405) 0.418
BUN 0.985 (0.859–1.128) 0.823 1.007 (0.837–1.212) 0.938
Scr 0.988 (0.976–1.001) 0.062 0.996 (0.976–1.016) 0.673
UA 1.001 (0.998–1.004) 0.531 1.005 (1.001–1.010) 0.014
ALT 1.002 (0.986–1.018) 0.808 0.988 (0.952–1.025) 0.510
AST 1.014 (0.987–1.041) 0.318 1.016 (0.959–1.076) 0.595
RBP 0.988 (0.963–1.014) 0.356 0.986 (0.956–1.016) 0.344

BMI, body mass index; AAPR, albumin-to-alkaline phosphatase ratio; FBG, fasting blood glucose; CHD, coronary
heart disease; DM, diabetes mellitus; ALT, alanine transaminase; AST, aspartate transaminase; RBP, retinol-binding
protein; UA, uric acid; BUN, blood urea nitrogen; Scr, serum creatinine.

4. Discussion

In this study, we evaluated the prognostic value of AAPR after spinal fusion in
patients with lumbar degenerative disease. According to analyses of patient characteristics,
AAPR was closely related to non-fusion rate and severe disc degeneration. Binary logistic
regression analysis showed that AAPR was an independent predictor of fusion rate and
severe disc degeneration in the entire cohorts. Additionally, the levels of AAPR in the
severe degeneration group were lower than that in the mild to moderate degeneration
group, which verified the close relationship between AAPR and the severity of IDD to a
certain extent. In addition, previous studies found that L4/5 or L5/S1 levels are the prone
sites for lumbar diseases. In this study, we observed that the degree of disc degeneration
was more severe at L4/5 and L5/S1 levels, and the cumulative grade was higher than L1/2,
L2/3, and L3/4. At the same time, the ROC curve demonstrated that circulation AAPR
levels could be used to predict severe IDD. Therefore, the low AAPR appeared to be an
independent risk factor for severe disc degeneration. Additionally, AAPR is not the only
factor contributing to disc degeneration and fusion rate. In the logistic regression analysis,
serum phosphorus, UA, and CHD were also predictive factors for non-fusion, while the
occurrence of CHD, disc calcification, and retinol-binding proteins appeared to have an
impact on degeneration.

AAPR incorporates the two basic laboratory parameters, ALB and ALP, which are
easily accessible and not too expensive. There is a high concentration of albumin in serum,
which serves as a storage and transport system for many endogenous and exogenous
substances [25]. It can reflect the human nutritional status and inflammatory state and be
related to the severity of many diseases [26,27]. Several studies have demonstrated that
ALB regulates inflammatory responses by binding to lipopolysaccharides and reactive
oxygen species [28]. Moreover, data have been accumulating on the utility of albumin
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as a prognostic marker, including the prognostic value of different albumin parameters
alone or when combined [29,30]. ALP catalyzes the hydrolysis of phosphate esters and is
responsible for transferring phosphate groups, which are mainly produced in the liver and
bone. ALP activity could reflect the metabolism and immunity of the body and be used as an
immunometric [31,32]. ALP activity is increased in various hepatobiliary diseases, rickets,
osteogenesis imperfection, osteomalacia, etc. [33,34]. A higher level of ALP alone has been
associated with a poor prognosis. It has become increasingly important to determine the
level of alkaline phosphatase in serum in clinical medicine for the detection and monitoring
of many diseases. However, there is no study on the correlation between serum ALP and
disc degeneration. It is worth mentioning that we separately analyzed the effects of ALB
and ALP on severe disc degeneration and fusion rate (see the Supplementary Materials).
The results showed that ALP was an independent predictor of non-fusion (OR: 1.047, 95%
CI: 1.031–1.063, p < 0.001; Supplementary Materials Table S3), not severe disc degeneration
(OR: 1.011, 95% CI: 0.999–1.022, p = 0.079; Supplementary Materials Table S1). However,
Inose et al. found no significant correlation between serum ALP and non-fusion rate [22].
In sharp contrast, ALB is not significantly associated with severe degeneration (OR: 0.976,
95% CI: 0.889–1.072, p = 0.612; Supplementary Materials Table S2) and non-fusion rate
(OR: 1.020, 95% CI: 0.927–1.122, p = 0.685; Supplementary Materials Table S4), which
may be related to the sample size. Furthermore, this could be related to the nutritional
status of the population included in this study, and there are no primary diseases such
as liver and kidney disease, so the groups do not differ significantly. AAPR was applied
in patients undergoing surgery for hepatocellular carcinoma for the first time by Chan
et al.; this conclusion has been confirmed in the following studies [35,36]. Furthermore,
previous research has shown that low levels of this indicator are associated with poor
outcomes [37,38]. Despite varying cutoff values, these studies confirm that patients with
high AAPR have a better prognosis than those with low AAPR. Therefore, we believe this
ratio can provide insight into the microenvironment of local tissue inflammation and can
be utilized to measure inflammation status in peripheral blood. It is undeniable that AAPR,
a composite index, still has a particular clinical value, even though the effect of AAPR on
fusion rate may be due to the mediating effect of ALP.

There were also other factors associated with fusion rate and disc degeneration iden-
tified. Multiple binary logistic regression showed that RBP acted as a protective factor
against severe disc degeneration, while disc calcification as a risk factor. RBP, a vitamin
transporter, is synthesized in the liver and is widely distributed in the blood, cerebrospinal
fluid, urinary fluid, and other body fluids. RBP has a complex mechanism of action that
exhibits both pro-oxidant and antioxidant effects [39,40]. However, no studies have been
conducted on the relationship between RBP and IDD. In addition, intervertebral disc cal-
cification occurs as a result of IDD, and it further aggravates the degeneration [41]. At
the same time, the occurrence of calcification was positively correlated with advancing
age and a reduced intervertebral height [42]. Calcium deposits in the cellular and extra-
cellular space may cause cell death and decreased activity, resulting in disc degeneration,
consistent with this study. A fascinating finding was that although CHD was negatively
associated with severe disc degeneration, the effect of CHD on disc degeneration was not
significant in models with only CHD and calcification. Furthermore, this study showed
that preoperative high serum phosphorus levels were associated with fusion rate, while
Shih et al. found no correlation between the fusion rate and the serum levels of calcium or
phosphorus [43]. Additionally, we note that UA can enhance fusion rate, which may be
related to its antioxidant abilities. Lastly, no significant influence of factors such as age or
BMI on disc degeneration or fusion rate was detected, which may be the result of the small
sample size.

However, this study has some limitations. Due to the fact that our cohort was a
single-center retrospective one containing only Chinese patients, these results may not
be generalizable to other populations. Therefore, it is suggested that further multicenter
prospective studies be conducted. Additionally, the applicability of the current AAPR
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cut-off value to other conditions needs to be further examined. At the same time, we
investigated the relationship between only one AAPR value and the severity of disc degen-
eration and fusion rate. Considering that serum AAPR may be affected by other factors,
such as liver disease and diet, continuous monitoring may be necessary [44]. Third, larger
sample sizes are necessary to test our results, primarily to determine whether or not the
statistical significance of results is clinically significant and to measure the smallest clin-
ically meaningful differences. A further research issue is how to exclude the effects of
non-steroidal anti-inflammatory drugs, which have been taken by patients before surgery,
on AAPR levels in vivo. In addition, since the included population mainly consisted of the
elderly with the poor osteogenic ability and the follow-up period was two years, the fusion
rate did not meet the expected results. Therefore, we will extend the follow-up period and
examine more subtle characteristics of the elderly to verify the validity of this study.

5. Conclusions

The results of our study suggest that preoperative AAPR may be a prognostic predictor
of postoperative fusion rate. At the same time, AAPR was related to severe disc degenera-
tion, helping clinicians identify high-risk patients and guide individualized treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11164719/s1, Table S1. Univariate and multivariate analysis
model 3 (ALP) of risk factors for severe degeneration. Table S2. Univariate and multivariate analysis
model 4 (ALB) of risk factors for severe degeneration. Table S3. Univariate and multivariate analysis
model 5 (ALP) of risk factors for non-fusion. Table S4. Univariate and multivariate analysis model 6
(ALB) of risk factors for non-fusion.

Author Contributions: Y.G.: conceptualization, methodology, material preparation, data collection,
analysis, and original draft preparation. H.Z., H.G., Y.C. and H.X.: investigation, data collection, and
visualization. W.Z., T.L. and S.W.: development or design of methodology and creation of models.
D.W., T.H. and K.L.: supervision and writing-reviewing and editing. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was supported by Shanghai East Hospital Xuri Young Excellent Talents Program
2019xrrcjh04 and Key Laboratory of Inorganic Coating Materials, Chinese Academy of Sciences
(HX-2020-027).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Shanghai East Hospital Ethics Committee (approval number EC. D
(BG). 016. 02. 1).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The datasets generated and/or analyzed during the present study are
available from the corresponding author upon reasonable request.

Conflicts of Interest: The authors have no relevant financial or non-financial interest to disclose.

References

1. Luoma, K.; Riihimäki, H.; Luukkonen, R.; Raininko, R.; Viikari-Juntura, E.; Lamminen, A. Low Back Pain in Relation to Lumbar
Disc Degeneration. Spine 2000, 25, 487–492. [CrossRef] [PubMed]

2. Costi, J.J.; Stokes, I.; Gardner-Morse, M.; Iatridis, J. Frequency-Dependent Behavior of the Intervertebral Disc in Response to Each
of Six Degree of Freedom Dynamic Loading. Spine 2008, 33, 1731–1738. [CrossRef] [PubMed]

3. Suthar, P. MRI Evaluation of Lumbar Disc Degenerative Disease. J. Clin. Diagn. Res. 2015, 9, TC04–TC09. [CrossRef] [PubMed]
4. Wang, S.; Rui, Y.; Lu, J.; Wang, C. Cell and molecular biology of intervertebral disc degeneration: Current understanding and

implications for potential therapeutic strategies. Cell Prolif. 2014, 47, 381–390. [CrossRef] [PubMed]
5. Vergroesen, P.-P.; Kingma, I.; Emanuel, K.; Hoogendoorn, R.; Welting, T.; van Royen, B.; van Dieën, J.; Smit, T. Mechanics and

biology in intervertebral disc degeneration: A vicious circle. Osteoarthr. Cartil. 2015, 23, 1057–1070. [CrossRef]
6. Molinos, M.; Almeida, C.R.; Caldeira, J.; Cunha, C.; Gonçalves, R.M.; Barbosa, M.A. Inflammation in intervertebral disc

degeneration and regeneration. J. R. Soc. Interface 2015, 12, 20150429. [CrossRef] [PubMed]

130



J. Clin. Med. 2022, 11, 4719

7. Taniguchi, K.; Karin, M. NF-κB, inflammation, immunity and cancer: Coming of age. Nat. Rev. Immunol. 2018, 18, 309–324.
[CrossRef] [PubMed]

8. Eck, J.C.; Sharan, A.; Ghogawala, Z.; Resnick, D.K.; Watters, W.C.; Mummaneni, P.V.; Dailey, A.T.; Choudhri, T.F.; Groff, M.W.;
Wang, J.C.; et al. Guideline update for the performance of fusion procedures for degenerative disease of the lumbar spine. Part 7:
Lumbar fusion for intractable low-back pain without stenosis or spondylolisthesis. J. Neurosurg. Spine 2014, 21, 42–47. [CrossRef]
[PubMed]

9. Loi, F.; Córdova, L.A.; Pajarinen, J.; Lin, T.; Yao, Z.; Goodman, S.B. Inflammation, fracture and bone repair. Bone 2016, 86, 119–130.
[CrossRef]
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Abstract: Hip arthroscopy is difficult to perform due to the limited arthroscopic view. To solve this
problem, the capsulotomy is an important technique. However, the existing capsulotomy approaches
were not perfect in the surgical practice. Thus, this study aimed to propose a modified longitudinal
capsulotomy by outside-in approach and demonstrate its feasibility and efficacy in arthroscopic
femoroplasty and acetabular labrum repair. A retrospective cohort study was performed and twenty-
two postoperative patients who underwent hip arthroscopy in our hospital from January 2019 to
December 2021 were involved in this study. The patients (14 females and 8 males) had a mean
age of 38.26 ± 12.82 years old. All patients were diagnosed cam deformity and labrum tear in the
operation and underwent arthroscopic femoroplasty and labrum repair by the modified longitudinal
capsulotomy. The mean follow-up time was 10.4 months with a range of 6–12 months. There were no
major complications, including infection, neurapraxias, hip instability or revision in any patients. The
average mHHS were 74.4 ± 15.2, 78.2 ± 13.7 and 85.7 ± 14.5 in 3 months, 6 months and 12 months
after surgery, respectively, which were all better than that before surgery (44.9 ± 8.6) (p < 0.05). The
average VAS were 2.8 ± 1.2, 1.5 ± 0.6 and 1.2 ± 0.7 in 3 months, 6 months and 12 months after
surgery, respectively, which were all lower than that before surgery (5.5 ± 2.0) (p < 0.05). The modified
longitudinal capsulotomy by outside-in approach is proved to be a safe and feasible method for hip
arthroscopy considering to the feasibility, efficacy and security. The arthroscopic femoroplasty and
labrum repair can be performed conveniently by this approach and the patient reported outcomes
after surgery were better that before surgery in short-term follow-up. This new method is promising
and suggested to be widely used clinically.

Keywords: femoroacetabular impingement; hip arthroscopy; longitudinal capsulotomy; femoroplasty;
labrum repair

1. Introduction

Femoroacetabular impingement (FAI) is the most common disorder in young adults
and patients with high activities, which can lead to inguinal pain and limited motion of hip
joint [1]. Clinically, patients with symptom for more than 6 months, failure of conservative
therapy and positive finding of labral tear on MRI were considered to be the indications of
surgery. The surgical treatment of FAI was femoroplasty and/or acetabuloplasty under hip
arthroscopy, to correct the osteophyte of cam deformity and/or pincer deformity, as well
as repair the torn labrum [2]. However, only surgeons with high arthroscopic experience
could product the hip arthroscopy, due to the hip’s deep location, narrow joint space and
high curvature of joint surface, which leading to a very limited arthroscopic view [3].

For the problems above, surgeons proposed many techniques to obtain satisfactory
arthroscopic view, in which the most effective technique is the sufficient incision of the hip
capsule [4]. In the previous reports, the typical approach is the interportal capsulotomy
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by the inside-out approach [5]. The hip joint is accessed through portals while the hip in
traction and making a capsulotomy inside-out, which making the incision on hip capsule
from lateral portal to anterior portal transversely [6].

However, the interportal capsulotomy by inside-out approach has some obvious
limitations. Firstly, this approach is complicated to perform, especially in the case of severe
pincer deformity. Secondly, the inside-out approach needs the guide of fluoroscopy, leading
the patients and surgeons into radiation exposure. Finally, the arthroscopic view obtained
by the interportal capsulotomy is not satisfactory enough for consequent femoroplasty and
acetabular labrum repair.

Recently, some surgeons proposed a new approach for hip arthroscopy, the so-called
outside-in approach [4,7–11]. By this approach, an extracapsular space anterior to the hip
joint is established first. Then, surgeons perform the capsulotomy in this extracapsular
space and enter the peripheral compartment of hip joint directly without hip traction
and fluoroscopy. In the previous studies, many different kinds of capsulotomy were
reported, including interportal capsulotomy and T-capsulotomy, as well as longitudinal
capsulotomy [6,7].

In our surgical practice, the longitudinal capsulotomy was proved to obtain much
better arthroscopic view than either interportal capsulotomy or T-capsulotomy, while it
also has some limitations. In the longitudinal capsulotomy, the exposure of the head–neck
junction is not enough for femoroplasty, and the acetabular rim is not enough for anchor
insertion during the labrum repair. For this reason, we proposed a modified longitudinal
capsulotomy which adding a small transverse incision at the proximal capsule to obtain
a better arthroscopic view, to make the operating space large enough, and to let the
consequent surgical procedure easy to perform.

This study aims to introduce our surgical procedures of the modified longitudinal
capsulotomy by outside-in approach, and demonstrate its feasibility and efficacy in arthro-
scopic femoroplasty and acetabular labrum repair. The hypotheses of this study were the
modified longitudinal capsulotomy by outside-in approach can obtain a better arthroscopic
view than the traditional surgical approach, and femoroplasty and acetabular labrum repair
can be achieved conveniently in the new approach.

2. Materials and Methods

2.1. Study Design and Participant

With institutional review board (IRB) approval, a retrospective cohort study was
performed to collect the patients who underwent hip arthroscopy in our hospital from
January 2019 to December 2021. The inclusion and exclusion criteria were as follows:

2.1.1. Inclusion Criteria
1© Patients underwent hip arthroscopy in our hospital with diagnosis of FAI and

acetabular labrum tear; 2© patients underwent femoroplasty and labrum repair during
surgery. For all the participants, the diagnosis of FAI and labrum tear were made according
to the typical symptoms, physical examination, and radiologic information. Patients with
symptom for more than 6 months, failure of conservative therapy, and positive finding of
labral tear on MRI were considered to be the indications of the hip arthroscopic surgery.

2.1.2. Exclusion Criteria
1© Patients with previous hip surgery history, avascular necrosis, traumatic history

around the affected hip and other hip deformities; 2© hip osteoarthritis as Tönnis grade > 1
on X-ray image; 3© autoimmune diseases or systemic inflammatory diseases, such as
ankylosing spondylitis and rheumatic arthritis.

2.1.3. Sample Size Calculation

A post hoc power analysis was performed using G*Power software (version 3.1;
Heinrich Heine University, North Rhine Westphalia, Germany; www.psychologie.hhu.de).
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Based on the pre-analysis of mHHS before and after the surgery in this study, a minimum of
19 hips were needed to achieve a statistical power of 0.80 by setting α= 0.05 and assuming
an effect size of 0.5 to detect significant differences between pre and post operative mHHS.

2.2. Preoperative Assessment

For all the patients participating in our study, clinical and radiological assessment
was performed in detail. The functional scores for clinical assessment included mHHS
(modified Harris hip score) and VAS (Visual analogue score). The mHHS can provide
an overall evaluation of the patient-reported clinical function, while the VAS can make a
measurement for pain intensity. In the measurement of VAS, a 10-cm-long line is showed
with the left end of the scale labeled 0 representing no pain, and the right end labeled
10 representing most severe pain. The patients mark the point on the line based on the
severity of the pain they felt, ranging from 0 to 10 [12].

The radiological assessment included X-rays (anteroposterior view, frog view), 3D-CT
and MRI (oblique axial view, oblique coronal view, and oblique sagittal view) [13–15]. The
alpha angle and lateral center edge angle (LCEA) were measured in the X-rays according
to previous studies [16,17]. Radiographic parameters were assessed by two surgeons
separately blinded to each other (the first and the second authors) with Picture Archiving
and Communication Systems (PACS), and the final result was made by a senior surgeon
in cases of disagreement. If the alpha angle > 55◦ or LCEA > 40◦, the femoroplasty or
acetabuloplasty was performed in surgery [18,19]. The 3D-CT was used to identify the
location and size of the cam and pincer deformity. The labrum and cartilage injuries were
identified in MRI.

2.3. Surgical Procedure
2.3.1. Patient Positioning

All patients underwent hip arthroscopy in the supine position on the orthopedic
traction bed, and all patients were under general anesthesia with full muscle relaxation. The
perineal post was properly installed. The operative limb was positioned at 15◦ of internal
rotation, neutral flexion/extension and abduction/adduction, while the contralateral limb
was positioned at 45◦ of abduction. The feet were well-padded and fixed in traction boots.

2.3.2. Portal Placement

Before surgery, the outline of the anterior superior iliac spine (ASIS) and the great
trochanter were marked before surgery. Three portals were used in all patients. The an-
terolateral (AL) portal was established between the gluteus minimus and the iliocapsularis
muscles, located 1 cm anterior and 1 cm proximal to the great trochanter. The mid-anterior
(MA) portal was established 5 cm distal and 1 cm lateral to the ASIS. Finally, the distal
anterolateral accessory (DALA) portal was established 5 cm distal and 1 cm anterior to the
great trochanter.

2.3.3. Capsulotomy

With the AL portal as an observation portal and MA portal as operation portal, an
extracapsular space anterior to the hip joint is established first. After the pericapsular tissue
cleared off from the hip capsule, the reflected head of the rectus femoris was located. The
longitudinal capsulotomy was performed at the midpoint of the anterior femoral neck,
1 cm lateral and parallel to the rectus femoris using radiofrequency probes. Then, the
arthroscopy was entered the hip joint and the femoral head–neck junction was exposed
(Figure 1A). The longitudinal incision was extended proximally until the acetabular labrum
was exposed (Figure 1B). A 1 cm transverse incision vertical to the longitudinal capsulotomy
was performed in the proximal end of longitudinal incision (Figure 1C). A Wissinger rod
was used to lift away the pericapsular tissue from DALA portal if necessary.
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Figure 1. The procedures of modified longitudinal capsulotomy. (A) After the longitudinal capsulo-
tomy was performed using radiofrequency probes, the arthroscopy was entered the hip joint and the
femoral head–neck junction was exposed. (B) The longitudinal incision was extended proximally
until the acetabular labrum was exposed. (C) A 1 cm transverse incision vertical to the longitudinal
capsulotomy was performed in the proximal end of longitudinal incision.

2.3.4. Acetabuloplasty and Labrum Repair

After the bilateral hip traction was performed, the space of hip joint was increased
to approximately 1 cm, so that the arthroscopy can enter the central compartment and
the acetabular labrum can expose satisfactorily. After the acetabuloplasty was performed
appropriately, if necessary, the acetabular labrum was checked out carefully with probe
to identify the torn area. Then 1–2 suture anchors were inserted in the acetabular rim
according to the torn size. The torn labrum was fix by mattress suture every 0.5 cm apart.

2.3.5. Femoroplasty

When the management in central compartment completed, the hip traction was re-
leased and the arthroscopy entered the peripheral compartment. The perineal post was
removed and the operative hip was positioned at 40◦ of flexion, neutral rotation and
adduction/abduction. The modified longitudinal capsulotomy can provide a complete
exposure of the femoral head–neck junction and directly identify the location and size of
the cam deformity. Then, a 4.0-mm burr was used to demarcate the medial border and
extended to the lateral synovial fold (12 o’clock) and the medial synovial fold (6 o’clock).
The femoral neck was well visualized and the femoroplasty was performed to provide
a smooth transition to the anterior femoral neck. After femoroplasty, impingement tests
were performed to check the complete removement of cam deformity. A 45◦ abduction
test is performed in both extension and in 90◦ of flexion to evaluate possible superolateral
impingement. Then, an anterior impingement test is performed by positioning the hip into
flexion with maximal internal rotation.

2.3.6. Capsular Closure

At the end of the arthroscopic procedures, the hip capsule was repaired using non-
absorbable, high-tensile strength sutures in a simple side-to-side or shoelace stitches. A
total of 2 to 3 stitches were placed to repair the medial and lateral leaflets of the iliofemoral
ligament and complete the capsular closure.

2.4. Postoperative Rehabilitation

All patients followed the standard protocol of postoperative rehabilitation. Rehabilita-
tion exercises were initiated day 1 postoperatively. Lower extremity resistance exercises
were used to begin restoring neuromuscular control and isometric strengthening of the
surrounding hip musculature, such as hip abductors and quadriceps. Patients were en-
couraged to weight-bear as tolerated with crutches after 2 weeks postoperatively. Patients
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who received labral refixation or/and femoroplasty were ambulated with crutches for
4 weeks and then progressed to full weight-bearing. Range of motion was performed with
a continuous passive motion machine, limiting hip rotation and abduction to below 20◦
and flexion to below 90◦.

2.5. Data Collection and Statistical Analysis

During the surgical procedures, the capsulotomy time, traction time and overall
surgical time were collected. After surgery, each patient underwent the outcome assessment
both clinically and radiologically and compared with the preoperative data. The clinical
outcomes included mHHS and VAS, as well as postoperative complications in 3 months,
6 months and 12 months’ follow-up. The radiological outcomes included alpha angle and
LCEA in X-rays (anteroposterior view, frog view), and the cam deformity was evaluated
in 3D-CT.

All data were analyzed using the Stata software (version 13.0; Stata Corp.,
College Station, TX, USA). Continuous variables were summarized with mean ± standard
deviation or median and interquartile range. Continuous variables with normal distribu-
tion including alpha angle, LCEA and mHHS were compared using the analysis of variance
(ANOVA) and two-sample paired t-test. Quantitative data (VAS) which were not normally
distributed were compared by the χ2 test and two-sample paired Wilcoxon rank-sum test.
Statistical significance level was set at p < 0.05.

3. Results

3.1. General Results

Twenty-two postoperative patients who underwent hip arthroscopy in our hospital
from January 2019 to December 2021 were involved in this study. The patients (14 females
and 8 males) had a mean age of 38.26 ± 12.82 years old. All patients were diagnosed cam
deformity and labrum tear in the operation and underwent arthroscopic femoroplasty and
labrum repair by the modified longitudinal capsulotomy.

3.2. Surgical Results and Radiological Outcomes

The mean capsulotomy time was 12.7 ± 3.5 min, the mean traction time was 36.2 ± 7.2 min
and the overall surgical time was 123.6 ± 16.4 min. After surgery, all patients had an alpha
angle < 55◦ and LCEA < 40◦ in X ray of frog view and anteroposterior view. And the cam
deformity was no longer appeared in 3D-CT.

3.3. Clinical Outcomes

The mean follow-up time was 10.4 months with a range of 6–12 months. There were no
major complications, including infection, neurapraxias, hip instability or revision appeared
in any patients. The average mHHS were 74.4 ± 15.2, 78.2 ± 13.7 and 85.7 ± 14.5 in
3 months, 6 months and 12 months after surgery, respectively, which were all better than
that before surgery (44.9 ± 8.6) (p < 0.05) (Figure 2A). The average VAS were 2.8 ± 1.2,
1.5 ± 0.6 and 1.2 ± 0.7 in 3 months, 6 months and 12 months after surgery, respectively,
which were all lower than that before surgery (5.5 ± 2.0) (p < 0.05) (Figure 2B). The value of
mHHS increased and the value of VAS decreased gradually with the time after surgery.
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Figure 2. The results of mHHS and VAS. (A): The mHHS in 3 months, 6 months and 12 months after
surgery were all better than that before surgery (p < 0.05). (B): The VAS in 3 months, 6 months and
12 months after surgery were all lower than that before surgery (p < 0.05). The mHHS increased and
the VAS decreased gradually with the time after surgery. *: p < 0.05.

4. Discussion

The modified longitudinal capsulotomy by outside-in approach showed a satisfactory
result in this study. Surgeons can complete all of the arthroscopic procedures conveniently
after the capsulotomy by this approach. The postoperative mHHS and VAS were both
better than before surgery, and patient reported outcomes became better gradually with
the time after surgery with no infection, neurapraxias, hip instability or revision appeared
in all patients. In spite of the short follow-up time and no control group in this study, the
modified longitudinal capsulotomy by outside-in approach was indicated to be a promising
method in hip arthroscopy referencing the similar studies previously [6,7]. Moreover, the
radiation exposure of surgeons and patients can be avoided because this method did not
need intraoperative fluoroscopy.

The outside-in approach was first proposed by Denist et al. in 2005 and proved to be
a feasible method in the surgical practice [20]. This approach took the place of puncture
approach by seldinger technique in traditional hip arthroscopy. In recent years, studies of
hip arthroscopy using the outside-in approach has increased gradually [4,7–11]. This ap-
proach can make the operation process quite easy for surgeons performing hip arthroscopy,
and all surgical procedures can be achieved without special surgical instruments for hip
arthroscopy, or the intraoperative fluoroscopy. The simple procedures make this approach
easy to learn and friendly for the beginner of hip arthroscopy. Furthermore, this approach is
the best choice for patients with massive pincer deformity, in which the puncture approach
can hardly enter the hip joint.

Capsulotomy was a milepost technique in the development of hip arthroscopy, which
solved the problems of poor view and difficult procedures in hip arthroscopy [21]. For
the different kinds of capsulotomy in previous studies, a systematic review showed 55%
performed an interportal capsulotomy while 24% performed a T-capsulotomy [6]. Recently,
some surgeons performed the longitudinal capsulotomy and obtained a satisfactory arthro-
scopic view for the consequent surgical procedures [7,11]. Based on this capsulotomy, we
modified the technique by adding a small incision vertical to the longitudinal capsulotomy
proximally. This improvement can expose the lesions deep in the hip joint, which help
surgeons obtain a good view to observe and a sufficient space to perform the femoroplasty
and labrum repair.

The security of capsulotomy is one of the most concerning problems in hip arthroscopy.
Therefore, the capsulotomy was conservative and tried carefully when it proposed. After
the capsulotomy technique widely used in hip arthroscopy and the development of capsule
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suture technique, many studies have proved the security of capsulotomy [22–26]. As for the
outside-in approach, it avoided the damage of cartilage and labrum caused by puncture in
traditional inside-out approach. In the current study, no complication appeared after the hip
arthroscopy. On the one hand, the capsulotomy by outside-in approach provided sufficient
view and convenient for surgical procedures. On the other hand, the capsulotomy by
outside-in approach did not need hip traction and the overall traction time can significantly
decrease. Thus, the iatrogenic cartilage or labrum injury and traction-related complications
were successfully avoided in this approach.

After the surgical procedures in hip joint, repair of the incised capsule is suggested to
avoid postoperative hip instability [22–25]. By the outside-in approach, an extracapsular space
anterior to hip joint is established, which is just convenient for suturing the capsule. Due
to the incising direction vertical to iliofemoral ligament, the interportal capsulotomy and
T-capsulotomy can injure the iliofemoral ligament and lead to hip instability if the incised
capsule not repaired [26–29]. The modified longitudinal capsulotomy can decrease this injury
because the incising direction is paralleled to the iliofemoral ligament. In the present study, the
capsular closure was performed in all patients and none of them appeared hip instability after
surgery. Therefore, the postoperative rehabilitation processes can be accelerated appropriately
after the hip arthroscopy using modified longitudinal capsulotomy.

Considering the feasibility, efficacy and security of the new method, the modified
longitudinal capsulotomy by outside-in approach is proved to be a safe and feasible method
for hip arthroscopy. This method is easy to perform without special surgical instruments or
intraoperative fluoroscopy, and is also quite friendly to beginners of hip arthroscopy. Thus,
this new approach is promising and suggested to be widely used clinically.

There were some limitations in this study. Firstly, it is a retrospective cohort study
with a relatively small sample size. Secondly, there was no control group of the longitudinal
capsulotomy or traditional inside-out approach. Finally, the follow-up time is relatively
short. Even though it was found that most patients achieved minimal clinically important
difference in 6 months after hip arthroscopy in previous studies [30,31], these limitations
above unavoidably decreased the generalizability of the study results. Thus, further study
with control group, more sample size and longer follow-up time is needed to check the
efficacy of the modified longitudinal capsulotomy.

5. Conclusions

The modified longitudinal capsulotomy by outside-in approach is proved to be a
safe and feasible method for hip arthroscopy considering to the feasibility, efficacy and
security. The arthroscopic femoroplasty and labrum repair can be performed conveniently
by this approach and the patient reported outcomes after surgery were better that before
surgery in short-term follow-up. This new method is promising and suggested to be widely
used clinically.
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Abstract: Complex rotator cuff tears provide a significant challenge for treating surgeons, given
their high failure rate following repair and the associated morbidity. The purpose of this study is
to evaluate the clinical outcomes of patients who underwent biologically enhanced demineralized
bone matrix augmentation of rotator cuff repairs. Twenty patients with complex rotator cuff tears
underwent arthroscopic rotator cuff repair by a single surgeon with demineralized bone matrix
(DBM) augmentation that was biologically enhanced with platelet-rich plasma and concentrated
bone marrow aspirate. Post-operative MRI was used to determine surgical success. Patient reported
outcome measures and range of motion data were collected pre-operatively and at the final post-
operative visit for each patient. Ten patients (50%) with DBM augmentation of their arthroscopic
rotator cuff repair were deemed non-failures. The failure group had less improvement of visual
analogue pain scale (p = 0.017), Simple Shoulder Test (p = 0.032), Single Assessment Numerical Evalu-
ation (p = 0.006) and abduction (p = 0.046). There was no difference between the groups for change in
American Shoulder and Elbow Society score (p = 0.096), Constant-Murley score (p = 0.086), forward
elevation (p = 0.191) or external rotation (p = 0.333). The present study found that 50% of patients
who underwent biologically enhanced DBM augmentation of their rotator cuff repair demonstrated
MRI-determined failure of supraspinatus healing.

Keywords: shoulder; rotator cuff; allografts; demineralized bone matrix; biologics

1. Introduction

Mechanical augmentation using extracellular matrix (ECM) materials—namely in
the form of a graft of tissue or synthetic material presents an opportunity for optimizing
the healing potential of complex rotator cuff pathologies [1]. These grafts can provide a
scaffold for delivering biologic therapies (e.g., platelet-rich plasma (PRP) or concentrated
bone marrow aspirate (cBMA)) to augment tendon healing at the operative site while
also providing a load-sharing device. This load-sharing and more organized healing
environment is thought to prevent scar tissue formation at the tendon-bone interface and
encourage the growth of functional tissue comprised of tenocytes, chondrocytes, and
osteocytes [1,2].

As a result of the large number of rotator cuff repairs (RCR) performed annually and
the high rate of structural failure, considerable efforts have been devoted to developing
grafts that augment the RCR site by mechanically reinforcing it as well as providing a
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biological scaffold that can enhance the rate and quality of the healing process [3]. Be-
cause the ECM of the graft directly interacts with tissue microenvironments for stem cell
proliferation, it is necessary to consider the design of the patch and how it affects cell
differentiation [2]. Prior studies have shown that the composition of microenvironments
alters cellular adhesion, differentiation, and morphology [2,4–8]. Since Neviaser et al.’s first
use of the interposition allograft for RCR, various graft types have expanded to include
synthetic polymers, allograft, autograft, and xenograft materials with varying degrees of
clinical success [9]. Common disadvantages to these efforts have included fibrous cartilage
formation, strong inflammatory reactions, or rapid degradation of the graft.

Demineralized bone matrix (DBM) is composed of cancellous bone with both os-
teoinductive and osteoconductive properties. Previous work demonstrated that DBM
scaffolding shows excellent adhesion, proliferation, and differentiation of mesenchymal
stem cells [10]. Adhesion of these cells to the DBM was maintained even after a simulated
arthroscopic mechanical washout stress test. While in vitro testing has shown this material
to be an excellent scaffold for biologic augmentation of rotator cuff repairs, few studies
have investigated its in vivo efficacy.

Thus, the purpose of the present study was to evaluate the clinical outcomes of patients
who underwent biologically enhanced demineralized bone matrix augmentation of rotator
cuff repair. It was hypothesized that biologically enhanced demineralized bone matrix
augmentation repair would significantly improve shoulder function.

2. Materials and Methods

This was a retrospective study. All patients included were older than 18 years of
age. Each underwent arthroscopic repair of a complex rotator cuff tear using a DBM
scaffold (Flexigraft, Arthrex, Naples, FL, USA) augmented with autogenous PRP and
cBMA harvested from the proximal humerus. Surgeries were performed by a single,
shoulder fellowship-trained surgeon from September 2015 to December 2017. Institutional
review board approval was obtained before the initiation of the study. Patients with RC
tear arthropathy (Hamada grade > 3), irreparable massive tears, previous RC surgery
requiring tendon transfers, nerve injuries, or pre-operative pseudoparalysis were excluded.
Additionally, vulnerable patient populations such as pregnant women and prisoners,
as well as individuals with a history of systemic infectious disease (e.g., hepatitis or
human immunodeficiency virus) were excluded. All alternative treatment options were
discussed with the patient, including continued conservative treatment. Basic demographic
information (age, sex, and body mass index) and a thorough medical and surgical history
were obtained for each patient.

2.1. Imaging

All patients undergoing surgery had a pre-operative magnetic resonance imaging
(MRI) of the involved shoulder. On MRI, tendon retraction was quantified on coronal T2 fat-
saturated images using the classification system of Patte (A. minimal retraction, B. retraction
to humeral head, C. retraction to glenoid) [11]. Fatty infiltration was assessed on T1 sagittal
oblique views based on the presence of fatty streaks within the supraspinatus muscle
belly using Goutallier’s grading system, which was originally described on computed
tomography but is now commonly applied to MRI [12,13].

2.2. Surgical Technique

Patients received an interscalene block prior to induction via general anesthesia.
Patients were positioned in the beach chair position. First, diagnostic arthroscopy was
performed to evaluate the rotator cuff tear and to assess the mobility of the torn edge. For
patients that had previously undergone RCR, loose suture material and/or anchors were
removed. The graft was prepared by first being soaked in saline at room temperature for at
least 30 min prior to use. The 2–3 cc’s of concentrated BMA (cBMA) combined with 2–3 cc’s
of PRP were added to the graft.
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2.3. Bone Marrow Aspirate

Aspiration was performed at the proximal humerus using the Bone Marrow Aspiration
Kit (Arthrex) using previously described methods [14]. Four 12-mL double syringes were
filled with 2 mL of 1000 U sodium heparin and 9 mL of saline. An 11-gauge non-fenestrated
bone marrow aspiration trocar was inserted into the planned site for the first suture anchor
at the tendon footprint. The four 12-mL syringes were then used to sequentially aspirate
bone marrow from the trocar. Aspirate underwent centrifugation at 800 rpm for 4 min. The
upper fractionated layer containing the concentrated bone marrow stromal cells was drawn
into the inner syringe. The resulting cBMA from each of the 4 syringes were combined into
one syringe.

2.4. PRP Concentration

Using the Autologous Conditioned Plasma (ACP) kit (Arthrex, Naples, FL, USA),
blood was collected from each patient and then centrifuged at 1500 rpm for 5 min. The
concentrated plasma layer was then drawn into a syringe and mixed with the cBMA.

2.5. DBM Preparation

The DBM (15 mm × 40 mm × 2 mm) was allowed to soak in saline for a minimum
of 30 min prior to use. The cBMA/PRP mixture was then injected into the DBM using
a tuberculin syringe. The patch was then soaked for a minimum of 30 min in excess
biologic adjuvants.

2.6. Repair and Augmentation

After removal of the bone marrow aspiration trocar, the first medial anchor was
inserted in its place. Additional anchors were placed as needed. A #2 Fiberwire (Arthrex,
Naples, FL, USA) horizontal mattress suture was placed through the DBM graft, the ends
of this suture were then passed from the articular side to the bursal side of the torn tendon
edge using SutureLasso (Arthrex, Naples, FL, USA). The limbs or the suture were then
pulled while the graft was guided into position on the articular side of the torn tendon. Once
the DBM was in the proper position, the rotator cuff was repaired in the standard fashion
using a double-row technique. Approximately 2 to 5 cc of excess cBMA and PRP were
injected into the surrounding tendon. Biceps tenodesis was performed in patients who had
pre-operative subpectoral pain. Additionally, subacromial decompression was performed
in patients with either a curved or hooked acromion on pre-operative radiographs.

Post-operatively, patients were placed in a 30◦ abduction sling for 6 weeks. 28 days
post-operatively, patients were advanced to 60◦ active assistive range of motion in external
rotation at 30◦ of abduction and forward elevation from 30◦ to 180◦ during physical therapy.
Patients were allowed to initiate an active assistive range of motion in external rotation
and forward elevation without limitations until 12 weeks post-operatively. At 12 weeks,
patients began isometric strengthening of the rotator cuff muscles with progression to
isotonic strengthening at 18 weeks.

2.7. Clinical Outcome Measures

Simple Shoulder Test (SST), American Shoulder and Elbow Surgeons (ASES), Single
Assessment Numerical Evaluation (SANE), visual analog pain scale (VAS), and Constant-
Murley (CM) scores were collected pre-operatively and at the final post-operative visit for
each patient. The change in these scores was calculated for each patient.

2.8. Determination of Surgical Outcome

Patients were divided into either surgical success or surgical failure groups for data
analysis. To accomplish this, a one-year post-operative MRI was used to determine if the
supraspinatus tendon successfully healed. For some patients, an earlier post-operative
MRI was ordered if there was a concern of surgical failure. Five patients did not have
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MRIs post-operatively due to their high degree of clinical improvement. These five were
considered surgical successes.

2.9. Statistical Methods

Descriptive statistics were calculated as a mean and standard deviation or frequency
and proportion for each group. Independent values student’s t-tests were used to compare
numerical data, and chi-square analysis with Fischer’s exact tests was used to compare
categorical data. 95% confidence intervals (CIs) were calculated. Missing data were
excluded from the analysis. A p-value of less than 0.05 was considered to be statistically
significant. All studies were performed using SPSS (version 28, IBM, Armonk, NY, USA)
statistical software.

3. Results

Twenty total patients underwent RCR with DBM. Of the 20, 10 patients demonstrated
failure of their repair on post-operative MRI, 5 patients demonstrated an intact repair on
the post-operative MRI and 5 did not receive a postoperative MRI given their excellent
clinical improvements (Figure 1). The five subjects that did not have a post-operative MRI
were considered non-failures.

 

Figure 1. T2-weighted sagittal MRI of a shoulder following successful healing of a supraspinatus tear
with DBM, PRP, and cBMA augmentation.

There were no differences between the success and failure groups for age, gender, body
mass index (BMI), or diabetes status (Table 1). There were no patients with rheumatologic
conditions or a history of cancer. There were no statistically significant differences between
groups on handedness, surgical side, Patte Classification (tendon retraction), Goutallier
Stage (fatty infiltration), history of prior shoulder surgery of any type, or history of prior
rotator cuff repair (Table 1). Of the 10 non-failure patients, 1 had an acute tear while
9 were chronic. All the failed patients had chronic tears. Biceps tenodesis was performed
concomitantly with the DBM repair in 10% of the non-failure group and 80% of the failure
group, which was significantly different. Subacromial decompression was performed in
20% of non-failure patients and 30% of failure patients, which was not significantly different
(Table 1).
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Table 1. Demographic and Injury Information for Non-Failure and Failure Patients.

Non-Failure (n = 10) Failure (n = 10) p-Value 95% CI

Lower Upper

Age (years ± SD) 58.6 ± 4.9 51.3 ± 10.2 0.056 −0.2 14.8
Gender (% Female) 40 40 1
BMI (kg/m2 ± SD) 27.6 ± 3.6 28.1 ± 3.7 0.754 −3.9 2.9

Smoking (%) 10 30 0.582
Diabetes Mellitus (%) 30 10 0.582

Rheumatologic Condition 0 0
Cancer 0 0

Handedness (% RHD) 90 100 0.305
Surgical Side (% Right side) 60 70 0.639
Chronic Tear (% Chronic) 90 100 0.305

Primary Repair (% Primary) 40 30 0.639
Patte Classification A 5 4 0.637

B 3 5
C 0 0

NC 2 1
Goutallier Classification 0 0 0 0.134

1 5 2
2 3 4
3 0 2
4 0 1

NC 2 1
Previous Shoulder Surgery 0 4 2 0.281

1 6 4
2 0 2
3 0 1
4 0 1

Previous RCR 0 4 3 0.315
1 6 4
2 0 1
3 0 2

Biceps Tenodesis (%) 10 80 0.005 *
SAD (%) 20 30 0.606

BMI = body mass index; NC = not classified; RCR = rotator cuff repair, SAD = subacromial decompression;
CT = Confidence Interval; * = p < 0.05.

There was no difference between the failure and non-failure groups for pre-operative
VAS, ASES, SST, SANE, or CM scores. Additionally, there was no difference between groups
for pre-operative forward elevation, abduction, or external rotation (Table 2).

The non-failure group had a greater post-operative decrease in pain (p = 0.017;
CI: −5.4 to −6.1) compared to the failure group. The failure group also showed sig-
nificantly worse post-operative improvements in SST (p = 0.032; CI: 0.2 to 5) and SANE
(p = 0.006; CI: 15.8 to 79.6) (Table 3). There was no difference between the two groups for
change in ASES (p = 0.096; CI: −3.7 to 41.6) and CM score (p = 0.086; CI: −3.5 to 46.3)
though these approached significance. The non-failure group had a significantly greater
improvement in abduction (p = 0.046; CI: 1 to 84), but there was no difference in forward
elevation (p = 0.191; CI: −15 to 69) or external rotation (p = 0.333; CI: −9 to 26) (Table 3).
There was no difference in follow up between the non-failure group (13.1 ± 6.3 months)
and the failure group (13.5 ± 6.9 months) (p = 0.894; CI −6.6, 5.8).
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Table 2. Pre-operative Pain and Functional Measurements.

Non-Failure (n = 10) Failure (n = 10) p-Value 95% CI

Lower Upper

VAS 5.8 ± 2.5 6.9 ± 2.1 0.302 −3.3 1.1
ASES 30.5 ± 19.3 29.6 ± 14.4 0.17 −5.1 26.9
SST 4.2 ± 3.3 2.5 ± 2.1 0.187 −0.9 4.3

SANE 8.3 ± 5.9 8.0 ± 7.4 0.921 −6 6.6
CM 43.0 ± 19.1 35.8 ± 8.4 0.289 −6.6 21

Forward
Elevation 133 ± 44 119 ± 26 0.403 −20 48

Abduction 123 ± 46 100 ± 29 0.336 −19 53
External
Rotation 42 ± 21 35 ± 8 0.341 −8 22

VAS = visual analogue scale; ASES = American Shoulder and Elbow Surgeons Shoulder Score; SST = Simple
Shoulder Test; SANE = Single Assessment Numeric Evaluation; CM = Constant-Murley; CI = Confidence Interval.

Table 3. Post-operative Change in Pain and Function Scores.

Non-Failure (n = 10) Failure (n = 10) p-Value 95% CI

Lower Upper

VAS (n = 10,10) −3.6 ± 3.1 −0.06 ± 1.9 0.017 * −5.4 −0.6
ASES (n= 8,9) 29.6 ± 23.4 10.8 ± 20.3 0.096 −3.7 41.4
SST (n= 10,10) 3.7 ± 3.1 1.1 ± 1.8 0.032 * 0.2 5

SANE (n = 10,10) 68.0 ± 28.9 20.3 ± 38.5 0.006 * 15.8 79.6
CM (n= 5,9) 16.4 ± 16.3 −5.0 ± 22.3 0.086 −3.5 46.3

Forward Elevation (n = 10,10) 22 ± 29 −5 ± 56 0.191 −15 69
Abduction (n = 10,10) 26 ± 26 −16 ± 57 0.046 * 1 84

External Rotation (n = 10,10) 12 ± 13 3 ± 24 0.333 −9 26

VAS = visual analogue scale; ASES = American Shoulder and Elbow Surgeons Shoulder Score; SST = Simple
Shoulder Test; SANE = Single Assessment Numeric Evaluation; CM = Constant-Murley; CI = Confidence Interval;
* = p < 0.05.

4. Discussion

In the present study, patients treated with DBM augmented with cBMA and PRP
for complex rotator cuff tears had a failure rate of 50%. There were no pre-operative
differences in comorbidities or patient-reported outcome measures (PROM) between those
with clinical rotator cuff repair failure and those who did not fail. However, there was a
difference in rates of concomitant biceps tenodesis, with those in the failure group having
undergone more of this procedure. The patients who did suffer failure expectedly had
less improvement of PROMs than those who did not fail. All patients that failed repair
ultimately required further revision surgery or went on to reverse shoulder arthroplasty.

Failure after rotator cuff repair is a common problem that complicates the treatment of
this pathology. This is particularly true for chronic tears, revision surgeries, and complex-
massive tears for which failure of repair is between 39.8 and 70% [15–20]. Biologic augmen-
tation of these complex cases presents a possible option for decreasing the risk of this poor
outcome [21–23]. Thon et al. found high rates of healing with the use of a bio-inductive
collagen patch scaffold during the repair of massive rotator cuff tears [23]. Recent studies
have also found lower failure rates in small and medium-sized tears augmented with PRP
during the repair [24,25]. Additionally, cBMA has been found to significantly decrease
rotator cuff repair failure rates [26–28].

In animal models, DBM augmentation for bone-tendon healing has shown promising
results. Sundar et al. demonstrated the DBM augmented patellar tendon repair in an ovine
model showed fewer failures when compared to non-augmented repairs at 12 weeks [29].
Mouse and rabbit models for rotator cuff repair have shown similar efficacy in DBM
augmentation [30,31]. Smith et al. demonstrated that DBM augmented with PRP showed
improved tendon-to-bone healing in large, retracted rotator cuff tears at 12 weeks [32]. The

148



J. Clin. Med. 2022, 11, 2956

failure rate observed in our study is similar to the rates previously described for complex
rotator cuff repairs, it is unclear to what degree this was impacted by the use of DBM [15–20].
This may draw concern that DBM and similar constructs may not significantly improve the
healing of rotator cuff tears in humans.

While complex rotator cuff repair augmentation with DBM may have decreased the
failure rate for this procedure, it is difficult to draw definitive conclusions regarding the
impact of DBM on these repairs. This study was limited by its limited sample size and a
lack of a comparison group who underwent standard repair without DBM augmentation.
It is impossible to determine how this augmentation system impacts healing rates without
utilizing a randomized-control methodology. Furthermore, there may have been selection
bias in choosing patients who would be treated with DBM augmentation. Another limita-
tion is the concomitant use of cBMA and PRP in these repairs. These additional augments
were used as this is the current practice of the treating surgeon. As such, this case series
addresses the success rate for DBM augmented with PRP and cBMA rather than the success
rate of DBM alone. Furthermore, post-operative ASES scores were not available for three
patients (one failure, two non-failure) and CM scores were not available for six patients (one
failure, five non-failure). However, the pre-operative patient-reported measures, rather
than the post-operative measures, are more meaningful for this study to ensure that there
were no pre-operative differences between the failure and the non-failure groups. Finally,
post-operative MRIs were not available for every patient, with five patients missing these.
These five patients all showed significant clinical improvement post-operatively, and as
such, an MRI was not obtained. These patients were deemed successes for the purpose
of this study, though it is possible that some of these patients had asymptomatic retears.
Ultimately, as full determination of the efficacy of biologically enhanced DBM as an aug-
ment for rotator cuff repairs is difficult with a retrospective case series, a prospective study,
ideally, a randomized control trial, comparing those treated with this form of augmentation
compared to those treated without would be ideal.

5. Conclusions

The present study found that 50% of patients who underwent biologically enhanced
DBM augmentation of their rotator cuff repair demonstrated MRI-determined failure of
supraspinatus healing. While this failure rate is similar to rates previously reported for
similar tears it is difficult to conclude how much of an impact DBM augmentation had on
overall healing. Further investigation, ideally with a randomized control study, is needed
to determine the true impact of biologically enhanced DBM for the augmentation of rotator
cuff repairs.

Author Contributions: Conceptualization, D.P.B., A.D.M., L.N.M. and M.B.M.; methodology, A.D.M.,
D.P.B., C.L.A., I.J.W. and J.P.C.; validation, M.B.M., C.K., L.N.M. and D.P.B.; formal analysis, I.J.W.,
J.P.C. and C.L.A.; investigation, I.J.W., B.C.H., L.N.M., D.P.B. and A.D.M.; resources, A.D.M.; data
curation, L.N.M. and D.P.B.; writing—original draft preparation, I.J.W., B.C.H., C.K., J.P.C. and C.L.A.;
writing—review and editing, I.J.W., L.N.M., C.L.U., M.B.M., A.D.M. and D.P.B.; supervision, M.B.M.,
L.N.M., D.P.B. and A.D.M.; project administration, D.P.B. and A.D.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study received approval from our institutional review
board prior to initiation (IRB #20x-08101).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Conflicts of Interest: Author A.D.M. serves as a consultant for Arthrex Inc.

149



J. Clin. Med. 2022, 11, 2956

References

1. Carr, J.B., II; Rodeo, S.A. The role of biologic agents in the management of common shoulder pathologies: Current state and
future directions. J. Shoulder Elb. Surg. 2019, 28, 2041–2052. [CrossRef] [PubMed]

2. Voss, A.; McCarthy, M.B.; Hoberman, A.; Cote, M.P.; Imhoff, A.B.; Mazzocca, A.D.; Beitzel, K. Extracellular matrix of current
biological scaffolds promotes the differentiation potential of mesenchymal stem cells. Arthrosc. J. Arthrosc. Relat. Surg. 2016, 32,
2381–2392. [CrossRef] [PubMed]

3. Amini, M.H.; Ricchetti, E.T.; Iannotti, J.P.; Derwin, K.A. Rotator cuff repair: Challenges and solutions. Orthop. Res. Rev. 2015, 7,
57–69.

4. Chowdhury, F.; Na, S.; Li, D.; Poh, Y.-C.; Tanaka, T.S.; Wang, F.; Wang, N. Material properties of the cell dictate stress-induced
spreading and differentiation in embryonic stem cells. Nat. Mater. 2010, 9, 82–88. [CrossRef]

5. Dalby, M.J.; Gadegaard, N.; Tare, R.; Andar, A.; Riehle, M.O.; Herzyk, P.; Wilkinson, C.D.W.; Oreffo, R.O.C. The control of human
mesenchymal cell differentiation using nanoscale symmetry and disorder. Nat. Mater. 2007, 6, 997–1003. [CrossRef]

6. Engler, A.J.; Sen, S.; Sweeney, H.L.; Discher, D.E. Matrix elasticity directs stem cell lineage specification. Cell 2006, 126, 677–689.
[CrossRef]

7. Gentleman, E.; Swain, R.J.; Evans, N.D.; Boonrungsiman, S.; Jell, G.; Ball, M.D.; Shean, T.A.V.; Oyen, M.L.; Porter, A.; Stevens,
M.M. Comparative materials differences revealed in engineered bone as a function of cell-specific differentiation. Nat. Mater.
2009, 8, 763–770. [CrossRef]

8. McMurray, R.J.; Gadegaard, N.; Tsimbouri, P.M.; Burgess, K.V.; McNamara, L.E.; Tare, R.; Murawski, K.; Kingham, E.; Oreffo,
R.O.C.; Dalby, M.J. Nanoscale surfaces for the long-term maintenance of mesenchymal stem cell phenotype and multipotency.
Nat. Mater. 2011, 10, 637–644. [CrossRef]

9. Neviaser, J.S.; Neviaser, R.J.; Neviaser, T.J. The repair of chronic massive ruptures of the rotator cuff of the shoulder by use of a
freeze-dried rotator cuff. J. Bone Jt. Surg. Am. 1978, 60, 681–684. [CrossRef]

10. Hoberman, A.R.; Cirino, C.; McCarthy, M.B.; Cote, M.P.; Pauzenberger, L.; Beitzel, K.; Mazzocca, A.D.; Dyrna, F. Bone Marrow-
Derived Mesenchymal Stromal Cells Enhanced by Platelet-Rich Plasma Maintain Adhesion to Scaffolds in Arthroscopic Simula-
tion. Arthrosc. J. Arthrosc. Relat. Surg. 2018, 34, 872–881. [CrossRef]

11. Patte, D. Classification of rotator cuff lesions. Clin. Orthop. Relat. Res. 1990, 254, 81–86. [CrossRef]
12. Lippe, J.; Spang, J.T.; Leger, R.R.; Arciero, R.A.; Mazzocca, A.D.; Shea, K.P. Inter-Rater Agreement of the Goutallier, Patte, and

Warner Classification Scores Using Preoperative Magnetic Resonance Imaging in Patients with Rotator Cuff Tears. Arthrosc. J.
Arthrosc. Relat. Surg. 2012, 28, 154–159. [CrossRef] [PubMed]

13. Goutallier, D.; Postel, J.; Bernageau, J.; Lavau, L.; Voisin, M. Fatty muscle degeneration in cuff ruptures. Pre- and postoperative
evaluation by CT scan. Clin. Orthop. Relat. Res. 1994, 304, 78–83. [CrossRef]

14. Mazzocca, A.D.; McCarthy, M.B.R.; Chowaniec, D.M.; Cote, M.P.; Arciero, R.A.; Drissi, H. Rapid isolation of human stem cells
(connective tissue progenitor cells) from the proximal humerus during arthroscopic rotator cuff surgery. Am. J. Sports Med. 2010,
38, 1438–1447. [CrossRef]

15. Ricchetti, E.T.; Aurora, A.; Iannotti, J.P.; Derwin, K.A. Scaffold devices for rotator cuff repair. J. Shoulder Elb. Surg. 2012, 21,
251–265. [CrossRef]

16. George, M.S.; Khazzam, M. Current concepts review: Revision rotator cuff repair. J. Shoulder Elb. Surg. 2012, 21, 431–440.
[CrossRef]

17. Meyer, D.C.; Wieser, K.; Farshad, M.; Gerber, C. Retraction of Supraspinatus Muscle and Tendon as Predictors of Success of
Rotator Cuff Repair. Am. J. Sports Med. 2012, 40, 2242–2247. [CrossRef]

18. Muench, L.N.; Kia, C.; Williams, A.A.; Avery, D.M.; Cote, M.P.; Reed, N.; Arciero, R.A.; Chandawarkar, R.; Mazzocca, A.D. High
Clinical Failure Rate After Latissimus Dorsi Transfer for Revision Massive Rotator Cuff Tears. Arthrosc. J. Arthrosc. Relat. Surg.
2020, 36, 88–94. [CrossRef]

19. Rashid, M.S.; Cooper, C.; Cook, J.; Cooper, D.; Dakin, S.G.; Snelling, S.; Carr, A.J. Increasing age and tear size reduce rotator cuff
repair healing rate at 1 year: Data from a large randomized controlled trial. Acta Orthop. 2017, 88, 606–611. Available online:
http://www.tandfonline.com/action/authorSubmission?journalCode=iort20&page=instructions (accessed on 12 January 2022).
[CrossRef]

20. Chung, S.W.; Kim, J.Y.; Kim, M.H.; Kim, S.H.; Oh, J.H. Arthroscopic Repair of Massive Rotator Cuff Tears: Outcome and Analysis
of Factors Associated with Healing Failure or Poor Postoperative Function. Am. J. Sports Med. 2013, 41, 1674–1683. [CrossRef]

21. Bailey, J.R.; Kim, C.; Alentorn-Geli, E.; Kirkendall, D.T.; Ledbetter, L.; Taylor, D.C.; Toth, A.P.; Garrigues, G.E. Rotator Cuff Matrix
Augmentation and Interposition: A Systematic Review and Meta-analysis. Am. J. Sports Med. 2018, 47, 1496–1506. [CrossRef]
[PubMed]

22. Duchman, K.R.; Mickelson, D.T.; Little, B.A.; Hash, T.W.; Lemmex, D.B.; Toth, A.P.; Garrigues, G.E. Graft use in the treatment of
large and massive rotator cuff tears: An overview of techniques and modes of failure with MRI correlation. Skelet. Radiol. 2018,
48, 47–55. [CrossRef] [PubMed]

23. Thon, S.G.; O’Malley, L.; O’Brien, M.J.; Savoie, F.H., III. Evaluation of Healing Rates and Safety with a Bioinductive Collagen
Patch for Large and Massive Rotator Cuff Tears: 2-Year Safety and Clinical Outcomes. Am. J. Sports Med. 2019, 47, 1901–1908.
[CrossRef] [PubMed]

150



J. Clin. Med. 2022, 11, 2956

24. Chiapparelli, E.; Bowen, E.; Okano, I.; Salzmann, S.N.; Reisener, M.-J.; Shue, J.; Sama, A.A.; Cammisa, F.P.; Girardi, F.P.; Hughes,
A.P. Spinal Cord Medial Safe Zone for C2 Pedicle Instrumentation: An MRI Measurement Analysis. Spine 2022, 47, E101–E106.
[CrossRef] [PubMed]

25. Warth, R.J.; Dornan, G.J.; James, E.W.; Horan, M.P.; Millett, P.J. Clinical and Structural Outcomes after Arthroscopic Repair of
Full-Thickness Rotator Cuff Tears with and without Platelet-Rich Product Supplementation: A Meta-analysis and Meta-regression.
Arthrosc. J. Arthrosc. Relat. Surg. 2015, 31, 306–320. [CrossRef]

26. Imam, M.A.; Holton, J.; Horriat, S.; Negida, A.S.; Grubhofer, F.; Gupta, R.; Narvani, A.; Snow, M. A systematic review of the
concept and clinical applications of bone marrow aspirate concentrate in tendon pathology. SICOT J. 2017, 3, 58. [CrossRef]
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