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SUMMARY

Background. Surgical site infections (SSIs) are a significant complication following
spine surgery, leading to increased morbidity, prolonged hospital stays, and higher
healthcare costs. Traditional methods to prevent SSIs, including perioperative antibi-
otics, have limited efficacy, necessitating innovative approaches.

Objective. This systematic review aims to evaluate the efficacy and low toxicity advan-
tages of intraoperative irrigation combining three elements: povidone-iodine (PVP-
D), hydrogen peroxide (H,0O,), and pulsed irrigation technique in preventing SSIs in
spine surgery.

Methods. A comprehensive literature search was conducted in MEDLINE, Cochrane
Library, and Scopus databases, covering publications from 1980 to May 2024. Arti-
cles were selected based on their relevance to the use of PVP-I and H,O, in pulsed
irrigation during spine surgeries. While there are studies that use H,O, and PVP-I
separately or in combination without pulsed irrigation, the combination of all three
elements (pulsed irrigation, H,O,, and betadine) has not been previously explored.
The inclusion criteria focused on clinical trials, observational studies, case-control
studies, cohort studies, review or case series that reported on SSI prevention with a
minimum follow-up of three months.

Results. The review identified a significant gap in the literature concerning the
combined use of PVP-I and H,0, in pulsed irrigation for spine surgeries. Studies
primarily investigated these agents individually or in combinations of two, but not
all three together. The findings suggest that the combination of PVP-I and H,O, can
enhance antimicrobial effects and reduce toxicity, potentially lowering SSI rates.
Conclusions. Intraoperative pulsed irrigation with PVP-I and H,O, shows promise
in reducing SSIs in spine surgery, with potential benefits over traditional methods.
However, the risks associated with the use of H,O, require careful evaluation and
prudent application, especially in the presence of dural tears. Further large-scale clin-
ical studies are needed to confirm these preliminary results and optimize protocols for
the combined use of these agents.
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INTRODUCTION

Surgical site infections (SSIs) following spine surgery
represent a significant and often debilitating complica-
tion, presenting both clinical and economic challenges.
The consequences for the patient are substantial, ranging
from prolonged hospital stays to additional surgical inter-
ventions and extended antibiotic treatments. Moreover, the
financial implications for the healthcare system are consid-
erable, resulting from prolonged hospitalization, addition-
al therapeutic measures, and possible legal litigations. The
underlying factors contributing to SSIs in spine surgery
are multifaceted, encompassing patient-specific and proce-
dural risks. As highlighted by Schuster ez al. (1), key risk
factors include age (particularly patients aged over 60),
diabetes, malnutrition, obesity, an ASA score of > 3, elevat-
ed glucose levels, the requirement for transfusions, utiliza-
tion of a posterior surgical approach, and extended surgi-
cal duration. To better quantify and monitor the risk of
infections, the National Nosocomial Infections Surveillance
System (NNIS) introduced the Infection Risk Index (IRI) in
1991. This system, through a comprehensive scoring mech-
anism, aids in predicting a surgical patient’s risk of contract-
ing a surgical wound infection, taking into account vari-
ous factors, including the patient’s clinical profile and the
nature of the surgery. While the administration of perioper-
ative antibiotics has garnered significant support from both
retrospective studies and randomized trials as a preventive
measure, SSIs continue to remain a pertinent issue. Current
research indicates an infection rate fluctuating between
0.4% to 20% post-spinal surgery despite the implementa-
tion of antibiotic prophylaxis. This alarming range under-
scores the importance of identifying and integrating addi-
tional preventive measures to reduce the incidence of SSIs.
SSI typically result from contamination of the surgical site
during interval between the skin incision and wound closure
(2, 3). Intraoperative irrigation of the surgical site before
wound closure is believed to be effective in the prevention
of bacterial colonization and may reduce the risk of SST (4).
Povidone-iodine (PVP-I) and hydrogen peroxide, often
used for wound irrigation, have been explored as poten-
tial adjuncts in this domain. PVP-1, in particular, known for
its antiseptic properties, operates through a complex that
acts against microbial cell walls, preventing the release of
pathogenic factors. This has proven efficacious even against
resistant microbial organisms and is currently used for the
prevention of postoperative infections in spine surgery (4, 5).
In optimal dilutions, PVP-I has showcased significant bacte-
ricidal capabilities while maintaining minimal cell toxicity
compared to other irrigating fluids. Despite these encourag-
ing results, concerns exist regarding potential negative effects
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of PVP-I on tissues at the cellular level. I vitro and animal
studies indicate cytotoxic effects of PVP-I at 0,35 % or lower
concentrations, on osteoblasts and neuronal tissues (6, 7).
The basic science and clinical research on the antiseptic effi-
cacy of hydrogen peroxide have demonstrated its efficacy
against bacteria, and it has demonstrated potential synergy
with other irrigation solutions such as PVP-I. Compared to
other antimicrobial agents, it presents numerous theoretical
advantages including its natural occurrence in host tissue, and
effervescence which can aid in mechanical wound debride-
ment (8), it is cheap and decomposes into non-toxic prod-
ucts. Therefore, H,O, solution is commonly used to irrigate
wounds because of its hemostatic and antiseptic properties.
A 3% solution of hydrogen peroxide demonstrates broad
antimicrobial efficacy 7z vitro, but dilutions under 3% are
less effective (9). In addition to direct bactericidal activity,
multiple 7z vitro studies have shown that H,O, can reduce
biofilm formation by bacteria (10-12). Various z# vitro stud-
ies have, however, demonstrated a certain toxicity of hydro-
gen peroxide on fibroblasts, osteoblasts and chondrocytes
(13-17). Despite these i1z vitro studies, animal and human
experiments have shown no ## vivo deleterious effect on
would healing (18). Despite this cytotoxicity towards host
tissue, H,O, has not been shown to adversely affect the
osteoconductivity or structural integrity of allografts when
used in the sterilization process (19). The other potential
serious complication related to hydrogen peroxide relates to
its breakdown to form oxygen gas, and the possibility of air
embolism. While the effervescence of H,O, is considered a
unique benefit in terms of providing some aid in mechanical
debridement, this can also be a problem in certain circum-
stances. In the spine literature, there have been reports of
fatal pneumocephalus when H,O, was used for wound irri-
gation in the lumbar spine (20, 21). Authors have advocat-
ed for H,O, use only when the dura is intact, as a dural
flap may act as a one-way valve, trapping any oxygen that
is produced. The authors speculate that the irrigation of
a closed cavity with H O, is associated with a higher risk
than irrigation of an open surgical field. Large volumes of
oxygen gas formed in a closed space are pressurized into
small vascular channels. When using a knee-prone surgical
position or in cases of dural laceration, the application of
undiluted H,O, solution should be avoided, especially in a
surgical wound within a closed cavity (22). It should not
be instilled immediately preceding wound closure, and any
application of H,O, should be followed by copious wound
irrigation to dilute and remove it after a period of activity.
In addition to its own antimicrobial action, hydrogen peroxide
has further been shown to be synergistic with dilute PVP-I.
Zubko observed that at test concentrations, H,O, and PVP-I
proved to be bacteriostatic when used separately, whereas in
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combination they were bactericidal (23). The significance of
antiseptic synergy is that by combining multiple agents, a wider
range of organisms can be covered effectively and lower cyto-
toxic concentrations of the individual compounds can be used.
Furthermore, the mode of application also holds signifi-
cance. Orthopedic surgeries have shown a preference for
pulsed irrigation devices that merge the benefits of irri-
gation lavage or pulsed debridement with swift effluent
suction removal, suggesting a superior efficacy over tradi-
tional bulb syringes.

With the backdrop of this evolving landscape, our review
seeks to comprehensively evaluate the efficacy and low
toxicity advantages of intraoperative pulsed irrigation
with PVP-iodine and hydrogen peroxide in spine surgery.
Through a systematic exploration, we aim to shed light on
its potential as a pivotal measure in preventing SSIs based
on existing literature and clinical outcomes.

Objective

The primary objective of this systematic review is to evalu-
ate the efficacy of intraoperative pulsed irrigation with povi-
done-iodine and hydrogen peroxide in preventing surgical
site infections (SSIs) in spine surgery. Through a thorough
and systematic analysis of the existing literature, we aim to
ascertain the effectiveness and potential low toxicity advan-
tages of such approaches in reducing SSIs, thereby provid-
ing evidence-based clinical guidance.

MATERIALS AND METHODS

Search strategy and selection criteria

The methodology for this systematic review was structured
around the PICOT (Population, Intervention, Comparator,
Outcome, and Time) framework. The research database
utilized for the review include MedLine via PubMed. Each
author independently performed the database searches in
May 2024, adhering to a strategy that was consistent with
the PICOT guidelines. The initial search comprised iden-
tifying appropriate keywords and Medical Subject Head-
ings (MeSH) terms. These terms were then selected through
collaborative discussions among authors. The search strat-
egy incorporated a variety of keywords, their synonyms,
or MeSH terms arranged in combinations to ensure maxi-
mum relevancy of the articles sourced. The study has been
performed in accordance with the ethical standards in the
1964 Declaration of Helsinki.

Search string used

((“surgical wound infection”[MeSH Terms] OR (“surgi-
cal”[All Fields] AND “wound”[All Fields] AND “infec-
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tion”[All Fields]) OR “surgical wound infection” [All Fields])
AND (“spine”[MeSH Terms] OR “spine”[All Fields] OR
“spines”[All Fields]) AND “hydrogen peroxide”[MeSH
Terms] OR ((“hydrogen”[All Fields] AND “peroxide”[All
Fields]) OR “hydrogen peroxide”[All Fields] OR “H202”[All
Fields]) AND ((“povidone iodine”[MeSH Terms] OR “povi-
done iodine”[All Fields] OR (“povidone”[All Fields] AND
“iodine”[All Fields]) OR “povidone iodine”[All Fields] OR
“betadine”[All Fields])) AND (“irrigation”[All Fields] OR
“Pulse Irrigation”[All Fields] OR “Wound cleansing”[All
Fields] OR “wound irrigation”[All Fields] OR “wound disin-
fection”[All Fields]) AND ((“postoperative period”[MeSH
Terms] OR (“postoperative”[All Fields] AND “period”[All
Fields]) OR “postoperative period”[All Fields] OR (“post”[All
Fields] AND “operative”[All Fields]) OR “post opera-
tive”[All Fields]) AND (“infect”[All Fields] OR “infectabili-
ty”[All Fields] OR “infectable”[All Fields] OR “infectant”[All
Fields] OR “infectants”[All Fields] OR “infected”[All Fields]
OR “infecteds”[All Fields] OR “infectibility”[All Fields]
OR “infectible”[All Fields] OR “infecting”[All Fields] OR
“infection s”[All Fields] OR “infections”’[MeSH Terms]
OR “infections”[All Fields] OR “infection”[All Fields] OR
“infective”[All Fields] OR “infectiveness”[All Fields] OR
“infectives”[All Fields] OR “infectivities”[All Fields] OR
“infects”[All Fields] OR “pathogenicity”[MeSH Subheading]
OR “pathogenicity”[All Fields] OR “infectivity”[All Fields])))
OR ((((“hydrogen”[All Fields] AND “peroxide”[All Fields])
OR “hydrogen peroxide”[All Fields] OR “H202”[All
Fields]) AND ((“povidone iodine”[MeSH Terms] OR “povi-
done iodine”[All Fields] OR (“povidone”[All Fields] AND
“iodine”[All Fields]) OR “povidone iodine”[All Fields]
OR “betadine”[All Fields])) AND (“irrigation”[All Fields]
OR “Pulse Irrigation”[All Fields] OR “Wound cleans-
ing”[All Fields] OR “wound irrigation”[All Fields] OR
“wound disinfection”[All Fields])) AND ((“spinal”[All
Fields] OR “spinalization”[All Fields] OR “spinalized”[All
Fields] OR “spinally”[All Fields] OR “spinals”[All Fields])
AND (“surgery”’[MeSH Subheading] OR “surgery”[All
Fields] OR “surgical procedures, operative”[MeSH Terms]
OR (“surgical’[All Fields] AND “procedures”[All Fields]
AND “operative”[All Fields]) OR “operative surgical proce-
dures”[All Fields] OR “general surgery”[MeSH Terms]
OR (“general”[All Fields] AND “surgery”[All Fields]) OR
“general surgery”[All Fields] OR “surgery s”[All Fields]
OR “surgerys”[All Fields] OR “surgeries”[All Fields]))) OR
((((“povidone iodine/therapeutic use”[MeSH Major Topic]
OR “hydrogen peroxide/adverse effects”[MeSH Major
Topic]l) AND “spinal diseases/surgery”[MeSH Terms]) OR
“lumbar vertebrae/surgery”[MeSH Major Topic] OR “spine
surgery” [Title]) AND “therapeutic irrigation”[MeSH Terms]
) OR ((“povidone iodine/therapeutic use”[MeSH Major
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Topic] OR “hydrogen peroxide/adverse effects”[MeSH Major
Topicl) AND (“spinal diseases/surgery”[MeSH Terms] OR
“lumbar vertebrae/surgery”[MeSH Major Topic] OR “spinal
surgery”[Title])) OR ((“spinal surgery”[MeSH Terms] OR
“spinal surgery”[All Fields] OR “spine surgery”[All Fields]
OR “lumbar vertebrae/surgery” [MeSH Terms]) AND ((“pulse
irrigation”[All Fields] OR “wound irrigation”[All Fields] OR
“wound cleansing”[All Fields] OR “wound disinfection”[All
Fields]) AND (“povidone iodine”[MeSH Terms] OR “povi-
done iodine”[All Fields] OR “betadine”[All Fields])))

The search utilizing the string resulted in 66 articles.

Article selection and data extraction

Following the search strategy, all articles obtained were
subjected to a rigorous selection process. Duplicates were
removed and titles and abstracts were screened to assess
their relevance. Full-text articles were then reviewed, and
data pertinent to the research question were extracted. The
articles that met the inclusion criteria underwent a quality
assessment and relevant data were extracted and synthesized
for the review. The data extraction process was independent-
ly conducted by two reviewers and any discrepancies were
resolved through discussion or, if required, consultation with
a third reviewer. A language restriction filter was implement-
ed to include only articles written in English. Each chosen
study underwent an independent analysis by the reviewers.
In case of any disagreement, resolution was sought under the
guidance of a senior investigator. The selection of articles
adhered to specific inclusion criteria. Studies were consid-
ered suitable for inclusion if they were clinical randomized
trials, observational studies, case-control studies, cohort
studies, reviews, meta-analyses or case series that specifically
reported on the utilization of povidone-iodine or hydrogen
peroxide or pulsed intraoperative irrigation or the combi-
nation of these. The population of interest for this review

Table I. PICO model.

was patients of all age groups who were undergoing spinal
surgical procedures, without restricting to a specific type
of spinal pathology or level of intervention. The desired
outcome measures were articles that presented data on the
effectiveness of pulsed irrigation in preventing surgical site
infections, as well as detailing short and long-term outcomes
post-surgery, inclusive of patient follow-up details.

Inclusion and exclusion criteria

Only articles that reported a patient follow-up of at least
three months post-surgery and were published in English
were included. Conversely, studies were excluded if they
were in the form of editorials, letters to the editor, or if they
offered expert opinions without any accompanying origi-
nal data. Studies that involved patients undergoing spinal
surgery but did not use povidone-iodine, hydrogen perox-
ide, pulsed intraoperative irrigation, or a combination of
these, or used alternative irrigating agents, were also exclud-
ed. Articles that lacked specific details on the irrigation
protocol were deemed unsuitable. Moreover, studies that
did not specify their findings on the efficacy of the pulsed
irrigation in preventing surgical site infections or did not
include patient follow-up were disregarded and we exclud-
ed studies that utilized or compared with the use of antibi-
otics. To avoid redundancy in the review, studies present-
ing data that could be identified as duplicates or had been
reported in other publications were not considered. Last-
ly, any study that displayed poor methodologies, lacked
control groups, or exhibited a high risk of bias was also
excluded from the review. These criteria ensured a rigorous
approach to selecting literature that was directly relevant to
the efficacy of povidone-iodine, hydrogen peroxide, pulsed
intraoperative irrigation, or a combination of these in spinal
surgery. Table I summarizes the criteria used to select stud-
ies for this review based on PICO model.

PICO element Description
Population Patients of all age groups undergoing spinal surgical procedures, without restriction to specific types of spinal
pathology or level of intervention. Exclusions include studies with populations not relevant to our review (18 studies).
Intervention Use of: Intraoperative pulsed irrigation, povidone-iodine (PVP-I) or hydrogen peroxide (H,O,) or a combination of
these. Studies involving other substances or mixed substances were excluded (16 studies).
Comparator Standard irrigation techniques or other antiseptic solutions without pulsed irrigation, or no irrigation. Exclusions
include studies with inappropriate or irrelevant study designs (14 studies).
Outcome Effectiveness in preventing surgical site infections (SSIs), short- and long-term postoperative outcomes, and patient
follow-up details of at least three months. Studies reporting outcomes not aligned with our objectives were excluded
(1 study).
Time Follow-up period of at least three months post-surgery. Studies that did not specify patient follow-up or reported

inadequate follow-up periods were excluded.

Exclusion criteria

Articles in foreign languages other than English (2 studies), wrong publication types (1 study), and duplicates (1 study).
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We established specific inclusion criteria for this review
to ensure the relevance and quality of the selected stud-
ies. Articles were excluded for the following reasons: stud-
ies that involved the use of drugs other than povidone-io-
dine or hydrogen peroxide (16 studies), studies focusing on
populations not relevant to our review (14 studies), studies
with inappropriate or irrelevant study designs (14 studies),
articles written in languages other than English (2 studies),
studies published in formats not suitable for our analysis (1
study), studies reporting outcomes that did not align with
our objectives (1 study), and duplicate studies (1 study).
Specifically, we excluded articles where other substances
were mentioned or mixed, and those involving different
types of surgeries, to maintain the focus on spine surgery
and the use of pulsed irrigation with povidone-iodine and
hydrogen peroxide. The following flow-chart (figure 1)
illustrates the exclusion process of the screened articles.

)

Records removed before screening:

Duplicate records removed
(n=1)

* Records removed for other
reasons

(n=0)

Records identified from: .

Identification

e PubMed (n = 66)

- }

o) Records screened

Records excluded (n = 48)

Wrong drug (n =16)

Wrong population (n = 14)
Wrong study design (n = 14)
Wrong publication type (n = 1)
Foreign language (n = 2)
Wrong outcomes (n = 1)
Duplicates (n =1)

(n=66)

}

Reports sought for retrieval

* e e 0 0 0 e

Reports not retrieved

Screening

(n=47)

|

Reports assessed for eligibility

(=0)

- (n=47)

Studies included in review

(n=18)

Figure 1. Flow-chart of the exclusion process.

DISCUSSION

Use of povidone-iodine and hydrogen peroxide
in spine surgery

Intraoperative disinfection through pulsed irrigation with
antiseptic solutions represents an innovative method for
preventing surgical site infections (SSI) in spine surgery.

Muscles, Ligaments and Tendons Journal 2024;14 (3)

This systematic review focuses on the combined use of
povidone-iodine (PVP-I) and hydrogen peroxide (H,O,) in
spine surgery, analyzing existing literature to evaluate the
effectiveness and benefits of this technique.

Efficacy of povidone-iodine

The use of povidone-iodine (PVP-I) as an antimicrobial
agent is well-documented in the literature. Chang ez a/. (24)
demonstrated that PVP-I has broad antimicrobial activity
against a wide range of pathogens, including gram-positive
and gram-negative bacteria, fungi, and viruses. This makes
it an effective choice for the disinfection of surgical wounds.
They investigated the use of povidone-iodine (PVP-I) solu-
tion for wound irrigation in a series with 244 patients under-
going primary posterior lumbosacral instrumented fusion.
The wound irrigation in the study group was performed with
0,35% PVP-I followed by normal saline solution, and in the
normal group with normal saline only. The infection rate was
significantly lower in the study group, with no difference in
fusion rate, wound healing, or clinical outcomes. Cheng ez a/.
(25) conducted a randomized prospective study demonstrat-
ing the effectiveness of irrigation with a diluted betadine solu-
tion in preventing postoperative infections in spine surgery
without significant adverse effects. In a prospective random-
ized trial with 414 patients undergoing spinal procedures,
they used 0,35% PVP-T in 208 patients. The infection rate
was significantly lower in the PVP-T group. Fei and Gu (26)
also studied the efficacy of irrigation with PVP-I in reducing
SSIs in patients undergoing spine surgery, reporting positive
results in terms of infection reduction. Strohecker et al. (27)
evaluated the use of irrigation with PVP-T in spine surgery,
concluding that the approach was effective in preventing
infections without causing significant adverse effects. Onishi
et al. (28) evaluated the effectiveness of a PVP-I irrigation
protocol in preventing postoperative SSIs, showing a signif-
icant reduction in deep infections without adverse events in
the study group. Cohen et al. (29) compared irrigation with
PVP-I and saline in pediatric spine surgery, finding that both
methods had similar rates of bacterial contamination, but
highlighting the need for further studies to establish opti-
mal efficacy. Lin et al. (30) found that using a povidone-io-
dine (PVI) disinfection protocol in spinal fusion surgeries
significantly reduced both overall and deep postoperative
surgical site infection (SSI) rates during a 90-day follow-up
period compared to a historical control group. The proto-
col involved soaking harvested bone grafts and intrawound
irrigation with diluted PVI solution. Both groups shared
similar patient demographics except for body mass index.
The use of PVI solution decreased the overall infection rate
(0% versus 4.03%, p = 0.026) and deep infection rate (0%
versus 3.23%, p = 0.047). Additionally, there was no delayed
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bone healing in the PVI group after autologous bone graft
soaking. Torres et al. (31) in their review found that the opti-
mal method and solution for surgical site irrigation during
spine surgery remain unclear. While povidone-iodine (PVP-
I) is the most extensively researched solution, limitations
such as insufficient statistical power and lack of standardiza-
tion hinder clear recommendations. Recent studies suggest
PVP-I is safe, despite previous concerns about fibroblast
toxicity and pseudoarthrosis.

Efficacy of hydrogen peroxide and complications

The use of hydrogen peroxide (H,0,) during surgical proce-
dures has proven effective due to its ability to release oxygen
and act as a hemostatic agent. Schuster e# a/. (1) analyzed the
use of H,0, as a hemostatic and antimicrobial agent in spine
surgery, highlighting both the benefits and potential risks
associated with its use. However severe complications asso-
ciated with the use of H,O, have been reported. Despond
and Fiset (32) described a case of venous oxygen embolism
during lumbar discectomy, highlighting the potential risks
associated with the use of H,O, in certain patient positions
during surgical treatment. Additionally, Kleffmann ez al. (33)
reported a case of extensive brainstem ischemic lesions and
pneumocephalus following the application of H,O, during
lumbar spine surgery, emphasizing the need for caution in
using H,O, in the presence of dural tears. Morikawa ez al.
(34) highlighted complications associated with the use of
H,O, during cervical surgery, further emphasizing the need
for prudent use. Zhao et al. (35) reported a case of gas embo-
lism after the use of H,O, during a lumbar instrumentation
removal procedure, highlighting the need to carefully consid-
er the potential outcomes of using H,O, during surgery. Zou
et al. (22) described a case of gas embolism and pneumo-
cephalus following the application of H,O, during minimally
invasive transforaminal lumbar interbody fusion, underscor-
ing the risks of embolism associated with the use of H,O,.
Chen et al. (36) state in their study that hydrogen peroxide
(H,0,) is effective in reducing blood loss and surgical site
infection (SSI) after multisegmental lumbar spine surgery.
The study compared 1,345 patients without H,O, irrigation
and 1,281 patients with H O, irrigation, finding lower rates of
SSI (2.4% vs 1.4%) and decreased postoperative drainage in
the H O, group. H,O,’s hemostatic and broad-spectrum anti-
microbial properties were highlighted as contributing factors.
The authors note the need for further prospective, random-
ized studies to confirm these findings and explore H,O,’s
safety and efficacy in broader surgical contexts.

Pulsed irrigation and neuromonitoring

Pulsed irrigation, in combination with antiseptic solu-
tions, can improve the efficacy of intraoperative disin-
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fection. However, George et al. (37) reported a case of
loss of intraoperative somatosensory evoked potentials
(SSEP) due to pulsed irrigation during spine surgery. The
signal loss was attributed to vascular spasms induced by
irrigation at ambient temperature, suggesting the need
to use warm saline solutions to minimize the risk of
spinal ischemia.

Relevant studies based on the use of PVP-|
associated with H,O, solution or pulsed
irrigation

De Luna et al. (38) examined intraoperative pulse irri-
gation with PVP-T solution in spine surgery, finding that
can significantly reduce infections without compromising
wound healing. Dauch (39) filled the surgical wound prior
to closure with a solution of 10 cc of 10% PVP-I + 5 cc of
water + 1 cc of H)O,, and then after one minute of action,
rinsed it out with copious irrigation with sterile saline to
minimize the risk of toxicity. Ulivieri ez al. (40) adapted this
protocol and performed this systematically over one year.
They noted no cases of deep infection out of 490 cases,
whereas they had a baseline infection rate of 1.5% the year
prior to institution of this protocol. They noted that hydro-
gen peroxide was only applied in cases when the dura was
intact to mitigate the risk of air embolism.

CONCLUSIONS

The combination of PVP-I and H,O, in pulsed irriga-
tion during spine surgery presents potential advantages
in reducing SSIs, thanks to its synergistic antimicrobial
action and hemostatic effectiveness. Combining antimi-
crobials could enhance their activities (via additive effects
or synergism) and could help to overcome acquired micro-
bial resistance to single chemicals. The advantage that
could be obtained from the simultaneous use of hydrogen
peroxide, povidone-iodine and pulse irrigation, thanks
to their synergistic effect, could be that of being able to
reduce the concentration, and therefore the toxic effect,
of the bactericidal substances, also reducing the onset of
any local and systemic complications. To reduce the risk of
complications linked to the toxicity of the substances used
in the irrigation of the surgical wound, and of any serious
consequences linked to the use of hydrogen peroxide, such
as pneumocephalus and gas embolism, it is necessary to
proceed with a thorough washing of the surgical wound
before proceed to suture it, so as to remove the residues
of potentially toxic substances, and use a low pressure
pulsatile device to irrigate the surgical wound. However,
the risks associated with the use of H,O, require careful
evaluation and prudent application, especially in the pres-

Muscles, Ligaments and Tendons Journal 2024;14 (3)



VINCENZO DE Luna, MaTtTEO CATANANTI, GiaAcOMO MARIA MINNETTI, ET AL.

ence of dural tears. Further large-scale clinical studies are
needed to confirm these preliminary results and optimize
protocols for the combined use of these agents.

FUNDINGS

None.

DATA AVAILABILITY

The data supporting the findings of this study are available
within the article and its supplementary materials.

REFERENCES

1.

10.

11.

Schuster JM, Rechtine G, Norvell DC, Dettori JR. The influ-
ence of perioperative risk factors and therapeutic inter-
ventions on infection rates after spine surgery: a systemat-
ic review. Spine. 2010;35(9 Suppl.):125-37. doi: 10.1097/
BRS.0b013e3181d8342c.

Barnes S, Spencer M, Graham D, Johnson HB. Surgical wound
irrigation: a call for evidence-based standardization of prac-
tice. Am ] Infect Control. 2014;42(5):525-9. doi: 10.1016/j.
ajic.2014.01.012.

Savage WJ, Weatherford BM, Sugrue PA. et al. Efficacy of
surgical preparation solutions in lumbar spine surgery. ] Bone
Joint Surg Am. 2012;94(6):490-4. doi: 10.2106/JBJS.K.00471.
Atesok K, Papavassiliou E, Heffernan MJ, et al. Current
Strategies in Prevention of Postoperative Infections in
Spine Surgery. Global Spine J. 2020;10(2):183-94. doi:
10.1177/2192568218819817.

Yao R, Tan T, Tee JW, Street J. Prophylaxis of surgical site
infection in adult spine surgery: A systematic review. J Clin
Neurosci. 2018;52:5-25. doi: 10.1016/j.jocn.2018.03.023.
Akcay E, Ersahin Y, Ozer F. Neurotoxic effect of povidone-io-
dine on the rat spine using a laminectomy-durotomy model.
Childs Nerv Syst. 2012;28(12):2071-5. doi: 10.1007/500381-
012-1885-7.

Ede MPN, Philp AM, Philp A, Richardson SM, Moham-
mad S, Jones SW. Povidone-lodine has a profound effect
on in vitro osteoblast proliferation and metabolic function
and inhibits their ability to mineralise and form bone. Spine.
2016;41(9):729-34. doi: 10.1097/BRS.0000000000001332.
Rodeheaver GT, R. Ratliff CR. Wound Cleansing, Wound
Irrigation, Wound Disinfection. Chronic Wound Care: The
Essentials e-Book. 1997;5:47-61.

McDonnell G, Russell AD. Antiseptics and disinfectants: activ-
ity, action, and resistance. Clin Microbiol Rev. 1999;12(1):147-
79. doi: 10.1128/CMR.12.1.147.

Prester] E, Suchomel M, Eder M, et al. Effects of alcohols, povi-
done-iodine and hydrogen peroxide on biofilms of Staphylo-
coccus epidermidis. ] Antimicrob Chemother. 2007;60(2):417-
20. doi: 10.1093/jac/dkm221.

Glynn AA, O’Donnell ST, Molony DC, Sheehan E, McCor-
mack DJ, O’Gara JP. Hydrogen peroxide induced repression
of icaADBC transcription and biofilm development in Staph-

Muscles, Ligaments and Tendons Journal 2024;14 (3)

CONTRIBUTIONS

EDL: conceptualization, methodology, writing - original
draft, data curation. MC: investigation, resources, writing -
review & editing. GM: formal analysis, visualization, super-
vision. GG: software, validation, project administration.
CL: investigation, resources, writing - review & editing. PF:
supervision, funding acquisition, writing - review & editing.

CONFLICT OF INTERESTS

The authors declare that they have no conflict of
interests.

12.

13.

14.

15.

16

17.

18.

19.

20.

21.

ylococcus epidermidis. ] Orthop Res. 2009;27(5):627-30. doi:
10.1002/jor.20758.

DeQueiroz GA, Day DE. Antimicrobial activity and effective-
ness of a combination of sodium hypochlorite and hydrogen
peroxide in killing and removing Pseudomonas aeruginosa
biofilms from surfaces. J Appl Microbiol. 2007;103(4):794-
802. doi: 10.1111/§.1365-2672.2007.03299.x.

Tatnall FM, Leigh IM, Gibson JR. Comparative study of anti-
septic toxicity on basal keratinocytes, transformed human
keratinocytes and fibroblasts. Skin Pharmacol. 1990;3(3):157-
63. doi: 10.1159/000210865.

Brennan SS, Leaper DJ. The effect of antiseptics on the healing
wound: a study using the rabbit ear chamber. Proc Natl Acad
SciUS A. 1985;82(10):3068-72. doi: 10.1073/pnas.82.10.3068.
Kaysinger KK, Nicholson NC, Ramp WK, Kellam JFE Toxic
effects of wound irrigation solutions on cultured tibiae
and osteoblasts. J Orthop Trauma. 1995;9(4):303-11. doi:
10.1097/00005131-199509040-00006.

. Asada S, Fukuda K, Oh M, Hamanishi C, Tanaka S. Effect

of hydrogen peroxide on the metabolism of articular chon-
drocytes. Inflamm Res. 1999;48(7):399-403. doi: 10.1007/
s000110050478.

Bates EJ, Lowther DA, Handley CJ. Oxygen free-radicals
mediate an inhibition of proteoglycan synthesis in cultured
articular cartilage. Ann Rheum Dis. 1984;43(3):462-9. doi:
10.1136/ard.43.3.462.

Lu M, Hansen EN. Hydrogen Peroxide Wound Irrigation
in Orthopaedic Surgery. ] Bone Jt Infect. 2017;2(1):3-9. doi:
10.7150/jbji. 16690.

DePaula CA, Truncale KG, Gertzman AA, Sunwoo MH,
Dunn MG. Effects of hydrogen peroxide cleaning proce-
dures on bone graft osteoinductivity and mechanical proper-
ties. Cell Tissue Bank. 2005:6(4):287-98. doi: 10.1007/s10561-
005-3148-2.

Chhabra R, A Pathak A, Ray P. Fatal posterior fossa pneu-
mocephalus due to hydrogen peroxide irrigation of
lumbar wound. Br J Neurosurg. 2000;14(6):549-51. doi:
10.1080/02688690020005563.

Kleffmann J, Kleffmann J, Ferbert A, Deinsberger W, Roth
C. Extensive ischemic brainstem lesions and pneumoceph-
alus after application of hydrogen peroxide (H202) during

393



Intraoperative Pulsed Irrigation with Povidone-lodine and Hydrogen Peroxide in Spine Surgery: A Systematic Review

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

394

lumbar spinal surgery. Spine J. 2015;15(4):e5-7. doi: 10.1016/j.
spinee.2014.12.006.

Zou P, Yang JS, Wang XF, et al. Oxygen embolism and pneu-
mocephalus after hydrogen peroxide application during
minimally invasive transforaminal lumbar interbody fusion
surgery: a case report and literature review. World Neurosurg.
2020;138:201-4. doi: 10.1016/j.wneu.2020.03.035.

Zubko EI, Zubko MK. Co-operative inhibitory effects of
hydrogen peroxide and iodine against bacterial and yeast
species. BMC Res Notes. 2013;6:272. doi: 10.1186/1756-
0500-6-272.

Chang FY, Wang ST, Yu WK, Liu CL, Chen TH. Can povi-
done-iodine solution be used safely in a spinal surgery? Eur
Spine J. 2006;15(6):1005-14. doi: 10.1007/500586-005-0975-6.
Cheng MT, Chang MC, Wang ST, Yu WK, Liu CL,
Chen TH. Efficacy of dilute betadine solution irriga-
tion in the prevention of postoperative infection of spinal
surgery. Spine. 2005;30(15):1689-93. doi: .10.1097/01.
brs.0000171907.60775.85.

Fei J, Gu J. Comparison of lavage techniques for preventing
incision infection following posterior lumbar interbody fusion.
Med Sci Monit. 2017;23:3010-18. doi: 10.12659/msm.901868.
Strohecker J, Piotrowski WP, Lametschwandtner A. The
intraoperative application of povidone-iodine in neuro-
surgery. ] Hosp Infect. 1985;6:123-5. doi: 10.1016/50195-
6701(85)80057-8.

Onishi Y, Masuda K, Tozawa K, Karita T. Outcomes of an
intraoperative povidone-iodine irrigation protocol in spinal
surgery for surgical site infection prevention. Clin Spine Surg.
2019;32(10)449-52. doi: 10.1097/BSD.0000000000000908.
Cohen LL, Schwend RM, Flynn JM, et al. Why irrigate for the
same contamination rate: Wound contamination in pediatric
spinal surgery using betadine versus saline. J Pediatr Orthop.
2020;40(10):994-8. doi: 10.1097/BPO.0000000000001620.
Lin L, Cheng S, Wang Y, et al. Efficacy of intrawound trat-
ments to prevent surgical site infection after spine surgery: A
systematic review and network meta-analysis. Pain Physician.
2021;24(6):709-20. doi: 10.36076/ppj.2021.24.€709.

Torres K, Konrade E, White J, Tavares Junior MCM, et al. Irri-
gation techniques used in spine surgery for surgical site infec-
tion prophylaxis: a systematic review and meta-analysis. BMC

33.

34.

35.

36.

37.

38.

39.

40.

Musculoskelet Disord. 2022;23(1):813. doi: 10.1186/s12891-
022-05763-2.

. Despond O, Fiset P. Oxygen venous embolism after the use of

hydrogen peroxide during lumbar discectomy. Can J Anaesth.
1997;44(4):410-3. doi: 10.1007/BF03014463.

Kleffmann J, Kleffmann J, Ferbert A, Deinsberger W, Roth
C. Extensive ischemic brainstem lesions and pneumoceph-
alus after application of hydrogen peroxide (H202) during
lumbar spinal surgery. Spine J. 2015;15(4):e5-7. doi: 10.1016/j.
spinee.2014.12.006.

Morikawa H, Mima H, Fujita H, Mishima S. Oxigen embo-
lism due to hydrogen peroxide irrigation during cervical
spinal surgery. Can J Anaesth. 1995;42:231-3. doi: 10.1007/
BF03010684.

Zhao S-L, Zhang XY, Xiao Y, et al. Gas embolism after hydro-
gen peroxide use during spine surgery: case report and litera-
ture review. World Neurosur. 2020;143:228-31. doi: 10.1016/j.
wneu.2020.07.210.

Chen H, Yang JH, Zou P, et al. Safety and efficacy of hydrogen
peroxide in controlling blood loss and surgical site infection
after multisegmental lumbar spine surgery: A retrospective,
case-controlled study. World Neurosurg. 2020;133:303-7. doi:
10.1016/j.wneu.2019.09.005.

George A, George A, Hayashi H, Bebawy JF, Koht A. Somato-
sensory evoked potential loss due to intraoperative pulse
lavage during spine surgery: case report and review of signal
change management. J Clin Monit Comput. 2020;34(1):117-
24. doi: 10.1007/510877-019-00294-z.

De Luna V, Mancini F, De Maio F, Bernardi G, Ippolito E,
Caterini R. Intraoperative disinfection by pulse irrigation
with povidone-iodine solution in spine surgery. Adv Orthop.
2017;2017:7218918. doi: 10.1155/2017/7218918.

Dauch WA. Infection of the intervertebral space following
conventional and microsurgical operation on the herniated
lumbar intervertebral disc. A controlled clinical trial. Acta
Neurochir. 1986;82(1-2):43-9. doi: 10.1007/BF01456318.
Ulivieri S, Toninelli S, Petrini C, Giorgio A, Oliveri G. Preven-
tion of post-operative infection in spine surgery by wound
irrigation with a solution of povidone-iodine and hydrogen
peroxide. J. Neurosurg. Sci. 2011;131(9):1203-6. doi: 10.1007/
s00402-011-1262-0.

Muscles, Ligaments and Tendons Journal 2024;14 (3)



‘uone[ndod parpnis a3 Jo uoneinp dn-mo[[oj ay3 pue 3el Uon
-093ul [eyIadns O3es uondd§uT dosp ‘D1el UOHOAJUI [£103 DWN|0A UONESILI ‘Onbruyda) uonesiir ‘pajeasy uonedof [eurds ‘sisouserp Arewnid ‘vonemndod juoned ‘uSisap Apnis oy3 Suipreiop Apnis oyroads e syuasardas mor yoeyg

syiuow [ %G1 %0'T %CT V/N SUIPO[-9UOPIAO ] SNOTIBA stsoua1g [eurdg 002 Apnig [euoneaIsqO 1102 70 72 1IDIAN )
syauow 9 V/N V/N V/N V/N uonn[og Sulfes Tequing UOTIRIUIDF] ISI(J T 110d9Yy 2se) 010C 7 72 391S0YdG
Apnig [euoneArdsqO)
sqruour 1 %L1 %00 %L1 V/N SUIPO[-9UOPIAC] SONOMEA sisoua3g [eutdg 1141 aandadsonay 610¢ 17 72 [YSIUO
syauow g1 %CT %<1 %0°¢ V/N SUIPOT-2UOPIAO] Jequin| sisou1g [eurdg 0¢z Apnig [euonealdsqO  L10C v 72 BUNT 9]
syauow 7 %1 %90 %81 W 000°T uonnjog aureg Jequn| sisayisfo[dpuodg 00¢ Apnig 2andadsondy  0Z0C v 79 UdYOD)
Apnig paziwopuey
syiuow g %00 %6'C %<0 W 0002 uonn[og SuIpeIRyg Halejaigy SNoLIB)\ ans 2A1199ds01 ] €007 7 32 Suay))
sgiuow ¢ V/N V/N V/N [Wwog aprxo1ad uagorpAHy Jequin| sisoud3g [eurdg 1 110doy asen) 0202 ‘77 12 noy7
uondAyuY
sgiuow ¢ V/N V/N V/N [Wwoz opixosad uagorpA Jequin| aane12do1soJ 1 110doy asen) 0202 v 79 oryy,
syIuowW f7 %Z'1 %80 %0'C W 0001 SUIPIXSYIONYD) Jequin| s1sou1g [eurdg 00¢ Apnig [euoneAIsqO)  zz02 v 79 $91I0],
[EHT, P[[OHU0D
SyIuowW §7 %0 %10 %80 W 00¢ SUIPOI-2UOPIAO] Jequin| UOTIRIUIDF] OSI(] 0¢z paziwopuey 861 7Y 79 IOYdaYONg
syIuow 9 V/N V/N V/N [wO¢ opixotad uagoIpA [Bo1A197) UOTIBTUISE] ISI(] 1 110day asen) 66T 70 72 BABYLIOIN
syauow 7 %01 % C0 % CT W 00S SUIPOI-aUOPIAO] Jequn| sisaysfo[Apuodg 081 Apnig 2andadso1g 20T v 79 ury
sgiuow ¢ V/N V/N V/N V/N aprxo1ad uagoIpAH Jequin| stsoua1g [eurdg 1 110d9y] asen) $10C  7v 72 uuRWPRY
syiuow g1 %<1 %0°'T %<C'T W 00¢ QUIPIXIYIO[Y)) Tequing stsayIstjojApuodg 0¢Z Apnig [euoneAISq) 6107 v 72 981035)
[FELL Po[I03U00
sqiuow 9¢ %C'1 %90 %81 W 000°T sopoquuy Tequing UONEBIUISH 2SI 00¢ pazIuopuey L10¢ 77214
Jequn pue Suey))
sqiuow g1 %0°C %S'T %S¢ W 000°T uonnjog sures [eI1AIRD) sisoua3g [eutdg 00¢ Apmig 2apoadsony 9007 Budx-Sue,]
sgiuow 9 V/N V/N V/N [Wwo¢ opixosad uagorpA Jequin| UOTIBIUIDE] OSI(] 1 1oday asen) 1661 v 72 puodsa(q
SyIuoW 7 %< T %10 %0°C W 00¢ SUIPOI-2UOPIAO] Jequin| sisaysfo[Apuodg 0¢<T Apnig 2andadsorg 0202 v 72 UdYD)
ey ey ey
UonIdJU]  UORIIUT uonddyuUY awnjop anbruysay, UonEed0 sisouger(q vonemndog
dn-mofo  [eyIadng deag [e10], uonedIy uonedy surdg Krewna g juaneg ugisa(q Apmg Jeax DUARPY

"Sa1el UOI1D9)ul paleIdosse ay) pue sauaBins |eulds Buunp pasn senbiuyoey uoneBLul ayy Buluieduod salpnis snoLieA Jo sBulpuly ay3 jJo Alewwng |, xipuaddy






Lara CAETANO RocHA-BRrAGA, IsABELLA GOMES, JURANDYR PIMENTEL NETO, ET AL.

The morphology of the postsynaptic cleft can change as
a result of exercise (5), disuse (6), anabolic steroids (7),
and according to the myofiber type (8). The synaptic
activity conducted by NMJ is essential in sports practic-
es and conditioned by the acetylcholine (ACh) vesicles
secretion (9).

The connection promoted between the peripheral nerve and
the muscle sarcolemma can be characterized by the signal-
ing of the presynaptic and the postsynaptic cleft regions (10)
(figure 1). In addition to the specialized action potential and
consequent contraction, it is important to understand the
state of synaptic activity, motor drive, denervation, ramifica-
tion branches, and the different adaptation for the NMJ opti-
mal performance.

Motor unit

Postsynaptic region

Figure 1. lllustration of the postsynaptic region and image of
the NMJ receptors stained with a-bungarotoxin (created with
BioRender.com).

Although athletes widely perform VJ to improve the muscle
capacity of force production (11), most studies have only
investigated the neuromuscular adaptations produced by
traditional protocol training (z.e., swimming, vertical ladder,
stretching) (6-8).

The investigation of movements that involve concentric
muscle contraction after an eccentric contraction is useful
to understand the plasticity of the postsynaptic region (3).
Therefore, this study aimed to investigate the morpho-
logical adaptations in the postsynaptic cleft of rats after
V] training.

MATERIALS AND METHODS

Animals

Twenty male Wistar rats 90 days old were divided into
two groups (n = 10): Sedentary (S), not submitted to any
protocol, and Jumper (J), submitted to VJ protocol (figure
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2). The animals were kept in collective cages (n = 5) with
food and water ad libitum, temperature (23 °C + 2 °C) and
photoperiod light/dark of 12h. All the procedures applied
in this study were approved by the Ethical Committee of
Animal Use (CEUA) of the Biosciences Institute - UNESP
(Rio Claro, SP, Brazil; n® 1096/2021 — date of approval:
May 12, 2021).

Sedentary Jumper - 3x week
4 weeks
12 VJ sessions
_— % 4x10 Jumps
/ 1 min rest
Load: 50% of
N S J body mass
N=10 N=10

Figure 2. lllustration of the arrangement of experimental
groups: Sedentary, Jumper and the characteristics of the
protocol (created with BioRender.com).

Vertical jump

The V] training was performed in cylindrical ducts, which
were immersed in a rectangular tank filled with warm
water (31 °C) at 30 cm depth. The animals of the ] group
performed 12 V] sessions 3x/week over a four-week peri-
od. Each session was composed of 4 sets of 10 jumps intet-
spersed with 1 min rest totalizing 40 jumps per session.
In addition, an extra load of 50% of the animal’s body
mass was fixed to the chest to perform the VJ. Each verti-
cal impulse performed by the animal was considered as
one jump (12).

Sample collection and preparation

Five animals from each experimental group were eutha-
nized with an anesthetic overdose (ketamine 100 mg/kg and
xylazine 50 mg/kg) 7.p. injection. The right gastrocnemius
muscle was dissected, cryo-fixed in liquid nitrogen (-196 °C),
kept in a biofreezer (-80 °C) and used for immunofluores-
cence protocol and analysis.

Immunofluorescence

For the immunofluorescence analysis the samples were
cut into longitudinal sections (100 pm thick, Cryostat
MICROM™ HM505E) prepared in slides and washed
2x/5 min with phosphate-buffered saline (PBS), permeabi-
lized in 0.1% Triton X-100 solution (10 min), blocked in
bovine serum albumin (BSA) 1% diluted in PBS (30 min)
and incubated overnight (16h) with a-bungarotoxin anti-
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body tetramethylthodamine conjugate (BTX; Molecular
Probes™, Eugene, OR-T-1175; 1:600). To establish the posi-
tioning of the NMJ in the muscle fiber the slides were incu-
bated overnight (16h) with anti-myosin (skeletal slow) anti-
body (1:500 - M8421, Sigma-Aldrich®, OR, USA;) (figure
3). Following the rising of the slides with PBS 2x/5 min at 4
°C, the process was concluded by applying Prol.ong Gold™
(Molecular Probes™, Eugene, OR, USA) (13).

The images were obtained by 100X objective lens (plus 10X
ocular magnification) through an Olympus BX61™ (Fully
Motorized Fluorescence Microscope Shinjuku, Japan),
equipped with a Fluorescence UIS2 optical system by Texas
Red filter with the Software CellSens v.11.

Neuromuscular junction morphometry

The morphometry of the postsynaptic components was
performed to analyze the motor endplate, adaptations and
was established 10 images per animal. We measured the

AChR region

Endplate

Figure 3. (A) Immunostaining image of a-bungarotoxin (red)
and anti-myosin (green) to evidence the muscle fiber; (B)
Immunostaining image of three endplates (red); (C) Immuno-
fluorescence endplate image. Bars: 20 pym; (D) The C image
binarized by ImageJ™ to evidence and mensure the AChR
region variables; (E) The C image is binarized to evidence and
measure the endplate variables.
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following postsynaptic components (figure 3): endplate
perimeter (motor endplate set outline), ACh receptors perim-
eter (stained receptor set outline), endplate total area (stained
and unstained receptors set area), AChR area (stained recep-
tor set area), and dispersion (AChR area/total endplate area
x 100) (14). For the postsynaptic components identification
were established the internal (AChR) and external (endplate)
outline of the NMJ image by intensity of reddish color (6). For
the average area, AChR clusters (um?) were calculated (AChR
area/number of AChR clusters), and the fragmentation index
was derived by Jones et a/. (15) and Barbosa et al. (16).

All the measurements were performed by the Image]™
Software (NIH, Bethesda, MD, USA).

Statistical analysis

The obtained data were analyzed through Shapiro-Wilk
normality test; all the variables were presented as non-para-
metric. This way, the statistical analysis performed were the
unpaired t test with Welch’s correction. The significance
level established was p < 0.05. All statistical analyses were
conducted using GraphPad Prism 8.4.3® software.

RESULTS

We reported the results of the VJ in an aquatic environment,
and their effects on the morphology of the postsynaptic clefts.

Neuromuscular junction analysis

The morphometric analysis of the NM]J revealed a smaller
postsynaptic cleft of ] group rather than the S Group (figure
4), however, some structures present highlighted alterations.
We observed lower values of dispersion (%) in the J group
(p > 0.05), also the AChR area (um?), endplate area (um?),
and endplate perimeter (um) presented a decrease despite
no significant statistical difference (p > 0.05), besides that,
we observed lower and significant AChR perimeter (um) (p
< 0.05) in the J group. Furthermore, the J group demon-
strated a lower number of AChR clusters (unit) (p < 0.005)
and a lower fragmentation index (p < 0.005).

DISCUSSION

Our results reveal the adaptation due to V] training. The main
finding of the present study was the smaller postsynaptic compo-
nents. The V] is a functional capacity associated with acute and
chronic neuromuscular fatigue following exercise (16).
Exercises such as resistance training can benefit from the
V] exercise modality as it holds the potential impact both
efficacy and performance (17). The exercise practice also
adapts the synaptic discharge pattern in the NMJ and conse-
quently to its morphology (4).

Muscles, Ligaments and Tendons Journal 2024;14 (3)
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Figure 4. Endplate images of Sedentary (S) Group and Jump-
er (J) Group. Bars: 20 um.
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The data in the present study clearly show that the train-
ing period was possibly insufficient to make adaptations in
muscle size, even the aquatic environment attenuated the
effects that could normally occur during the stretch—short-
ening cycles. Cutlip ez a/. (18) reported increasing muscle
mass in young rats during a 4.5-week period of stretch-
ing-shortening cycles exposure. In humans, there is a signif-
icant increase in muscle volume (19) after 4 and 8 weeks.
The V] NMJ morphology presenta smaller AChR perime-
ter, number of clusters, and fragmentation after V] training.
Krause Neto et al. (7), reported in an experimental model
of resistance training the increased motor endplate area.
Besides, Pimentel Neto ez al. (20) describes a decrease in
the endplate area when analyzing rats’ forelimbs subse-
quent to resistance training. Regardless, the aquatic envi-
ronment requires riser muscle power for propulsion,
resulting in high contractile intensities, and consequent
muscle fatigue. This creates a unique response and adap-
tation in NMJ morphology to the aquatic environment.
Fatigue induced by high contractile intensities in exercise
can reduce NMJ dispersion, resulting in structural remod-
eling of the NMJ morphology (21, 22).

These alterations can be attributed to the adaptation of the
molecular pathways associated with AChR such as agrin
and MuSK proteins, noradrenaline, cAMP, and protein
kinase A (13, 23, 24).
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Different types of myofiber present different NMJ inner-
vation, this results in morphological changes in the AChR
clusters (25). So, the variation observed can be correlated
with the increase in type II fibers.

Fragmentation demonstrates the redistribution of synap-
tic components over a larger area, in addition, it can also
impact denervation and reinnervation and consequently
act on neuromuscular transmission (26).

Our results demonstrated that the J Group presented a
lower fragmentation and indicates the effect of fatigue in
the synapse redistribution. Jones ez al. (27) reported no
evidence of age-associated change in the fragmentation of
NMJ in humans. However, the reduction in NMJ fragmen-
tation is directly associated with unloading in humans (28),
in different neuropathies and denervation (29), and with
the impairment in mTORCI1 (30).

In summary, fragmentation is the result of an effective and
normal process of NMJ plasticity, which enables the NM]J
to adjust to changes in external conditions, allowing it to
maintain its function (31).

Limitations of the study

The main limitations of the present study are the non-use
of functional analysis regarding the proposed exercise
protocol to understand the specific development of the
Jumper group compared to the Sedentary. Furthermore,
functional and molecular analyzes will be carried out
regarding the neuromuscular signaling process, a factor
that should also be considered as a limitation of this study.

CONCLUSIONS

We concluded that the present research revealed that verti-
cal jump protocol induces adaptations in the morphology
of the neuromuscular junction (NMJ), showing a reduc-
tion in postsynaptic components. Despite that, V] in an
aquatic environment attenuate the effects on stretching
and shortening cycles. The lower fragmentation observed
suggests a distinct response to fatigue in the VJ group,
highlighting the adaptive capacity of the NMJ to specific
training conditions. These findings highlight the unique-
ness of the NMJ response to V] and its ability to adjust in
contexts of high contractile intensity.
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INTRODUCTION

The design of variables in a training program aimed at
enhancing strength and muscle hypertrophy necessitates
the evaluation of multiple factors, including biological
individuality, training specificity, and an individual’s level
of experience (1). Concerning experience, it is expected
that more experienced resistance training individuals are
able to lift more weight and present greater muscle size
than individuals with less training experience (2). This
indicates that training experience leads to specific adapta-
tions resulting in increased muscle mass and the physical
and technical capacity to support loads even higher (3, 4).
However, and focusing on the muscle hypertrophy
response, it is acceptable that increases in muscle mass
induced by resistance training become progressively
smaller as training duration increases (5, 6). As the hyper-
trophic response is primarily triggered by the activation
of mechanisms in response to mechanical and metabolic
stresses (7-9) is it possible that the sensitivity of one of
these mechanisms decreases with an increase in training
experience? If so, this could help to justify why individu-
als with more training experience proportionally experi-
ence less hypertrophy over time compared to those with
less experience (5). Nevertheless, studies exploring the
reasons behind the reduction in hypertrophic capacity as
training experience increases are limited.

Metabolic stress arises from an ischemic/hypoxic envi-
ronment, which is believed to promote muscle growth
through various mechanisms, including increased recruit-
ment of fast-twitch muscle fibers, elevated system-
ic hormone levels, heightened production of reactive
oxygen species, and cellular swelling (9-11). Regarding
the latter, it is believed that during exercises heavily reli-
ant on anaerobic metabolism, muscle swelling occurs due
to changes in intracellular and extracellular water balance
caused by increased vascular permeability (12). Previous
studies employing bioimpedance spectroscopy have indi-
cated correlations between changes in intracellular and
extracellular water balance and variations in ion concen-
tration, with metabolic alterations observed in skeletal
muscle cells post-exercise (13). Consequently, muscle
swelling can be regarded as an indirect indicator of the
accumulation of metabolic stress, and thus, it may play a
significant role in the hypertrophy process (11). Support-
ing this argument, prior studies have identified a posi-
tive association between acute muscle swelling midway
through a training period and hypertrophy (14). More-
over, this connection persists even when muscle swelling
is measured on the first training day and linked to hyper-
trophy (14).
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In this context, a question arises: do trained individuals
respond with more or less swelling than those with less
training experience? Several studies have highlighted
a connection between experience in resistance training
and a significant increase in monocarboxylate transporter
(MCT) (r =0.70, p < 0.001) (15) MCT is known to play a
crucial role in the process of lactate removal and its reuse
(16). This elevated presence of MCT may have an impact
on the changes in ionic composition within muscle cells.
These changes could potentially reduce the likelihood
of acute muscle swelling, which often arises from signifi-
cant alterations in the body’s acid-base balance, hydration
status, and electrolyte levels (17). Thus, these alterations
can negatively influence the movement of ions and fluids
within the muscle cells, compromising the muscle swell-
ing increase (17).

In this scenario, there is a likelihood that individuals with
greater training experience might demonstrate lower
levels of muscle swelling in comparison to those with less
experience. Nonetheless, a direct comparison for confir-
mation is still pending. The outcome of this comparison
could help shed light on the reasons why more trained
individuals tend to respond less to training than their
less trained counterparts. Therefore, this study aims to
compare muscle swelling among groups of individuals
with varying levels of experience in resistance training,
with the hypothesis that there will be less muscle swelling
in the group with greater training experience.

MATERIALS AND METHODS

Overview

Participants were divided into two groups: more experi-
enced group (MEG) and Less Experienced Group (LEG)
and both groups underwent three experimental sessions
separated by 48-72h. The initial two experimental sessions
were designed for participant familiarization and conduct-
ing the one-repetition maximum (1RM) test during the
seated barbell preacher curl exercise. In the subsequent
third experimental session, participants carried out repe-
titions to failure at 70% of their 1RM over four sets. The
duration of time under tension (TUT), rate of perceived
exertion (RPE), and the maximal number of repetitions
were recorded and utilized as control variables for further
assessment. B-mode ultrasound images of the right biceps
brachii’s cross-sectional area (CSA) were obtained before
and after the third experimental session at the midpoint
of the humerus for the purpose of analyzing and compar-
ing muscle swelling. Figure 1 provides an overview of the
study design.
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Figure 1. Study design.

1RM = One maximum repetition test.

Subjects

The sample size was determined according to the methodol-
ogy recommended by Beck (2013) (18) using G*Power 3.1
software. We considered paired comparisons (t-test) of means
to calculate the minimum number of participants required to
achieve a statistical power of at least 80% (p = 0.05). In this
calculation, we referred to data on immediate muscle swelling
following a strength training session as presented in the study by
Hirono et al. (2020) (14) (effect size = 0.967), which indicated
the necessity of involving a total of 14 volunteers (seven in each
group). Considering a sample loss, the present study counted
with 16 individuals with age ranged between 18-30 years old
and free of injury. For note, each group was composed by six
men and two women. For being included in MEG, partici-
pant should be training regularly for more than a year, while
for LEG, participants should be training between 3-6 months.
The study was approved by the Ethics Committee of the Feder-
al University of Santa Maria under the reference number
69325723.2.20000.5346 — date of approval: May 22, 2023 —,
ensuring compliance with international standards. Further-
more, participants were instructed to refrain from engaging in
any physical activity on the days of the testing sessions. Anthro-
pometric data of each group are available at table I.

Procedures

First experimental session: familiarization of TRM test
In the first experimental session, participants were subject-
ed to measurements, including height, body mass, and

Table I. Groups profile.

skinfold thickness, to determine fat percentage. Following
this, they were positioned for the seated barbell preacher
curl exercise 1RM test familiarization. The seat height was
adjusted to achieve a 45° angle of shoulder flexion between
the humerus and the trunk. The participants fully extended
their elbows and reached for the bar, which had fixed mark-
ers to ensure their hands were at a standardized distance
from the center of the bar to the grip location. Hand and
seat positions were carefully recorded for future reference.

Subsequently, participants performed 10 repetitions using
only the bar’s weight (9.63 kg). Each repetition consisted of
a 2-second positive (lifting) phase and a 2-second negative
(lowering) phase, serving as a warm-up. The tempo of these
movements was regulated by a metronome. During each
repetition, participants executed a 130-degree elbow flexion,
with 0 degrees representing full elbow extension. The range
of motion was measured and determined using a goniometer.
Following a two-minute rest period after the warm-up,
participants commenced the familiarization phase of the
1RM test in the same exercise and position as the warm-
up. The 1RM familiarization was conducted throughout
the full range of motion, with a 3-minute recovery interval
between each attempt. A final 1RM value was established
within six attempts. Each attempt began with the elbow
fully extended, and participants executed a positive muscle
action until reaching 130° of elbow flexion, with the fore-
arm perpendicular to the ground. The bar load was incre-
mentally increased (with a minimum increment of 0.5 kg),

Groups Age Body mass Heigth Body fat Experience
(years) (kg) (cm) (%) (months)
MEG 22.13 +2.59 82.09"+ 11.35 178.63 £ 10.46 11.26"+5.07 65.45" £ 26.27
LEG 2113 £2.15 68.66 +9.54 171.00 + 8.48 18.91 + 8.35 3.09 £ 2.07

MEG: more experience group; LEG: less experience group; “different from the other group by paired t test (p < 0.05); n = 8 at each group.
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and all weights were precisely measured using a three-dig-
it scale. The 1RM value represented the maximum weight
lifted in the last successful attempt. Similar procedures for
achieving 1RM have been previously documented for the
preacher curl exercise (19, 20).

Second Experimental Session: 1RM Test

The second experimental session took place 48-72 hours
following the previous session. During this session, a single
1RM test was performed, adhering to the established proce-
dures introduced during the 1RM test familiarization. Data
collected from this 1RM test were gathered for subsequent
statistical analysis. The Intra-class Correlation Coefficient
(ICCM) was calculated to assess the relationship between
the 1RM results of the familiarization session and the test
session, yielding a good correlation (ICC; = 0.99).

Third Experimental Session: ultrasound and train-
ing protocol

The third experimental session was conducted 48-72
hours following the second session. During this session,
participants underwent ultrasound examinations to assess
the cross-sectional area (CSA) of the biceps brachii. Two
measurements of biceps brachii CSA were taken at a point
situated 50% of the distance from the acromion to the
lateral epicondyle of each humerus. The assessments were
performed using B-mode ultrasound (ACUSON S2000,
Siemens, Germany). The ultrasound images were captured
at a rate of 21 frames per second, utilizing a 10 MHz linear
transducer set to a depth of 6-8 cm and a gain of 13dB. Indi-
vidual adjustments were made to optimize the image clarity
for the entire muscle and to facilitate subsequent replication.
Two skilled technicians carried out the ultrasound scans,
ensuring that the transducer moved in a line perpendicu-
lar to the humeral region at a relatively constant speed. The
captured images were saved to a hard drive and anonymized
for blinded CSA calculations using Horos® software (Annap-
olis, Maryland, USA). The mean CSA value from the two
images was used for subsequent statistical analysis. Figure
2 displays the images of the biceps brachii CSA before and
after the completion of the experimental protocols.
Following the ultrasound image collection, participants
proceeded with a warm-up for the seated bar preacher curl
exercise, following a protocol similar to the one used for the
1RM test warm-up. After a two-minute rest, participants
performed the maximum number of repetitions (MNR) from
0° to 130° of elbow flexion across four sets. The intensity was
set at 70% of their 1RM, with a 2-minute interval between
sets. Each repetition was executed with a controlled tempo of
2 seconds for the positive phase and 2 seconds for the nega-
tive phase, guided by a metronome, and the range of motion
was monitored by one of the evaluators. A chronometer was
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Y vt |
Figure 2. Images of the biceps brachii CSA pre- and
post-training protocol.

CSA = cross sectional area at 50% of humorous length; (A) Pre-training
protocol; (B) Pos-training protocol.

initiated as each participant began lifting the weight and was
stopped at the point of failure. The time duration from the
start to the stop of the timer was recorded as the time under
tension (TST). It was observed that as participants approached
failure, especially during the last two repetitions, the duration
of each repetition increased, often exceeding 4 seconds.
After each set, participants indicated their RPE by selecting
a number on a scale ranging from 0 to 10. This scale repre-
sented the effort required to complete the entire set, with 0
denoting minimal effort and 10 indicating maximum effort.
The MNR, TUT, and RPE were recorded for each set and
the mean value between sets were used for groups compari-
son as control variable.

Furthermore, immediately after the last set, participants
underwent another round of ultrasound imaging, follow-
ing the same procedures as previously. The purpose of this
was to obtain two new images and measure the CSA value
once more. The relative difference in CSA between the pre-
and post-training protocol measurements was indicative
of muscle swelling and employed for groups comparison.
For the reliability measurement of CSA, we computed the
ICC,; , for the two CSA measurements taken during the third
experimental session (n = 64 images with ICC;)1 =0.99), as
previously conducted (19, 21). In these sessions, another
researcher assessed 35% of all the images, resulting in an
also high measurement reliability (ICC,, = 0.98) between
them, procedure performed previously (22).

Statistical analysis

Initially a descriptive analysis of the data was performed. The
normality and homogeneity of variances were verifiedf using
Shapiro-Wilk and Mauchly’s tests, respectively. The biceps
brachii CSAs at pre- and post-performance of MEG and
LEG were transformed into relative values (%) as indicator
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of muscle swelling ((pos - pre) / pre) x 100) and compared
by paired t tests. To compare the mean value between sets
of MNR, TUT, and RPE paired t tests was also employed.
The level of significance was fixed at priori as o = 0.05. In
addition, Cohen’d effect size was calculated, in which trivi-
al: < 0.20; small: 0.20 to 0.60; moderate: 0.61 to 1.20; large:
1.21 t0 2.0; very large: > 2 (23). All statistical procedures were
performed in the Social Package Software Statistic (SPSS
22.0 for Windows, Chicago, IL, USA).

RESULTS

The normality of the distribution was confirmed by the Shap-
iro-Wilk test, and all volunteers who initiated data collec-
tion were able to complete it. Additionally, the paired t-test
showed no differences between groups in the weight lifted
during the 1RM test and the other control variables: TUT,
MNR and RPE. Table II present mean and standard devia-
tion data and inferential comparisons results between groups.

Muscle swelling

Both groups presented greater CSA values post-training
protocol compared to pre, indicating the training protocol
was able to provoke muscle swelling regardless the training
experience (MEG: p = 0.001. ES = 0.462; LEG: p < 0.001.
ES = 0.536). In addition, biceps brachii CSA pre-training
protocol tended to be greater for MEG compared to LEG
(p = 0.095) and this tendency was reinforced by the ES =
1.067. However, the CSA change immediately post-train-
ing protocol performance (muscle swelling) was greater for
LEG than MEG (p = 0.001. ES = 1.062). Figure 3 illustrates
the CSA variations between MEG and LEG.

DISCUSSION

The study aimed to compare biceps brachii muscle swell-
ing following a training protocol involving four sets to fail-
ure at 70% of the 1RM test between groups differentiat-
ed by their resistance training experience. Notably, despite
observed similar variables’ results, such as TUT, RPE, and
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Figure 3. Cross-sectional area (CSA) comparison between
MEG and LEG.

MEG: more experience group; LEG: less experience group; (A) CSA data
of MEG; (B) CSA data of LEG; (C) Muscle swelling comparison between
MEG and LEG; circles: individual data; columns: mean value; “greater
than MEG; *lower than post value; o = 0.05.

the MNR performed, the primary findings revealed a great-
er degree of swelling in the LEG group compared to the
MEG group.

The higher muscular swelling response observed in LEG
confirms the initial hypothesis that executing a similar
training load between MEG and LEG would promote
greater swelling in the latter group. Possible explana-
tions can be drawn to justify these results. Muscle swell-
ing seems to be dependent on an osmotic change induced
by the increase in the concentration of metabolites inside
the muscle cell (13). In this sense, large accumulations
of metabolites in the muscle would, in part, be responsi-
ble for the increase in muscle swelling (12, 13). Previous
evidence have shown that individuals with more experi-
ence in resistance training were able to clear lactate/hydro-
gen ions faster than individuals with no experience (24).

Table Il. Mean and standard deviation data of control variables from LEG and MEG.

Variables LEG MEG P-value ES
MNR (a.u.) 10.63 +2.71 9.88 +3.42 0.663 0.32
TUT (s) 46.86 + 13.69 45.49 + 14.01 0.872 0.09
RPE (a.u.) 9.38 £0.76 9.22 +1.34 0.797 0.15
1RM (kg) 27.18 +£11.92 37.04 £ 13.41 0.225 0.73

LEG: less experience group; MEG: more experience group; ES: effect size; MNR: maximum number of repetitions; TUT: time under tension; RPE: rate

of perceived exertion; IRM: one repetition maximum test; a.u.: arbitrary units.
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If more trained individuals can remove metabolites faster
than less trained individuals, it is possible to speculate that
the adaptations optimizing this process decrease the likeli-
hood of muscular swelling.

This reasoning is reinforced by our results, suggesting that
for a similar training load, individuals with more training
experience are subjected to lower metabolic stress than
individuals with less experience. This would help under-
stand why individuals with less experience are capable of
proportionally greater hypertrophy than individuals with
more experience during a training period (25). A practi-
cal application of our results, combined with the reasoning
above, is that individuals more experienced in resistance
training require a higher training load than less experi-
enced individuals for a potential equalization in hypertro-
phy-inducing factors such as metabolic stress. Among the
alternatives, an increase in the number of sets or exercises
could be one possible solution.

To the best of our knowledge, this is the first study that
compares the swelling response among trained individuals
with varying levels of experience. Other studies compar-
ing different variables have already been conducted. For
example, in the study by Fouré ez al. (2020) (26), the
muscle swelling of the quadriceps femoris was compared
between the right and left lower limbs after an electro-
stimulation session. In each lower limb the vastus latera-
lis and vastus medialis muscles received the same electro-
stimulation protocol at two different joint angles: a larger
and a smaller muscle length (100° and 30° of knee flex-
ion, respectively, with 0° representing a fully extended
knee). The study’s results indicated that muscle swelling
was greater when the muscles were electro stimulated at
the 100° angle. It is worth mentioning that previous stud-
ies have shown that training in the lengthened (dynamic
(19) or isometric (27)) position was superior to training
in the shortened position for promoting muscle hypertro-
phy. These collective results emphasize the importance of
analyzing swelling from a predictive perspective regarding
hypertrophic potential.

Considering the response of control variables, there were no
significant differences in the MNR, TUT, and RPE between
the MEG and LEG. In fact, previous studies suggest the
training experience present minimal impact on the MNR
performed across sets (28, 29). Therefore, despite individ-
uals with more training time performing repetitions with
higher absolute resistance than those less trained, the more
trained exhibit greater morphological adaptations and
central nervous system adjustments (24, 30). It’s interesting
that if the number of repetitions were different between the
groups, this factor could have an impact on muscular swell-
ing (31) by influencing the metabolic concentration (32).
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Making it difficult to understand whether the differences
in muscular swelling were due to the time of experience or
other factors, such as the number of repetitions.

Since the number of repetitions was similar between the
groups in the present study and the duration of actions was
controlled, it is plausible to expect an equivalence in TUT.
It is worth noting that there is evidence that a difference
in TUT could impact metabolic concentration (33) and
influence muscular swelling. Notwithstanding, the lack of
differences between the groups in this variable reinforces
the premise that the time of experience was a determin-
ing factor for the difference in muscular swelling between
the groups. Furthermore, the RPE between the groups
was similar, indicating that the perceived stress to perform
repetitions across sets was alike among the groups. Since
the repetitions were carried out until muscular failure, a
uniformity in this response would be expected (31), rein-
forcing that RPE was also not as decisive factor as training
experience for the difference found in muscular swelling.
The present study has several limitations. Firstly, the sample
size is small, and a larger sample might yield a different or
even more disparate result. Secondly, the combination of
men and women in the groups could have increased the
variability of the responses, making it difficult to detect
differences between the groups. As was possibly the case
in the 1RM test result - despite the effect size suggesting
differences. Thirdly, blood collection was not conducted
to analyze metabolic variables for more accurate direc-
tions and discussions. Fourthly, the analysis was limited to
a point in the biceps brachii, while other muscle points
might have responded differently. Finally, various factors
were not controlled, such as nutritional status, ambient
temperature, and prior rest before exercise, which could
influence the results. Moreover, our results should not be
extrapolated to other populations, exercises, or muscles.

CONCLUSIONS

This study found that performing the preacher curl barbell
exercise under matched conditions in intensity, sets, number
of repetitions, TUT, and RPE may lead to a greater muscu-
lar swelling response in less trained individuals compared to
more trained individuals. In this sense, the results suggest
that individuals with more training experience should train
with a higher training load than less experienced individuals
to induce an equivalent level of muscular swelling.
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CORRESPONDING AUTHOR: SUMMARY
Stefano Carli Introduction. Patients with painful shoulder and long head of the biceps (LHB) tendi-
C.E.S.A.T. Ospedale S. Pietro Igneo nopathy are candidates for shoulder arthroscopy or other major procedures. However,
piazza S. Lavagnini 5 for patients with comorbidities or to old, a minimally invasive LHB tenotomy may be
50054 Fucecchio, Florence, Italy indicated. We describe the outcomes of ultrasound-assisted LHB tenotomy performed
E-mail: stefanocarli.md@gmail.com under local anesthesia.

Materials and methods. Between 2015 and 2020, 33 patients underwent echo-guided
DOI: tenotomysurgery. Inclusion criteriawere painfulshoulderwithout pseudoparalysis, intact
10.32098/mltj.03.2024.04 LHB, and inability or refusal to major surgery. Under ultrasound guidance, the LHB is

located and fixed with a 18G needle at the proximal biceps groove. After local anesthe-
sia, a mini-open tenotomy is performed. Both a Quick Disabilities of the Arm, Shoulder,
and Hand (QuickDASH) score and pain on the visual analog scale (VAS) were record-
ed at baseline and at follow-up. Satisfaction (1 to 5) and adverse events were recorded.
Results. Among the 33 eligible patients, 7 were lost at follow-up. The 26 (of which 17
women) patients enrolled had a median age of 76.5 years (IQR = 7). Mean follow-up
was 39.5 months (range 8-63). Median QuickDASH changed from 67.1 to 21.6. Medi-
an VAS score before and after tenotomy was 8.5 and 3.5 respectively. Mean satisfac-
tion score was 4.1. We recorded 7 Popeye deformities and 6 hematomas. Four patients
presented with cramps and 6 reported a reduction of strength. Only 4/26 would not
undergo the procedure again.

Conclusions. The ultrasound-assisted LHB tenotomy was confirmed as a reli-
able and safe.

LEVEL OF EVIDENCE: 4

KEY WORDS
Long head of biceps; minimally invasive technique; tendinopathy; tenotomy; ultra-
sound-guided.

INTRODUCTION shoulder pain and dysfunction, where the main symptom is

The function of the long head of the biceps (LHB) is still ~ anterior and deep shoulder pain with causes ranging from
debated, described as both a shoulder stabilizer and a  inflammatory tendinitis to degenerative tendinosis (4-7).

humeral depressor, with a role in shoulder proprioception ~ While isolated LHB tendinopathy incidence is low (about
(1-3). LHB tendinopathy is widely reported in cases of 5%), it is often associated with rotator cuff tears and
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glenoid labrum tears due to their close anatomic relation-
ship (8). The association of LHB tendinopathy with symp-
tomatic rotator cuff lesions (RCTs) ranges from 36.1% to
88%, with an increased incidence linked to the size of the
cuff lesion (9, 10).

The classical management of LHB lesions involves
arthroscopic tenotomy or tenodesis, either as part of other
shoulder procedures or as an isolated procedure. The biceps
tendon can also be used as an augmentation in rotator cuff
repair procedures (11). Arthroscopic LHB tendon tenot-
omy, popularized by some authors, has shown satisfactory
results, including faster recovery and fewer residual symp-
toms compared to tenodesis (6, 12, 13). Older individuals,
especially those with osteoporosis of the greater tuberosi-
ty, tendon degeneration, and reduced cellular activity, may
benefit from tenotomy (14).

Our study aims to describe the results of a rapid, inexpen-
sive LHB tenotomy technique performed under local anes-
thesia with ultrasound guidance, involving a small incision
and no hospitalization. This technique is particularly suit-
able for elderly patients or those with severe comorbidities,
providing an alternative to more invasive procedures.

MATERIALS AND METHODS

Ethical approval

The study was approved by Local Ethical Committee (cod.
09-21 EM — date of approval: September 22, 2021).

Study population

Inclusion criteria comprised individuals aged 75 or older
with LHB tendinopathy confirmed by imaging after conser-
vative treatment failure, and individuals aged 65-74 with
LHB tendinopathy and rotator cuff tears, severe comorbid-
ity, non-eligibility for high anesthesiological risk, or patient
refusal for rotator cuff tear repair or reverse arthroplasty.
Exclusion criteria included pseudo paralysis of the shoul-
der, severe arthrosis, acute infection, and allergy to local
anesthetics. Ethical approval was obtained from the local
ethics committee for this retrospective case series.

Follow-up

Patients with a follow-up of at least 6 months were consid-
ered. QuickDASH and VAS scores were recorded before
surgery and at final follow-up. Additionally, a Likert scale
assessed satisfaction, and adverse events were documented.

Surgical technique

All procedures were performed in an outpatient setting with
the patient position in supine position. A shoulder ultra-
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sound exam was performed to confirm the presence of the
LHB tendon. The arm was positioned along the patient’s
side externally rotated to facilitate identification of the
bicipital groove. Skin disinfection was done with a chlor-
hexidine solution. A sterile cover and a sterile gel were used
for the linear multifrequency (4-15MHz) ultrasound (US)
transducer (Esaote®, Genoa, Italy), and under ultrasound
assistance, the LHB was located. The tendon was initially
examined in the transverse plane at the level of the bicipi-
tal groove. The tendon was then examined in a longitudinal
plane, rotating the transducer by 90°.

After injection of 10 ml 2% lidocaine, the LHB tendon was
fixed with an 18G needle to the proximal bicipital groove
(figure 1). A small skin incision of 1.5-2 cm was made, and
a deeper dissection was performed, following the needle
embedded in the tendon as a guide (figure 2).

Figure 1. Right shoulder of 71-years-old female: longitudinal
view of anterior part of proximal humerus.

Image shows the needle (black arrow) fixing the intact LHB tendon (white
arrows) at the level of the bicipital groove.

Figure 2. Identification of the LHB tendon through the small
incision with the help of the 18G needle.
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Tenotomy of the LHB tendon was obtained directly by a #11
scalpel from medial to lateral. Hemostasis was performed
after tenotomy, and the skin incision was sutured. The pres-
ence of an empty bicipital groove was checked with the US
transducer (figure 3).

All patients were discharged with pain medication. Local ice
packs were recommended for the first 2-3 days, and rapid
arm mobilization was encouraged.

Figure 3. Longitudinal view of anterior part of proximal
humerus after procedure.

Image shows empty bicipital groove and the two separate tendon stumps
(white arrows).

Statistical analysis

Descriptive statistics were used for categorical (absolute
frequency, relative frequency) and continuous (median and
interquartile range, IQR) variables. Wilcoxon signed-rank
tests compared pre-operative and follow-up scores, with
Spearman’s rank correlation assessing associations. STATA
software, version 15.1 (STATACorp, College Station, TX,
USA), was used for all analyses.

RESULTS

Between January 2015 and December 2020, 33 patients
underwent minimally invasive ultrasound-assisted percu-
taneous LHB tenotomy surgery at our institution. Unfor-
tunately, four patients were passed before follow-up, two
could not answer our questionnaire independently, and one
did not wish to participate in the study. Therefore, we could
evaluate 26 patients at a minimum 6-month follow-up and
enroll for the study according to our inclusion criteria. All
patients fulfilled the inclusion criteria. The male/female sex
ratio was 9:17 and the median age of patients was 76.5 years
(IQR = 16; range 68-84). In 53,8% of cases (n = 14), it was
involved the dominant side. Resume of demographic data
are reported in table I.
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Table I. Demographic data of study population.
Variables

Age (mean) 76.5 (range 68-84)
n %

Gender

Male 9 34.6

Female 17 65.4
Arm

Dominant 14 53.8

Not dominant 12 46.2

A complete tenotomy was obtained in all patients. No intra
or peri-operative complications occurred. All patients were
discharged 2 hours after the procedure without neurologi-
cal or cardiovascular symptoms.

The median follow-up was 41 months (IQR = 22; range
8-63). The median VAS score decreases from 8.5 (IQR =
2.0) to 3.5 (IQR = 4) at final follow-up. Median Quick-
DASH score improved from 67.1 (IQR = 13.7) at baseline
to 21.6 (IQR = 15.9) at follow-up. Results of the Wilcoxon
signed-rank test indicate that VAS pain levels and Quick-
DASH scores significantly improved at follow-up, relative
to baseline (p < 0.001).

We recorded mild pain or discomfort in 8 cases (30.8%) and
hematomas at the level of bicipital muscle belly in the early
days after the surgery in six cases (23.1%), with a complete
recovery in two weeks for all the patients. At follow-up,
seven patients (26.9%) presented a Popeye deformity, six
(23.1%) referred to a subjective reduction of strength in
the arm that underwent surgery, and four (18.2%) report-
ed the occurrence of cramps or spasms. Only one patient
needed second shoulder surgery, specifically a reverse shoul-
der arthroplasty and the mean satisfaction score was 4.1/5
(median 5/5; IQR 2) and 22 patients (84.6%) referred that
they would undergo the same procedure again.

There was a significant (p < 0.001) negative association
between the level of satisfaction and both the VAS and the
QuickDASH score at follow-up.

Complete results are reported in table II.

DISCUSSION

Most of our patients showed, at short- and medium-term
follow-up, improvement in pain and function, after ultra-
sound assisted tenotomy, recorded on specific question-
naires. Our tenotomy technique is a simple technique that
does not require hospitalization and allows one to perform
the procedure on an outpatient basis. We believe that in

Muscles, Ligaments and Tendons Journal 2024;14 (3)



STEFANO CARLI, MicHELE Novi, RAFFAELE SciaLLa, ET AL.

Table IlI. Clinical outcomes and adverse events recorded.

Patient RS R (arbdn (i Desn Subibutern Pain Cramping Hematomas stl;l:)izt?\i;e opeye re\li(:tllie
pre post pre post (1-5) strengh deformity procedure
1 10 5 54.5 15.9 5 Yes
2 8 5 70.5 34.5 3 X Yes
3 10 8 795 59.1 2 X Yes
4 8 9 65.9 63.6 4 X Yes
5 7 4 34.1 18.2 5 Yes
6 10 1 70.5 6.8 5 Yes
7 9 2 63.6 18.2 5 Yes
8 9 1 68.2 15.9 5 Yes
9 9 0 70.5 18.2 5 Yes
10 8 0 59.1 9.1 4 X Yes
11 8 8 455 47.7 1 X X No
12 10 8 75 59.1 3 X X X X X No
13 7 0 63.6 4.5 5 X Yes
14 1 68.2 31.8 5 Yes
15 8 8 45.5 29.5 2 X X X No
16 10 2 72.7 25 5 X Yes
17 7 1 47.7 295 5 X X X Yes
18 10 3 68.2 20.5 5 X X Yes
19 9 0 56.8 23 5 X Yes
20 10 4 72.7 22.7 3 X X Yes
21 8 3 75 27.3 5 X X X Yes
22 10 1 59.1 4.5 5 X Yes
23 6 1 9.1 0 5 Yes
24 10 75 795 1 X X X No
25 10 5 65.9 25 5 Yes
26 8 68.2 20.5 5 Yes

an elderly population with LHB tendinopathy, which is
not responsive to rehabilitation treatment, LHB tenotomy
may be a good and minimally invasive treatment option.
Arthroscopic biceps tenotomy or tenodesis provides effec-
tive treatments for symptomatic LHB tendinopathy (12,
15). There is no consensus in the literature on tenotomy
versus tenodesis for LHB tendon injuries because most
studies have a low level of evidence (16, 17). A clear bene-
fit of tenotomy is a simple, well-tolerated procedure, less
rehabilitation protocol required, and a faster return to
activity (18, 19).

Tenotomy is generally reserved for older patients, who are
undemanding, unlikely to be unhappy with the cosmetic
deformity, and unable or unwilling to comply with post-
operative care after tenodesis (20). We observed biceps
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deformity following tenotomy (Popeye deformity) in six
patients, but none of the patients complained about the
aesthetic problem. Four patients, on the other hand,
complained of a subjective loss of strength, with occa-
sional cramps and spasms, but none of the patients were
restricted in their daily activities or hobbies. Although
cosmetic deformity (Popeye’s sign), cramping, fatigue
pain, and supination strength loss could be adverse effects
of LHB tendon tenotomy. Kelly ez a/. noted that Popeye’s
sign is less likely to cause discomfort in older or obese
patients, and fatigue cramps are more frequent in younger
patients (21, 22).

Percutaneous US-assisted surgery represents a minimally
invasive, cost-effective, and reliable procedure associated
with rapid recovery and return to activity. Local anesthesia
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allows a shorter procedural time and easy management of
complicated patients. The current standard procedure for
tenotomy is arthroscopically. The arthroscopic technique
should be performed in the operating room and requires
a special instrumental environment and a surgical team
consisting of at least an orthopedic surgeon, a nurse and
an anesthetist. Some patients are not willing to undergo the
procedure in the operating room and other patients may
have comorbidities with contraindication to general and/or
loco-regional surgery (23, 24).

In agreement with the findings of our study, other authors
(25-28) have demonstrated the feasibility of this surgical
technique although the first percutaneous US-guided LHB
tendon tenotomy technique published by Levy et a/. report-
ed a 25% success rate using cadaver shoulders (29). They
noted the unreliability of that procedure. The low success
rate could result from the presence of an intact rotator
cuff in all shoulders which for the authors, could make it
more difficult to ultrasound the intra-articular LHB tendon,
where they tried to cut the tendon.

With our technique managing to isolate in LHB we have
achieved 100% of tenotomies, without risking copious
bleeding or failure of the procedure by not being able to
cut all the biceps. The decision to perform an intra-articu-
lar tenotomy was made based on the rationale of possible
impingement of the proximal stump of the LHB.

However, the absence of complications due to the abandon-
ment of the proximal intra-articular stump can be confirmed
by the results of this study. There are no paper focusing
on this point. In our study, satisfaction and pain scores
improved at follow-up, so the proximal stump should not
be a source of pain or dysfunction in the shoulder. Another
reason for failure and iatrogenic damage could be attribut-
ed to the nature of the tendon. It is slippery and mobile
so percutaneous tenotomy can be achieved after more than
one attempt. However, using multiple attempts increas-
es the chances of iatrogenic injuries, such as injury to the
subscapularis tendon or humeral cartilage or injury to the
recurrent circumflex artery (29).

In case of anterosuperior cuff rupture, the pulley system of
the LHB tendon is lost and the tendon is very unstable with
a lot of mobility (30).

The use of the 18G needle described in this article is useful
to identify and fix the tendon on the groove to be as precise
as possible allowing only one attempt to cut.

A relatively small amount of literature concerning percuta-
neous tenotomy of the LHB tendon was published. Case
report of Greditzer e al. and case series of Sconfienza et al.
shows a good result and improvement of pain after US-guid-
ed percutaneous tenotomy (27, 28).
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Greditzer et al. used an arthroscopic hook to cut the LHB
in their case report and needed three passes with the hook
scalpel to completely release the tendon, while Sconfienza
et al. needed an average of 4 cuts of the tendon to ensure
successful tenotomy with a #11 scalpel in their series of
eleven patients.

Both groups described a complete percutaneous ultra-
sound-guided technique and needed more than one attempt
to completely cut the tendon. This procedure, although
minimal, involves a quantified incision by the authors of
between 0.5 and 0.7 cm.

Using of a slightly larger incision (1.5-2.0 c¢m instead of
0.5-0.7 cm) ensures the certainty of tenotomy and control of
possible bleeding from the injury of the recurrent circum-
flex branch of the axillary artery.

The adverse effects reported in our study were pain and
biceps cramping in the first few days after surgery with
a resolution of symptoms after a few weeks. In line with
the available evidence (31, 32), around 27% of patients
reported aesthetic deformity of the arm (Popeye sign).
Four patients declared they would not undergo the same
procedure at the final follow-up. One patient who before
declined a major operation underwent a resolving opera-
tion with an RSA after one year of treatment; two patients
experienced worsening symptoms mainly due to shoulder
arthritis responsible for a “grating” sensation inside the
joint during movement. Two patients experienced worsen-
ing symptoms mainly due to shoulder arthritis, responsi-
ble for a “grating” sensation inside the joint during move-
ment. Additionally, one patient reported no benefit from
the procedure.

As demonstrated by Boileau et 4l., patients with pseudo
paralysis of the shoulder did not benefit from the proce-
dure. They did not recover active elevation of the shoulder
above the horizontal level (12).

The shoulder with true pseudo paralysis is non-function-
al, which means ineffective active elevation of the arm. In
contrast, a shoulder with painful elevation loss is function-
al but active elevation is limited due to pain. True pseu-
do paralysis can be differentiated from the painful loss of
elevation using the landing test (33).

Only patients with a functional shoulder without glenohu-
meral osteoarthritis are candidates for a tenotomy. Patients
with a non-functional shoulder and glenohumeral osteoar-
thritis or humeral head necrosis are candidates for a reverse
shoulder arthroplasty (12, 34).

The weakness of this study retrospective study is repre-
sented by a relatively limited cohort of patients. Another
limitation is due to the lack of a control group performed
arthroscopically. However, there are such significant differ-
ences in cost, procedure time, and procedure modali-
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ties between the two procedures that they should not be
compared. Furthermore, a major procedure was refused/
contraindicated in these patients. However, a study with a
more significant number of patients will make it possible to
quantify better the frequency of complications associated
with this procedure and to analyze any impinging problems
caused by the persistent tendon stump in the joint.

CONCLUSIONS

The study confirmed reliability of percutaneous LHB
tendon tenotomy with a minimally invasive technique,
with high grade or satisfaction of the patients. This is a safe
procedure with low adverse events and major complica-
tion. This surgical procedure could become an alternative
to arthroscopic procedures.
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The Role of Growth and Peak Height Velocity in Youth Soccer Players

INTRODUCTION

Development in young soccer players is characterized by
a non-linear progression marked by intricate interactions
among technical skills (1-3), physical performance (4, 5),
social influences (6), and environmental factors (7). Sever-
al studies have shed light through data and rigorous anal-
ysis on the complex interplay between maturity and phys-
ical performance. For example, Jodo Valente-dos-Santos
et al. (8) studied anthropometric variables and Nikolaidis
and Shah (9) focused on isometric muscle strength (10),
while Nikolaidis (11) delved into the topic of muscle
endurance. In another study (12), explored intermit-
tent-endurance capacity (13). Collectively, these studies
have advanced our understanding of traditional develop-
ment and how these attributes change with chronological
age in soccer players. Moreover, players are often identi-
fied as talents when they outperform their peers within
their designated age group (14). However, this approach
tends to overlook the inherent variability in the physical
development of young soccer players. Hence, early devel-
oping soccer players have a higher biological age relative
to their chronological age (15), which often leads to them
being recognized as talented individuals. In contrast, late
developers, whose biological age (16) lags their chrono-
logical age, frequently go unnoticed in talent identification
processes. This stark contrast in recognition underscores
a critical need to move beyond the conventional approach
of comparing young soccer players solely based on their
chronological age. It is not clear for coaches that physical
player development can substantially vary between indi-
viduals, and it may be more appropriate to consider youth
athletes by maturity status instead of traditional chrono-
logical annual-age group (17).

In contrast, the publication of longitudinal normative
data and research analyzing various specific physical
performances and skills according to maturity catego-
ries for young male (18, 19) and female (20) soccer play-
er is progressing. Research has modelled and identified
the development and time points of increased and subsid-
ing physical qualities related to somatic maturation and
peak height velocity (PHV) categories. Towlson et al. (19)
identified development tempo of anthropometric param-
eters and specific soccer physical performances and the
transition/change time points in these relationships using
segmental regression for youth (age 8-18 years). Anthropo-
metric parameter and sprint performances began to mark-
edly increase from Pre-PHV and trajectories subsided in
their rate of development around post 16 years (~PHV).
By comparison, lower limb power (21), agility (22-28),
and endurance performance (29) illustrated more linear
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progressive trajectories and their developmental tempo
waned around post-PHV. Furthermore, coaches need to
identify time points of increased and subsiding develop-
mental trajectories of morphological and specific soccer
performance like strength, lower-body power perfor-
mance, change of direction time and sprinting. Regular
monitoring is needed to take into account the influence of
maturation on athletic performance until post-PHV (19).
There is evidence that maturity effect physical perfor-
mance (vertical jump, sprinting and intermittent endur-
ance). Understanding the factors that may influence the
development of physical characteristics during this key
development period is important. Previous studies have
classified players into three global maturational groups:
early, on-time, and late-maturing (8, 30). These studies
have widely demonstrated the influence of maturity on
many aspects of physical performance, and how possible
changes take place within a single group. Therefore, there
is a need for further research, coaches, and other prac-
titioners to gain more knowledge and adapt the training
according to these changes caused by growth and maturity.
Yet, up to now, there has been little data those encompass-
ing soccer-specific performances for young male soccer
players analyzed by 6 maturational intervals. The find-
ings will provide novel comparative data for this cohort
relative to maturity status and can be used by strength
and conditioning coaches to inform the design of training
programs and identify talented young male soccer play-
ers according to their maturity status. In addition, recog-
nizing the significance of maturity-related adaptations is
imperative for specialists and coaches when designing
training regimens to nurture long-term athlete develop-
ment. Therefore, the aims of the current study were: 1)
to evaluate the influence of chronological age and the
PHV on anthropometric and physical performances in
a large cross-sectional sample of elite youth male soccer
players (age 12-17 years) grouped into maturational inter-
vals according to their maturity offset and 2) to establish
percentile values of anthropometric variables and physical
performances according to maturity groups.

MATERIALS AND METHODS
Study population

Two-hundred-eight-seven Tunisian soccer players aged
between 12-17 years were enrolled in the study and
grouped into age categories (U12, n = 39; U13, n = 43,
Ul14,n=42,U15,n=55;U16,n=51; U17,n = 50). Play-
ers were from four professional soccer clubs participating
in the premier division of Tunisian championship. Clubs
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were informed and agreed to the participation in the eval-
uation and the nature of the study was explained accord-
ing to a simple schedule prearranged in the middle of
the week. Players and their parents were fully informed
about the aims and procedures of the protocol and signed
a written informed consent form. The study protocol was
approved by the local Ethics Committee of the Faculty
of Medicine “Ibn El Jazzar” of Sousse (Tunisia) (Proto-
col N. 213-2023 — date of approval: November 13, 2023).
All participants were injury-free. Players aged under 14
years were training four times per week and those older
had five training sessions per week. Specifically, players
aged U13 and U14 participated in soccer training for four
sessions per week, while players aged U15, U16, and U17
engage in five sessions per week. On average, each train-
ing session lasted approximately 70 minutes. Official and
friendly games were typically scheduled on weekends,
with each game day followed by a day of rest.

Experimental design

Evaluations were performed within three days. The first
day consisted of anthropometric measurements. On
the second day, the assessments commenced with verti-
cal jump (including squat jump and countermovement
jump), followed by sprint performances of 30 meters
to assess time at intervals (every 10 meters). Third day
was planned for the Yo-Yo intermittent recovery Test—
level 1 (YYIRTL1). All physical tests were preceded by
a standardized warm-up, including jogging, dynamic
movements and technic skills for 10 minutes followed by
jumps and sprints of progressive intensity for 5 minutes.
Players were allowed to wear a sports outfit consisting of
a football kit (jersey, shorts, socks, and football shoes).

Anthropometric measurement

Testing was carried out in a standardized order after
calibration of the measuring instruments. All anthro-
pometrics variables were measured with participants in
underwear and by the same material by a single trained
investigator. Body mass (kg), standing and sitting height,
(cm) were assessed to the nearest 0.1 kg and 0.1 cm, and
measured respectively (31) with a digital scale (Harpen-
den Balance Scale, Holtain Ltd., Crosswell, UK) and a
stadiometer (Harpenden Portable Stadiometer, Holtain
Ltd., Crosswell, UK). The measurements of skinfold
thickness were performed on the left side of the body
and mean values were used for further analysis after in
triplicate measurement using Harpenden Skinfold Cali-
per (Holtain Ltd., Crosswell, United Kingdom). Fat-free
mass (in kilogram) and percentage of fat mass (% fat)
were calculated using Siri’s equation (32). Leg muscle

Muscles, Ligaments and Tendons Journal 2024;14 (3)

volume (in milliliters) was assessed using the anthropo-
metric method of Jones and Pearson (33). The method is
based on the summation of truncated cones and has been
validated for youths (34).

Maturity status

Maturity was estimated using the non-invasive method
proposed by Mirwald ez al. (35) from anthropometric
measurement applied in research study (18). This meth-
od was approved to predict years from PHV (YPHV)
as a measure of maturity offset using anthropometric
variables: years from PHV = -9.236 + (0.0002708 x leg
length x sitting height) + (-0.001663 x age x leg length)
+ (0.007216 x age x sitting height) + (0.02292 x weight
by height ratio). Groups were determined by the predict-
ed years from PHV. The maturity status and classifica-
tion of groups followed the study by Meyers ez al. (36).
Player was categorized into one to six of maturity-offset
groups: (-2.5 YPHV [<-2.0], -1.5 YPHV [-1.99 to -1.0],
-0.5 YPHV [-0.99 to 0.0], 0.5 YPHV [0.01 to 1.0], 1.5
YPHV [1.01 to 2.0], and 2.5 YPHV [> 2.01]).

Vertical jump tests

The assessment of the explosive leg power performance
(37-44) was conducted using an optical system (Opto-
jump, Microgate, Bolzano, Italy). Vertical jump height
was assessed by two different protocols (squat and count-
er movement jump (45)) using a software system (Opto-
jump Next, Microgate, V1.12.21.0). Performance was
assessed on indoor and stable flooring to minimize the
influence of external factors using following the protocol
of Bosco et al. (46). All subjects performed three maxi-
mal trials for each jump type, and the best of the two
trials was retained for analysis. Subjects completed three
maximal CMJ efforts before testing. During the SJ, the
subjects started with squat position, knees flexed at 90°,
torso in an upright position, and hands on hips. From
this position and upon a verbal command, subjects were
requested to jump as high as possible and land with their
knees straight. For the CMJ, the subjects started from a
standing position, squatted down and then extended their
knees maximally in one continuous movement, aiming to
jump vertically as high as possible. For the jumping tests,
subjects were instructed to land in the same position and
at the same place to avoid lateral or horizontal displace-
ment. The coefficients of variation were 4.6 and 4.4%,

for SJ and CMJ, respectively.

Sprint tests

Maximal sprint speed (22, 23, 26, 28, 47-49) was evalu-
ated over distances of 10-m, 20-m, 30-m (T10m, T20m,
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T30m). The photocell gates (Witty system, photocells
witty gate, Microgate) were at placed 0.7 m above the
ground and positioned at the starting line and at 10, 20
and 30 m marks. Times were recorded to the nearest 0.01
seconds. The best time was recorded as best score after 3
attempts, separated by a 3-minute rest period. The coef-
ficients of variation of recorded times for 10 m, 20 m
and 30 m sprints in our study were 4.7%; 4.3%; 4.6%,
respectively.

Yo-Yo test

The Yo-Yo Intermittent Recovery Test Level 1
(YYIRTL1) was conducted according to the method
of Krustrup et al. (50). The test aims to estimate the
participant’s intermittent endurance capacity. For the
single trial, subjects had to perform as many shuttles as
possible with the maximum distance covered expressed
in meters. The test consisted of repeated 20-m shuttle
runs at progressively increasing speeds, with each shut-
tle followed by a recovery period of 10 seconds around
a marker placed 5 m behind the finishing line. Speed
was dictated by an audio metronome from a calibrat-
ed CD player. When a subject failed twice to reach the
finish line in time, the total running distance covered
was recorded as the test result.

Statistical analysis

Descriptive statistical analysis for anthropometric and
physical performance was completed using SPSS for
Windows (version 26.0). The normality of all variables
was tested by Jarque-Bera tests. Data were presented as
arithmetic means and standard deviation (SD) and were
calculated for each variable. One-way ANOVA with
a post-hoc analysis (Bonferroni) was used to determine
differences between age groups and maturity groups. The
upper limit for statistical significance was set at p < 0.05.
Effect size (ES) was calculated using the method proposed
by Cohen (2013) considering that the use of the P-value
alone provides no information about the size or direction
of the effect or the range of feasible values (51). ES lower
than 0.2, between 0.2 and 0.49, between 0.5 and 0.79 and
equal to or higher than 0.8 were considered trivial, small,
moderate, and large, respectively.

The smallest worthwhile difference (SWD) was set at
0.2 x between subject standard deviation (SD) for the
comparison groups. The probability that the magni-
tude of difference was greater than the SWD was rated
as follows: < 0.5%, almost certainly not; 0.5-5%, very
unlikely; 5-25%, unlikely; 25-75%, possibly; 75-95%,
likely; 95-99.5%, very likely; and > 99.5 %, almost certain-
ly (17). If the 90% confidence interval (CI) crossed both
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the upper and lower boundaries of the SWD, it was
considered that unclear.

RESULTS

Results of anthropometric variables and physical perfor-
mances according to age and maturity groups are present-
ed in table I. According to chronological age, signifi-
cant differences (p < 0.05) were found for YPHV for all
groups. The U-14 and U-15 age groups corresponded to
the period of peak growth for Tunisian youth soccer play-
ers. The negative values of YPHV from the age groups
U-12, U-13 indicates they are early-maturing players. The
positive values (-1 < YPHV < 1) for maturing players
were from U-14 and U-15. From U-16 and older groups,
players had (YPHV > 1) late-maturing players.
Anthropometric changes were mostly evident for U-13
and younger groups. Except for the BMI and percent-
age of body fat, anthropometric measurements increased
according to age groups and showed significant differenc-
es (p <0.05). For leg muscle volume, data increased grad-
ually up to the U-16 age group and significant differences
were noted between each age group. Concerning physical
performances, changes were observed from U-13 for the
SJ, CMJ, T30m and YYIRTL1 and from U-14 for T10m
and T20m.

Data of anthropometric variables and physical perfor-
mances by maturity groups were presented in table II.
Significant differences (p < 0.05) were noted for YPHV
across all groups. Changes in anthropometric variables
were shown from -1.5 vs 2.5 maturity groups except for
the percentage of body fat. As for physical performanc-
es, the major significant differences were between -1.5
vs -0.5 and -0.5 vs 0.5 maturity groups. The standard-
ized differences and effect size of anthropometric and
physical characteristics between consecutive maturation
groups for youth soccer players are shown in table III.
The SWD of body mass, leg length and leg muscle volume
were almost likely between consecutive maturity groups.
BMI and percentage of fat were possibly between consec-
utive maturity groups. Sitting height was almost certainly
to less possibly for the more mature group. Concerning
jumping performances, SWD for CMJ was almost differ-
ent from -0.5 vs 0.5 maturity groups and almost certainly
to likely for SJ. Regarding sprinting performances (T10m,
T20m, T30m) they were almost certainly different from
the -1.5-maturity group. Except for the -1.5 vs -0.5 matu-
rity group, YYIRTL1 was unclear. The 5%, 10, 25 50
751, 90", and 95" percentiles of anthropometrics and
physical performances according to maturity group were
presented in tables IV and V.

Muscles, Ligaments and Tendons Journal 2024;14 (3)



MoHAMED Tounsl, THIMO WIEwLHOVE, GHAZI RaciL, ET AL.

389], A19A009Y JUSNIWINU] OX -0 NIAA Iunds w-o¢ swn :** [ quuds w-0z swn 1 quuds w-o1 swn :

(¢0°0 > d) dnois snoraaid sa dnoid souaIaggIp JuEdYIUSIS, *(T-[PA97T)

woy

I, ‘dwn( juswarowriunod :(ND ‘dwnf jenbs : (g xapuy ssejy Apog TING

L9'89F F €79CT'T LETCETI08COT 9V TIE T LL68)T 9T €8EFSCGOST 6L THTFHIIIT  €61€CF CTCEI'T (W) MIAA

FT0F LS JT0F 99 FTOT Y JT0F26F IT0F <0'C IT0F <0°S (5" L

070 F¢T'¢ 1T0FCT'¢ LT0FICE ST0OF9b¢ LET0FT9¢ IT0F99°¢ (s) "L

8007 26T IT0F <61 600 T 86'T 600 F 00T #S00F 0T S00F/0¢C )L

v FCTTe €09 F LTCE L6CFIRIE ST CFICLL Ly EFI8¢T €9CTF98°¢T (W) IND
6LETF LL0S CTSF €C0¢ J€9 70967 98'F F LS9T 9¢CETF ¢]TT 8¢ F0S'TT (wd) (S

806E0TFOLYOCL  8CCHOT FSICCO9 L LLLTI6T €TCIT9 b9 LPSF CCHE'S  8FL99F L9°¢CT'y  LZ98 FOLTCS'E  (TTw) dwnjoa apsnu S

JTEF90LT CCCT LLYT TTE F 0T CT SEPF6LCT TFETFICCT SLTFYSTI (%) 1j 3o 28eIUDID]
E8TFICTT 29T F6H 1T LT F€L0T 8T F IS8T LCTF LT 97T F60°LT (- W-3%) ING
FPE T 68801 PO’ F 86701 L8'€F C6'T0T CTST P66 £8EFIL¢6 €LCF 9¢06 (wo) Yr8uo] 8o
SFTF 6016 OFTF9CL8 GLTFHTHS 909 F 7L'SL 1167 1499 6T L9V9 (wo) 1Sy Sunig
6S9FITTL STYF €CH9 LS T LF'8C IS LF6ETS 167 F 8L0F 8CC T 8L8¢ () ssew Apog
LOSTFH68LT 26T CTELT CCCFHLL9T 99'L F 81791 66'CF T1ECT 676 F 8T6HT (wo) 1S

9€0F 0F'T 6T0FICT LTOF0C0 SCTT 0 IS0 T L9T- 90F 17T (s1624) AHdA

(s=v) ¢ (@9=v) ¢1 (h=1) 0 (z€ =) ¢0- (Ls=w) ¢T- (c€=u) ¢z SU—

(AHdJA) sdnoisd 3aspo Lanjepy

‘dnouf 1esyo Aunlew Aq sieke|d 1o200s YinoA jo sonisiuaioeieyd [edisAyd pue osuiswodoiyiuy || ojqeL

(€070 > d) 98e snoradid sa 9 20UISJIP JULIYIUSIS, *(T-[2A9]) 389, AIDA003Y JUSNIWINIUT OX -OX T,
1 ‘dwnf juswoansowiunod : (A7) ‘dwnf jenbs : [ xopu] sse|y Apog TN A1100[9a Y31y yead woig s1eak AHJA

wpg woz wQr

MIARA ‘unds w-g¢ awm = 7 1, “qunds w-(z swm ], “unids w-( 1 swn

6'99F T 8'797°C 6STOS T LCTOTC  9V681 F LTC6LT 88 €TCFHTS6TT 4TI F P LPIT  C8'8PC F 8€'CCO'T (W) TTL MIXA

IT0F 2Ch 610 F89F TOFLY JIT0F10C IT0F90°¢ ZI0F 0'S () ™L

PTOF L0'E [T0F € FTOFHTC LO0FZSE CI0F ¢o¢ Zr0F €9°¢ (5" L

800 F Z6'T IT0FC6T 600F L6'T 800F ¢ S00F 90T C00F 80T 5 ™'L
16'CFhETE 6T FI9CE SCCT LT ¢E 0Ly F 97 29TFICET €9TFI9¢C (W) [IND
Th'y T 8T°0¢ b9 F TH0¢ 6y T 9T TE 19 ¥ 92°ST C6TFILIT 60°€FITTC (wo) [§

ZEOTTFHOT60L  .6SLOTFHITL  CTHh6 T STSCT9  CTTHLFZ9TZ0C  ZT0IS F 886600 FCICLF pHI10% (W) Swnjoa apsnw 5o

67°¢ T ¥91 CCH T ZS91 TTTCLC 8¢ T $<9T LCEF 86T [8TF 6T (%) 183 JO 282101
0S'TF $€TT SLTFHETT 91 ¥ 8707 977 F <C'81 A E A 0T F 8T'LT (cw-3Y) ING
ZI'S ¥ 86901 9$CF 6£°901 S8 F TE0T 8CH T 7€'66 6P €L°06 0€F ¥ €C'¢6 (wo) psua] 8]
9T°¢ ¥ 86'88 69°¢ F <818 89 ¥ 78°C8 ZECT68°6L ZLEFL6LS 09°LF61ZL (wo) 1g3rey Sunig
989 F €469 6L F 1'89 8LCFIT6S I8LF 86k LLCTFIT6E 0SF F 9C0F (33)) ssew Apog
929 F CT'9LT 789 F CI'CLT ZE9F COLT b LT 79°€91 L€0°LF 0L'8CT 89 F CT°¢CT (wo) ISP

CCOF8TT 8C0F TCT 680 F $8°0 190 % €0 7SO F b1 1L0% 10T (s7eak) AHAA
(0s=v) 210 (1S=1) 910 (s6=1) <IN (zv =) ¥In (b =1) €In (6€=1) ZIN sa|qerEN

‘abe oy} 01 Buipiodoe seouewlopad |eaisAyd pue sajgeLien suewodoiyiuy °| ajqerL

421

Muscles, Ligaments and Tendons Journal 2024;14 (3)



The Role of Growth and Peak Height Velocity in Youth Soccer Players

Lwoe

"(T-[2A97) 389, £AI9A003Y JUSIWIDIUT OX -OX Y[AA ‘Iurids w-(¢ own

1, unids w-oz own :“% 1 gunrds w-o1 owm ' 1 ‘dum| juswesowraiunoy) : (D) ‘dwnf 1enbs : (g xopuy ssey Apog “TINE *(STD 06 F Si) SIZIS 199]J2 PUE S2UIAJUT Paseq apnirusefy

(¥0'¥9 F 9t°07) (€CHI F¥T°0) (TS€TLF80°0) (ST'99 F LLO7) (1T F11°0)
Jeapu() Ie3pUN) Ieapu) AJure13ad 3sowy Jeapun) (1) LLMIAA
(€0°0 F 01°07) (¥0°0 ¥ 80°0) (YO0 F IT°07) (€0°0 F 20°0) (€00 ¥ 20°0) (s)
JOU AUTELID JSOW]Y AU A19A AU A19A J0U AJUIELIDD JSOW]Y 10U AJUTELIDD JSOW]Y L
(€0°0 ¥ 10'0") (€0°0 ¥ 10°0) P00 FIT0) (€0°0 ¥ 20'0) (200 ¥ 90°0) (5) 1
10U AJUTBLIDD ISOW]Y 10U A[UTE1I9D 1SOWY 10U AJUTBLIDD JSOW]Y 10U AJUIBLIDD JSOW]Y 10U AJUTELIDD ISOW]Y
(200 F2C07) (200 ¥ 60°07) (200 £0°07) (20’0 ¥ 20°0) (10°0 ¥ 20°0) (s) "
Iedpun 10U AJUTBLIDD ISOW]Y 10U AJUTBLIDD ISOW]Y 10U AJUTBLIDD ISOW]Y Jedpun L
(+8°0F <C07) (L6'0F LT07) OTTF0t0) (08°0F80°07) (9€0*210) (wo) i
A[ure1sad 1sowy AJure13ad 1sowy AJure11ad 1sowyy A1qrssog Jeapun) O
(TLOF€€0) (€6'0F €0°07) FPTTF1€0) (I180F61°07) (6€°0F L0°0) (W) [
APYIT AJure132d 10wy AJure1sad 3sowy Iedpun) Aqrssoq S
(SLTF2¥'07) (L9TF0€°07) (€6T F61°0) (T9T ¥ 6£°07) (T€1 F2T€0) (Tw) swnjoa apsnw 82
AJure1rd Jsowy AJure1rao 3sowyy Aure1r9o 3sowyy AJure1Iao 3sowyy AJure1rd Jsowy 1 10821 1
(€€0F2<07) (€90 F0€0) (¢80 F81°0) (69°0F €€0) (9€0F €T1°0) (%) 18] JO 28e1u210
A[qissoq Jedu) Iedpun) A[qrssoq Jedpun) 70) 393 d
(8T0F6C07) (8T0F¢C0) (6£0F€00) (€€0F0¥07) (9C0F21°0) (,w.8y)
A[qssoq A[qrssoq A[qrssoq A[qrssoq Jespun ¢ H-3) ING
(08°0 F 8¥°07) (6L0F2€0) (060 F L0°07) (¢60F LE0) (€8°0F 10°0) (wo) q8uay 82
Aure1195 150wy Tedpu) Iedpun IedPuN Jedpun) ekt
(L¥'0F8€0) (PP0F0€0) (960 F $1°0) (6LTFLC0) (T9T*€1°0) (W) 198y Sunir
A[qrssoq A[qrssoq e ISETY AJure1195 3sowyy AJure1I9d 150wy oY SUIS
OTTF1¥0) (60T F+€0) (SFTF<€10) (@1 F9¥°07) (C60F¥20) (8) ssew £po
A[ure1sad 1sowyy AJure13ad 3sowy AJure1sad 3sowy Iedpun) A[uTe1320 180Wy A Pod
(L60F9¥°07) (€0TF¢€0) (6TTF210) (PSTF€€0) (FETF$007) (W) 1y81o
AUTe1390 1s0Wy Ie3pUN) Teapu() AJure1sad 1sowpy Jeapun) 4°PH
(800 F €L7) (600 F09°¢€) (0T'0+89°0) (CT0F6L0) (0T°0 F €6°0)
AP AP fiqissod flqissod AP (35224) AHAX
Gl a Gl (9 R 9] <057 60" <0~ s T~ (9 BRU A so[qeren

vosiedwod sdnoag 39sjjo Ayamiey

‘s1oke|d 49220s YinoA ul dnoub 1850 AlLinjew SAIINDSSUOD USSMISC SOZIS 109}40 PUB SadUaIaylp pazipiepuels ||| a|qeL

Muscles, Ligaments and Tendons Journal 2024;14 (3)

422



"xapu] sse[A Apog ‘TIND

MoHAMED Tounsl, THIMO WIEwLHOVE, GHAZI RaciL, ET AL.

00°ce 06'TC 09°'¢C 09°¢cc 0c0c 0¢'LT 0nS6 0zT'¢T 09'tv¢ 00'vC 0z'¢c 0L0C 09°8T 0nS6
or'1c 06’61 00T 0r'1c 0¢'8T 08°¢T 106 08'v¢ 0L'¢c 00°¢C 06°0C 09°61 09°8T 006
0L'61 0691 0’81 0¢'61 o<t 06’1 aSL 0¢'ve 09°cc 0L'TcC 00°0C 09°LT 0¢'8T gL
0r'LT 06°¢T 0071 0091 0¢¢T 0ccl ¢0¢< (%) yey jo 0r'ce 0¢'Te 00'1¢C 0681 0T"LT 0TLT 008 W/
09¥1 01°ct 06'TT 0LTT 0¢'TT 08'TT q2SC SBewdIdd 001z 0c0¢ 0¢61 08°'LT 0291 0091 qSC (L8520 TN
09°Cl 0601 0¥'0T 096 0¢'6 01’6 0T 0c0c 0¢61 0C'81 0091 0¢¢T 08°¢T 0T
0¢'TT 0¢0T 066 0¥'6 0T'L 08°L qS o6l 0¢61 08°LT 06'¢T 0S¥yT 09v1 qS
00°ZTT  00¢IT  0080T  0O00OTT  0000T  00°T0T 0nS6 0096 06’16 00'88 00°¢8 00'8L 0€78  ws6
0C91T  O¥'¢IT 00901  00°0TT 0C'66 08'86 006 006 00'T6 0998 00°¢8 0T'LL 0V'8L  ¢06
00CIT  0080T  00°¢OT  08'T0T 00°L6 00°¢6 Sl 0¢'c6 0006 00°¢8 00°¢8 00°¢L 0¢ecL  qSL
00'60T  0S¥0T  00°COT 0066 0076 0¢°06 008 (wd) 00'T6 00°L8 00'¥8 0008 0¢C9 0€T9 0S¢  (wd)ysy
0¢°¢0T  00°T0T 00'66 0¢'¢6 00'T6 0¢'L8 wSC QPSW[T 0006 00°¢8 00°¢8 00'6L 0¢°LS 00,  qSC Sunug
00°€0T 0066 0096 00°¢6 0¢'88 0$'18 0T 00'88 00'¥8 00°¢8 009L 0¢°¢¢ 06'C¢ 0T
0L 10T 0C'86 00°¢6 00°¢6 0¢'L8 0508 qS 0£98 00'+8 00'18 0$9¢ 0¥'¢¢ 0¢0¢ qS
0¢'18 09°vL 0¢'L9 0¢'L9 0C'0¢ 0L TS 02$6 00681  06¥8T  00°LLT  00C8T  0C¢9T  00'69T <6
0r'6L 00°¢L 0¢'L9 0L¢9 0’8y 0C0¢ 006 09°/8T  OLT8T  09%LT  009LT 00¢9T  00+9T 406
00°LL 0C'L9 08°€9 01°¢¢ 09°¢¥ 08'6¢ Sl 00'T8T  0€CLT 00 TLZT 00891  009¢T  00'vST  @SL
0cyL 0T'¥9 0C'LS 0¢°0¢ 0r'6¢ 09°L¢ 208 ) 00°08T  00°¢LT 00691 00'¢9T  00°T€T  00'LPT  «0S  (wd)ysSy
0<¢'89 0809 (1)8%9 019 0¢LE 06'¢¢ qSC ssew Apog  0Cp/T 00691 00°€9T  0€6ST  0C6PT  0STHT 0nSC &pog
06°09 0Z9¢ 00'T¢ 00' T 08°¢¢ 00'¥¢ 0T 00'TZT  0€99T  0€'8CT  09v<T  009vT  00°8ET  OT
o' LS 0L¥¢ 01°0¢ 0r'6¢ 0T°¢¢ 01°0¢ qS 00'TLZT  0CT9T  00°CTLSET 00C€T  00%PT  00°¢€T ¢S
(€e=mw) (29=U) (¢v=U) (C€=U) (LE=U) (€€=V) (€e=u) (9=1) (F=V) (TE=U) (L&=U) (€€=M1)
(4 <1 <0 <0 <T- (Y4 (4 <1 <0 <0 <1- (¥4
(AHdJA) sdnois 3aspo Kamepy AHdJA) sdnois 3asyjo KHuamepy

'sdnoub jesyo Ajunjew o3 Bulpiodoe sejgeLieA dLiawodolyiue JO sanjeA sajuedlad ‘Al 9|qeL

423

Muscles, Ligaments and Tendons Journal 2024;14 (3)



The Role of Growth and Peak Height Velocity in Youth Soccer Players

096C  tI9C P8CT 90T 9IFT  0TET w6
008C  009C 891°C 80T  09¢T  0T€T w06
0z€T  0¢€C 0261 08T  00ZT  0Z€T ¢l
0z’ 0¥0C 0zLT 0P<T  000T  09T'T 0S¢ (W) I'LLYIAA
008‘T 0€8‘1 0zH'1 0LT°T 08 026  wSt
961 96¢°T POTT L6 0zL 0¥8 40T
09¢‘T 9T 8201 096 91L 0zL W
4Ry v0'C Lz¢ 9T'¢ 1N LTS ws6 ch'¢ e 65'¢ b9°¢ 8¢ 08¢  ws6
VLY ve'y 8T°¢C €T'¢ 8T°¢C Cre w06 L€¢ LE¢ cC¢ b9°¢ 18°¢ 6L¢ w06
9 8 0'¢ L0°¢S €T'¢ e QgL 9z'¢ 43 8F'¢ ¢C¢ 9L°¢ 9L¢ ¢l
LCY O8R4 b8y 86y 0r’¢ 0TS «0S (™1  9T¢ cr¢ ce¢ 0g'¢ 09°¢ 99°¢  40¢ () "L
Ly cHy Ot b8t 86 6t st 10°¢ ¢ AN we 0g'¢ 8C¢  wlC
6¢Y oty ey 34 68 @r 401 €8T 06'C €0°¢ Cre Ly'¢ e w0l
424 LY 'y Wy 18'b 8 e vz v9C 96'C 0r°¢ ¢ e e
90°¢C 60'C <re c1re e ITT w6 206§ 08'8¢ 0T'L¢ vTre 066 00FT  wS6
10°C 80'C 0r'e 0r'e 11°C CIe w06 0T8¢  0T9¢ 0¢'¢¢ CCIE 08°ST TCET w06
86'T €0C €'z 10T 60'C 1 Pl 0¢¢e  0€¢¢ 09C¢ 08T  0LST <961 ¢l
61 ¢6'1 66T 00T 90°¢C e w06 (5)™L  0L0¢ 0’62 0¢'8 ob'¢c 0TIz 0¢LT  40¢ (@) [0
88'1 981 161 <61 €T T wst 008 0192 0¢'¢T ¢z 0681 0TLL  wSe
18°1 6L1 18T 981 861 00C 0T 009 0€¢C 0¢€'1C L00Z  08'LT  00°LT  4OT
vLT 9.1 8’1 08T 86T 00T e 0TSz 0002 0€0Z  06'ZT  OT'LT 0691 S
26'6€ 19°6€ 9T'6¢ 91'9¢ 8¥'6C 08°ST w6 91¢'6  05T'8 8F9°L 9969 0SS 0S9°C w6
00L  96'LE 9T'LE 4919 08'¢ 08°ST w06 b8¢'s €h6'L LIC L 6259 €96t 0€9°C w06
<1419 {943 0T'F¢ 00°0¢ 0T'€T 0SrT el ¢IIr'g SIIL L18°9 L98°C 189t 901v  ¢L
ob'6z  Ob6z 05’82 0592 08'1C 07¢C 0S¢ (W)[S 629,  +89°9 €619 91¢  CIIY SheE 0¢ ﬁmﬂcw%
ce'8T  099¢ 09'%C 0zT'€C 0r'61 0L wST 6899 1L6°C rAtare 0Ly TLL'S  LSTE ST
08'¢c  08'¢C 0¢'1C 0002 0T'LT 0T'LT  «0T CI8'c 98¢’ 990°¢ PPy L6T'e 608T Ol
9¢'¢T LT0T 0002 0T'LT 0T'LT 0T'LT e 009°¢  <66F €20°C 6¢8°C  608T  608T  w§
(€€=1U) (29=1U) (cv=U) (z€=U) (L&=Y) (¢€=U) (€6=1U) (9=1) (F=VU) (z€=U) (Lg=Y) (¢€=1)
(974 <1 <0 <0 ST (or 4 (974 T <0 <0 ST (o4
sdnoig J9syjo LAunyep sdnoi$g SER (4] LAunmep

'sdnoub 1esyo Ayuntew o1 Bulpiodoe seouewiopad jeaisAyd pue sswnjoa ajpsnw Ba| Jo senjen sejiuediad ‘A a|qeL

Muscles, Ligaments and Tendons Journal 2024;14 (3)

4

AN
<



MoHAMED Tounsl, THIMO WIEwLHOVE, GHAZI RaciL, ET AL.

DISCUSSION

The aim of this study was to examine the influence of age
and maturity status on anthropometric and several physical
performances parameters in a large cross-sectional sample
of elite youth male soccer players (aged 12-17 years) and
to establish normative data using percentile according to
maturity status. The strength of this study lies in the analysis
of data according to age and maturity status with approach
used for sprinting performances for youth male (36) and
specific physical performances for female soccer players (20).
This method allowed us to identify the differences between
consecutive age and maturity groups. Data was aligned by
age categories (U12 to Ul17) and six maturational inter-
vals according to their maturity offset from -2.5 to 2.5 year
around PHV including soccer-specific physical performanc-
es. Our study revealed several key findings. Firstly, sprint-
ing performances showed an early development, occurring
between -2.5 years before PHV and 0.5 YPHYV, compared
to other physical attributes we examined. Secondly, as play-
ers mature, starting at approximately -0.5 years before PHV
and continuing throughout PHV, we observed significant
enhancements in leg muscle volume, leading to remarkable
improvements in vertical jump performance.

Concerning the Yoyo test, we observed a significant perfor-
mance increase from -1.5 YPHV to 1.5 YPHV. Lastly, we
established normative data of anthropometric and phys-
ical performances according to maturity status in a large
cross-sectional sample of elite youth male soccer players
aged 12 to 17 years. Our data showed that anthropometric
and physical performances changes and development during
growth and maturation were nonlinear between consecutive
age and maturation groups. Our finding supports previ-
ous research which confirm that age-related anthropome-
try and physical performance increase significantly with age
(52). Notably, within our sample, anthropometric changes
occurred around the PHV between the ages of 14-15 which
was slightly later compared to the study by Philippaerts ez
al. (53). Previous study showed that the average age asso-
ciated with PHV is (13.8 + 0.8 years) compared to Tuni-
sian soccer players, who demonstrate a PHV (14.29 + 0.59
years). Concerning the onset of the growth spurt, some
researchers have demonstrated an earlier onset at around
10.7 years old (52).

In general, the onset of the stature growth spurt is around
12 years old (54). For our study, the rate of development of
height, body mass, sitting height leg length and leg muscle
volume increased markedly and asynchronously from 12 to
16 years. Height increases significantly with an average of
4.38 cm / year between 12-17 years with peak 6.88 cm at age
between 14-15 years. Notably, previous study indicated that
the average of growth is around 7 cm/ year (55).

Muscles, Ligaments and Tendons Journal 2024;14 (3)

Compared with previous studies, the 14-year-old players
were taller to Belgium soccer player and have the same
stature as English soccer players (52), French professional
soccer (56) and Eastern European soccer player (55). Also,
body mass increased significantly from 13 to 16 years with
an average 9.85 kg/year peaking at 10.7 kg at 13-14-year age
range. Leg muscle volume increased significantly with age,
especially between the U13, U14 and U15 age groups with
an average of 1,055.42 mL/year.

According to maturity groups, all anthropometric variables
were significant different between groups (-0.5 and 0.5
YPHV). From -0.5 maturity group and after YPHYV, signifi-
cant differences were recorded for all anthropometrics vari-
ables between maturity groups are recorded excepting the
percentage of fat. Leg muscle volume demonstrate almost
certainly difference between different maturity groups.
Moreover, the spurt in muscle mass for youth player occurs
shortly after PHV (54). Such findings could be related to
the nature of the cross-sectional sample and this evolution
might suggest important implications for success in soccer
and directly effect to the selection criteria established by
coaches of young players. However, multiple physical modi-
fications are caused by hormonal changes and the influence
of testosterone between mid and late puberty, which is a
potent anabolic hormone. Youth soccer players experience
a significant increase in muscle volume and lean body mass,
associated with loss of adipose tissue and gain in weight
(57). The tempo of development influenced by age and
maturation involve changes in physical characteristics and
performances both before and after PHV (19). The devel-
opment of anthropometric characteristics could be the key
for several observed changes in physical characteristics and
performances between consecutive maturity groups (54).
The explosive power of the lower limbs was tested in the
present study by the SJ and the CMJ which are consid-
ered as indices of explosive leg power (58). Performance
increased significantly with age according to various stud-
ies (52, 59) and somewhat contrasts with youth soccer stud-
ies demonstrating that jump ability improves but does not
follow the same trend as the anthropometric gains (60). The
most significant increase in vertical jump was identified at
the age of 12, whereas 13- and 14-year-old players. Accord-
ing to maturity groups, the greatest significant change was
recorded between -1.5 and .5 YPH. From -.5 YPH, almost
certain difference was observed for more mature players
for SJ and CM]J. Changes may be related to hormonal and
morphological changes reported to occur around PHV
(61). Increases in leg length and muscle mass were associat-
ed with increased vertical jump heights. Growth evolution
and structural changes were deemed to override any nega-
tive effects of the concomitant increase in body mass. After
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PHYV, performances tend to increase or achieve a plateau
which may impact player’s lower-body power. It is recom-
mended to improve neuromuscular strength and funda-
mental movement skills in players before PHV working on
correct running mechanics, multiplane jumping and landing
tasks (62).

Maximum sprinting speed was the best talent indicator for
predicting selection for professional academies (63). The
time around PHV is a key point in the improvement in
speed (36). Our results revealed that sprint times improved
with age and maturity. Performance differences were signif-
icant from 13 to 16 for the T10m and from 13 to 15 for the
T20m. According to maturity groups, significant differenc-
es were recorded from -2.5 YPHV to 0.5 YPHV. Yagtie and
De La Fuente (64) reported improvements in speed in the
12 months post-PHV that were not observed in this study;
however, they also noted improvement in speed 16 months
before PHV. The Spanish sample was largely composed of
average and early mature boys (13.0 = 0.63). Old soccer
players were faster in sprinting (T30m) and significant
differences were shown only between 13 and 14 years.
According to maturity groups, significant differences were
noted from -1.5 YPHV. These performances appeared
earlier and were in advance compared to the study by
Meyers et al. (36) who mentioned an improvement in sprint
times for the 30m dash after PHV. Performances are close-
ly related to body mass and contact times, because players
spend more time on the ground when sprinting. The stride
frequency decreases during the pre-PHV period, and stride
length increases with maturation. Performances are likely
due to increased limb length and improved relative force
production (36). Moreover, there is a greater increase in
lean muscle mass, which results in improved expression of
both concentric strength and power (65). The Yo-Yo Inter-
mittent Recovery Test Level 1 YRIRTL1 was confirmed as a
valid resource for coaches, fitness trainers, and sport scien-
tists interested in assessing endurance capacity in young
football players (66).

Our results showed that the total distance covered in the
specific intermittent endurance test increases steadily
between the ages of 12 and 17 years, with significant differ-
ences shown between age groups. However, a decrease in
the rate of increase was observed between 12 and 13 years,
in agreement with the study by Carvalho et a/l. (67). A previ-
ous study (67) demonstrated higher distance covered for
14-year-old players from a Spanish first division (La Liga)
club (1,658.5 + 408.5 m) and at the start of an experimental
study (1,488 + 345 m) and (1,764 + 256 m) for the control
group (68). Current U17 players had a considerably great-
er performance in distance covered during the YYIRTL1
to the studies of (69) with Belgium soccer players and (70)

426

with the Croatian population who reported distances of
1,910 + 428 m and 1,581 + 390 m respectively in 17-year-
old elites. Performance increased significantly according
to maturity groups from -1.5 to 1.5 years YPHV occur-
ring around the timing of PHV when players moved from
pre- to post-PHV. Philippaerts ez al. (53) reported that the
highest increase in cardiorespiratory endurance coincides
with the timing of PHV. Previous research has reported
that growth-related changes to the central and peripheral
cardiovascular system, including increases in stroke volume
and cardiac output, as well as changes in muscular function
and metabolic capability occur around the onset of PHV
(61). Furthermore, the study of Bailey e /. (71) indicat-
ed that maximal gains in peak oxygen occurred around
the timing of PHV, with continued improvement observed
during late adolescence. Percentile values of anthropomet-
ric variables and specific physical performances according
to maturity groups were provided. These percentile values
are of interest to estimate the proportion of youth soccer
players with high or low specific physical performance
levels according to PHV. Consequently, the present data
could serve as reference values or standards for other youth
soccer samples from the north of Africa in high-level soccer
development programs.

This study has some limitation that need to be considered.
Players did not join clubs and training session and compe-
tition at the same time; therefore, it was not possible to
obtain information on the soccer experience and training
age of the players. The longitudinal data focused on natural
development without determining the effect of training on
the development of jumping, sprinting, and total distance.
From this sample, no data were available on some physical
performances to compare with maturity groups. We cannot
compare youth female players’ performances (20). Our
study’s data suggest that, during the pre-PHV period, the
primary focus should be on developing technical compe-
tency and assisting players in coping with the growth-relat-
ed anthropometric changes they undergo during this stage.
Training and learning tasks should be centered around
correcting running mechanics, addressing specific multi-
planar jumping and landing tasks, and improving sprinting
techniques (62). Coaches should prioritize the improvement
of fundamental movement skills before players reach PHV.
Furthermore, it is essential to complement the effects of
androgens and muscle growth with neural training to maxi-
mize the benefits of maturity-related changes.

We strongly recommend conducting regular physical assess-
ments and comparing the results to identify periods of
rapid growth and maturation, as well as to monitor perfor-
mance improvements or setbacks. Moving into the post-
PHYV phase, coaches should emphasize the development of

Muscles, Ligaments and Tendons Journal 2024;14 (3)



MoHAMED Tounsl, THIMO WIEwLHOVE, GHAZI RaciL, ET AL.

the aerobic system in players. This can be achieved through
a variety of exercises, including small-sided games combined
with short-duration, intermittent, high-intensity training.
It is crucial to incorporate specific movements into training
sessions to foster the development of technical and tacti-

cal skills.

CONCLUSIONS

By chronological order, sprinting performances demonstrat-
ed early development alongside leg muscle volume, leading
to remarkable improvements in vertical jump performance.
Intermittent endurance performance increases occurred
around the timing of peak height velocity (PHV). Percen-
tiles and normative data of anthropometric and physical
performances according to maturity status were established
to help specialists and coaches estimate the levels of youth
soccer players with high or low soccer-specific physical
performances.
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Medicine of the lower limb, the osteoarticular complex of the ankle, is one of the most evaluated
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analysis was used to confirm the mono-factorial nature of the scale.

Results. All the items were similar in meaning to the originals. Cronbach’s o was 0,880
and the ICC was 0.869. The Pearson’s Correlation Coefficient showed significant
correlations (p < 0.01) between SEFAS and SF-36 and EQ-5D-5L items.
Conclusions. Based on the results obtained, we suggest the use of SEFAS in daily clin-
ical practice, also promoting its continuation in the field of scientific research.
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BACKGROUND loskeletal injuries. They have a particularly high incidence
The need to develop assessment systems for the ankle is ~among physically active individuals (1) furthermore, acute
highlighted by the fact that injuries in this joint appears to ~ ankle sprains have a high recurrence rate, which is asso-
be very frequent. In fact, scientific literature demonstrates  ciated with the development of chronic ankle instability
that acute ankle sprain is one of the most common muscu- (2, 3). It has been observed that an ankle or foot injury
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is very frequent both in sports and in the workplace. In
fact, in running, it has been seen that Achilles tendinopa-
thy, plantar fasciopathy and ankle sprains are three of the
most common types of injuries suffered during training
(4). Furthermore, it has been observed that approximately
30% of running injuries affect the ankle joint complex (5).
Lastly, the latest systematic reviews have highlighted that,
one of the most common injuries in workplace concern
the foot/ankle joint (6). Following a literature review, it
was possible to deduce that there are a very high number
of rating scales examining ankle pain and disability (7).
Furthermore, there is no measurement tool considered to
be the absolute Gold Standard for evaluating problems
affecting the ankle joint. In any case, it has been found
that the most used evaluation scales for dysfunctions of
this joint are the AOFAS (American Orthopedic Foot
and Ankle Score) and FFI (Foot Function Index) (7, 8).
AOFAS is a frequently used tool to evaluate outcome after
ankle and hindfoot injuries. On the other hand, FFI, was
used to measure the impact of foot pathology on function-
ality in terms of pain, disability, and activity limitation. The
Self-Reported Foot and Ankle Score (SEFAS) is a self-ad-
ministered scale that was initially validated for osteoarthri-
tis and inflammatory arthritis of the ankle. Subsequently
we know that it has also been validated for other pathol-
ogies and deformities of the foot/ankle complex (9). It
was developed by Maria Coster ez 4. (2012) (10) and was
based on the New Zealand Total Ankle Questionnaire (11)
which was in turn derived from the Oxford-12 hip ques-
tionnaire (12). The SEFAS is made up of 12 items with
five possible answers and each of them is assigned a score
from 0 to 4, where 0, as a total score, represents the most
severe disability and 48 represents normal function. The
Self-Reported Foot and Ankle Score (SEFAS) has already
been validated in: Spanish and French (Cronbach’s alpha
values of 0.94 for the Spanish version and 0.88 for the
French version) (13), Danish (the intra-class correlation
coefficient (ICC) level of the SEFAS-DK total score was
0.93 (95% confidence interval [CI]: 0.88-0.96). Cron-
bach’s alpha (CA) for the SEFAS-DK was 0.93, while the
floor and ceiling effect at week 6 post-injury was 22.4%)
(14), German (the ICC values was 0.97. Cronbach’s alpha
() value was 0.89 demonstrated strong internal consisten-
cy. No floor or ceiling effects were observed. As hypoth-
esized SEFAS correlated strongly with FAOS and SF-36
domains. It showed moderate (ES/SRM > 0.5) respon-
siveness between preoperative assessment and postopera-
tive follow-up) (15), while it has not yet been validated in
Italian. The aim of this study was to describe the transla-
tion and cross-cultural adaptation process of the English
SEFAS version into Italian.

Muscles, Ligaments and Tendons Journal 2024;14 (3)

METHODS

Authors certify that all applicable institutional and govern-
mental regulations concerning the ethical use of human
volunteers were followed during this research. All proce-
dures followed were in accordance with the ethical standards
of the responsible committee on human experimentation
(institutional and national) and with the Helsinki Declaration
of 1975, as revised in 2008. Informed consent was obtained
from all participants for being included in the study.

Translation and cultural adaptation

Once authorization for translation was requested and
consent was obtained from the author, the original version
of the SEFAS was subjected to a translation process based
on the “Guidelines for the process of cross-cultural adap-
tation of self-report measures” by Beaton ez a/. (16) and
“Principles of good practice for the translation and cultur-
al adaptation process for patient reported outcomes (PRO)
measures: report of the ISPOR Task Force for Transla-
tion and Cultural Adaptation” by Wild ez al. (17). The first
translation phase (Forward-Translation) was carried out
independently by two Italian physiotherapists with a good
command of the English language. In this phase, specific
cultural adaptations were not necessary, as the scale contains
questions conceptually applicable to different populations.
Subsequently, the Back-Translation was carried out, so the
Ttalian version, obtained from the combination of the two
previous translations, was translated again into English
by two bilingual translators. The original version and the
back-translation were compared to verify that there were no
discrepancies, resulting in overlap. Finally, the last version
of the Ttalian SEFAS was reviewed by a Focus Group, made
up of three physiotherapists with an excellent knowledge of
English, so that the questionnaire was easily understandable
and to correct any grammatical and/or spelling errors.

Study design and eligibility criteria

This is a translation and validation study. At the beginning
the original SEFAS was translated and culturally adapted
into Italian and afterwards tested for its validity and reliabil-
ity in patients with: Achilles tendon problems, osteoarthri-
tis, flat foot, cavus foot, hallux valgus, little finger varus and
lateral ankle sprains. The study was conducted by a group of
physiotherapists from the Sapienza University of Rome and
professionals from the Aerospace Medicine Department of
the Ttalian Air Force of the Diagnostic Therapeutic Center
and Aero-Medical Rehabilitation, between August and
October 2021. Following the “Consensus-Based Standards
for the Selection of Health Status Measurement Instrument”
(18) COSMIN checklist, the reliability and construct valid-
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ity of the culturally adapted scale were assessed. Patients
included in the study were suffering from at least one of the
following conditions: Achilles tendon problems, osteoar-
thritis, flat Foot, cavus foot, hallux valgus, little finger varus,
lateral ankle sprains. Exclusion criteria were the no eligibil-
ity for the survey completion, having undergone foot/ankle
surgical therapy in the previous three months and having
carried out infiltrations in the previous three months. In the
period between the test and the retest, the study partici-
pants did not undertake any rehabilitation treatment.

Data collection

For the demographic and patient-reported outcomes
(given the quarantine situation forced by the COVID-19
outbreak), the questionnaires were delivered as a Google
Form questionnaire that were sent to individuals via social
networks (WhatsApp) and emails. The retesting was repeat-
ed within 28 days using the same method. The form required
around 10 minutes to complete as it was divided in more
than one section. The first section included the consent for
the use of personal data and a series of demographic ques-
tions (including name; surname; age; type; height; weight;
affected foot; affected area of the foot; type of affection).
The other sections of the form included patient reported
outcome metrics (SEFAS, SF-36, EQ-5D-5L). The Google
Form used for the retest only included the SEFAS question-
naire. The collected data, from the Google Forms, necessary
for the statistical analysis, were cataloged in special tables,
using an Excel file. SEFAS is made up of 12 items with five
possible answers and each of them is assigned a score from
0 to 4, where 0, as a total score, represents the most severe
disability and 48 represents normal function.

Other questionnaires

SF-36

The Short Form 36 (SF-36) is a very popular tool for assess-
ing health-related quality of life, so much so that a PubMed
search using the term “SF-36” found 9722 items. This
measurement tool is composed of eight subscales: physi-
cal functioning (PF), role physical (RP), body pain (BP),
general health (GH), vitality (VT), social functioning (SF),
role emotional (RE) and mental health (MH). Compo-
nent analyzes showed that there are two distinct dimen-
sions measured by the SF-36: a physical dimension, repre-
sented by the Physical Component Summary (PCS), and a
mental dimension, represented by the Mental Component
Summary (MCS). All scales contribute in different propor-
tions to the score of both the PCS and MCS measures.
The correct calculation of SF-36 scores requires the use of
specific algorithms (19).

432

EQ-5D-5L

The EQ-5D is a generic tool for describing and evaluating
health. It is based on a descriptive system that defines health
in terms of 5 dimensions: Mobility; Self-care; Usual activ-
ities; Pain/Discomfort and Anxiety/Depression (20). Each
dimension has five response categories corresponding to:
“no problem”; “minor problems”; “moderate problems”;
“strong problems”; “extreme problems”. The instrument is
designed for self-completion and respondents also rate their
general health on the day of the interview on a vertical visu-
al analog scale (EQ-VAS) ranging from 0 to 100 marked by
a 40 cm long ruler. The EQ-5D has been extensively tested
and used in both general population and patient samples
and has been translated into over 130 different language
versions. The calculation of the total score of the EQ-5D-5L
requires the use of specific algorithms that can return results
from 0% to 100%), where 0% stands for the worst possible
health and 100% stands for the best possible health (20).

Statistical analysis

Statistical analysis was performed to evaluate the internal
consistency, reliability, and validity of the questionnaire. The
Pearson’s Correlation Coefficient evaluates the correlations
between SEFAS and SF-36 and EQ-5D-5L following Coster
et al. (25). The significant level has been set for P-value less
than or equal to 0.05. To determine the internal consisten-
cy of the scale the Cronbach’s a coefficient was calculated.
Intraclass correlation coefficients (ICCs) and their associat-
ed 95% confidence intervals (CIs) were selected to calculate
the test-retest reliability of SEFAS. Following the COSMIN
checklist, the Cronbach alpha, and the ICC values of >0.70
were considered acceptable.

All psychometric properties evaluated in this cultural adap-
tation was chosen following COSMIN (18) taxonomy and
its domains of reliability and validity, and after a literature
review of the other cultural adaptation of the questionnaire
in order to compare psychometric properties obtained.

All statistical analysis was performed using IBM SPSS
version 20.0.

RESULTS

Patients demographics

The study included a sample of 81 Italian patients. The group
included 46 women and 35 men with an average age of 32.15
years, an average height of 171.10 cm and an average weight
of 70.06 kg (table I). The answers showed that, the most
common clinical presentation was lateral ankle sprain, found
48 times, followed by flat foot which affected 18 patients,
followed by hallux valgus, found 13 times, and Achilles
tendon problems, observed 9 times; rarer, however, are cavus

Muscles, Ligaments and Tendons Journal 2024;14 (3)



Luca Passariume, FrRancesca CurTl, ANTONIO MaRrsoccl, ET AL.

foot (4 patients) and little toe varus (2 patients). We have
observed patients with more than one clinical presentation
together (example: hallux valgus and sprains), for this reason
the number of clinical presentations (n = 94) is greater than
the total patients (n = 81). Following the COSMIN checklist,
of those included only 29 completed re-test within 28 days.

Cross cultural adaptation and translation

Pre-definitive version obtained, following stages guidelines
(16), was tested the on a sample of the Italian population
included in the study, in order to verify its comprehensibility
and the practical aspects of administration, as well as whether
the compilation times fell within reasonable response limits.
Final version of the questionnaire no needed variations in
terms of cultural changes. No patient believed that the scale
needed to be revised, resulting in it being understandable by

everyone. The definitive version of the Italian questionnaire
was thus confirmed.

Reliability and internal consistency

The statistical analysis showed a good internal consistency
of the SEFAS questionnaire since Cronbach’s Alpha was
equal to 0.880 (table II), therefore higher than 0.7. This
shows that there is a good inter relation between all the
items of the scale and therefore a good internal consistency.
Furthermore, not all the items are relevant: if one of them
were eliminated, the value of Cronbach’s Alpha would tend
to vary slightly, thus not reducing the internal consistency of
the instrument (table III). In order to evaluate the reliability
over a period of time the questionnaire was administrated
two times, SEFAS test-retest reliability was also found to
be good with an Intraclass Correlation Coefficient (ICC) of

Table I. Demographic characteristics: minimum and maximum value, mean, median, mode and standard deviation of the

demographic characteristics of the 81 participants in the study.

Age Weight (Kg) Height (cm)
Mean 32.15 70.06 171.10
Range 69 112 39
Minimum 16 45 154
Maximum 85 157 193
Table Il. (A) Cronbach’s alpha of the SEFAS; (B) Intraclass Correlation Coefficient (ICC).
(A) (B)
Cronbach’s Numbers Intraclass 95% Confidence Interval F Test with
Alpha of items correlation True Value 0
Lower Bound Upper Bound Value  dft
0.88 12 Avarage Measures 0.869¢ 0.822 0.908 8.344 80
Table Ill. Internal consistency: Cronbach’s Alpha, Mean and Variance if each item were eliminated.
Scale Mean if Scale Variance if Corrected Item-Total Cronbach’s Alpha if
Item Deleted Item Deleted Correlation Item Deleted
ITEM 1 28.98 95.074 0.227 0.890
ITEM 2 28.42 79.922 0.754 0.859
ITEM 3 28.89 83.300 0.758 0.860
ITEM 4 28.19 101.928 -0.054 0.908
ITEM 5 29.19 84.603 0.785 0.860
ITEM 6 28.90 77.440 0.833 0.853
ITEM 7 28.53 80.527 0.827 0.855
ITEM 8 28.19 89.928 0.509 0.874
ITEM 9 28.91 86.130 0.652 0.866
ITEM 10 28.57 86.073 0.602 0.869
ITEM 11 28.28 86.181 0.767 0.862
ITEM 12 28.27 92.350 0.411 0.879
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0.869 (table IT). Even in this case the value is higher than 0.7
therefore demonstrating good reliability of the tool.

Validity

The feasibility was verified through the calculation of the
KMO index and the Bartlett sphericity test. The KMO
appears to have a value between 0.80 and 0.90, thus demon-
strating good sampling adequacy (table IV).

In the absence of a gold standard, the validity in this study was
expressed in terms of construct validity. During the first admin-
istration of the SEFAS, the participants also filled out the SF-36
and the EQ-5D-5L so that its construct validity, convergent
validity precisely, could be calculated. The correlation between
the scores of the SEFAS, the SF-36 and the EQ-5D-5L was
possible thanks to the calculation of the Pearson’s Correla-
tion Coefficient. The SEFAS has a strong correlation with the
EQ-5D-5L, supported by the Pearson’s coefficient value of
0.609. Furthermore, the Italian version of the SEFAS also has
a strong correlation with the physical activity subscale of the
SF-36 with a Pearson’s coefficient of 0.775 (table V).

DISCUSSION

The aim of this study was to generate an Italian version of
the “Self-Reported Foot and Ankle Score” (SEFAS) consid-
ering an optimal validity and reliability index. We found
that SEFAS has good validity and reliability when evaluating
patients with forefoot disorders and other foot/ankle disor-
ders. The questionnaire - which has already been validated
in patients with ankle OA and inflammatory disease in the
ankle joint (24) and for the other conditions (25) - can now
also be recommended as a valuable PROM when evaluat-
ing Ttalian patients with different disorders of the foot and
ankle. The translation and cultural adaptation have led to

a version consistent with the original as demonstrated by
Cronbach’s alpha, the ICC and the Pearson Coefficient.

Internal consistency was assessed by calculating the value of
Cronbach’s Alpha, which was equal to 0.880. In any case, the
Italian version of the SEFAS has excellent levels of internal
consistency, presenting an a value well above 0.700. Further-
more, the scale proved to be in line with the validations on
which it was based, observing very similar internal consisten-
cy values (0.89 French, 0.88 German) (13, 15). The repro-
ducibility of the test, concerning the 81 patients, appears
to be excellent with an ICC of 0.869. Even in this case the
value is higher than 0.700 demonstrating excellent stability
of the instrument (21). Furthermore, the Italian version of
the SEFAS proved, once again, in line with the respective
validation in French, as they show very similar ICC values,
of 0.869 and 0.87 respectively. While a small difference was
observed in the German version, which differs slightly from
the other two with a value of 0.97. The correlation between
the SEFAS and the EQ-5D-5L appears to be strong, as the
value of the Pearson coefficient is 0.609. The Italian version
of the SEFAS also has a strong correlation with the physi-
cal activity subscale of the SF-36 with a Pearson coefficient
of 0.775, in line with the Spanish validation, as the Pear-
son coefficients are 0.775 and 0.717 respectively. The KMO
appears to have a good value as it is between 0.80 and 0.90
(22). It was not possible to evaluate the responsiveness of the
questionnaire due to the study design. In future research, it
would be useful to measure the responsiveness of the SEFAS
questionnaire when applied to patients with other patholo-
gies, such as diabetic foot.

In conclusion, the pathology most frequently report-
ed among the participants was acute lateral ankle sprain,
with 48 cases out of 81. This data suggests that the results
obtained from this study could refer more to a population
with acute lateral sprain (23). Therefore, to make the results
more referable to different foot/ankle pathologies, future
studies should therefore examine more heterogeneous
patient populations, anyway the strength of this study still

Table IV. Validity: Pearson correlation coefficients between SEFAS, EQ-5D-5L and SF-36 (physical activity).

Kaiser-Meyer-Olkin and Bartlett’s test

Kaiser-Meyer-Olkin Measure of Sampling Adequacy

Bartlett’s Test of Sphericity

0.885

Approx. Chi-Square
577.813

Table V. Factor Analysis: KMO and Bartlett test.

SEFAS EQ-5D-5L SF-36 (physical activity)
SEFAS Pearson Correlation 0.609"™ 0.775™
EQ-5D-5L Pearson Correlation 0.609™ 1 0.565"
SF-36 (physical activity) Pearson Correlation 0.775" 0.565" 1

434

Muscles, Ligaments and Tendons Journal 2024;14 (3)



Luca Passariume, FrRancesca CurTl, ANTONIO MaRrsoccl, ET AL.

was to validate a questionnaire capable of evaluating differ-
ent clinical conditions of the foot and ankle as was done by
Coster et al. (24).

CONCLUSIONS

In conclusion, the “Self-Reported Foot and Ankle Score”
(SEFAS) questionnaire is a specific self-administered ques-
tionnaire for the evaluation of pain, function, and limita-
tion of the foot and/or ankle complex. Statistically signifi-
cant results emerged from the analysis of the data collected,
demonstrating that the Italian version of the SEFAS has
excellent psychometric properties; this makes it a valid and
reliable tool for assessing the level of disability in subjects
suffering from different foot/ankle complex problems.
Despite this, it is believed, as in the French and Spanish
validation, that future studies with a larger sample size are
necessary to ensure consistent validity and reliability of the
score. The questionnaire proved to be short, schematic, easy
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SUPPLEMENTS
Appendix 1. Italian Self Reported Foot and Ankle Score.

Vorremmo che rispondessi alle 12 domande sottostanti. Ogni domanda ha un punteggio da 0 a 4.
4= il pius lieve o il meno problematico e 0= il pil severo o il piil problematico.

S
Segna con una crocetta |a casella che meglio descrive la tua condizione durante le ultime 4 settimane.
1. Come descriveresti il dolore che hai di solito sul 5. Quanto ha interferito il dolore nel piede/caviglia in
piede/caviglia in questione? questione sulle tue consuete attivita, inclusi faccende
domestiche e hobby?
4) Assente
3) Molto lieve 4) Per niente
2) Lieve 3) Poco
1) Moderato 2) Moderatamente
0) Severo 1) Molto
0) Completamente
2. Per quanto tempo riuscivi a camminare prima che il 6. Quando camminavi zoppicavi a causa del piede/caviglia
forte dolore si manifestasse nel piede/caviglia in in questione?
questione?
4) Nessun giorno
4) Niente dolore fino a 30 min. 3) Solo uno o due giorni
3) 16-30 minuti 2) Alcuni giorni
2) 5-15 minuti 1) La maggior parte del tempo
1) Solo il giro dell'isolato 0) Tutti i giorni

0) Incapace di camminare per il forte dolore

3. Riuscivi a camminare su un terreno irregolare? 7. Riuscivi a salire una rampa di scale?

4) Si, facilmente 4) Si, facilmente

3) Con poca difficolta 3) Con poca difficolta

2) Con difficolta moderata 2) Con difficolta moderata

1) Con estrema difficolta 1) Con estrema difficolta

0) No, impossibile 0) No, impossibile

4. Avevi necessita di utilizzare un'ortesi (plantare), 8. Sei stato disturbato di notte, al letto, dal dolore al
supporti plantari per il tallone o scarpe particolari? piede/caviglia in questione?

4) Mai 4) Nessuna notte

3) Occasionalmente 3) Solo uno o due notti

2) Spesso 2) Alcune notti

1) La maggior parte del tempo 1) La maggior parte delle notti

0) Sempre 0) Tutti le notti

9. Quanto il dolore al piede/caviglia in questione ha 11. Dopo un pasto (seduto al tavolo) quanto & stato
influenzato le tue abituali attivita ricreative? doloroso alzarti dalla sedia a causa del dolore sul

piede/caviglia in questione?
4) Per niente

3) Poco 4) Per niente doloroso

2) Moderatamente 3) Lievemente doloroso

1) Molto 2) Moderatamente doloroso
0) Completamente 1) Molto doloroso

0) Insopportabile

10. Hai avuto gonfiore al piede? 12. Hai avuto un grave improvviso dolore lancinante,
puntorio o spasmi al piede/caviglia in questione?
4) Nemmeno un po’

3) Occasionalmente 4) Nessun giorno

2) Spesso 3) Solo uno o due giorni

1) Lamaggior parte del tempo 2) Alcuni giorni

0) Sempre 1) La maggior parte del tempo
0) Tutti i giorni
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INTRODUCTION

Muscle hypertrophy is one of the main goals of resistance
training (1, 2). Measurement of hypertrophy is frequent-
ly associated with increase in muscle cross-sectional area
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SUMMARY

Background. Muscle hypertrophy is one of the main goals of resistance training and is
frequently associated with an increase in muscle cross-sectional area (CSA). Imaging
techniques are valid and reliable techniques for measuring CSA but are inaccessible
to most professionals. Anthropometric-based multiple regression equations (z.e. using
circumference and skinfolds outcomes) have been proposed to estimate muscle CSA
describing a limited number of muscles.

Purpose. The aim of this study was to develop anthropometric-based multiple regres-
sion equations using ultrasound images to estimate CSA of pectoralis major, biceps
brachii, triceps brachii, rectus abdominis, rectus femoris, vastus lateralis, biceps femo-
ris, gastrocnemius lateralis and medialis muscles at two distinct regions for each muscle
assessed.

Methods. Thirty trained women and men (mean + SD; body mass = 69.6 + 11.1 kg;
stature = 168.5 + 8.9 cm; and age = 25.7 + 4. years) participated in the study. Circum-
ference and skinfold measurements were taken at the same points where ultrasound
images were acquired to evaluate the CSA of muscles analyzed. Muscle CSA area was
assessed using panoramic-view ultrasound.

Results. Seventeen multiple regression equations were developed using measures of
circumference, skinfold, body weight, height and muscle CSA.

Conclusions. Ten equations developed presented the relative errors between 7.2 and
19.9%. These values are comparable or less than those found in equations commonly
used by sport and exercise professionals. Thus, these equations are recommended for
single-time point estimation of muscle CSA. However, their usefulness for monitoring
the CSA changes promoted by resistance training requires further research.

KEY WORDS

Muscle regional hypertrophy; cross-sectional area, predictive equation; ultrasound; resis-
tance training.

(CSA) (3). Magnetic resonance imaging (MRI), computed
tomography and ultrasonography (US) are valid and reli-
able techniques for measuring CSA (2-8). These techniques
allow distinction between different body tissues, such as
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bones, muscles and fat (4, 2). However, these methods
are expensive and inaccessible to most sport and exercise
professionals (2, 4, 5, 6, 8).

Anthropometric-based methods to estimate CSA (ie.
using circumference and skinfolds outcomes) are well
known and most easily accessible to professionals (2, 3,
5). These methods were primarily used to estimate fat
and fat-free mass (3). Earlier attempts to improve accu-
racy of field methods used equations based on circum-
ference, corrected by skinfolds, estimating bone-muscle
CSA (2,9, 10). However, these methods resulted in over-
estimation compared to imaging techniques, and they do
not assess muscle tissue, but fat-free mass (2, 3). Housh
et al. (4) went further and used magnetic resonance imag-
es to develop an anthropometric-based multiple regres-
sion equation that was able to predict thigh muscle CSA.
Other equations using similar approach to predict upper
limb CSA have also been described (11-14), although
these equations do not differentiate between upper limb
muscles, such as triceps or biceps brachii.

Additionally, it has been shown by imaging techniques
that muscle hypertrophy in response to resistance train-
ing may not be homogeneous along different muscle
regions (15). This regional hypertrophy response, when a
non-uniform increase in CSA along the muscle occurs, has
been demonstrated for the triceps brachii (13, 16) biceps
brachii (17, 18), and quadriceps femoris (19, 20). None-
theless, anthropometric-based equations proposed in the
literature are not specific for different muscle regions and
describe a limited number of muscles. Thus, the purpose
of this study was to develop anthropometric-based multi-
ple regression equations using US images to estimate CSA
of pectoralis major, biceps brachii, triceps brachii, rectus
abdominis, rectus femoris, vastus lateralis, biceps femo-
ris, gastrocnemius lateralis and gastrocnemius medialis
muscles at two distinct regions for each muscle assessed.
Given the aforementioned reasoning, it was hypothesized
that multiple regression equations based on anthropomet-
ric measurements would present a small relative standard
error to estimate the regional CSA of upper and lower
limbs muscles.

METHODS

Experimental approach to the problem

Each participant had the right-side muscle CSA deter-
mined through panoramic field-of-view US for two differ-
ent regions of the pectoralis major, triceps brachii, rectus
abdominis, rectus femoris, vastus lateralis, biceps femo-
ris, gastrocnemius lateralis and gastrocnemius media-
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lis muscles, and one region of the biceps brachii muscle.
Circumference and skinfolds were measured at the same
location as the US images were acquired. Skinfolds were
evaluated according to the Jackson and Pollock proto-
col (21). The mass and height of study participants were
assessed in the laboratory.

Subjects

Thirty individuals, 14 women and 16 men (mean + SD
mass = 69.6 + 11.1 kg; height = 168.5 + 8.9 cm; and age =
25.7 + 4 years), who were engaged on resistance training
for at least 6 uninterrupted months (mean + SD: 32.6 +
25.4 months) volunteer to participate in this investigation.
Sample size was established following the recommenda-
tions of Beck (22) using the software G*Power (version
3.1.9.2; Heinrich Heine Universitat Diisseldorf, DE,
Germany). Thus, the sample calculation was carried out
using the G. Power program (version 3.1.7) using the statis-
tical treatment provided for the present study (Multiple
Linear Regression). Furthermore, an alpha error of 0.05,
a power of 0.95 and four predictors were used (circum-
ference, analytical fold, mass and height). The value of
1.08 was used for the effect size (ES), obtained through
the representation coefficient (r = 0.72) presented by
Housh ez al. (4). In this study, hamstring CSA was estimat-
ed using thigh circumference and skinfold measurements
as reference. Thus, the software calculated a sample size
of 23 individuals. However, 30 volunteers were recruit-
ed seeking to increase the predictive power of the regres-
sion equations. Participants were instructed to avoid any
exercises 24 hours before US assessment. Upon their
arrival at the laboratory, they received all relevant infor-
mation regarding the study and completed an informed
consent prior to initiating testing. The study followed the
standards established in the Declaration of Helsinki and
was approved by the university ethics committee (CAAE:
45454321.6.0000.5149 — date of approval: June 25, 2021).

Procedures

Body weight was measured using a digital scale (FILIZO-
LA, Sao Paulo, Brazil) to the nearest 0.1 kg. Standing
height was measured using a fixed stadiometer to the
nearest 0.5 cm (FILIZOLA, Sao Paulo, Brazil). Anatom-
ical landmarks on the right side of the body were identi-
fied through palpation to determine each muscle region.
A horizontal line was drawn in each muscle region using a
permanent marker brush and a level square. A 0.5 cm wide
micropore tape was fixed immediately below the drawn
line to delimit the US transducer guide area during image
acquisition (figure 1), adopting the following references:
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e DPectoralis major (men only) — 30% of the distance
between the superior border on the sternoclavicular
joint and the top of the umbilical scar; and the superior
border of the areola mammae.

e Biceps and triceps brachii — 50% and 70% of the
distance between the acromion and the humeral lateral
epicondyle.

¢ Rectus abdominis — top of the umbilical scar and 4 cm
above the scar.

® Rectus femoris, vastus lateralis, biceps femoris — 50%
and 70% of the distance between the greater trochan-
ter and the femur lateral epicondyle.

e Gastrocnemius lateralis and medialis — 25% and 35%
of the distance between the superior border of the head
of the fibula and the lateral malleolus.

Circumference measurements were made immediately

above the tape using a flexible anthropometric tape to

the nearest 1 mm. Skinfolds were measured using a body
caliper according to Jackson and Pollock (21) protocol.

All anthropometric measurements were made by the same

examiner, who was experienced in these procedures.

Figure 1. Location of each muscle region for us image acqui-
sition.

Biceps brachii at 50% (A1) and 70% (A2) of the distance between the
acromion and the humeral lateral epicondyle; Pectoralis major at 30% of
the distance between the superior border on the sternoclavicular joint and
the top of the umbilical scar (B1) and the superior border of the areola
mammae (B2); Rectus abdominis at top of the umbilical scar (C2) and 4
cm above the scar (C1); Rectus femoris and vastus lateralis at 50% (D1)
and 70% (D2) of the distance between the greater trochanter and the
femur lateral epicondyle; Triceps brachii at 50% (E1) and 70% (E2) of the
distance between the acromion and the humeral lateral epicondyle; Biceps
femoris at 50% (F1) and 70% (F2) of the distance between the greater
trochanter and the femur lateral epicondyle; Gastrocnemius lateralis at
25% (G1) and 35% (G2) of the distance between the superior border of
the head of the fibula and the lateral malleolus; Gastrocnemius medialis at
25% (G3) and 35% (G4) of the distance between the superior border of
the head of the fibula and the lateral malleolus.
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Before image acquisition, participants were asked to rest
in supine on an examination bed to allow fluid shift stabi-
lization for at least 20 minutes (23). Images were acquired
using a B-mode ultrasound device (MindRay DC-7, Shen-
zhen, China) with a 4-cm linear transducer using in extend-
ed-field-of-view mode to assess muscle CSA. The equip-
ment was configured with 10 MHz frequency, acquisition
rate of 21 frames/s with a depth ranging from 1 to 9 cm
and gain between 50 and 64 db. The settings were adjust-
ed for each volunteer to produce the clearest images of the
analyzed muscles. In previous studies from our laborato-
ries using the same ultrasound device and similar proce-
dures, we have obtained good inter-evaluator reliability
values (ICC, | > 0.92) (18, 32, 33). A procedure bed was
installed at the side of the US device to accommodate the
participant during the image acquisition procedure, which
took approximately 45 minutes per individual.

For image acquisition, a water-soluble transmission gel was
used to aid acoustic coupling (Ultra Gel®, Brazil). Care was
taken to prevent exerting too much pressure on the skin
surface, avoiding compression of the muscles whilst the
transducer was slowly moved along the marked longitu-
dinal lines to obtain the scanned images. Two images were
acquired for each muscle region by a trained operator.
Scans were stored in the US device hard drive then trans-
ferred to a flash drive, as a DICOM file. Images were
analyzed using (RadiAnt DICOM Viewer software version
1.9.16, 64 bit, Poznan, Poland). The operator manually
traced the contour of the muscles, and the software auto-
matically calculated CSA after muscles were traced. Mean
CSA of both images for each muscle region was used for
statistical analysis.

In addition, five volunteers were randomly selected to
perform the procedures again in a new session. The
test-retest reliability of circumference, skinfolds and CSA
measurements was performed using data from the initial
session and the retest session.

Statistical analysis

Analysis was performed using the statistical software SPSS
for Windows version 22.0 (SPSS, Inc., Chicago, IL., USA)
with a significant level of 0.05. The normal distribution and
homogeneity of variances were confirmed using the Shap-
iro-Wilk and Levene tests, respectively. Multiple regres-
sion was used to develop predictive equations of muscle
CSA at two distinct regions for each muscle assessed from
circumference, skinfolds, weight, and height. The collin-
earity diagnostic exploration resulted in variance infla-
tion factors (VIF) of < 2.0 and tolerance above of 0.20,
which indicates there are no collinearity problems of the
independent variables (24). The limits of agreement and
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the presence of biases were assessed by the Bland-Altman
method to compare CSA measured with CSA predicted.
Test-retest repeatability was also tested for measurements
of circumference, skinfolds and CSA. A two-way mixed
effects model was used to calculate the intraclass correla-
tion coefficient (ICC, ), considering data from the initial
and retest sessions. The standard error of measurement
(SEM) was also calculated using these same data.

RESULTS

From 30 participants, only men had the pectoralis major
muscle assessed. Images from 2 participants were exclud-
ed based on technical limitations of US images acquisi-
tion, resulting in 14 eligible participants. All other muscles
were assessed in both men and women. Biceps brachii was
only assessed at 50% of the distance. Due to some imagens
being excluded based on technical limitations, the final
number of participants included in the final analysis was
not equal for all muscles (figures 2-5). The test-retest reli-
ability results considering ICC, | and SEM were 0.999 and
1.17 ¢m for circumference, 0.966 and 1.8 mm for skinfolds

and 0.981 and 1.73 cm? for CSA, respectively. Table I pres-
ents the descriptive data of the variables and test-retest
measurements of muscle cross-sectional area.

Thigh muscles

The regression equations for thigh muscles are present-

ed below. These equations were developed using infor-

mation on thigh circumference (CC ;) and skinfold
thickness of thigh (SK ;) at 50% and 70% of the femur
length, body weight (BW), and body height (BH). The

Coefficient of Determination (r?) and the Standard Error

of Estimate relative to average (SEEr) are also provided

for each equation:

* Rectus femoris (50%) CSA = 0420 x CC ., -
0.174 x SK . - 0.91 x BW + 8313 x BH - 17.816
2 = 0.502; SEEr = 18.8%

* Rectus femoris (70%) CSA = 0386 x CC ., -
0.042 x SK - 0.119 x BW + 6.345 x BH - 17.035
1?2 = 0.364; SEEr = 41.3%

o Vastus lateralis (50%) CSA = 0.101 x CC ., - 0.313
x SK + 0564 x BW - 30.421 x BH + 38.145

THI

1?2 = 0.744; SEEr = 14.7%

Table I. Descriptive data (mean * standard deviation) of variables and test-retest measures of muscle cross-sectional area.

(35%)

CSA measured  Circumference Slfinfold CSA measured - CSA measured — Retest
Muscle . (em?) (cm) thickness Test (n=5) (n=5)
(mm) (cm?) (cm?)
Pectoralis major 31214569  10372+539 671220 3392562 3485+ 6.95
Pectoralis major ,_,  2869£805 9965552  671%220 38.64 +0.03 3575 +0.82
Biceps brachii 50%) 8.98 +4.09 31.01 +4.03 6.03 +3.07 8.90 £5.01 8.28 £4.15
Triceps brachii (50%) 21.44 +10.05 31.26 +4.14 10.34 +5.04 22.62 +8.03 2648 + 11.44
Triceps brachii ., 1700680  2901+381 958443 1634 +7.77 17.19 +8.87
Rectus abdominis ,, | 8004265  8032+645  1720£7.05  1036+3.21 10.60 + 2,37
Rectus abdominis (4 em) 6.00 = 1.63 76.72 £6.83 1737 +7.12 8.00 £ 1.62 7.00 £ 1.72
Rectus femoris 50%) 9.99 +£2.45 5545 +£3.72 18.19 +7.74 10.00 +2.31 10.00 + 3.43
Rectus femoris (70%) 340+ 159 47.95 + 3.47 18.03 +7.73 3.00 £ 0.69 3.00 £0.91
Vastus lateralis 2528 +6.74 55.09 +3.62 17.95 +7.64 29.00 +5.97 26.68 + 6.54
Vastus lateralis (70%) 17.92 £4.83 4755 £3.44 17.90 +7.79 21.00 + 2.68 2143 +4.03
Biceps femoris (50%) 9.35 +2.65 5522 +3.76 17.64 £7.26 8.94+2.16 9.10+ 1.75
Biceps femoris 70%) 10.00 + 2.76 47.88 +3.43 18.25 +7.94 10.17 £ 3.17 10.69 +2.43
Gastrocnemius lateralis 5, 8.06 +£2.58 36.97 +2.54 12.48 +5.32 837 £2.58 7.94 +£237
Gastrocnemius lateralis 6.23 £2.20 36.68 +2.71 12.60 £5.51 8.14 +£2.50 7.27 +1.56
Gastrocnemius medialis 5, 1152 +£3.35 36.97 £2.54 11.01 £4.92 11.02 +£3.45 11.41+2.21
Gastrocnemius medialis 1151 +3.64 3638 £2.71 10.98 £5.11 11.35 £ 3.00 10.67 £2.12

Muscles, Ligaments and Tendons Journal 2024;14 (3)
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o Vastus lateralis (70%) CSA 0983 x CC .y -
0358 x SK .. - 0.051 x BW - 3358 x BH - 13.340
r?=0.671; SEEr = 16.9%

o Biceps femoris (50%) CSA -0.289 x CC y -
0.042 x SK ., + 0.180 x BW + 8.624 x BH - 0.775
1?2 = 0.746; SEEr = 15.8%

* Biceps femoris (70%) CSA = 0.314 x CC ., - 0.080
x SK .. + 0155 x BW 18844 x BH + 17.736
1?2 = 0.543; SEEr = 19.8%

Figure 2 shows the Bland-Altman method plots comparing
the error obtained between the values of CSA measured by
ultrasound and the values of CSA predicted by the equa-
tions for each of the thigh muscles and regions.

Leg muscles

The regression equations for leg muscles were developed
using information on leg circumference (CC, ) and skin-
fold thickness of leg (SK ...) at 25% and 35% of the fibula

LEG
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Figure 2. Bland-Altman method plots comparing the error obtained between the values of CSA measured by ultrasound and
the values of CSA predicted by the equations for each of the thigh muscles and regions.

Bland-Altman method plots comparing the error obtained between the values of CSA measured by ultrasound and the values of CSA predicted by the
equations for rectus femoris at 50% (A) and 70% (B), vastus lateralis at 50% (C) and 70% (D), and biceps femoris at 50% (E) and 70% (F). The solid
line represents the mean differences between the measured CSA and the predicted CSA. The dashed lines represent the confidence interval of the differ-

ences between the measured CSA and the predicted CSA.
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length, BW, and BH. The r? and the SEEr are also provided

for each equation:

Gastrocnemius lateralis (25%) CSA = LEG

- 0.225 x SK,, + 0.089 x BW - 9.975 x BH -3.343
12 = 0.819; SEEr = 14.8%

* Gastrocnemius lateralis (35%) CSA = 0.312 x CC, . -
0.137 x SK_, + 0.133 x BW - 14.658 x BH + 12.148
2 = 0.595; SEEr = 24.5%

o Gastrocnemius medialis (25%) CSA = LEG
0294 x SK,,. + 0.112 x BW -8.022 x BH + 7.073
12 = 0.498; SEEx = 22.3%

* Gastrocnemius medialis (35%) CSA = 0.547 x CC, -
0.193 x SKL + 0.215 x BW - 25.818 x BH + 22.368
1?2 =0.619; SEEr = 21.3%

Figure 3 shows the Bland-Altman method plots comparing

the error obtained between the values of CSA measured by

0.673 x CC

0.364 x CC,

ultrasound and the values of CSA predicted by the equa-
tions for each of the leg muscles and regions.

Arm muscles

The regression equations for arm muscles were devel-

oped using information on arm circumference (CC,g, )

and skinfold thickness of biceps brachii (SK,.) or triceps

brachii (SK;,) at 50% and 70% of the humeral length,

BW, and BH. The r? and the SEEr are also provided for

each equation:

® Biceps brachii (50%) CSA 0912 x CC.y, -
0.285 x SK, - 0.035 x BW+ 2.045 x BH - 18.640
2 = 0.881; SEEr = 17.2%

o Triceps brachii (50%) CSA 1.955 x CCyy,
0338 x SK,, - 0.139 x BW + 9.727 x BH - 42.990
1?2 = 0.692; SEEr = 28.4%
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Figure 3. Bland-Altman method plots comparing the error obtained between the values of CSA measured by ultrasound and
the values of CSA predicted by the equations for each of the leg muscles and regions.
Bland-Altman method plots comparing the error obtained between the values of CSA measured by ultrasound and the values of CSA predicted by the

equations for gastrocnemius lateralis at 25% (A) and 35% (B), and gastrocnemius medialis at 25% (C) and 35% (D). The solid line represents the mean
differences between the measured CSA and the predicted CSA. The dashed lines represent the confidence interval of the differences between the measured

CSA and the predicted CSA.
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o Triceps brachii (70%) CSA = 1.169 x CC,,, - 0.462
x SK,. + 0029 x BW + 4305 x BH - 21.734
12 =0.873; SEEr = 15.7%

Figure 4 shows the Bland-Altman method plots comparing

the error obtained between the values of CSA measured by

ultrasound and the values of CSA predicted by the equa-

tions for each of the arm muscles and regions.

Trunk muscles

The following multiple regression equations were developed

using information on trunk circumference (CC,, ) and skin-

fold thickness of Pectoralis major (SK,,,,) or Rectus abdom-

inis (SK,,,) at different regions on the trunk, BW, and BH.

The r? and the SEEr are also provided for each equation:

o Pectoralis major (30%) CSA 0.153 x CCpy +
0.184 x SK + 0.712 x BW — 29.406 x BH + 10.279
r? = 0.893; SEEr = 7.2%

* Pectoralis major (areola mammae) CSA = -0.202 x CC_,

+ 0.092 x SK + 0.953 x BW - 69.846 x BH + 95.923
r? = 0.557; SEEr = 22.3%

* Rectus abdominis (umbilical scar) CSA = -0.069 x CC_,,
+ 0.007 x SK + 0.304 x BW — 13.213 x BH + 14.380
1?2 =0.706; SEEr = 19.9%

* Rectus abdominis (4 cm) CSA = -0.038 x CC. —
0.014 x SK + 0.172 x BW — 9.369 x BH + 13.553
r? = 0.423; SEEr = 20.9%

Figure 5 shows the Bland-Altman method plots comparing

the error obtained between the values of CSA measured by

ultrasound and the values of CSA predicted by the equa-

tions for each of the trunk muscles and regions.

DISCUSSION

The purpose of this study was to develop multiple linear
regression equations to predict CSA for two different
regions of upper limb, lower limb, and trunk muscles
based on anthropometry and US images. 17 equations
were derived: two equations for pectoralis major, triceps
brachii, rectus abdominis, rectus femoris, vastus latera-
lis, biceps femoris, gastrocnemius lateralis and gastroc-

A Biceps Brachii 50% (n=26)

Differences of measured and predicted CSA (cm?)

Mean of measured and predicted CSA (cm?)

B Triceps Brachii 50% (n=26)

c Triceps Brachii 70% (n=24)

Differences of measured and predicted CSA (cm?)
Differences of measured and predicted CSA {cm?)

T T T T d
20 25 30 35 40

Mean of measured and predicted CSA (cm?)

25 30
Mean of measured and predicted CSA (cm?)

Figure 4. Bland-Altman method plots comparing the error obtained between the values of CSA measured by ultrasound and

the values of CSA predicted by the equations for each of the arm muscles and regions.

Bland-Altman method plots comparing the error obtained between the values of CSA measured by ultrasound and the values of CSA predicted by the
equations for biceps brachii at 50% (A), and triceps brachii at 50% (B) and 70% (C). The solid line represents the mean differences between the measured
CSA and the predicted CSA. The dashed lines represent the confidence interval of the differences between the measured CSA and the predicted CSA.
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Figure 5. Shows the Bland-Altman method plots comparing the error obtained between the values of CSA measured by ultra-
sound and the values of CSA predicted by the equations for each of the trunk muscles and regions.

Bland-Altman method plots comparing the error obtained between the values of CSA measured by ultrasound and the values of CSA predicted by the
equations for pectoralis major at 30% (A), and areola mammae (B), and Rectus abdominis at umbilical scar (C) and 4 cm of umbilical scar (D). The solid
line represents the mean differences between the measured CSA and the predicted CSA. The dashed lines represent the confidence interval of the differ-

ences between the measured CSA and the predicted CSA.

nemius medialis muscles, and one equation for biceps
brachii muscle. From the equations developed, 10 of them
presented a magnitude of relative error between 7.2 and
19.9%, values which are comparable or less than those
found in commonly used equations to estimate body
density (SEEr = 17%) (21) and cardiorespiratory capaci-
ty (VO, maximum; relative errors of 20 and 16% for men
and women, respectively (25). Additionally, Bland-Al-
tman analysis shows that all equations demonstrated an
error close to zero, revealing a high level of agreement
between CSA measured by ultrasound and the values of
CSA estimated by the equations. Thus, the results of pres-
ent study demonstrate the ability of the multiple linear
regression equations derived to predict CSA of pectora-
lis major at 30%, biceps brachii at 50%, triceps brachii

Muscles, Ligaments and Tendons Journal 2024;14 (3)

at 70%, rectus abdominis at umbilical scar level, rectus
femoris at 50%, vastus lateralis 50 and 70%, biceps femo-
ris at 50 and 70%, and gastrocnemius lateralis at 25 %.

It is important to emphasize that all regression equations
have an inherent error and the decision to use the equation
is usually based on a compromise between practicality and
accuracy (4). The decision whether to use an equation must
consider the magnitude of error that can be expected (4).

Equations using anthropometric measures to estimate
muscle + bone area, or lean body mass, are based on three
or four assumptions: 1) the upper and lower limbs would
have cylindrical shapes; 2) skinfold measurement would
be equivalent to twice the average diameter of adipose
tissue and this tissue in the subcutaneous region would

have a uniform thickness; 3) muscle and bone compart-
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ments of the limbs would have a cylindrical shapes (4, 11,
14); and 4) there would be no adipose tissue between and
within muscles (14). However, given that the information
presented above is not necessarily true, researchers have
attributed to those assumptions the errors found when
such equations are used (2, 4, 10, 13, 14) which can vary
between 15 and 25% (2, 10). The use of multiple regres-
sion equations based on both anthropometric measures
and imaging exams for predicting muscle area, such as
the one developed by Housh ez al. (4), does not require
assumptions about muscle shape, limb shape, or subcuta-
neous adipose tissue. It is important to emphasize that any
regression equation that does not exhibit a perfect rela-
tionship between variables (r = 1.00 or -1.00) contains an
inherent error, and the decision to use the equation should
be based on a trade-off between practicality and accuracy,
considering expected error for the measurement (4).
Regression equations are also used for other purposes in
sports science. Jackson and Pollock (21, 26) developed gener-
alized equations capable of estimating body density for male
and female individuals. The proposed equations for males
can predict body density considering different ages and body
compositions, with an average error of 17% (4, 21). Howev-
er, the equations proposed for females, while showing a valid
degree of accuracy for estimating body composition, may not
be as accurate for individuals over 40 years old and with a
body mass index below 20% (26, 27). The American College
of Sports Medicine (ACSM) regression equation common-
ly used to predict maximum oxygen uptake has an error of
20% for men and 16% for female people, overestimating
cardiorespiratory capacity when used (25).

The use of imaging exams to validate anthropometric equa-
tions is another factor that would contribute to reducing
prediction errors of equations (4, 13). Housh ez a/. (4) devel-
oped the equation using images obtained with MRI, whichare
considered gold standards in the evaluation of body tissues,
as well as images by CT scans (2-4, 5-8). However, MRI and
CT scans are the most expensive and least accessible meth-
ods for professionals (2, 4, 5, 6, 8). Ultrasound was initially
used to evaluate muscle and adipose tissue thickness, but the
development of panoramic ultrasound allowed this technique
to assess muscle area with good accuracy compared to gold
standard methods (2, 8, 28, 34). The technological advance-
ments have made this technique accessible with better cost-ef-
fectiveness (2, 28). Considering all these information, the
present study used anthropometric measures (circumference
and skinfolds), employed multiple linear regression analy-
sis, and added muscle area data obtained through panoram-
ic ultrasound images to develop equations that could predict
muscle area with low relative error values. Therefore, sports
and exercise professionals could accurately assess the muscu-
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lar area of the lower limbs, upper limbs and trunk in their
practice. In the present study, relative prediction errors were
considered acceptable when the values obtained from the
developed equations were less than or equal to 20%. These
criterion was based on prediction errors values of other equa-
tions commonly used in sports science (4, 22, 25).

Thigh muscle

To quantify muscle CSA, Housh et a/. (4) proposed a multiple
regression equation based on anthropometry and MRI images
of the quadriceps, the hamstrings, and hip adductors at 50%
of the distance between the superior border of the head of
the femur to the inferior border of the medial condyle. The
researchers derived equations presenting potential errors rang-
ing from approximately 7.3%-19.5% of the estimated quad-
riceps CSA, 12.6-22.3% of the estimated hamstrings CSA,
and 7.1-17.7% of the total thigh muscles CSA. In the present
study, the rectus femoris, vastus lateralis, and biceps femoris
were analyzed individually. At 50% distance, the proposed
equations presented a SEEr of 18.8%, 14.7%, and 15.8%,
respectively. The equations derived for the vastus lateralis, and
biceps femoris at 70% of the distance also presented good
predictive ability, with a SEEr of 16.9%, and 19.8%, respec-
tively. The vastus lateralis muscle represents a large area and
volume of the thigh segment, which explains the lower error
associated with the predictions of the CSA. However, different
from the results found by Housh ez /. (4), the SEEr found for
the hamstrings CSA are below 22.3 %, in both 50% (15.8%),
and 70% distance (19.8%). At 70% distance, rectus femoris
CSA represents a small area of the thigh segment (average of
3.4 cm?), thus, the greater error associated with the prediction
of the CSA (41.3%) was an expected finding.

Leg muscles

Other studies proposed equations to predict CSA of lower
limb muscles based on anthropometry and images techniques
(13, 29). Similar to Housh ez a/. (4), the equations derived in
those studies were proposed to predict CSA of muscle groups
or the limb, not for muscles individually. Rice ez a/ (13)
assessed CSA of the plantar flexor muscles in young and aged
males using anthropometry and computed tomography. The
authors noted that the predictive ability of muscle size using
anthropometry depends on the limb and the age of the subject.
They also observed that the prediction error of total leg area
using anthropometry overestimated the CSA when compared
to CT scans in both groups. For the young male group, the
relative error varied between 1.4%-15.1%, and for the elder-
ly male group, the SEEr varied between 5.4%-9.6%. Rice et
al. (13) concluded that the equations derived from their study
were valid and could be used to estimate muscle CSA of calf
muscles in young males. Thus, it can be inferred that the equa-
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tion proposed in the present study to predict CSA of lateral
gastrocnemius muscle at 25% distance, which demonstrated a
SEEr of 14.8%, also presents a good predictive ability and can
be used to assess muscle CSA of young individuals.

Arm muscles

Similar to lower limb muscles, prediction equations proposed
for upper limb muscles using anthropometry and imaging
techniques do not assess muscles individually. Heymsfield ez
al. (11) proposed a revised equation to predict arm muscle
area minus bone and, after correcting the equation proposed
earlier for Jelliffe and Jelliffe (10), the final equation presented
with a SEEr of 8% when compared to area measured using
computed tomography. The authors suggested that despite
the error and overestimation of the arm muscle area, the equa-
tion using circumference and triceps skinfold can provide
valuable information that is inexpensive, simple, and practical
to collect. Rice e al. (13) also proposed equations to predict
area of arm muscles in young and aged males using anthro-
pometry and computed tomography. However, the predictive
equations demonstrated an error twice as large as for the leg
for young males and 30% larger for aged males. The authors
believe that the main difficulty can be attributed to the fact
that none of the muscle groups represents more than 40% of
the total limb size, and neither predominates (13). The pres-
ent study proposed equations for two distinct regions of the
triceps brachii and one region of the biceps brachii. The equa-
tion derived for the triceps muscle at 70% distance presented
with a SEEr of 15.7% and the equation for the biceps muscle
at 50% demonstrated a SEEr of 17.2%. The muscles were
analyzed individually, different from other proposed equa-
tions, which reduces even further their proportion related
to the segment. Thus, although the proposed equations for
triceps brachii at 70% and biceps brachii at 50% present great-
er SEEr compared to previous studies, they show good ability
to predict muscle CSA. The biceps brachii at 70% distance
was not assessed due to limitations of US image acquisition.

Trunk muscles

There are no previous studies that developed multiple
regression equations to predict CSA of pectoralis major
or rectus abdominis muscles. Pectoralis major muscle was
only analyzed in male participants; the scans were acquired
at 30% of the distance between the superior border on the
sternoclavicular joint and the top of the umbilical scar; and
the superior border of the areola mammae, which required
that, participants were bare-breasted, and this procedure
could be uncomfortable for some women. The equation
developed for the pectoralis major muscle at 30% of the
distance demonstrated the lowest SEEr, 7.2%. The sample
of the present study was characterized by male, trained indi-
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viduals and low adipose tissue thickness. in the evaluated
region, thereby reducing the contribution of this tissue to
circumference measurement. Furthermore, a small amount
of intramuscular fat may have improved the quality of the
ultrasound image, which would contribute to reducing the
equation’s error in predicting muscle CSA (28). The rectus
abdominis muscle demonstrated acceptable predictive capa-
bility at the distance immediately above the umbilical scar,
where the SEEr found was 19.9%. Despite the muscle repre-
senting a small portion of the abdomen, a reduced thickness
of adipose tissue in the region of the evaluated participants,
as well as in the chest, may have contributed to an acceptable
error, albeit at the upper limit of the determined error.

Final considerations

As has been previously reported in the literature, imaging
techniques, especially MRI, are the gold standard tools
to measure muscle CSA (2-8). Although MRI can accu-
rately determine muscle size, Barnouin et al. (30) report-
ed a mean interrater difference of 4.4% when measuring
quadriceps femoris muscle CSA. Some degree of error is
expected when using regression equations; however, the
estimation of muscle CSA using equations can be useful
when more sophisticated procedures are not available.
Perhaps applying equations to monitor training-induced
changes in muscle CSA is more important than a single-
time point assessment, which allows researchers to test the
efficacy of exercise interventions (8). DeFreitas et al. (5)
applied Housh’s equation to detect changes in quadriceps
CSA following 8 weeks of resistance training. Although
Housh’s equation underestimated changes in muscle CSA
when compared to computed tomography, the anthro-
pometric-based equation was able to show a significant
increase in muscle CSA after only 2 weeks of training.
Nevertheless, it must be emphasized that care must be
taken when using the equations in a population differ-
ent from the one to which they were developed for, as
regression equations are population specific (21, 26, 27,
31). Applying these equations in a different population
will undoubtedly magnify the prediction error.

CONCLUSIONS

Thus, the present study developed 10 multiple regres-
sion equations to predict CSA of thigh, leg, arm and trunk
muscles that demonstrated error of estimate similar to other
equations commonly used by sport and exercise profession-
als. The anthropometric equations developed in the present
study are recommended for single-time point assessment
of muscle CSA, however, their usefulness for monitoring
training-induced changes requires further research.
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INTRODUCTION

SUMMARY

Background. Anterior cruciate ligament (ACL) tear is the most frequent ligament inju-
ry in athletes and is often accompanied by a traumatic meniscus tear. When a patient is
submitted to a concomitant ACL reconstruction and meniscal repair, early rehabilita-
tion caution might slightly delay knee function progress, potentially affecting gains in
range of motion, strength recovery and subsequent return to sports. Therefore, in this
study, we investigated the evolution of isokinetic parameters in professional athletes
who underwent ACL reconstruction, with and without concomitant meniscal repair.
Methods. Isokinetic parameters of fifty-eight professional athletes were assessed at
the pre-surgery stage, 3-6, 6-9, 9-12, and +12 months post-surgery. Employing linear
mixed-effect models, the effects of time and meniscal repair on knee extensors and
flexors peak torque, bilateral asymmetry index, and hamstrings-to-quadriceps ratio
were analyzed.

Results. There was a main effect of the time on the peak torque outcomes in the
injured side and bilateral asymmetry index of the knee extensors and flexors. However,
the main effect of meniscus repair was not significant for all outcomes. Concurrently,
there was no main effect of any factor on the hamstrings-to-quadriceps strength ratio.
Conclusions. Generally, our analysis revealed that associated meniscal repair did not
influence the recovery of muscle strength in athletes. Additionally, athletes require
a minimum of 9 months to exhibit significant enhancement in isokinetic parameters
compared to their preoperative performance.

KEY WORDS

ACL injury,; bilateral asymmetry, H/Q ratio; knee function; meniscal repair; return
to sports.

is surgical meniscal management in conjunction with ACL

Anterior cruciate ligament (ACL) tear is the most frequent ~ reconstruction (5). Among the operative options, meniscal
ligament injury in athletes (1-3) and is often accompanied by ~ repair, when appropriate, is the main choice considering the
a traumatic meniscus tear in the range of 40-65% (4). In the  increased risk of knee osteoarthritis following meniscectomy
context of concurrent damage, an appropriate intervention  (6). Therefore, since ACL and meniscus play essential roles in
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providing knee stability (7, 8), the main purpose of perform-
ing ACL reconstruction and meniscal repair in athletes is
to restore joint stability and knee function, offering a safe
return to sports, as well as preventing future complications.

Regarding the return to sports after ACL reconstruction,
objective clinical assessment, subjective questionnaires,
and functional tests are crucial to minimize the risk of inju-
ry recurrence (2, 9-11). Additionally, among the objective
measures, the evaluation of strength deficits is the most
reported criterion for return to sports (2, 12), and the
isokinetic dynamometer is the gold standard tool used in
clinical settings (13). Isokinetic assessments can provide
several parameters related to muscle performance such as
maximal strength, strength asymmetries between homol-
ogous muscular groups, and agonist/antagonist ratios (2,
14). Monitoring these variables over time provides valuable
information about a patient’s condition and the effective-
ness of rehabilitation programs before returning to sports
competitions (15).

In this scenario of preparing the patient for return to sports,
when concomitant ACL reconstruction and meniscal
repair are performed, progressions in range of motion and
weight-bearing activities in the early rehabilitation stages may
be slightly slower, requiring additional time to reintroduce
patients to running or jumping tasks (16). Previous studies
have hypothesized that these initial cautions in the rehabil-
itation program may culminate in later functional recovery
and a consequent delay in return to sports activities (17, 18).
Considering the frequent co-occurrence of meniscal injuries
with ACL ruptures among athletes (4), it becomes crucial in
the context of strength assessment to comprehend the influ-
ence of meniscal intervention on isokinetic outcomes follow-
ing ACL reconstruction. However, although the effects of
combined ACL reconstruction and meniscal repair on isoki-
netic parameters have already been explored in the general
population, demonstrating no significant effects (18), little
is known about muscle performance recovery in profession-
al athletes who receive both interventions. Additionally, the
evolution of isokinetic strength measurements across multi-
ple stages post-surgery remains an open question, as most
studies investigating the effect of associated meniscal repair
and ACL reconstruction have been limited to evaluations at
a single post-surgery time point (17, 19, 20).

Thus, in this study, we investigated the evolution of isoki-
netic parameters after ACL reconstruction, with and with-
out concomitant meniscal repair. Specifically, we assessed
changes in the knee extensors and flexors peak torque,
bilateral asymmetry index, and hamstrings-to-quadriceps
ratio in athletes who underwent only ACL reconstruction
or concurrent ACL reconstruction and meniscus repair.
If meniscal repair has a negative effect on muscle perfor-
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mance evolution throughout the rehabilitation process, we
expect that athletes who receive both surgical interventions
may require a longer period to achieve the desired level of
improvement in isokinetic parameters.

METHODS
Study design

This prospective study analyzed the evolution of isokinetic
parameters over time. The isokinetic evaluation was intend-
ed to be performed at five-time points: pre-surgery, three, six,
nine, and 12 months after ACL reconstruction. Preoperative
isokinetic evaluations were performed during the hospital-
ization phase at least 12 hours before surgical intervention.
Follow-up assessments were scheduled for the same day as
other outpatient procedures, avoiding additional visits.

Subjects

Fifty-eight athletes from several sport modalities, includ-
ing soccer, basketball, volleyball, rugby, judo, and handball,
were recruited to participate in this study (21 females; mean
+ SD age: 23.12 + 6.79 years; body mass: 72.28 + 11.65 kg;
height: 172.68 + 8.80 cm, at pre-surgery timepoint), after
providing written, informed consent. These athletes were
recruited from the Sports Medicine Center Program. The
inclusion criteria were being an athlete enrolled at a national
or international level competition and scheduled for prima-
ry surgical ACL reconstruction. The exclusion criteria were
bilateral ACL injury, previous ACL or meniscus tears in both
limbs, failure to attend two or more follow-up assessments.

Ethical approval

All the procedures and methodologies applied in this proj-
ect were rigorously reviewed and have received approval
from the National Institute of Traumatology and Orthope-
dics ethics committee (CAAE: 15653519.2.000.5273 — date
of approval: April 07, 2019).

ACL surgical technique

All subjects underwent the same surgical technique using
autologous quadruplicated semitendinosus tendon graft,
performed by the same group of surgeons. Briefly, the femo-
ral tunnel was strategically located at the central portion
of the footprint of the native ACL, accessed through the
far anteromedial portal. To harvest the graft, a longitudinal
incision of approximately 4 cm was made beneath the tibi-
al insertion point of the knee flexor tendon. A guide wire
was then carefully inserted into the proximal tibia, reach-
ing the intra-articular space at the insertion point of the
native ACL. This wire served as a guide for creating the tibi-
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al tunnel, which was done using a cannulated drill with a
diameter matching the thickness of the graft. To position the
graft correctly, a transport wire was inserted into the femo-
ral tunnel and then pulled through the tibial tunnel using
retriever forceps, forming a loop. The graft was securely
fixed in place, with an endobutton at the proximal edge and
a bioabsorbable interference screw at the distal edge. Nota-
bly, the interference screw had a diameter 0.5 mm or 1 mm
larger than the tibial tunnel to ensure robust fixation.

Isokinetic strength assessment
Participants were seated in an isokinetic dynamometer

(Humac Norm II, CSMI, USA) with both knees and hips at
~90° and the trunk stabilized by seatbelts. The dynamom-
eter rotation axis was visually aligned with the axis of the
tested knee joint, and the lever arm of the device was fixed
two centimeters above the medial malleolus. With contin-
uously provided real-time visual feedback of the torque
signal, participants first performed a warm-up/familiar-
ization set of five progressive concentric/concentric knee
extensions and flexions at an angular velocity of 60°/s and
a range of motion of 90° (full extension at 0°). Subsequent-
ly, they were asked to perform five repetitions of maximal
voluntary concentric/concentric knee extension and flexion
at 60°/s while receiving strong verbal encouragement. Both
sides (involved and contralateral) were tested in a random-
ized order, with 5 min of rest (21).

At each testing time-point, the hamstring-to-quadriceps
conventional strength ratio (H/Q_ ) and bilateral asymme-
try index were calculated from the normalized peak torque
(instantaneous peak torque value divided by the total body
mass) obtained for the knee extensors and flexors. Specifi-
cally, H/Q_  was calculated as the ratio between knee flex-
ion concentric peak torque and knee extension concentric
peak torque (14, 22). The asymmetry index was computed
using the following equation (23): Asymmetry index(%) =
(PT contralateral - PT involved)/(max (PT contralateral, PT
involved)) x 100.

Statistical analysis

Ideally, isokinetic evaluation was intended to be performed
at five-time points, as described in the study design section.
However, not all patients were able to return to the labo-
ratory at a specific time point and complete all five assess-
ments. To circumvent this issue, the data were agglutinat-
ed in the following ranges: pre, 3-6 months, 6-9 months,
9-12 months, and 12 months. Therefore, to deal with miss-
ing data and torque variability between subjects, linear
mixed-effect models (LMM) were applied to test the signif-
icance of time and the interaction of meniscal repair on
isokinetic parameters assessed before and after ACL recon-
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struction. The categorization of patients based on whether
they underwent meniscal repair or not was simplified into a
binary variable, either “with” or “without”, without distin-
guishing between the specific compartments of the menis-
cus. A random intercept model was built with time (pre, 3-6
months, 6-9 months, 9-12 months, and +12 months), asso-
ciated meniscal repair and their interaction as fixed effects,
and participants as random effects (z.e., Zsokinetic parameter
~1 + time + meniscus + time x meniscus + (1 | participant)).
The assumption of normality of the residuals was assessed
using Q-Q plot inspection. The model was implemented
using the ImerTest package (24) with the Kenward-Roger
method to approximate the degrees of freedom and esti-
mate the P-value. In the posz-hoc test, the Estimated Margin-
al Means (emmeans) package was used for multiple compar-
isons and to determine estimated marginal means with 95 %
confidence intervals, and the Bonferroni method was used
to adjust the P-value obtained from the multiple compari-
sons. Unless otherwise stated, data are presented as mean +
standard deviation. All statistical analyses were performed
using R software (version 4.2.2) in the RStudio environment.

RESULTS

Changes in isokinetic peak torque

Due to the non-significant time and meniscus interaction
effect, data are pooled in figure 1 and figure 2 for clear-
er visualization. Table I presents median (min-max) values
for ACL reconstruction alone and meniscus repair with
ACL reconstruction. As observed in figure 1, there was a
main effect of time point on the involved knee extensors
peak torque (Panel A - LMM; F = 6.226; p < 0.001), and for
the involved knee flexors peak torque (Panel B - LMM; F
= 4.830; p = 0.0015), revealing an increase in performance
over time. However, in both the involved knee extensors
and flexors peak torque, the effect was not significant for
the “tzme x meniscus” interaction (LMM; F < 0.334; p >
0.774 for all cases) and the main effect for “meniscus repair”
was not significant (LMM; F < 1.841; p > 0.179 for all cases),
indicating that the associated meniscal repair and ACL
reconstruction did not affect the knee extensor and flexor
peak torque changes over time. The normalized peak torque
performed on the involved side throughout time points
pre-ACL reconstruction, between 3-6 months, between 6-9
months, between 9-12 months, and +12-months post-sur-
gery, was respectively (mean + SD) 2.27 + 0.72 Nm/kg; 2.00
+0.88 Nm/kg; 2.20 + 0.47 Nm/kg; 2.67 + 0.71 Nm/kg; 2.93
+ 0.65 Nm/kg for the knee extensors, and 1.53 + 0.47 Nm/
kg; 1.65 = 0.45 Nm/kg; 145 + 037 Nm/kg; 1.77 = 035
Nm/kg; 1.75 + 0.42 Nm/kg for the knee flexors.
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Regarding the contralateral side, as observed in figure 1
(Panels A and B), there was no main effect of any factor
(LMM; F < 3.23; p > 0.07 for all cases), indicating that the
peak torque of the contralateral knee extensors and flex-
ors remained constant after surgery. The normalized peak
torque throughout time points pre-ACL reconstruction,
between 3-6 months, between 6-9 months, between 9-12
months, and +12-months post-surgery, was respectively
2.95 + 0.63 Nm/kg; 2.75 + 0.65 Nm/kg; 2.90 + 0.51 Nm/
kg; 3.11 £ 0.71 Nm/kg, and 2.94 + 0.92 Nm/kg for the knee
extensors, and 1.77 + 0.44 Nm/kg; 1.89 + 0.45 Nm/kg; 1.76
+0.37 Nm/kg; 1.86 + 0.35 Nm/kg, and 1.81 + 0.37 Nm/kg
for the knee flexors.

Changes in bilateral asymmetry index and
hamstrings to quadriceps conventional ratio

As observed in figure 2, there was a main effect of the
time point on the bilateral asymmetry of the knee exten-
sors (Panel A, LMM; F = 7.026; p < 0.001) and knee flexors
(Panel A, LMM; F =4.633; p = 0.002), revealing a decrease
in bilateral asymmetry throughout time. For bilateral asym-
metry of both knee extensors and flexors, the effect was not
significant for the “time x meniscus” interaction (LMM,;
F < 0.827; p > 0.511 for all cases) and the main effect for
“meniscus” was not significant (LMM; F < 0.637; p > 0.427
for all cases), indicating that the associated meniscus and
ACL repairs did not affect the bilateral asymmetry of the
knee extensors and flexors over time. The bilateral asymme-
try calculated throughout time points pre-ACL reconstruc-
tion, between 3-6 months, between 6-9 months, between
9-12 months, and +12-months post-surgery, was respec-
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Figure 1. Changes in knee extensors and flexors isokinetic
peak torque.

“Denotes significative difference from Pre; *denotes significative difference
from 3-6 months; “denotes significative difference from 6-9 months.
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tively 22.56 + 19.76%; 27.72 + 22.77%; 23.18 + 15.90%;
14.48 + 18.20%; 0.76 + 23.70% for the knee extensors, and
13.27 £ 19.03%; 12.60 = 13.87%; 17.50 = 11.17%; 4.60 =
15.15%; 3.33 + 15.06% for the knee flexors.

The H/Q_ throughout time points pre-ACL reconstruc-
tion, between 3-6 months, between 6-9 months, between
9-12 months, and +12-months post-surgery, was respective-
ly 0.71 £0.27; 0.93 £ 0.43; 0.69 + 0.24; 0.70 + 0.20, and 0.60
+ 0.10 for the involved side, and 0.60 + 0.10; 0.69 + 0.10;
0.61 +0.12; 0.62 + 0.16, and 0.66 + 0.18 for the contralater-
al side. As shown in figure 2, there was no main effect of any
factor (LMM; F < 2.389; p > 0.127 for all cases), indicating
that the H/Q_ of both the involved and contralateral sides
remained constant after surgery.
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Figure 2. Changes in strength balance isokinetic parameters.

“Denotes significative difference from Pre; “denotes significative difference
from 6-9 months.

DISCUSSION

The primary objective of this study was to investigate the
potential impact of concurrent ACL reconstruction and
meniscal repair on isokinetic parameters progression.
Contrary to our hypothesis, our analysis revealed that associ-
ated meniscal repair did not influence the recovery of muscle
strength in athletes. Furthermore, athletes require a minimum
of 9 months to exhibit significant enhancement in isokinetic
parameters compared to their preoperative performance.

Effect of meniscal repair

Considering our hypothesis, athletes who undergo both ACL
reconstruction and meniscal repair may experience delayed
enhancement of isokinetic parameters. This hypothesis was
raised from a potential slower progression in range of motion

Muscles, Ligaments and Tendons Journal 2024;14 (3)



Jost CARLOS DOS SANTOS ALBARELLO, CONRADO TORRES LAETT, ALANNA MARTINS SOARES DE PALMA, ET AL.

and weight-bearing activities during the initial stages of reha-
bilitation in patients who receive meniscal repair (17, 18),
which may require additional time for the gradual reintegra-
tion of athletes into running or jumping tasks (16). However,
for all isokinetic outcomes investigated in this study, our anal-
ysis indicated that performing meniscal repair in conjunction
with ACL reconstruction did not affect the evolution of knee
extensors and flexors peak torque, bilateral asymmetry index,
and H/Q_ A compared to athletes who underwent ACL recon-
struction alone. These findings suggest that both groups can
achieve similar muscle strength and balance improvements at
the same rate during the first-year post-surgery.

In agreement with these results, previous studies have
reported similar findings at 6 months (18), 6-8 months (17),
and 9-11 months (19) post-surgery. While Mesnard ez al.
(17) and Wenning e al. (18) compared isokinetic perfor-
mance in general patients, Byrne ez al. (19) focused on
athletes engaged in multidirectional sports such as Gaelic
football, soccer, hurling, and rugby. Although Byrne ez al.
(19) also investigated athletes, isokinetic parameters were
assessed only at 9-11 months after surgery, without a pre-sur-
gery assessment for comparison. This approach limits the
comprehension of the rate of recovery of muscle strength
and balance, which precludes investigation into wheth-
er patients undergoing ACL reconstruction and meniscal
repair indeed present worse or later knee joint functional
restoration. Compared to previous research, a strength of
the present study lies in the assessment of isokinetic param-
eters at several time points throughout approximately 12
months, which may be more appropriate for understanding
the performance recovery behavior after surgery.

Peak torque outcomes

Regardless of whether associated meniscus repair was
performed, we observed that athletes need approximately
9-12 months to experience a significant improvement in knee
isokinetic parameters compared to pre-ACL reconstruction
performance. Regarding the peak torque outcomes, a group
pooled analysis (figure 1) shows that injured knee extensors
need at least 12 months to exhibit a significant improve-
ment, while this improvement was observed at 9-12 months
for knee flexors. When comparing the results from before
and 6 months after surgery, Wenning ez a/. (18) also observed
improvements in knee extensors and flexors peak torque,
without significant differences between the ACL reconstruc-
tion and ACL plus meniscal repair groups. Additionally,
Lepley ez al. (20) did not observe differences in quadriceps
activation, as well as knee extensors isokinetic and maximal
isometric torque between these groups at a time when indi-
viduals were able to return to sport. Together, this evidence
indicates that meniscal repair does not significantly affect
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the quadriceps and hamstrings strength recovery for athletes
who undergo concurrent ACL reconstruction. Therefore,
athletes who undergo ACL reconstruction and meniscal
repair can reasonably expect, in the short to medium term,
to regain their pre-injury muscle strength at a rate compara-
ble to athletes who undergo ACL reconstruction alone.

Strength balance outcomes

Since the main goal of ACL reconstruction is to restore
mechanical joint stability and functional capability, two
key isokinetic parameters play significant roles in assessing
these outcomes: the bilateral asymmetry index (25) and the
hamstring-to-quadriceps strength ratio (26). Monitoring
the bilateral asymmetry index, which reflects the strength
discrepancy between the injured and uninjured sides, is a
fundamental approach to gauging the progress of recovery.
In this scenario, the bilateral asymmetry index may provide
useful information to facilitate a return to the pre-inju-
ry performance level after ACL reconstruction (27). Since
we did not observe significant changes over time in both
knee extensors and flexors peak torque on the non-injured
side, a significantly lower bilateral asymmetry index iden-
tified around 12 months can be attributed to the strength
improvement in the injured limb. Additionally, we observed
that after 9 months, both knee extensors and flexors present-
ed a mean bilateral asymmetry index below 15%. This is a
well-expected outcome since a strength symmetry greater
than 85% between the injured limb and the contralateral
side is a widely required return to sports criterion (28, 29).

The hamstring-to-quadriceps strength ratio is another metric
used to assess mechanical knee joint stability and the overall
strength balance between the opposing muscle groups (30).
For both the involved and contralateral knee, we do not
observe significant changes over time in this isokinetic param-
eter. Since this variable is calculated from the peak torque
ratio of knee flexors to knee extensors, we do not expect
significant changes in this outcome due to the strength fluc-
tuations over time of these muscle groups, mainly attributed
to quadriceps arthogenic inhibition and the use of hamstring
tendon graft. With the exception of the 3-6-month post-sur-
gery assessment on the injured side, the mean H/Q_  in
all other measurements, including both limbs, was around
0.6-0.7, indicating an appropriate knee flexors and exten-
sors strength balance when this joint is assessed at slow to
intermediate angular velocities (12-180°/s) (33). Similarly,
Wenning ez al. (18) also observed no significant changes in
hamstring-to-quadriceps strength ratio before and after 6
months of ACL reconstruction in both the ACL reconstruc-
tion alone and ACL plus meniscal repair groups. This result
suggests that even with an improvement in hamstrings and
quadriceps torque on the injured side, the strength balance
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between these muscles was maintained, indicating a propor-
tional force increase. Given these findings, it is essential to
exercise caution when interpreting the hamstring-to-quadri-
ceps strength ratio in isolation, as an optimal ratio may not
necessarily imply functional improvement.

Limitations

While our study makes a valuable contribution to the field
by examining the effects of associated ACL reconstruction
and meniscal repair in professional athletes, as well as the
evolution of isokinetic parameters assessed over several time
points, there are some limitations that should be highlight-
ed to provide a comprehensive view of the research find-
ings. A crucial aspect of assessing postoperative strength
and functional recovery is understanding the rehabilitation
process that patients undergo (31, 34). Although our study
did not incorporate comprehensive monitoring of the reha-
bilitation protocol, all patients received a specific guideline
previous reported (2). However, the variations in rehabili-
tation approaches, exercises, and timelines may have influ-
enced the recovery trajectory and subsequent outcomes.
Another limitation pertains to the absence of data regarding
the time elapsed between injury occurrence and the surgical
intervention. This timeline can significantly impact the initial
condition of the knee joint functionality, influencing pre-sur-
gery muscle strength and potentially affecting post-surgery
recovery rates (12, 32). Incorporating this information would
provide a better understanding of how the injury-to-surgery
timeline interacts with the outcomes observed in our study.
Finally, the sample comprises individuals from various sports
modalities. Each sport entails distinct movement patterns,
biomechanics, and physical demands, which can intro-
duce a level of variability in the study’s results. Additional-
ly, different sports may place varying stressors on the knee
joint, potentially impacting the rate and extent of recovery.
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INTRODUCTION

Performance in basketball relies on a complex combina-
tion of high physical fitness (1-5), technical and tactical
skills. Game performance and physical fitness levels (6) may
vary according to multiple factors including age (7), level
of performance, gender, and experience (8). However, the
primary need to analyze appropriate anthropometric vari-
ables such as body composition, especially body height and
body mass is fundamental. Additionally somatotype, body
proportions, and conformation are considered as advantag-
es in various aspects of game (9). Prior research and findings
have strongly supported the necessity of using chronolog-
ical age and predicted age at peak height velocity (PHV)
to assess physical performances to optimize the identifica-
tion of players (10). To the best of our knowledge, scien-
tific literature on women’s basketball remains limited (11)
and there is a paucity of research focusing on characteristics
that lead to success in basketball, especially in females (12).
While previous studies have explored the anthropometry
and fitness levels of basketball players and their relationship
with game performance, most research has predominantly
focused on males, leaving a gap in understanding relevant
predictors for female basketball players. The impact matu-
rity status considered as an optimal parameter for success in
sport (10). It is important to known that during the growth
process the interaction between physical performance and
anthropometric variables is highly complex (12) especial-
ly body mass and height, with sport-specific motor abili-
ties and biological age (13) are key components of sporting
success. When assessing the adolescent athletes’ perfor-
mance, the impact of maturation must be accounted for,
since the development of stature and body mass in youth
players follows a characteristic pattern. Young players who
mature early often outperform players of the same chrono-
logical age who mature later in muscle strength and endur-
ance (14). There is a tendency for international studies to
examine the impact of biological maturity on the skill and
physical performance of youth basketball players. Conse-
quently, more research is required for a better understand-
ing of maturation effect on each age category. Females tend
to reach their PHV at approximately 12 years old, and have
shorter growth period, whereas males reach their PHV at 14
years old, with greater velocity curves for peak height and
body mass (15). Nevertheless, little is known about the effect
of biological maturation on anthropometric characteristics
and physical parameters in female Palestinian players which
are important for basketball performances. Specifically, rela-
tionships between different maturation parameters (biolog-
ical maturation and physical performances) were identified
at the U-14 boys’ national level in basketball (16). However,
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there is a scarcity of studies in the Arab world, particularly
in Palestine. The significance of this study lies in its novel-
ty and innovation, as it is the first of its kind in Palestine,
focused on examining the development of anthropometric
and physical measurements in female basketball players.
Moreover, establishing reference values for physical perfor-
mances according to maturity groups is crucial. These refer-
ence values can assist coaches, fitness coaches, and enthu-
siasts in selecting talented players and developing effective
training programs. Understanding the variations in growth
within an age group contributes to recognizing differences
in the physical development of young female players.
Therefore, the aims of this study were: 1) to analyze the
development of anthropometric parameters and physical
performances by age in female basketball players in Pales-
tine aged 12 to 16 years; 2) to examine the effect of maturity
status on anthropometric parameters and physical perfor-
mances; and 3) to establish specific reference values for
physical performances in female Palestinian basketball play-
ers aged 12 to 16 years.

MATERIALS AND METHODS

Study population

One-hundred and fifty female basketball players, aged from
12 to 16 years, volunteered to participate in this study. The
players were from different clubs concerned with the basket-
ball game for juniors in different regions of Palestine (north,
middle, and south). The experimental procedure took place
during July and August. All participants were free from inju-
ry, and they were practicing basketball three times a week
with an average of 70 minutes per training session. Assess-
ments were conducted over four days for each region.

Experimental design

On the first day, the anthropometric measurement was taken,
followed by physical measurements (jumping test, agility,
and speed tests) on the second and third day. Finally, the
cardiorespiratory endurance test was administered on the
fourth day. The participants and their clubs were informed
about the nature of the study, and their respective clubs
endorsed the young basketball players in the evaluation as
part of their strategic plans to utilize the results of the study
for player development. Legal signatures were obtained on
the consent form of the players and their parents before
starting data collection, and approval was obtained from the
Palestinian Ministry of Education. The study protocol was
approved by the local Ethical Committee of the Faculty of
Medicine “Ibn El Jazzar” of Sousse (Tunisia) (N. 213-2023
— date of approval: November 13, 2023).
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Anthropometric measurement

All anthropometric measurements were taken by a special-
ist in the field. Standing height and sitting were measured
using a portable stadiometer (Seca 213 portable measur-
ing rod, USA). Arm length, wingspan and length of lower
limb were measured by an inextensible plastic tape.
Weight, body mass index (BMI), body fat, percentage of
fat and fat-free mass were measured (17) with a Human
Body Element Analyzer (Detect Elements in the Body
MSLCAQO5). All measurements were taken in accordance
with the guidelines, outlined by the international society
for the advancement of Kinanthropometry (ISAK) by the
same researcher (18).

Maturity status

The determination of maturity status utilized the predic-
tive equation for girls developed by researchers (19). This
method was approved for predicting years from PHYV, serv-
ing as an indicator of maturity offset through anthropomet-
ric variables. The predictive equation is a follow: Maturi-
ty Offset = -16.364 + (0.0002309 x Length of lower limbs
and Sitting height interaction) + (0.006277 x Age and Sitting
height interaction) + (0.179 x Length of lower limbs by
Height ratio) + (0.0009428 x Age and Weight interaction).
The methodology entails forecasting the temporal proxim-
ity to peak height velocity (PHV) concerning chronolog-
ical age through the integration of anthropometric vari-
ables (height, sitting height, weight, and lower limb length)
into a regression equation, as delineated by the researchers
(19). The calculation of chronological age was obtained by
deducting the birth date from the testing date, producing
an approximate value with an accuracy of 0.1 years. Nega-
tive values, signifying time preceding PHV, were added
to chronological age, whereas positive values, indicating
time following PHV, were subtracted. The maturity status
and classification of groups were according to the study
of another set of researchers (20). Each player was cate-
gorized into 1 of 6 maturity-offset groups (-2.5 YPHV [<
-2.01,-1.5 YPHV [-1.99 to -1.0], -0.5 YPHV [-0.99 to 0.0],
0.5 YPHV [0.01 to 1.0], 1.5 YPHV [1.01 to 2.0], and 2.5
YPHV [>2.01]).

Physical performances

Maximal sprint speed was evaluated with a five speed
tests (5 m; 10 m; 20 m; 20 m with dribbling; 5 x10 m).
The photocell gates (Witty system, photocells witty gate,
Microgate, Bolzano, Italy) were positioned at the start-
ing line and at 10, 20 and 30 (m) and were placed 0.7
(m) above the ground. The participants performed the
maximum speed test 5> m, 10 m and 20 m (without a ball),
then the 20 m test (with dribbling). Participants then
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performed the (5 x 10 m) shuttle run, and the time was
recorded for all tests.

The 10 x 5 m Shuttle test required players to sprint
between two marked lines, covering the specified distance
by running to the opposite marked line, turning, and
returning to the starting line. The test commenced from a
stationary position behind the starting line, with one foot
raised to the line in a two-point stance. Both feet of the
players were required to fully cross the marked lines at each
turn. The total time taken to complete the entire distance
was measured using a gate of photocell. Each participant
was granted two attempts, and the best recorded time was
noted (21). Agility was evaluated using Illinois Test follow-
ing the protocol of Peqgini and Kadija (22). The length of
the course is 10 meters, and the width (distance between
the start and finish points) is 5> meters. Four cones are used
to mark the start, finish and the two turning points. Anoth-
er four cones are placed down the center an equal distance
apart. Each cone in the center is spaced 3.3 meters apart.
The Sargent jump (23) is a countermovement jump
performed from a static position, incorporating an arm
swing to propel the body upward and generate additional
thrust (24). The utilization of upper limbs is deemed more
natural for basketball players, as it mimics various move-
ments encountered in basketball scenarios (25).

The five-jump test (5]T) involves executing five consecu-
tive strides with feet positioned together at both the begin-
ning and end of the jumps. Starting from the initial joined
feet position, participants are prohibited from execut-
ing any backward steps with either foot; instead, they
are required to leap directly forward with a leg of their
choice. After completing the first four strides, involving
alternate left and right foot movements for two repetitions,
the participant performs the last stride, concluding the test
with joined feet once again. In cases where the player falls
back upon completing the final stride, the test is repeated.
Measurement of 5]T performance is determined using a
tape measure, extending from the front edge of the play-
ers’ feet at the starting position to the rear edge of the feet
at the final position. The individual assessing the landing
focuses on the last stride of the player to accurately iden-
tify the final foot placement, as players may not always
maintain an upright position upon landing. The starting
position is consistently established at a fixed point (26).
5]T performance was expressed relatively to leg length
(5] T-relative) (27).

To assess the muscular strength of the upper limbs, the
Medical Ball Throwing Test was performed following
the protocol of Hermassi ez al. (12). The subjects were
instructed to carry out a standardized warm-up before
the medicine ball throws using a 1-kg rubber ball. After
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familiarization with the task and a brief description of the
optimal technique, seated players held the ball with both
hands and then forcefully pushed it from the chest. The
distance from the sitting line to the ball’s landing spot was
recorded as the test score to the nearest 1 cm. Three trials
were performed, each separated by 60 seconds of rest,
and the best score from each participant was retained for
the analysis.

The cardiorespiratory endurance test was the 20-meter
shuttle run test (20-m SRT) whose procedure adhered to
established protocols as outlined in the study by Rams-
bottom et al. (28). In brief, test participants engaged in
the assessment collectively, and organized in groups of
five. Their task involved shuttling between two lines situ-
ated 20 meters apart, synchronizing their movement with
audio cues emanating from a pre-recorded CD. Starting
at a speed of 8.5 km/h' in the initial minute, the velocity
incremented by 0.5 km/h' every subsequent minute. The
test was terminated either when the participant voluntarily
stopped or failed to maintain the prescribed pace for two
consecutive signals, as determined by umpire judgment.
Robust verbal encouragement was provided throughout
the test. The recorded data included the last stage reached,
with the estimation of VO, , carried out utilizing the
table provided by Ramsbottom ez a/. (28). The Medicine
Ball Throwing test (29) was adapted from the Seated Shot-
Put Throw (30), utilizing the same procedure but replac-
ing the shot put with a 1-kg medicine ball.

Statistical analysis

We conducted descriptive statistics analysis for anthro-
pometrics and physical performances using SPSS for
Windows (version 26.0). The normality of all variables
was assessed with Jarque-Bera tests. Arithmetic means and
standard deviations (SD) were calculated for each variable
and presented. To assess differences between age groups
and maturity groups, we employed one-way ANOVA
followed by post-hoc analysis (Bonferroni). The thresh-
old for statistical significance was set at (p < 0.05). Effect
size (ES) was calculated using the method proposed by
Cohen (2013) considering that the use of the P-value alone
provides no information about the size or direction of the
effect or the range of feasible values (31). ES lower than
0.35, between 0.35 and 0.8, between 0.8 and 1.5 and equal
to or higher than 1.5 were considered trivial, small, moder-
ate, and large, respectively. A multiple linear regression
analysis was employed to identify the optimal predictors
for both the dependent variables (physical performances)
and the independent variable (anthropometric measures).
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RESULTS

The data in table I highlighted participant anthropo-
metric characteristics (mean + SD (ES)) of youth female
Palestinian basketball players according to age classes.
Negative values of YPHV were observed in the U-12 age
group, while positive values (-1 < YPHV < 1) indicat-
ed players in the maturing phase at U-13. Starting from
U-14, we identified players with (YPHV > 1), indicat-
ing late maturation. When considering chronological
age, significant differences (p < 0.05) were found across
U-12 (ES 12-13 = 1.5; Large), U-13 (ES 13-14 = 0.81;
Moderate), and U-14 for YPHV. These age groups repre-
sent a period of PHV and anthropometric changes for
youth Palestinian female basketball players. Changes
were generally observed in U-12, U-13, and U-14 age
classes, with significant differences (p < 0.05), except for
BMI, body fat, and percentage of fat. Regarding weight,
significant differences (p < 0.05) were found between
U-12 and the subsequent U-13 and U-14 age groups for
Weight, Height, Sitting height, Length of the lower limb,
Arm-span, Wingspan, and Fat-free mass. Means (+ SD)
and effect sizes (ES) of physical performances among
youth female Palestinian basketball players in different
age groups are presented in table II. The data indicate
significant differences (p < 0.05) among the 12-13-14 age
classes. However, the development of physical variables
was not irregular between consecutive age groups. Phys-
ical performance increases and significant differences
(p < 0.05) were observed for the T10m and T20m drib-
bling only, between 13 age classes and category following
with ES respectively (-0.83; Moderate, 0.64; Small). No
significant differences were observed for T5 and T20m
across all categories. An increase in physical performanc-
es and significant differences (p < 0.05) were observed
only for T10m and T20m dribbling between the 13-age
class and the subsequent category, with ES respectively
(-0.83; Moderate, 0.64; Small). No significant differenc-
es were observed for T5m and T20m in all categories. As
the horizontal test (5]T), an increase in performances was
noted between age groups, with a significant difference
(p < 0.05) occurring between U-12 and the subsequent
age group 12-13, having an ES (-1.91; Large). Improve-
ments in Illinois agility test performance and the 10 x 5 m
shuttle run was recorded, although no significant differ-
ences were found.

Finally, for the aerobic capacity test (20-m SRT) and
upper limb strength tests (1-kg Medicine Ball Throw),
significant differences (p < 0.05) were observed between
the 12-13 age group and the subsequent category, with
respective effect sizes of 1 (Moderate), 0.85 (Moderate)
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Table I. Anthropometric characteristics of youth female Palestinian basketball players according to the age group.

Variables U-12 (ES 12-13) U-13 (ES 13-14) U-14 (ES 14-15) U-15 (ES 15-16) U-16
(n = 30) (n=30) (n=30) (n=30) (n=30)

YPHYV (Years) -0.71 + 0.60 (2.25)" 0.70 + 0.65 (2.83)" 2.15+0.38(1.32)" 2.84 + 0.66 (0.90)" 3.40 +0.59
Weight (kg) 46.30 +9.62 (0.84)" 52.07 +4.05 (1.04)" 57.40 = 6.25 (0.27) 59.03 +5.85 (-0.25) 57.43 £6.78
Height (cm) 153.50 = 6.46 (1.58)" 162.07 +4.39 (0.81)" 165.43 +3.95 (-0.04) 165.27 +4.23 (0.24) 166.37 +£5.07
Sitting height (cm) 67.50 +4.76 (1.14)" 73.43 £5.62 (1.73)" 81.70 +3.91 (0.14) 82.27 +4.31 (0.25) 83.27 £3.71
LLL (cm) 81.73 +3.75 (1.90)" 90.33 +5.30 (0.89)" 94.20 + 3.38 (-0.30) 93.03 +4.41 (0.35) 9443 +3.59
Arm span (cm) 62.83 +3.38 (1.53)" 67.40 +2.59 (0.00) 67.40 +2.51 (0.37) 68.57 +3.74 (-0.05) 68.40 + 3.06
Wingspan (cm) 156.87 = 6.75 (1.72)" 166.70 + 4.71 (0.38) 168.50 + 4.77 (0.19) 169.47 +5.46 (0.13) 170.20 +5.89
BMI (kg/m?) 19.71 + 4.08 (0.05) 19.85 + 1.74 (0.61) 20.95 + 1.86 (0.35) 21.62 +1.98 (-0.42) 20.74 +2.23
Body fat (kg) 7.63 +4.06 (0.42) 8.90 +2.09 (0.47) 10.53 £ 4.75 (0.13) 11.16 £5.32 (-0.06) 10.88 = 4.82
Percentage of fat (%) 15.70 £ 4.53 (0.26) 16.61 +2.46 (0.45) 18.41 £ 5.53 (0.05) 18.68 £5.62 (0.04) 18.92 +5.79
Fat free mass (kg) 20.23 +3.66 (0.67)" 22.18 £2.15 (0.78)" 24.48 +3.79 (0.52)" 26.54 +4.16 (-0.91)" 2377 +1.89

All variables are expressed as mean + SD; ES: Effect Size; YPHV: Years from peak height velocity; LLL: Length of lower limbs; BMI: Body mass index. Significant differences
(p < 0.05) between age category vs following age category are denoted as “*”.

Table Il. Physical performances of youth female Palestinian basketball players from different age group.

Variables U-12 (ES 12-13) U-13 (ES 13-14) U-14 (ES 14-15) U-15 (ES 15-16) U-16

(n = 30) (n = 30) (n = 30) (n = 30) (n = 30)
TSm (s) 1.99 + 0.44 (-0.39) 1.85 +0.31 (-0.51) 1.72 £ 0.18 (-0.34) 1.65 +0.25 (0.01) 1.65 £0.26
Tmm(s) 2.98 +0.44 (-0.41) 2.82 £0.35 (-0.83)" 2.5+042(-0.17) 2.43 £0.42 (0.24) 253 +£042
T,,.(5) 4.61+0.73 (:0.27) 445+049 (-0.64)  417+038(-008)  4.14 +0.41 (-0.08) 411+0.12
TZOm dribbling (s) 5.31 +0.86 (-0.26) 5.14 £ 0.51 (-0.26)" 4.99 + 0.63 (-0.51) 4.67 + 0.63 (-0.49) 441 +0.43
10 x 5m shuttle run (s) 19.51 + 1.88 (-0.05) 19.39 + 1.47 (0.04) 19.46 + 1.81 (-0.48) 18.62 + 1.75 (0.00) 18.61 +1.55
Tllinois test (s) 20.92 +1.58 (-0.27) 20.42 + 1.54 (-0.15) 20.19 + 1.51 (-0.13) 19.98 + 1.76 (-0.16) 19.72 + 1.56
20m SRT (mLx kg-min™) 31.94 +3.46 (1.01)" 36.08 +4.83 (0.85)" 40.63 + 5.88 (0.06) 40.95 +4.52 (0.14) 41.6 +4.84
Sargent test (cm) 35.07 + 4.89 (0.04) 3527 £6.21 (1.02)" 40.53 +4.13 (0.37) 42.07 +4.08 (0.09) 46.73 + 6.27
5jt (m) 1532 £ 1.52(1.91)" 17.77 + 1.05 (0.35) 18.12 £ 0.97 (0.02) 18.12 + 0.86 (-0.04) 18.09 + 0.83
5jt Relative 0.23 +0.03 (0.48)" 0.24 +0.02 (-1.09)" 0.22 +0.01 (-0.08) 0.22 +0.01 (-0.27) 0.22 +£0.01
1-kg throwing (m) 5.41+0.71 (1.01)" 6.22 +0.88 (0.84)" 7.03 +1.01 (0.69)" 7.67 +0.94 (0.61)" 8.17 £ 0.69"

All variables was expressed as mean + SD; ES: Effect Size; T, : time 5-m sprint; T, : time 10-m sprint; T, : time 20-m sprint; T, dribbling: Time dribbling with ball; 10 x
5m shuttle run: 10 repetitions of 5m shuttle run; 20m SRT: 20-meter Shuttle run; 5jt: Five jump test; 5jt Relative: five jump test relative 1-kg throwing: throwing 1-kg medicine
ball. Significant differences (p <0 .05) between age category vs following age category are denoted as “*”.

Table lll. Correlation coefficients between anthropometric variables and age.

Variables Age
Body Weight (kg) 0.512"
Body Height (cm) 0.597
Sitting height (cm) 0.753"
Length of lower limbs (cm) 0.642"
Arm span (cm) 0.467"
Wingspan (cm) 0.571"
BMI (kg/m?) 0.212°
Body fat (kg) 0.276"
Percentage of fat (%) 0.240"
Fat free mass (kg) 0.423"

BMI: Body mass index; “p < 0.01.
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for 20-m SRT and 1.01 (Moderate) and 0.84 (Moder-
ate) for the 1-kg throwing test. The correlation coeffi-
cients between anthropometric characteristics and age
(p < 0.05) are presented in table III. All anthropometric
variables show significant and positive correlation with
chronological age.

The correlation coefficients between physical parameters
and age (p < 0.05) are presented in table IV. Performances
improve with age and significant correlations were found
for all physical performances. Anthropometric data (mean
+ SD (ES)) of young female Palestinian basketball play-
ers according to maturity status are presented in table V.
Major anthropometric significant changes (p < 0.05) were
observed from (-0.5 to 1.5 maturity group). Significant
differences (p < 0.05) were found for YPHV between matu-
rity groups (-1.5, -0.5, 0.5, 1.5 and 2.5) and ES was record-

ed respectively (3.09; Large, 3.39; Large, 3.07; Large, 2.88;
Large). For weight and height, a significant difference (p <
0.05) was found only between the 0.5 maturity group and
the subsequent group. Regarding sitting height, a significant
difference (p < 0.05) was recorded between maturity status-
es, with the ES recorded as (0.02, Trivial; 1.01, Moderate;
1.31, Large; 0.88, Moderate), respectively. Table VI present
the Mean + SD (ES) of physical performances according
to the maturity status of young female Palestinian basket-
ball players. Significant differences (p < 0.05) were iden-
tified in s printing p erformances between the 1.5 and 2.5
maturity groups. The relative 5]T test and 5] T demonstrat-
ed an early significant difference from -1.5 and -0.5 matu-
rity groups, respectively. Regarding the 20 m SRT, signifi-
cant differences were observed around and after PHV from
0.5 maturity group. Table VII presents the full model of

Table IV. Correlation coefficients between performance variables and age.

Variables Age
T, (s) -0.378"
T, (s) -0.343"
T, (s) 0359"
T,,,, dribbling (s) -0.457"
10 x 5m shuttle run (s) -0.331°
Tllinois test (s) -0.253"
20m SRT (mL-kg'min™) 0.572"
Sargent test (cm) 0.628"
5it (m) 0.551°
5jt Relative -0.293"

T5m: time 5-m sprint; T, : time 10-m sprint; T, : time 20-m sprint; T, dribbling: Time dribbling with ball; 10 x 5m shuttle run: 10 repetitions of 5m shuttle run; 20m SRT:

20-meter Shuttle run; 5jt: Five jump test; 5jt Relative: five jump test relative 1-kg throwing: throwing 1-kg medicine ball; "p < 0.01.

Table V. Descriptive statistics of anthropometric variables of youth female Palestinian basketball players according to maturity status.

Variables -1.5 ES (-1.5 vs5 -0.5) -0.5 ES (-0.5 05 0.5) 0.5 ES (0.5 vs 1.5) 1.5 ES (1.5 vs 2.5) 2.5
(n=11) (n=21) (n=15) (n =25) (n=178)

YPHV (years) -1.28 £ 0.25 (3.09)° -0.49 +0.26 (3.39)" 0.51 +0.33 (3.07)" 1.52 +0.32 (2.88)" 2.95+0.68
Body Weight (kg) 50.27 £ 11.88 (-0.13) 45.81 +7.49 (0.49) 49.47 +5.44 (1.04)" 54.84 +5.47 (0.51) 58.19 £ 6.28
Body Height (cm) 155.73 £ 6.37 (0.81) 154.86 + 6.91 (0.96) 158.27 + 6.88 (2.28)" 163.84 +3.83 (1.38) 165.95 +4.43
Sitting height (cm) 64.55 +3.88 (0.22)" 67.86 +4.44 (1.01)" 71.81 £3.76(1.31)" 78.64 +2.23 (0.19)" 8291 +3.94
LLL (cm) 81.82 +4.12 (-0.02) 82.67 +4.19 (0.76)" 87.33 £5.01 (0.62)" 93.28 +4.09 (0.14) 94.03 + 3.88
Arm span (cm) 63.45 +3.53 (-0.08) 63.38 +3.38 (0.79)" 66 +3.53 (0.81) 67.84 +2.44 (0.29) 6824 £3.25
Wingspan (cm) 158.64 + 6.96 (-0.46) 158.05 +7.06 (0.57)" 163.62 +7.08 (0.98) 168.2 +4.27 (0.57) 169.6 +5.49
BMI (kg/m?) 20.73 £ 4.65 (-0.41) 19.16 + 3.27 (-0.23) 19.81 +2.38 (0.29) 20.43 +1.93 (0.35) 21.12 £ 2.07
Body fat (kg) 951 +5.83 (-0.52) 7.35+251(0.18) 7.77 £2.05 (0.54) 9.17 +3.14 (0.48)" 11.13 £5.01
Percentage of fat (%) 17.53 + 6.42 (0.48) 15.35 +2.61 (-0.01) 15.37 +2.46 (0.52) 17.03 £ 3.97 (0.41) 18.95 +5.63
Fat free mass (kg) 21.46 +3.66 (0.34) 20.25 +3.54 (0.42) 21.53 +2.48 (0.55) 23.01 £2.91 (0.63)" 25.08 +3.65

Data expressed ad mean + SD; ES: Effect Size; YPHV: Years from peak height velocity; LLL: Length of lower limbs; BMI: Body mass index. Significant differences (p < 0.05)
between maturity category vs following maturity category are denoted as “*”.

Muscles, Ligaments and Tendons Journal 2024;14 (3) 463



{UnI S[INYG I93PW-(7 1TMS WOZ ‘UNI d[3INYS W Jo suondadal (] :und S[INyYs wg x (T ‘[eq Y Suiqqup swi], :Suijqqup

(SSBW 9933 18} X JUDIDYJI0D SSEW 291F 1B,]) + (I¥] JO 988IU2019d X JUSIDYFR02 1ef JO 98.Iuad1ad) + (J8f APOg X JUSIDYFI0D SSEW J8f
Apog) + (IING x IU21GJR00 TINF) + (UedsSury x Jusyjood uedssury)) + (Ueds Wiy X JUSPLFR00 Ueds WIY) + (SqUI[ J9MO0] JO YISUDT X JUSIDLFI0 SqUI] JIMO] JO YISUST) + (IYSDY SURIS X JUSIOYIR0D YTy SUnils) +
(3YS19Y X 1U2IYJR00 IYSIY) + (IYTPM X JUIDYFI02 IYSOM) + (958 X JUIYJ0 95E) + JUBISUOD = 2UBWLIOJID ] :UOHIUN,] "UOHBWINISI JO JOIIF PIBPUEIS 29§ DUNIpaw 8y | Suroryl :Sumory 8y -T 3s93 dwnf aar] 3¢ 1593

woz

1, 9unds w-oz swn 1 Quuds w-o1 own :

wQ

I “unds w-¢ own :

L ‘xopur ssewr Apog JING

€00>  9LZ<80  L09°0 0¢00 Szaly 0TT°0 c6v°0" €L9°0 12540 ¥81°0- 6100 6100 6¢¢0 6890  C69°¢ (w) Surmorty 8-
00> 6LF10°0 9650 ¥20°0- 88C°0" L8T°0 L1T°C 8Y<'T ver'o 6v1°0- 19¢°0 L8CT'T~ €Lel 90 9P<0- apePy ¢
00> 6¢620'T 9.0 9100 60 ¥81°0 98¢'¢C <A 0cr'o <0T°0- 66¢°0 LZT°0" Syl 810 68679¢ (w) 3¢
00> T990¥' ¢ 60¥°0 ¥200 111°0- €Cr'0 86L°0" 9160 900" €900 8¢1°0- €600 Ly¥0- 660 Y0618 (wo) 3533 Juasreg
€00>  6CLe8Y  T8¢0 09070 8C¢0" 860  9Y0- 109°0 vLEO 9¢1°0~ 8L1°0 8600 860" LEE0 0T ¢y (U8 Tuw) TS Wog
00> 8098¢T LITO 700 ¢ITo0 €100~ €660 6Cl'l L0 ZadlV] v61°0- 9620 6170 8T¢0-  6IT'¢S (s) 3521 srour([
00> €690L°T 9100 8¢T°0 20¢’0 vero-  yer'o 82¢0 L0€°0- 8LC°0 8L0°0 Zrro 001°0 69C0-  ¢PCOb  (S) UnTomINYS WExQT
€00>  1¢6C90 6¥C0 €900 6600 ¢€01°0- 9101 oreT- 809°0- P9¢0 0¢0°0- €910 16L°0 vero- <00°T- (s) Bunqqup "L,
€00>  9196¥'0  6£1°0 0600~ 9620 19¢°0- ¢80 10C°0- 811°0- <H0°0 0200~ €600 100 v6C0-  89F'¢ (9™L
€00>  Leley'0 8810 12070 o ye0- €IT0 8¢C0 €80°0- 911°0 091°0~ P10 181°0 ¢re0- 08¥'9 () "'
€00>  9690¢0  9LT°0 L00°0 6520 162°0- r00 0600~ 1¢<°0- 9¢C0 601°0 rr1°0 8¢C0 €ee’0- 60¥'¢ ()L

(®) (3) (W) (W) squy - (W) (3)

Ssew (%) 38§30 38§ (Fw/8y) (wd) ueds Jamoj Jo 1ySoy (wd) ELGICYN
anpea-q 99¢  xnop-y 9Py Ie] IFeunIg Apog INg  uedsSury, — way yp8uag Sumig  Laameig Apog a3y  1ueisuo) sa[qerse

'sa|geLieA ssuewopad jedisAyd Bunoipaid uoissaibal ejdiynw [epow-||n4 *JIA 9|9eL

@

Se p23oudp dre £108938d Ajunjew

SuImor[oj sa £10891d AILInIew UsaMIDq (¢(°() > d) SPOUSISJIP IUBDYIUSIS “XIPUI SSEW Apog TN ‘SqUIT J940] JO [3SuaT T T Adofea 1ySey yead woif s1eag ‘AHJA 971§ 19)d S {JS T Uraw st passa1dxa aie eie(

66'0F69°L
1000+ ¢c0
880 F ¢I'8T
ILCF VT ¢y
10°CFvT'1¥
PO T+ 16°61
99T F CL'8T
9¢0F29F
(VR4 4
0+ 8T
PC0+99'1

AI0T) TOT F899
(8€°0°) TO0OF €20
(9€°0) LOT F8LLT
.(89°0) 98'C F 8T 6¢
(6C0) 9¢C F H'8¢
(+2'0) ST F620C
(1€0) T6'T F €961
L(69°0°) ¥9°0 F €0°C
(90) 2TCOF 8¢
(€007) ¢hoFTLT
L(19°07)1T0 F 18T

(16°0) TL0OF <8¢
L(69°07)€0°0 F +Z0
(€€0) T0CFHTLT
(19°0) €T'CF €6'CE
(1L°0)86'F FILHE
(€€°0°) €9'T F ¢8°0¢
(LO07) TTTF9L61
L(69°07) 960 F <t'¢
(¢F'0) 0L°0F €9¥
(FC0) IF0F €6'C
(€€°07) SFOFT6'T

(80°0) T6'0 F 6L°C
(0£°0) €00 F €20
L(98°0) LLTF29¢T
(TCOTCCF6T¢E
(6V°0) €L°€F LCTE
(6T°0) ¢F'T F6€0T
(IT°0) 8F'T F 1961
(€€°0)98°0F TT'¢
(1€°0) L0 F ¥t
(€0°0) S€0F 16T
(€T°0) SFOF L6'T

(9L°0) €LOF LTS

(190°) €00F <€T0
(8€°07) €O'T F <191
(LS07) vT S F LT9E
(60°0) $6'€ F ¥TTE
(€€0°) LTFITIC
(60°07) SCTFEL6T
(€0°07) 0L0 F #T'¢
(€2°07) €S0 F 8<H
(20°0) 6V 0 F 26T

(LT°0) LEOF €6'T

(w) Surmoayy 8y-T
anePy ¢

() 3¢

(wd) 1891 1USSIEG

(Ut Sy u) S WoZ

(s) 1591 stout[y

(S) UnI OINYS W¢ X O]

(s) Surqqup "L,

®™L
() ™'L

we

() L

(8L=1)
(X4

(Sg=1u)
(€T ¢T)SAST

(sT=1)
(€T5260) SH S0

(Te=v)
(€052 ¢°0-) SH S0~

(IT=u)
(€°0-52 ¢'T-) SH ST~

w@—h—umhu A

'snyeis Ajuniew o) Buipiodoe sieke|d ||egiadseq ueluilss|ed ojewa) YInoK Jo sajgelien dLswodoayiue Jo sonsiiels aanduasaq ‘A ojqeL



P-value
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
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See
0.41985

0.30159
0.48742
0.62217
1.69556
157922
4.84546
5.26801
1.07263
0.01506
0.85241

R-deux
0.147
0.159
0.129
0.212
0.109
0.062
0.356
0.399
0.513
0.566
0.578

Percentage
of fat (%)
-0.127

BMI
(kg/m?)

0.199

Wingspan (cm)
0.238
0.328

Length
lower limb (cm)
0.218
0.391
0.396

Sitting

height (cm)
-1.315

0.631
0.165
0.252
0.761

-0.384
0.433

Age (y)
-0.399
-0.360
-0.461
20330
-0.248

Constant
3.002
4.453
6.145
8.080

25.100
24.225
-6.337
-2.253
-1.781
0.151
2.931

Variables
T, (s)
Tl()m (S)
TZUm (s)

T,,,, dribbling (s)
10 x 5m shuttle run (s)
llinois test (s)
20m SRT (mL-kg-min™)
Sargent test (cm)
5jt (m)
5ijt Relative

1-kg throwing (m)
: time 5-m sprint; T, : time 10-m sprint; T, : time 20-m sprint; T, dribbling: time dribbling with ball; 10 x 5m shuttle run: 10 receptions of 5m shuttle run; 20m SRT: 20-meter Shuttle run; test 5jt: Five jump test; 1-Kg

throwing: throwing 1 kg medicine; See: Standard Error of estimation.Function: Performance = constant + (age coefficient x age) + (sitting height coefficient x sitting height) + (Length of lower limbs coefficient x Length

of lower limbs) + (Wingspan coefficient x Wingspan) + (BMI coefficient x BMI) + (Body fat mass coefficient x Body fat) + (percentage of fat coefficient x percentage of fat) + (Fat free mass coefficient x fat free mass).

5m

Table VIII. Regression equations predicting physical performances (dependent variables) and anthropometric variables (independent variables).

T

multiple regression examining the relative contribution of
each independent variable to each regression model. The
final model of the multiple regression equations predicting
physical performances in youth female Palestinian basket-
ball players presented in table VIII, indicates that age is
the best predictor of sprint performances (T5m, T10m,
T20m), T20m dribbling, 10 x 5 m shuttle run, Sargent test,
20-m SRT and 1-kg Medicine Ball Throw. For the Illinois
agility test, the predictors were age and lower limb length.
Then, the predictors of the 5]T (5-jump test) performanc-
es were age, lower limb length, and wingspan. Finally, the
best predictors of the relative 5]T were age, sitting height,
length of the lower limb, wingspan, BMI, and fat mass.

DISCUSSION

The study aimed to analyze the development of anthropo-
metric and physical performance parameters of female youth
basketball players based on chronological age and maturity
status and to establish reference values for physical perfor-
mances among female basketball players aged 12 to 16 years.
The main findings revealed that anthropometric measure-
ments, particularly lower limb length showed early devel-
opment, resulting in notable improvements in vertical jump
performance. Developments in body composition, especial-
ly fat mass, may influence various physical performances for
female basketball players, particularly in agility and sprint
tests. Increases in intermittent endurance performance were
observed around the time of PHV. This study provides
novel normative data on specific physical performances in
female Palestinian basketball players aged 12 to 16 years.
Anthropometric variables such as weight, height, sitting
height, arm span, wingspan, and fat-free mass increased
with age and maturity groups. Significant differences and
changes were generally observed in the (U12-U13 and U14)
age classes and (-0.5 and 1.5) maturity groups. Morpho-
logical changes were noted around the PHV between the
ages of 13 and 14, which is consistent with the findings of
Philippaerts ez al. (32). The study indicated that the aver-
age age associated with PHV is 13.8 + 0.8 years. Compared
to our dataset, female basketball players in Europe partic-
ipating in the youth championships of the European Divi-
sion (1% European League, 2" European League, and 3™
European League) were taller and heavier than Palestinian
youth basketball players from the U-15 group (33). Data
showed significant differences in lower limb length between
successive maturity groups (-1.5, -0.5 and 0.5 YPHV). The
increase in fat mass associated with peak weight veloci-
ty that occurs in females is observed between consecutive
maturity groups 0.5 and 1.5 YPHV. The findings are consis-
tent with normal somatic growth, before PHV for the length
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lower limb and after 3.5-10.5 months of PHV for the fat
mass (34). The development of anthropometric charac-
teristics, with several observed changes between consec-
utive maturity groups, highlights the importance of regu-
larly assessing maturity (35) status (approximately every 3
months). Morphologic changes primarily result from the
processes of growth and maturation (36). The pre-pubertal
period is characterized by significant alterations in essential
anthropometric elements, including muscle, fat, and bone,
as identified in the developmental trajectory (36). The influ-
ence of the Growth Hormone (GH) and thyroid hormones
(T3 and T4) during the pre-pubertal period was reported by
Carabulea ez al. (37).

The intricate interplay among Growth Hormone, sex
steroid hormones such as estrogens and androgens, and
the production of insulin-like growth factor I plays an
important role in the substantial modifications in body
composition and shape throughout pubertal development.
According to age groups, the development of physical
performances of youth female basketball players was found
to be asynchronous and non-linear. Sprinting performance
analysis revealed no statistically significant differences in
the T5m and T20m between consecutive age groups. This
result is contradictory compared to studies conducted in
Europe and applied to groups of the same age who found
an improvement between age group (10). Higher sprinting
performances were recorded of Polish youth basketball
players compared to our findings. For example, sprint-
ing performance for T5m U13 (1.24 s-1.84 s). Comparing
T20m performance, U-15 Polish basketball players have
higher performance (3.53 s-4.14 s) which is like their peers
from Division B (2! European League) teams than to Divi-
sion A (1% European League).

Regarding maturity groups, less time was recorded in more
mature players, indicating faster sprint times with increased
maturity. Developmental performances improvements
were recorded beginning with the 0.5 maturity group.
The increase in lower limb length among these specific
groups could account for enhancements in stride length
and consequently, improvements in sprint time an occut-
rence previously observed in male youth athletes (20). An
improvement in the T-20m dribbling test performance was
recorded across age groups, with the greatest difference
noted starting from the 15-year age group. Then, within
the maturity groups, the most significant improvement was
seen starting from the 0.5 maturity group. This supports
the notion that the development of physical qualities is not
only influenced by strength development but also by the
refinement of proper movement patterns and neuromuscu-
lar control (38). Regarding the horizontal jump test (5]T),
there was an improvement in performances across different
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age groups, with a significant difference observed between
U-12 and subsequent age groups. In terms of maturity
status, the most notable development occurred before the
peak height velocity (PHV) for the -0.5 group. This may
be associated with hormonal and morphological changes,
particularly in muscle mass, that are recognized to occur
around the PHV. These observations are in accordance with
earlier longitudinal research (39) and cross-sectional stud-
ies on strength assessments (40) conducted with non-elite
female athletes. Sargent jump test performances showed
unclear changes across various maturity groups around the
PHV. The results suggest that female basketball players
may experience a reduced relative peak force and lower-
body power at 0.5 years post-PHV. This decline could
be attributed to a potential increase in fat mass associat-
ed with peak weight velocity in females occurring 3.5-10.5
months after PHV (41), which may not contribute func-
tionally to athletic performance. This contrasts with other
findings indicating that peak strength is greater in more
mature girls, which may be related to biological changes
associated with advanced maturation, such as increased
body mass, and indications that total strength of the lower
limbs improves with age (42). While the Sargent jump plac-
es demands on enhanced upper-body coordination (43),
its significance lies in its applicability to basketball play-
ers who excel in coordinating both lower and upper-body
movements, a crucial skill in typical jump-and-reach tasks
encountered during gameplay. Given the substantial rele-
vance of the Sargent jump in the realm of basketball (44),
it proves valuable in talent identification or team selection,
where individuals exhibiting superior performance are
likely to excel in basketball-specific tasks such as rebound-
ing. Additionally, this test serves as a practical tool for the
continual physical assessment of players, specifically focus-
ing on lower-body power generation through a game-spe-
cific movement pattern (45). Regarding the 10 x 5 m shuttle
run and the Illinois test, there were no significant differenc-
es between age groups and maturity groups. Performance
recorded higher performance in more mature players.
This can be attributed to the fact that mature players have
better control over their movements and a greater ability
to change direction than younger players (46). These find-
ings are in line with a previous study where no differenc-
es were observed among groups of basketball players with
varying times from PHV in agility tests (47). Performance
in agility is a multifactorial physical ability influenced by
strength, speed, balance, and flexibility (48), which aligns
with the demands of a short-distance shuttle run. There-
fore, enhancements in agility levels and changes in direction
account for the improvements in the shuttle run. Throwing
ball performance exhibited a significant increase according

Muscles, Ligaments and Tendons Journal 2024;14 (3)
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age groups and a correlation (r = 0.76) was found between
throwing and age. As for maturity groups, significant differ-
ences were observed following PHV. This finding contra-
dicts the study conducted by research (49), which reported
that early matures achieved the best results only in one vari-
able, medicine ball throwing.

In relation to the 20 m SRT test, our results indicate a consis-
tent increase in endurance between 12 and 16 years. Signif-
icant differences were observed among age groups (U-12,
U-13, and U-14), with the most significant rate of increase
noted between 12 and 13 years. According to maturity status,
significant differences were observed after PHV. Philip-
paerts et al. (32) found that the most substantial improve-
ment in cardiorespiratory endurance aligns with the timing
of PHV. Earlier studies have indicated that alterations relat-
ed to growth in both the central and peripheral cardiovas-
cular systems, such as enhancements in stroke volume and
cardiac output, as well as modifications in muscular function
and metabolic capacity, take place around the PHV (41).
The performance levels may be attributed to the observa-
tion that young Palestinian female players might not consis-
tently participate in diverse and regular training, which is a
crucial factor for strength and speed development. Coaches
should take note of the decline in relative peak force after
PHYV in young female basketball players. This awareness
is crucial considering the established connection between
strength and athletic performance (50), and the association
between low relative strength and an elevated risk of injury
in youth player (51). The results emphasize the importance
of incorporating structured strength training into the regular
training programs of young female soccer players, especially
after the PHV period. The influence of social and environ-
mental conditions in Palestinian territories could poten-
tially contribute to this phenomenon. The study provides
prediction equations of physical performances based on
anthropometric variables and age. A multiple linear regres-
sion analysis including physical performances as the depen-
dent variables and all anthropometric variables as the inde-
pendent variables indicated that age is the best predictor
of sprint performances (T5m, T10m, T20m), T20m drib-
bling, 10 x 5 m shuttle run, Sargent test, 20-m SRT and
1-kg throwing. For the Illinois test, the predictors were age
and lower limb length. Then, the predictor of 5JT perfor-
mances were age, length lower limb and Wingspan. Finally,
the best predictors of 5] T relative were, age, sitting height,
length lower limb, wingspan, BMI and fat mass. Although
this study provides a better understanding of the effect of
maturity status on the physical development of youth female
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basketball players, is not without limits. The use of the
predictive equation instead of biological measures of matu-
ration should be used with caution when analyzing these
data, as it likely resulting in some degree of error (52, 53).
The nature and specificity of the sample calls for caution in
the generalization of the data and its application. Various
variables that may impact physical performance were not
evaluated in the study, such as the training age and expe-
rience of the players, training loads, and the effect of the
menstrual cycle.

CONCLUSIONS

In conclusion, anthropometric variables demonstrated early
development, particularly in the length of the lower limbs,
leading to significant improvements in jumping perfor-
mance. Increases in body composition and fat mass notably
influenced various physical performances, especially in agil-
ity and sprint tests. Additionally, improvements in endur-
ance performance were observed around and after the peri-
od of peak height velocity (PHV). This study enhances
coaches’ understanding of the impact of maturity status on
the anthropometric variables and physical development of
young female basketball players and acknowledges the spec-
ificity of the development of anthropometric and physical
variables compared to other studies.
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BACKGROUND

Sacroiliac joints (SIJs) are the largest axial joints in the body,
located on each side of the sacrum and pelvic bones. They
provide weight transmission the lower extremities down
to the lumbar spine by joining the spine to the pelvis. The
lumbar spine is commonly thought to be the source of most
low back pain (LBP), although the sacroiliac joint is also a
possible source of LBP that is frequently disregarded (1).
Multiple factors, such as injury, arthritis, pregnancy, and
repetitive motion, can contribute to sacroiliac joint pain.
discomfort in the buttocks, thighs, or lower back may be
present, as well as discomfort that travels down the legs.
Pain in the sacroiliac joint (sacroiliac joint) is a common
source of disability and decreased quality of life. Among the
primary functions of the SIJ is impact absorption between
the upper body and legs (1, 2).

The STJ is surrounded by several ligaments and the strongest
muscles to provide stability against shear forces. The sacrum
and ilium have six degrees of freedom with respect to one
another. Hypomobility and hypermobility are the leading
causes of SIJ discomfort. The ligamentous structures encir-
cling the sacroiliac joint provide the joint with stability,
especially in terms of resisting shear forces. There are three
ligaments: the anterior sacroiliac ligament, interosseous liga-
ment, and posterior sacroiliac ligament (3). During weight
bearing activities, the sacroiliac joint transmits ground reac-
tion forces from the trunk to the lower extremities. It carries
60% of the body’s weight and is more susceptible to becom-
ing stiff and hypomobile due to excessive sprinting, leap-
ing, and prolonged standing (4). The complex biomechani-
cal mechanism responsible for the stability of the sacroiliac
joint is dependent on the form closure and force closure.
Sacroiliac joint’s anatomical shape, structure, and config-
uration achieve by form closure mechanisms. The liga-
ments, fascia, and muscles surrounding the sacroiliac joint
provide stability through force closure mechanisms (5). The
predominant symptoms of SIJD have been discomfort and
hypo- or hypermobility. Numerous research has looked into
various SIJD therapy approaches. Laslett discovered that
manual therapy combined with lumbopelvic stabilization is
a good method for enhancing general quality of life. Anoth-
er research found that the groups who used the mulligan
taping, mulligan mobilisation, hot moist pack, and muscu-
lar energy method (MET) all made considerable progress.
Another study revealed that SIJD patients might success-
fully address their pain, impairment, and pelvic asymme-
tries using manipulation, exercise, and Kinesiotaping (KT).
Exercises to strengthen the gluteus Medius can lessen SIJ
discomfort, according to another study. The MET contains
techniques for manipulating soft tissues that use regulated
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isometric and/or isotonic contractions to enhance physi-
ologic function and lessen discomfort. The MET can be
described as forces exerted by the patient against the thera-
pist’s counter force, which could result in maximum muscle
contraction (6-8).

Technique of suboccipital inhibition is, in order to palpate
the posterior arch of the atlas, which is located between the
external occipital protuberance and the spinous process of
the axis vertebra, the therapist sits at the head end of the
table with hands beneath the subject’s head and pads of his
fingertips on the arch. With the middle and ring fingers of
both hands, the therapist measures the distance between the
occipital condyles and the spinous phase of the C2 verte-
bra. Then, the therapist rests the base of the skull on his or
her hands, with the gap facing the therapist. Once tissue
relaxation had been attained for two minutes, the pressure
would be maintained at that level. To avoid eye movements
from disrupting the suboccipital muscle tone, the patient
is instructed to keep his eyes closed throughout the SMI
procedure. The metacarpophalangeal joints were flexed at
90 degrees for six days each week for two weeks during the
therapy. There will be upward pressure applied (9).
Pramod K. Jagtap and Shubhangi D. Mandale conducted
a study on April 2015 in which fifty participants between
the ages of 18 and 25 were included. Height, weight, BMI
(body mass index), and outcome variables recorded before
the start of the treatment session, immediately following the
therapy, and at the end of the fifth session were all deter-
mined for all 50 individuals. According to the findings, the
sub-occipital muscle inhibition approach showed a notice-
able improvement in the outcome measures, active knee
extension (AKE) and forward flexion distance test (FFD).
This demonstrates the effectiveness of sub-occipital muscu-
lar inhibition therapy in lengthening hamstring muscles in
healthy, normal persons. The hamstring muscle’s flexibility
can be increased by using the sub-occipital muscular inhibi-
tion approach (10).

METHODOS
Aim

To determine the effects of the suboccipital muscle inhibi-
tion technique on pain, functional disability, and quality of
life in patients with sacroiliac joint pain.

Study Setting

The study data was collected from Nur International Univer-
sity Rehabilitation clinic and Pakistan Society Rehabilitation
and Disability physiotherapy clinic, Fatima memorial hospi-
tal — Physical therapy clinic.
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Procedure

A single-blinded, randomized controlled trial was used in
this investigation, which lasted for ten months, from Novem-
ber 2022 to July 2023. In this study, 39 individuals with
sacroiliac joint discomfort (7 men and 31 females) between
the ages of 18 and 25 were chosen. The five Laslett’s crite-
ria - which include the Compression Test, Distraction Test,
Thigh Thrust Test, Gaenlsen Test, and Patrick Test - were
used to identify the medical condition. If any of these three
tests results in positive results, then the condition is clas-
sified as sacroiliac joint discomfort according to the crite-
ria out of these five tests. The patients received a piece of
paper outlining the possible risks and advantages of the
therapy. The Institutional Review Board (IRB) of the Ripha
International University in Pakistan officially authorized the
study before enrolling patients who met the inclusion crite-
ria and provided written informed permission. A record
of the demographic information, including height, weight,
and body mass index (BMI), was made. If any of these three
tests yields positive results in accordance with the require-
ments out of these five tests, the condition is classified as
sacroiliac discomfort. Prior to therapy, a consent form was
filled out. Treatment for the Control Group was complete-
ly standard. The experimental group got regular treatment
along with the sub occipital inhibition approach. Results
were evaluated at the baseline, at the second post-treatment
session, at the sixth post-treatment session, and at the eighth
post-treatment week. The data was examined using SPSS
version 27.

Ethical approval and consent to participate

This study was approved by the Institutional Review Board
(REC/RCR &AHS/23/0104 — date of approval: January
02, 2023) of the Riphah International University, Lahore,
Pakistan, and is part of the Masters in Orthopedic Manu-
al Therapy Research Project. All the participants provided
informed written consent. All methods were performed per
the relevant guidelines and regulations.

Assessment

The assessment was carried out at the baseline, the seventh
session after two weeks of therapy, and the eighth week after
six weeks of treatment. A physical therapist with more than
five years of expertise treating patients with musculoskeletal
conditions served as the assessor for the evaluations. The
patients were assessed by evaluating their pain intensity at
rest, level of disability, and quality of life.

Outcome measures

The primary outcomes of this study were pain intensity, the
level of functional disability and quality of life.
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Numeric pain rating

Numeric pain rating is an abstract degree scale used to
access pain. The Numeric Pain Rating Scale (NPRS) scale
is the numeric version of visual analogue scale in which
subjects select a number that is the interpretation of their
pain intensity. For self-completion, it can be given orally or
in the form of graph too. The scale ranges from 0 to 10. 0
indicates “no pain” and 10 indicates “worst Pain” (11). The
NPRS scale was highly linked with the VAS in the patients
who suffering from chronic pain that persist from more than
6 months ranges from 0.86 to 0.95 (12). NPRS declared
the good test- retest reliability is r = 0.79-0.96 (ICC= 0.94;
95%CI 0.61-0.96) (13).

Oswestry Disability Index (Urdu version)

Disability was evaluated by Oswestry Disability Index (ODI)
for disability Urdu version. The scale is much significant
tool used by researchers to find out the functional disabili-
ty among patients. This scale is considered as gold standard
for evaluating LBP outcome status (14). This questionnaire
will be used to access disability. It comprises 10 items, 7
related with daily activities, 2 related to pain, 1 related to
concentration. Each item scores from 0 to 5. Total score is
expressed as values or in the form of percentage with higher
scores related to greater disability (15). Using the interpreta-
tion of results, 5-14 considered as minor disability, 15 to 24
is modest disability, 25 to 34 labelled as severe disability and
35-50 indicates bed ridden patients with complete disabil-
ity. ODI declared the good test- retest reliability with ICC
range score from 0.72-0.98. Cronbach’s alpha shows value of
0.89 that is the true depiction of excellence internal consis-
tency (16).

European Quality of Life 5 Dimensions 5 Level
(EQ-5D 5L)

Quality of life was checked by EQ-5D 5L Health Related
Quality of Life Question (17). EQ-5D 5L covers the five
important domains of health in patients with LBP including
self-care, mobility, usual activities, anxiety/depression and
pain/discomfort. It is declared as most feasible and recom-
mended for the quick measure of general health status (18).
EQ-5D 5L declared the good test- retest reliability with ICC
range score from 0.65 and 0.91 (19).

Randomization

Using computer software (https://www.randomizer.org/),
subjects are divided into two groups at random. The allo-
cation list was created using the approach of sealed, opaque
envelops, labelled 1 for group A and 2 for group B. thir-
ty-nine eligible patients were allocated to Group A treat-
ed with baseline treatment which includes a hot pack for
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10 minutes, a transcutaneous electrical nerve stimulator
(TENS) operating in burst mode at 3 Hz for 10 minutes,
therapeutic ultrasound operating at 1 MHz for 5 minutes,
and muscle energy techniques (METs) (2 sets, 5 repetitions,
10 second holds), while Group B received suboccipital inhi-
bition technique as the initial treatment. The process of
participants’ assignment to these groups is represented in

the CONSORT flow diagram (figure 1).

Intervention

It is requested to patient to avoid any other treatment proto-
col options like steroids, taping and other manual therapy
technique during the study duration.

Experimental Group

Experimental group received conventional treatment and
sub occipital inhibition technique Patient was in a comfort-
able lying down position, with their head and neck properly
supported. The therapist identified the suboccipital muscles
located at the base of the skull, just below the occipital ridge
(the bony prominence at the back of the head). The ther-
apist then uses their fingertips or thumbs to apply gentle,
sustained pressure on the suboccipital muscles. The pres-
sure was directed downward and away from the head. The
patient was asked to take slow, deep breaths to promote
relaxation. The pressure is typically applied for about 4
minutes or until the therapist senses a release of tension in
the suboccipital muscles. Throughout the procedure, the

1 Enrollment } Assessed for eligibility (n = 47)

Excluded (n=9)
Not fulfilling inclusion criteria (n = 5)

*Declined to participate (n = 4)

Randomized (n = 38)
/ \

Control Group

Experimental Group
*Allocated to intervention (n = 19) *Allocated to intervention (n = 19)

*Received standard treatment and
suboccipital muscle inhibition technique

Follow-up (n=19)

*Received standard treatment only

Follow-up (n=19)

Discontinued intervention (n = 0)

| = |

Analyzed (n=19)

Discontinued intervention (n = 0)

Analyzed (n=19)

Excluded from analysis (n = 0) Excluded from analysis (n = 0)

Figure 1. Consort flow diagram.
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therapist paid attention to the patient’s response, adjusting
the pressure and technique as needed to ensure comfort and

safety (6).

Control Group
Control group received conventional treatment only (20).

Conventional treatment

Hot pack was applied for 10 minutes, burst mode was select-
ed on transcutaneous electrical nerve stimulator (TENS)
with the frequency of 3Hz for time duration of 10 minutes,
therapeutic ultrasound set on pulse mode and intensity was
0.08 W/cm? for duration of 6 minutes and general METs for
SIJ (2 sets, 5 repitions, 10 sec hold) (20).

Sample size

Sample size was calculated through Epitool software by
using ODI (20), by sustaining the predicted sample size has
a 95% confidence interval and an 80% power of the study.
38 patients (19 in each group) in total.

Data analysis

Version 27 of SPSS for Windows was used to analyse the
data. The Statistical significance was set at p < 0.05.

Descriptive statistics

Pie charts and frequency tables were utilized to display an
overview of the group measures taken throughout time.
For each variable, the mean and standard deviation were
computed. The Shapiro-Wilk test was used to examine the
assumptions of normality, and the results showed no obvious
violations (p = 0.054-2.00). Analysis of variance (ANOVA)
was performed to assess the differences within group after
adjusting for pre-test scores in order to determine wheth-
er group had the more successful intervention. The 95%
confidence interval was kept when the P-value was less than
0.05, indicating that the result was significant. The differ-
ence in effect size between the two groups was assessed
using Cohen’s d. Effect sizes of 0.2, > 0.5, and > 0.8, respec-
tively, were categorized as small, medium, and large.

RESULTS

For the Control Group, the mean age is 21.84 years with a
standard deviation of 2.27, the average weight is 58.68 kg
with a standard deviation of 3.15, the mean heightis 171.11
cm with a standard deviation of 5.85, and the average BMI
is 20.07 with a standard deviation of 1.15. On the other
hand, the Experimental Group displays slightly different
averages. The mean age in this group is 22.11 years with a
standard deviation of 2.51, the average weight is 69.26 kg
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Table I. Demographic descriptive statistics.

Demographic Control Group (n =19) Experimental Group (n = 19)
variables Mean + SD Mean = SD P-value

Age 21.84 +2.27 22.11+251 0.73
Weight 58.68 £3.15 60.26 +4.61 0.22
Height 171.11 £5.85 167.16 £ 6.74 0.061
BMI 2212 +41 2478 £4.36 0.060
ODI 27.89+5.35 30.53 +3.88 0.090
NPRS 7.37 £0.96 7.74 £ 0.81 0.207
EQ-5D5L 53.26 £ 8.29 57.00 £5.63 0.112

ODI: Oswestry disability index; NPRS: numeric pain rating scale; EQ-5D 5L: European Quality of Life 5 Dimensions 5 Level; SD: standard deviation; the
results varying numerical values between two groups: Control Group and Experimental Group.

with a larger standard deviation of 9.61, the mean height is
a bit lower at 167.16 cm with a standard deviation of 6.74,
and the average BMI is noticeably higher at 24.78 with a
standard deviation of 3.13. The numbers suggest varia-
tions in the demographic and physical characteristics of
the two groups, Experimental Group having a higher aver-
age weight and BMI, and a slightly lower average height
compared to the Control Group (table I).

The gender distribution in the Control Group and Exper-
imental Group is predominantly female. In the Control
Group, 4 males (21.1% of the total) and 15 females (78.9%
of the total), while in the Experimental Group, there are 3
males (15.8% of the total) and 16 females (84.2% of the
total). The total number of individuals in each group is 19.
Shapiro wilk test was used to assess the normality of
data. The data were found to be normally distribut-

Table Il. Between group analysis for ODI, NPRS and EQS5D 5L.

ed (p = 0.053 to 0.487), therefore, parametric test
was applied.

There was a significant decrease in ODI scores from the first
to the third measurement. There were significant reductions
in NPRS scores from the initial measurement to the follow-
ing ones, indicating that both treatments were successful
in reducing pain over time. Experimental Group had larg-
er mean differences, suggesting potentially more effective
pain reduction. EQ5D 5L suggests that the improvement in
scores from the second to the third measurement was statis-
tically significant. In both groups, there were significant
improvements in EQ5L scores from the initial measurement
to the following ones, indicating that both treatments were
successful in improving health status over time. Experimen-
tal Group showed larger mean differences, suggesting it was
potentially more effective (table IT and III).

Control Group

Experimental Group

Mean difference

Follow-ups Effect Size (95%CI) P-value
Mean = SD Mean = SD

ODI (2™ week) 17.63 +£3.56 13.89 +4.00 0.98 3.74 0.004"
(1.25-6.23)

ODI (8" week) 16.63 +4.32 12.95 +4.38 0.84 3.68 0.013"
(.821-6.55)

NPRS (2" week) 437 +1.30 3.11+1.10 1.04 1.26 0.003"
(2.06-0.47)

NPRS (8" week) 1.84 +1.26 1.00 = 0.94 0.75 0.84 0.025"
(1.58-0.11)

EQ5D 5L (2" week) 66.89 +4.83 7879 £5.37 2.33 11.89 0.000"
(15.26-8.54)

EQ5D 5L (8" week) 89.68 +5.78 95.00 + 4.86 0.99 532 0.004"
(8.84-1.79)

ODI: Oswestry disability index; NPRS: numeric pain rating scale; EQ-5D 5L: European Quality of Life 5 Dimensions 5 Level; SD: standard deviation;

“P-value less than 0.05; CI: Confidence Interval.
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Table Ill. Within group analysis for ODI, NPRS and EQ5D 5L.

Control Group

Experimental Group

Within Group change Mean difference Poval Mean difference Poval
(95%CI) vatue (95%CI) vaue
ODI Baseline 10.200 <0.001 16.632 < 0.001"
(13.49 t0 7.05) (20.49 to 12.77)
Post-treatment 11.100 <0.001" 17.00 <0.001"
(3.93 t0 1.93) (3.59 to 1.69)
Follow-up 11.263 <0.001" 17.579 < 0.001"
(7.33 t0 15.19) (14.11 to 21.05)
NPRS Baseline 3.000 0.000" 4.632 0.000"
(3.54 to 2.47) (3.54 t0 2.47)
Post-treatment 2.526 0.000" 2.105 0.000"
(3.52t0 1.53) (3.01to0 1.21)
Follow-up 5.526 0.000" 6.737 0.000"
(4.59 to 6.46) (5.87 t0 7.62)
EQ5D 5L Baseline 13.632 0.000" 21.789 0.000"
(7.47 t0 19.81) (19.02 to 24.57)
Post-treatment 22.789 0.000" 16.211 0.000"
(17.38 t0 28.21) (12.89 to 19.54)
Follow-Up 36.421 0.000" 38.000 0.000"
(42.78 t0 30.07) (40.94 to 35.61)

ODI: Oswestry disability index; NPRS: numeric pain rating scale; EQ-5D 5L: European Quality of Life 5 Dimensions 5 Level; "P-value less than 0.05;

CI: Confidence Interval.

DISCUSSIONS

The expanding amount of research suggests that a variety of
variables interact to affect how sacroiliac joint pain develops and
progresses. The physical characteristics of patients, such as age,
weight, height, and BMI, as well as gender, are important vari-
ables among these. Understanding the therapeutic approaches
available for treating the condition’s symptoms is essential for
providing these individuals with better care and therapy (21).
Muscle Energy Technique (MET) and Sub-occipital Inhibi-
tion Technique (SMI) are two such therapeutic techniques
that have been widely studied. While MET directly targets the
hamstrings, aiming to improve muscle length and flexibility,
SMI focuses on the sub-occipital muscles, which are indirect-
ly linked to the sacroiliac joint and the hamstrings through a
complex network of fascia and soft tissues. This dual approach
could provide more comprehensive care, addressing both
the local and systemic factors contributing to sacroiliac joint
disease. The combination of suboccipital inhibition technique
and METs offers several benefits in managing musculoskeletal
problems and enhancing the quality of life (22).

The most significant difference between the groups’ physical
attributes is observed in BMI. Experimental group has a signifi-
cantly higher average BMI compared to the Control group
(24.78 v5 20.07, respectively). Moreover, the standard deviation
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of BMI in the Experimental group is larger, indicating a broad-
er range of BMI values. The BMI distribution in the Experi-
mental group spread across multiple categories, including the
healthy weight range, overweight range, and obesity class I
range. In contrast, all individuals in the Control group fall with-
in the healthy weight range. This discrepancy in BMI distribu-
tion suggests that the Experimental group may have a higher
prevalence of overweight and obesity, which could potential-
ly contribute to the development or progression of sacroiliac
joint disease.

Overall, the findings suggest that the Experimental Group and
Control group differ in several aspects, including physical attri-
butes, BMI distribution, and gender distribution. These differ-
ences may have implications for the aetiology, progression,
and management of sacroiliac joint disease. Further research is
required to explore the potential relationships between these
variables and their impact on the condition, as well as to inves-
tigate the effectiveness of the sub-occipital inhibition technique
in managing sacroiliac joint disease in patients with varying
demographic and physical characteristics.

Hamstring tightness is indeed a common issue experienced by
patients with sacroiliac joint disease. It can contribute to pain,
discomfort, and limited range of motion in the lower back,
pelvis, and legs. As a result, healthcare professionals are contin-
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ually searching for more effective treatment methods to address
this problem and improve patient outcomes. In this study,
therapeutic technique was investigated: Sub-occipital Muscle
Inhibition Technique (SMI) with conventional treatment. This
technique aims to alleviate hamstring tightness and associated
symptoms by targeting the musculature and restoring balance
to the sacroiliac joint.

The Sub-occipital Muscle Inhibition Technique (SMI) is a
manual therapy approach that focuses on the sub-occipi-
tal muscles located at the base of the skull. These muscles are
complexly connected to the sacroiliac joint through a complex
network of fascia and soft tissues. By applying specific manual
pressure or gentle manipulation to these muscles, SMI aims to
release tension and restore proper muscle function. The ratio-
nale behind this technique is that sub-occipital muscle tight-
ness can create compensatory patterns throughout the body,
potentially affecting the function of the hamstring muscles and
contributing to sacroiliac joint pain.

On the other hand, the MET as a conventional treatment is a
form of osteopathic manipulative treatment that utilizes muscle
contractions and stretching to address musculoskeletal imbal-
ances. In the context of sacroiliac joint pain and hamstring
tightness, METs involves the active engagement of the patient’s
hamstring muscles against a counterforce provided by the phys-
iotherapist. This contraction is held for a brief period before
being released, and the process is repeated several times. The
aim of MET is to reset the neuromuscular system, improve
muscle length and flexibility, and restore optimal joint function.
Both SMI and conventional treatment (METs) offer potential
benefits for patients with sacroiliac joint pain and accompany-
ing hamstring tightness. SMI targets the sub-occipital muscles,
which can have far-reaching effects on the entire musculoskel-
etal system, including the hamstrings. By releasing tension in
this area, SMI may help alleviate compensatory patterns and
improve overall muscle balance (23).

It is important to note that SMI and MET as therapeutic tech-
niques, their effectiveness and suitability may vary among individu-
als. Factors such as the severity of sacroiliac joint dysfunction, indi-
vidual anatomical differences, and underlying causes of hamstring
tightness can influence the outcomes of these techniques (24).
Another was study conducted to investigate the impact of
self-myofascial release (SMFR) and suboccipital muscle inhi-
bition (SMI) techniques in the suboccipital area on hamstring
flexibility. A randomized controlled trial was conducted, involv-
ing 60 sedentary individuals with limited hamstring flexibility,
divided into three groups: SMI, SMFR, and a control group.
Over a 6-week intervention period, the SMI group received
gentle pressure techniques targeting the suboccipital muscles
to release tension and inhibit muscle activity, while the SMFR
group was taught how to perform self-massage using a foam
roller in the suboccipital area. The control group didn’t receive
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any specific interventions and continued their regular activi-
ties. Before and after the intervention, hamstring flexibility was
assessed using standard measurement techniques. The results
demonstrated improvements in hamstring flexibility in both
the SMI and SMFR groups compared to the control group.
Nonetheless, our study has shown that hamstring relaxation
also has an influence on sacroiliac joint pain reduction (10). In
order to improve patients’ levels of disability, reduce their pain,
and improve their quality of life, the study examined how well
conventional therapy performed on its own and when used in
combination with the Sub-occipital Inhibition Technique (SMI)
in SIJ pain patients. Both methods of treatment had successful
results in these criteria, indicating that patients might get bene-
fit from them. But across all assessed criteria, the Sub-occipi-
tal Inhibition Technique combined with conventional therapy
produced the best outcomes. This suggests that including the
Sub-occipital Inhibition Technique into traditional therapy will
provide improved therapeutic outcomes in SIJ disease patients.
The results show that SMI has the potential to be an important
additional treatment to traditional therapy, providing up oppor-
tunities to better patient’s outcome and quality of life.

CONCLUSIONS

Both conventional treatment and Sub-occipital Inhibition Tech-
nique combined with conventional treatment were effective in
improving disability status, reducing pain, and enhancing qual-
ity of life in patients. Combination of Sub-occipital Inhibition
Technique with conventional treatment however, produced
the best outcomes in terms of all parameters, indicating that
inclusion of Sub-occipital Inhibition Technique in conventional
treatment may provide enhanced therapeutic benefits.
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INTRODUCTION

SUMMARY

Objective. Strength training adaptations involve the synergistic activation of different
muscles during training and rehabilitation. The aim of this study was to verify changes
in electromyographic activity and the synergism of Vastus Medialis and Vastus Latera-
lis after 12 weeks of knee extension training.

Methods. Eighteen untrained young women were divided into 2 groups, performing
training with matched duration of muscle actions, volume, frequency, rest between
sets, and intensity. Both protocols used the same range of motion of 35°, but in differ-
ent positions: initial range of motion between 100°-65° and final between 65°-30° of
knee flexion, resulting in different muscle lengths. We analyzed the electromyographic
signal amplitude, activation ratio between muscles, and cross-correlation.

Results. The results demonstrated that in both groups the VM and VL decreased
their EMG activity (p = 0.001 and p = 0.017, respectively). There was an increase in
the mean value of the VM/VL activation ratio from 0.97 to 1.092 (p = 0.001) in both
protocols and decreased cross-correlation value when comparing pre- and post-train-
ing (p = 0.001). However, there were no significant differences between the two posi-
tions for any of the analyzed parameters.

Conclusions. The restricted degrees of freedom in the exercise, the matching of train-
ing load components, as well as its submaximal magnitude, and the adoption of the
same range of motion for both protocols seemed to have prevailed in these results,
overshadowing the differences in quadriceps muscle lengths between the protocols.
KEY WORDS

Electromyography, quadriceps; range of wmotion; synergism; vastus lateralis;
vastus medialis.

ing load (1), body segment positions (2), different exercises

Coaches, therapists, athletes, and strength training enthusi-
asts in general seek to manipulate the variables of strength
training in order to achieve better results in specific sports
performances, as well as in physical rehabilitation and
changes in body aesthetics. Investigations in this regard
have been conducted with different manipulations of train-
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(3, 4), and ranges of motion (ROM) (5-7).

Performing an exercise in different positions throughout
ROM can interfere with neuromechanical aspects, as chang-
es in muscle length, joint torques, and applied torque by
external resistance along ROM (2, 6-8). Different muscle
responses such as cross-sectional area and force production,
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have been observed when comparing protocols performed
in different positions along ROM in knee extension exet-
cises (8). In addition to these responses, electromyographic
(EMG) activity and synergistic activation between muscles
in various positions along ROM should also be consid-
ered, as different muscles may exhibit different variations
in length throughout the ROM. Several studies are available
regarding EMG responses to knee extension training proto-
cols (1, 2,5, 7), as well as the synergism between the vastus
medialis (VM) and lateralis (VL) during this exercise (1, 9).
However, the understanding of the acute and chronic impact
of training at different muscle lengths along the range of
motion (ROM) on the synergism between VM and VL still
represents a gap in the available knowledge. Additional-
ly, in different positions along the trajectory of an exercise,
the same partial ROM can be performed (e.g., 35°) both at
the initial and final positions of the concentric action; these
positions have different muscle lengths, as well as different
capacities for producing joint torque. Understanding muscle
synergism under these conditions could provide relevant
information for more specific strength training prescription,
as well as for other contexts such as rehabilitation.

The VM and VL muscles have different lengths, insertion
angles, and fiber orientations in the muscle belly. Conse-
quently, they would be acting to produce force to perform a
specific exercise in different positions along the length-ten-
sion curve. These differences may undergo non-similar
alterations between them along the same ROM. It is reason-
able to suggest that muscle activation could be altered, as
well as the synergistic activations, as the training occurs at
different muscle lengths along a specific ROM.

Therefore, considering that knee extension force produc-
tion is the result of the synergistic action of these muscles
and that this synergism could be altered due to changes in
the exercise position along the ROM caused by alterations in
muscle lengths and present torques, the aim of this study was

Table I. Sample characterization by group: IP and FP.

to analyze the amplitude of the EMG signal and the syner-
gism between the VM an VL after 12 weeks of knee exten-
sion training, performed at similar ROMs but with different
quadriceps muscle lengths. In this study, ROM was quanti-
fied by the angular displacement during knee extension.
The hypothesis of this study considers that the changes in
EMG responses of these muscles will be different from each
other after the training period, resulting in an alteration of
the synergism between them.

MATERIALS AND METHODS

Twenty women between the ages of 18 and 30 years, with no
strength training experience six months prior to the start of
the study, and with no history of knee, spine, and hip inju-
ries (table I) participated in the research. To determine the
sample size, Beck’s recommendations (10) were used, and
the sample size calculation was performed using G.Power
software (version 3.1.7). Additionally, an alpha error of 0.05,
a power of 0.80, a correlation between repeated measures of
0.80, a correction for non-sphericity of 1, considering two
study groups and two measurements (pre- and post-train-
ing) were applied.

The project has been approved by the Ethics Commit-
tee of the Federal University of Minas Gerais in Brazil
(No.: 1758518.1.0000.5149 — date of approval: November
07,2018).

The sample was divided into two groups that performed 12
weeks of training with protocols differentiated by the posi-
tion along ROM. In this study, the ROM was determined by
a 35° angular displacement. The initial position (IP) ranged
between 100° and 65° of knee flexion, and the Final Posi-
tion (FP) ranged between 65° and 30° of knee flexion on
the equipment (0° = knee fully extended) (figure 1). In this
regard, although the ROM was similar between the proto-
cols, the muscle lengths were different.

Variable Group Average + SD Min-Max
Age (years) P 2333 +£258 20-27
FP 23.00 +2.91 21-30
Body mass (kg) 1P 60.38 + 10.75 42.00-73.9
FP 60.28 £7.90 46.00-67.80
Height (cm) 1P 162.00 = 5.00 152.00-172.00
FP 160 + 40 151.00-166.00
Body fat (%) 1P 23.58 £ 4.66 15.90-32.00
FP 26.25 +4.00 17.70-32.60

SD: standard deviation; IP: initial position; FP: final position.
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Participants performed 3 sets of 7 repetitions at 60% of
one-repetition maximum (1RM), with each muscle action
lasting 2 seconds and a 2-minute rest between sets. Training
sessions were conducted three times a week, with at least
48-72 hours of rest between each session. Exclusion criteria
for the study included: a) absence from three consecutive
training sessions; b) failure to complete at least 90% of the
total training sessions; c) inability to perform the tests with-
in the specified intervals; d) engaging in incompatible activ-
ities with the training condition.

The equipment used was designed exclusively for research
purposes (MASTER®, BRAZIL), with an eccentric axis cam,
where the resistance torque remained constant throughout
the range of motion (except in the last 10° of knee exten-
sion), and it was instrumented to allow recording of the
ROM over time. A linear potentiometer of 10 kQ with a
linearity error of 2% and a voltage range between +10V to
-10V was attached to the rotation axis, enabling the monitor-
ing and recording of the range of motion. A four-point safe-
ty belt was adjusted on the volunteer with a buckle system to
minimize accessory movements in the trunk and hip.

IP
00
65°
1 000 @350

Figure 1. Positions performed in the exercise
(A) IP protocol; (B) FP protocol.

For FP position a manual lifting system (hydraulic jack) was
used, which allowed raising the weight support to the height
corresponding to the desired initial angle. Additionally, a
mirror was installed next to equipment, enabling the volun-
teer to have visual access to ROM.

In the first session, a 1RM test familiarization was conduct-
ed with the volunteers positioned on the bench at an angle
of 110° with the backrest, and the lateral femoral epicondyle
was aligned with the potentiometer installed on the rotation
axis. The pad in contact with the lower limb was positioned
approximately three centimeters above the medial malleolus.
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The weight on the equipment was progressively increased
until it was not possible to achieve the predetermined ROM
for the concentric action. On the 3™ session, the 1RM test
was performed again. After this session, familiarization with
the ROM and the proposed duration of muscle actions was
carried out, consisting of 10 repetitions without addition-
al resistance on the equipment. Each group performed the
1RM test in the same position they performed their training
sessions (IP or FP).

In the first two weeks, the volunteers performed three sets,
with an additional set added every two weeks, resulting
in six sets at the end of the study. In order to adjust the
weight used in the sessions, the 1RM test was repeated every
two weeks.

Electromyography

Electromyographic data from the VL and VM were
collected during the three series of the fourth and the first
three series of the 31* training session. For this purpose,
surface electrodes of the Ag/AgCl type (3M-2223, Brazil)
with a capturing area of 1 cm were used. Prior to place-
ment, the skin was shaved, and the area was cleaned
with an alcohol-based solution (11, 12). The electrodes
were fixed in pairs with a distance of 2 cm between
their centers. The electromyographic and potentiometer
signals were synchronized and converted using an A/D
board (Biovision, Wehrheim, Germany) and sampled at
a frequency of 4,000 Hz. Appropriate software (DasyLab
11.0; Measurement Computing Corporation, Massachu-
setts, USA) was used to record and treat the data. The
electromyographic data acquisition was amplified 500
times and filtered (4"-order Butterworth band-pass filter
of 20-500 Hz) tocalculate the EMG amplitude as the root
mean square (EMGy, ).

The parameters for electrode placement in each muscle
followed the recommendations of Hermens ez 4/. (13), and
the sensors were located at the following percentages of
the total length of the thigh (the distance from the later-
al femoral epicondyle to the greater trochanter), above the
upper edge of the patella on the VM (30%) and VL (55%).
For acquisition, the EMG data were amplified 500 times
and then stored. Subsequently, they were filtered through
a second-order Butterworth band-pass filter (20-500 Hz)
and rectified to calculate the signal amplitude using the root
mean square (RMS) method, considering both concentric
and eccentric muscle actions for the analysis.

For normalization of the EMG data, the mean RMS of 2
maximum voluntary isometric actions (MVIC) lasting 5
seconds each was used, with a 30-second interval between
each action, at an angle of 65° as measured by the electrogo-
niometer attached to the equipment.
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Activation ratio

The activation ratio allows verifying the relative activation of
each quadriceps muscle during knee extension (6, 14, 15).
The analysis of the VM/VL ratio was performed by consid-
ering the average of the EMG,  amplitude of each series
for each muscle, dividing the normalized EMG,,  value of
VM by the value of VL. This measure has been used in other
studies (1, 16, 17).

Cross-correlation

Cross-correlation analysis is capable of quantifying the asso-
ciation between measurements through spatial and tempo-
ral investigations, measuring, for example, the similarity
between two EMG signals, resulting in a scale between -1
and 1. This analysis allows verifying the similarity between
two EMG signals and represents a spatial and temporal
comparison of the EMG signals, assessing an activation
pattern through correlation, independently of their ampli-
tudes (18). For the present study, the analysis involved
correlating two time-variable signals with each other.

Statistical analysis

The three series from the 4% session and the first three series
of the 31* session were analyzed. Initially, a descriptive anal-
ysis of the data was performed. Normality and homogene-
ity were checked using the Shapiro-Wilk and Levene tests
respectively, and all study variables were presented as mean
and standard deviation. The analysis of the VM and VL
EMG signal amplitude values was performed using a three-
way mixed ANOVA with repeated measures (Factor 1 -
muscle (VM and VL); Factor 2 - time (pre- and post-train-
ing); Factor 3 - protocol (FP and IP). For the activation ratio,
a simple mathematical ratio was calculated by dividing the
normalized RMS, . of one signal by the other, ze., VM/VL,
and the result was analyzed using a two-way mixed ANOVA
with repeated measures (time and protocol). The same anal-
ysis was performed for the cross-correlation data. In the
presence of a significant F-value, the Bonferroni post-hoc test
was applied. The effect size classification adopted accord-
ing to Cohen (19) was 1? = 0.14 for a large effect size, W? =
0.06 for a medium effect size, and 17 = 0.01 for a small effect
size. The statistical procedures were conducted using SPSS
version 22.0. The significance level adopted for all analyses
was o < 0.05.

RESULTS

The results were analyzed as a percentage response from
the 4 to the 31* training session and three variables were
considered: EMG signal amplitude (VM and VL), activa-
tion ratio (VM/VL), and cross-correlation.
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EMG signal amplitude

The analysis of the normalized EMG,,; amplitude values
of the protocols are shown in figure 2. Initially, a two-way
ANOVA (muscle and protocol factors) was performed to
compare the mean values of the pre-training condition.
There was no double interaction (F = 0.574; p = 0.452), nor
main effect of muscle (F = 3.597; p = 0.077), and protocol
(F=1.077; p=0.304).

The three-way mixed ANOVA with repeated measures did
not find a significant triple interaction between muscle, time,
and protocol factors (F = 0.17; p = 0.898; ? = 0.021), nor
significant double interactions between time and protocol
factors (F = 0.580; p = 0.450; > = 0.011), and muscle and
protocol factors (F = 2.483; p = 0.121; 1> = 0.001). There
was only a significant double interaction between time and
muscle factors (F = 12.532; p = 0.01; ? = 0.27). The post-
hoc analysis using Bonferroni showed that both VM and
VL decreased their EMG activity (p = 0.001 and p = 0.017,
respectively) after 12 weeks compared to the pretest. Addi-
tionally, when analyzing the main effects, a significant effect
of time was observed (F = 17.021; p = 0.001; ? = 0.075),
indicating a reduction in electromyographic activity for
both muscles, regardless of the protocol.

I IP
VL o FP M

100 100

80
60 |
40

20

Normalized EMGrms %
Normalized EMGrms %

VL pre VL post VL pre VL post

VL pre VL post VL pre VL post

Figure 2. Comparison of normalized EMG,,,; of VL and VM
between the IP and FP training protocols under pre- and
post-training conditions.

“Values significantly different from each other after 12 weeks of training (p
<0.05); VL: Vastus Lateralis; VM: Vastus Medialis; there was no significant
alteration for the muscle (F = 0.204; p = 0.653; 1> = 0.001) and protocol (F
=0.202; p = 0.655; n? = 0.002) factors.

Activation ratio

No significant difference was found in the interaction
between time and protocol factor (F = 0.14; p = 0.905; 1
=0.004) nor in the protocol factor (F = 0.198; p = 0.658; >
=0.002). A significant difference in the activation ratio was
observed after 12 weeks for both protocols (figure 3). The
two-way ANOVA showed a significant effect of time (F =
14.315; p = 0.001; n? = 0.085), meaning that there was an
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increase in the mean value of the VM/VL activation ratio
from 0.97 to 1.092 in both protocols, without significant
difference between them.

15 . . ©
= re

_{

T

=)

Activation ratio VM/VL
Normalized EMG
n

0.0 ' '
Pre Post Pre Post

Figure 3. Comparison of VM/VL activation ratio between
the IP and FP training protocols under pre- and post-training
conditions.

“Significant difference in the time factor: post values > pre (p < 0.05).

Cross-correlation

Mean values for cross-correlation between the protocols
were as follows: TP pre-training 0.76 (SD = 0.09) and 0.65
(SD =0.11) post-training, and FP 0.76 (SD = 0.08) pre-train-
ing and 0.69 (SD = 0.05) post-training. A two-way ANOVA
was performed with time and protocol factors and no signif-
icant interaction was found (F = 1.192; p = 0.28; 11> = 0.005).
When analyzing the main effects, there was no significant
difference for the protocol (F = 0.903; p = 0.346; > = 0.01);
however, there was a significant difference for time (F =
46.923; p = 0.001; W?> = 0.202) (figure 4). Bonferroni post-
hoc analysis showed that the pre-training mean values were
higher than the post-training values for both protocols, with
no significant difference between them.

1.0

0.8+ T

0.6

P
= rp

0.4

Cross-correlation

0.2

0.0-

Pre Post Pre Post

Figure 4. Comparison of cross-correlation between IP and
FP training protocols under pre- and post-training conditions.

“Values different from each other after 12 weeks of training (p < 0.05).
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DISCUSSION

The present study aimed to investigate the EMG activity
of VM and VL after 12 weeks of knee extension training in
protocols matched for training load and ROM but performed
in two different positions along the exercise (initial and
final), resulting in different muscle lengths. Considering
the distinct changes between VM and VL lengths and the
changes in joint torque in both protocols, different activation
patterns between the groups might be expected. However,
this expectation was not confirmed, as the changes occurred
similarly in both groups. Additionally, VM and VL showed
a decrease in EMG activity after the training period, but the
reduction in VM was smaller than VL, with no significant
differences between the groups; in other words, no different
muscle activation responses were observed between the two
positions performed at different muscle lengths.

Other studies that reported differences in EMG activity
analyzed different ROMs in isometric actions (5), combina-
tions of dynamic and isometric actions (6), different inten-
sities from the present study (6), or protocols until concen-
tric muscular failure (2, 14). Moreover, the use of multi-joint
exercises such as the leg press (14) and the squat (6) may lead
to different outcomes compared to knee extension exercise.
Both involve movement in more than one joint to overcome
external resistance and, consequently, different strategies to
produce performance. The squat exercise has more degrees
of freedom, which could result in changes in the execution
dynamics, altering the torques in a non-similar manner to
the knee extension exercise. Additionally, in the squat, small
adjustments in the position of body segments or even the
bar trajectory along the initial and final ROMs may affect
the obtained results. These variabilities in this exercise can
be seen in the different results obtained by Jaberzadeh ez
al. (6), who found a difference in activation ratio between
two ROMs and the results obtained by Jarbas da Silva ez
al. (20), where no difference was found in the activation of
VM and VL; however, unlike the present study, the first use
only body mass without additional external resistance and
the latter compared two different angular displacements in
the squat exercise in a 10RM set.

The present study used protocols where only each specif-
ic position was performed (IP and FP), unlike Signorille ez
al. (2) and Gorostiaga et al. (14), which evaluated partial
ROMs in the exercise performed with complete ROM. This
may lead to differences in instantaneous force values along
each ROM (21), which could potentially lead to different
muscle activation responses.

It may be suggested that the results of the present study
be attributed to the training load used. The intensity was
maintained at 60% 1RM, and despite the increase in the
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number of sets during the experiment, only the first three
sets were analyzed in the post-test, similarly to the pre-test
analysis, where only three sets were performed. Given that
there was no difference between the experimental groups,
as well as a decrease in EMG activity, it can be speculated
that the demand imposed on the volunteers for the three
sets in the 31% session may have been lower compared to
the three sets in the 4™ training session, as training adapta-
tions allow for a higher number of repetitions for the same
relative intensity and/or a higher intensity for the same
volume. This reasoning is supported by Braith ef al. (22),
who analyzed the intensity (in % 1RM) for performing a
single set of 7-10RM in the knee extension exercise after
18 weeks of training. An increase in the percentage of 1RM
used to perform 7-10RM was observed (from 68.4% 1RM
t0 79.1% 1RM). In the present study, the intensity was kept
the same, but the number of sets and repetitions evaluated
was not increased, representing a lower task demand after
12 weeks of intervention, as participants gained perfor-
mance with training. This factor may have counterbal-
anced possible influences of different torques and muscle
lengths along the tested positions, justifying the decrease
in EMG signal and the absence of differences between the
two groups.

A change in synergism was observed through an increase
in the VM/VL activation ratio when comparing pre- and
post-training periods, but with no difference between the
two positions. Compared to pre-training condition, the VM
showed a smaller reduction in EMG amplitude than the
VL after the training period. Similar results were verified
by Wong and Ng (1), but comparing two different train-
ing loads. After 8 weeks of training, these authors found
an increase in VM activation and consequent increases in
the activation ratio, similar between two groups performing
protocols for hypertrophy or maximum strength. According
to the authors, this suggests that regardless of the training
protocol, the CNS response was an increase in VM activa-
tion compared to VL when exercises involving knee exten-
sion were used. Our results suggest that changes in activa-
tion ratio can occur regardless of changes in muscle lengths
present in each protocol for this training load stipulated in
the present study. Although not effectively measured, the
changes in muscle lengths and joint torques did not repre-
sent factors that led to different EMG responses, as hypoth-
esized in the study.

It has been observed that the presence of patellofemoral
syndrome can occur with a VM/VL ratio less than 1 in
healthy individuals (23). An increase in this ratio would
imply a possible increase in patella medialization (15),
leading to a better distribution of compressive forces
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acting on the patellofemoral joint during activities involv-
ing this joint.

Considering that the knee extension is an exercise with few
degrees of freedom, meaning it does not allow changes in the
equipment trajectory or in body segment positions during
ROM, it can be speculated that only the differentiation in
the execution positions and consequently different muscle
lengths, may not have been sufficient to produce different
effects between IP and FP. In this case, other parameters of
movement were kept constant, such as trajectory, repetition
duration, and the use of the same values for the components
of the load.

Another parameter used for synergism that provides
temporal information on relation between two or more
EMG signals is cross-correlation (17, 18). In the pres-
ent study, the results showed a significant decrease in this
cross-correlation value between pre- and post-training,
again with no difference between IP and FP groups. It
can be expected that individuals not familiar with strength
training tend to present less efficient activation patterns
than trained individuals (24) and that the CNS develops
more efficient strategies for performance production over
training sessions. However, the results of the present study
suggest adaptations in the sense that these temporal vari-
ations differed in the pre and post-training comparison
but without differences between the two positions. The
significance of this change seems to demonstrate that the
timing of activation adjustments over repetitions may be
different for each muscle, according to their neuromechan-
ical and morphological characteristics, aiming to establish
appropriate synergism for the task. It should be under-
stood that synergism can be verified by activation magni-
tudes, as measured by the activation ratio, as well as by the
timing of these activations between the muscles involved in
cross-correlation analysis.

Another important factor concerns the equipment used in
the investigations. Depending on the pulley structure and
cam shape, different joint torques exist along the ROM,
and in isokinetic equipment where velocity is kept constant
throughout the ROM, different force-angle relationships
occur when compared to conventional equipment, regard-
less of the produced joint torque. In the present study, the
equipment had almost constant resistance torque along the
ROM with approximately 10% increase at the end of knee
extension, which was not used in the experimental protocols.
It can be said that a limitation of the present study is that the
presented results are exclusively for the training loads and
range of motions stipulated in the present study. Different
angles throughout the range of motion can produce differ-
ent results depending on the variables being analyzed (25).
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CONCLUSIONS

The results showed that similar knee extension exercise
ROM performed in two different positions, with muscles
producing force at different lengths, may not yield differ-
ent EMG responses after a training period in protocols
matched for volume and intensity. This was observed in the
EMG signal amplitude and in the synergism between VM
and VL, assessed by the activation ratio and cross-correla-
tion. The results also indicated that the groups exhibited
reductions in EMG after the training period, but there were
no significant differences between the groups for any of the
analyzed parameters, indicating no alteration in neural strat-
egies for muscle activation.

As a suggestion for further studies, it is recommended to
investigate other equipment with different configurations
of external resistance application. Additionally, the use of
different protocol configurations, with diverse progressions
in training load throughout the period, is recommended.
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SUMMARY

Background and purpose. Low back pain (LBP) is a common health problem that
hinders patients’ daily activities. During hip physical examination on LBP patients,
gluteus medius (GMed) weakness and tenderness were found. Therefore, in patients
with non-specific chronic low back pain (NSCLBP), this study examined the effect
of adding specific GMed strengthening to the APTA-guided program on pain, back
disability, GMed macromorphology, strength, and functional performance.

Methods. This study is a randomized controlled trial involving 58 patients with
NSCLBP aged between 20 and 45 years. The pain was measured by a numerical pain
rating scale, functional disability was estimated by the Oswestry disability index, and
Ultrasonography evaluated GMed thickness. A hand-held dynamometer measured
GMed strength, and its functional performance was assessed by a single-leg squat test
(SLST). Patients were randomly assigned to group A received the APTA program and
group B received the same program plus selected GMed strengthening.

Results. For groups A and B, the percentage of change in pain was 40%, and 66.67 %
and that of disability level was 45.24 %, and 61.5 %, in favor of group B. The between-
group comparison revealed significant differences for pain (p = 0.001) but not for
functional disability (p = 0.12). There was a significant difference in GMed thickness
for average relaxed (p = 0.009), and average contracted (p = 0.043) in both groups
post-treatment but not for activation (p = 0.063). GMed strength changed by 13.1%
and 21.8% in groups A and B respectively but no significant differences were observed
between groups (p = 0.44). The percentage of change in the SLST was 20.6% and
58.8% for Groups A and B respectively, with a significant between-group comparison
(p=0.04).

Conclusions. GMed strengthening exercises improved GMed macromorphology,
reduced disability, and pain, and enhanced functional performance. It may therefore
be advised that patients with NSCLBP incorporate strengthening of the GMed muscle
in their treatment program.

Study registration. This study was registered in ClinicalTrials.gov (NCT05521165).
KEY WORDS

Exercise therapy; gluteus medius; hip joint; low back pain; ultrasonography.
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INTRODUCTION

Low back pain (LBP) is one of the main health issues facing
people globally. It affects people of all ages, even young
children and the elderly. The costs of medical care for LBP
differ between nations and have been affected by societal
and healthcare practices (1).

There are two categories of LBP: specific LBP and nonspe-
cific LBP (NSLBP), which was defined as LBP without obvi-
ous pathologies. It may begin in the lower spine and prog-
ress to other regions, like the hip region (2). It is considered
chronic if the symptoms last longer than 12 weeks (3).

The spine and lower limb muscles might undergo vari-
ous structural and functional alterations as a result of back
pain. The endurance of the core muscles was eliminated in
patients with LBP in different professions and lifestyles (4).
Additionally, there was a significant deterioration in hip and
knee muscle strength in patients with LBP in comparison to
the healthy control (5).

Furthermore, Sadler et al. (6) and Cooper et al. (7) reported
that gluteus medius (GMed) muscle strength was reduced,
and multiple trigger points were found in LBP patients,
however, the findings on fatigability, level of activity, and
macromorphology were insignificant compared to normal.
Pain from GMed muscle trigger points may radiate to the
iliotibial band, gluteal and lumbosacral regions, and sacro-
iliac joint (8).

Gluteus Medius dysfunction was thought to be a predic-
tor and initiator of LBP. To clarify, it causes many Patho
mechanical implications, including abnormal spinal load-
ing, decreased force production from hip abduction, and an
abnormal activation pattern as compared to healthy control.
It also causes lateral pelvic instability that increases dynamic
lateral trunk flexion and causes abnormal compression over
the intervertebral disc (9, 10).

Therefore, this study was conducted to explore if the effect
of adding targeted GMed strengthening exercises to the
APTA-guided program may positively affect pain, function-
al disability level, hip muscle strength, and GMed macro-
morphology and its functional performance in patients with
NSCLBP according to the recommendations provided in
the published literature (11, 12).

METHODS

Design overview

This study is a randomized controlled trial conducted at the
out-patient clinics of the Faculty of Physical Therapy, Cairo
University. It was carried out according to the standards for
research of the Ethics Committee of Cairo University’s Facul-
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ty of Physical Therapy (number: PT.REC/012/003770 — date
of approval: May 17, 2022). Patients were asked to provide
written informed consent after their approval to participate in
the current research. Before any analyses were performed, a
thorough and up-to-date analysis plan was registered.

Participants and randomization

Fifty-eight patients with NSCLBP (for more than 12 weeks)
aged between 20 and 45 years were recruited for this study.
Individuals experienced symptoms that were bilateral or
unilateral, with one side being worse than the other. Patients
were excluded if they had any of the following: a history of
significant injuries, persistent night pain, bowel or bladder
disorders, or a neurological deficiency affecting the lower
extremities. In addition, a history of lower limb fractures as
well as surgery on the back, pelvis, or hip.

A random computer-generated list specific to each center
would be used to assign study participants to either Group A
or Group B. An external person who was not involved in the
treatment would manage the randomization. The allocation
mechanism would be concealed in sequentially numbered,
sealed envelopes.

Assessment procedures

Assessment of pain intensity

We would ask the patient to provide the number that most
properly represents their level of pain using the Numerical
Pain Rating Scale-Arabic Version (NPRS-AR) (13). The scale
has 11 points, where 0 represents no pain and 10 represents
the worst pain (14).

The numerical pain rating scale is a sensitive and highly reli-
able tool for assessing pain, especially in the case of chronic
pain. The validity of the NPRS-AR was excellent and positive
when correlated with the visual analog scale (r = 0.943 when
p <0.01) even with the verbal rating scale (r = 0.932 when p <
0.01). Furthermore, the test-retest reliability of the NPRS-AR
as assessed by the ICC was 0.89 (0.84-0.92) with a 95% confi-
dence interval (CI) (14).

Assessment of functional disability

Back pain-related impairment was assessed using the
Oswestry Disability Index the Arabic version (ODI-AR),
which has been cross-culturally adjusted for Arabic speak-
ers. Ten domains were included in it: walking, carrying, pain,
sleep, sitting, social and sexual life, self-help, and travel. Each
domain was scored 0-5, for a total score of 0-50, with a high
score indicating severe dysfunction (15).

The intra-observer reliability of ODI was excellent. Good
construct validity was demonstrated by correlations between
the index and the visual analog pain scale (r = 0.708, p < 0.01),
the Roland-Morris Disability Questionnaire (r = 0.656, p <
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0.01), and the Quebec Back Pain Disability Scale (r = 0.792,
p<0.01) (12).

Assessment of Gluteus Medius strength

The patient would be positioned in a side-lying, with the
examined hip in a neutral position. Following familiarization,
the subject would perform 5 seconds of maximal abductor
isometric contraction (see supplements). This method would
be performed three times, with 15-second intervals between
trials. To motivate individuals to exert maximum effort, verbal
encouragement would be provided. The GMed muscle torque
is calculated as the result of average strength measurements

standardized by weight (Nm/kg) (16).
Functional ~performance assessment
medius muscle

The single-leg squat test (SLST) was divided into two phases.
The first phase was an assessment of the overall impression
of patient performance, such as balance, gross arm deviation,
and test performance. The second one required that four
of the five specific criteria (posture of trunk movement, the
posture of pelvis, hip, knee, and depth of squat) be negative
for deviation. It was necessary to receive a passing score on
one of the three tests (see supplements) (17).

The intra-rater agreement of SLST was reported to be between
87 % and 73 % with kappa from 0.800 to 0.613, and higher hip
abduction torque was also demonstrated by the top perform-
ers (mean difference: 0.47; 95%CI 0.10-0.83 N.m. Bw-1) (17).

of gluteus

Assessment of gluteus medius muscle thickness

A single skilled sonographic investigator would gather all
sonographic images through LOGIQ E9 which is a mobile
diagnostic ultrasound system, software version: R4.3.1 market-
ed by GE Medical Systems Ultrasound. The patient would
be side-lying with the examined leg elevated and the hip in a
neutral posture.

The transducer would be located on the side of the hip, on the
lower half of a coronal line that starts at the peak of the great-
er trochanter and goes to a point that is 25% of the distance
between the ASIS and PSIS perpendicular to the muscle (18).
Following ultrasound image optimization, a still image would
be obtained, and the machine software’s caliper-based tools
would be used to quantify the GMed thickness. The proce-
dure would be done three times, and the mean of all three
measurements would be recorded (19).

The GMed thickness was recorded in two different states:
relaxed when the patient was side-lying and the lower limb
was in a neutral position and contracted when the patient
abducted the hip and their feet were 25.4 cm above the table
while enduring a maximum isometric resistance (see supple-
ments) (20).
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By determining the broadest point between the muscle’s supe-
rior border and inferior aspect, the thickness measurements (in
centimeters) were measured. The activation ratio was calculat-
ed by dividing the average muscle thickness during contrac-
tion by the average muscle thickness during relaxation (20).
Before beginning treatment sessions, all assessment proce-
dures were completed, and the final assessment was carried
out following the completion of 12 intervention sessions after
six weeks of treatment.

Treatment procedures

All patients would follow various exercises guided by the
APTA 2021 Practice Guidelines for patients with NSCLBP
would be provided for 30-45 minutes, twice per week for six
weeks (12 sessions).

APTA guided program

The exercises would be demonstrated as mentioned by Bello

et al. (22).

Stretching exercises:

e Hamstring muscle: with the patient lying supine, the phys-
iotherapist would flex the hip at 90 degrees and extend
the ipsilateral knee passively for three repetitions for
30 seconds.

e Back and trunk muscles: the patients performed three
repeats of thirty seconds each while sitting on their heels,
with their trunk flexed and their abdomen resting on the
front of both legs.

Strengthening exercises:

® Abdominal curl exercise: the patient was instructed to
elevate their head and trunk simultaneously for two sets of
five repetitions while they were in the supine laying position.

® Back extension exercise: active back and trunk extension
was done for three sets of five repetitions with the patient
in a prone lying position.

Stabilizing exercises:

® in a quadrupedal posture, the patient was asked to elevate
his contralateral upper and lower limbs off the ground in
three sets of ten repetitions, holding each position for three
to five seconds. If the patient was unable to move both
limbs simultaneously, the exercise might be performed
gradually, moving the upper limb first, then the lower limb.

The selected GMed strengthening exercise program
The selected exercise program would cause the GMed’s elec-
tromyographic activity to be at least very active or high level
(> 40% maximal voluntary isometric contraction) (22, 23).
Additional exercises, such as clamshell (see supplements) and
bridging, were performed if the patient was unable to perform
the exercises without substitutions. The exercise program
would be described as the following:
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e Side-lying hip abduction: for stability, the patient was asked
to assume side-lying with their bottom hip and knee flexed
and lift his upper leg into abduction. Hold the position
for three to five seconds while performing three sets of ten
repetitions with the hips neutral and slightly extended (see
supplements) (24).

¢ Unilateral hip bridge: the patient would be resting supine
with one knee bent and the other hip extended to align
the spine in a neutral position. He was asked to elevate the
trunk and lower limb simultaneously for one set of 15 repe-
titions for each side (see supplements) (24).

e Side-lying hip bridge: the patient was asked to elevate his
body off the ground while lying on his side, distributing his
weight evenly between his forearm and his foot and main-
taining a straight posture for one set of 15 repetitions on
each side (see supplements).

e Unilateral Wall squat: the patient was asked to stand against
the wall on the dominant leg in a single-leg stance. While
the distance from the wall to the heel of the dominant leg
was 30.48 cm, the other limb would be fully extended not
touching the floor during exercise for three sets of ten
repetitions, holding for three to five seconds (see supple-
ments) (25).

Outcome measures

Primary outcome measures were the pain intensity measured
using NPRS-AR, back functional disability measured using
ODI-AR, and GMed muscle thickness in both its relaxed, and
contracted states, and its contraction ratio would be exam-
ined using an ultrasound device. Secondary outcomes were
GMed strength evaluated by HHD and functional petfor-
mance assessed by SLST.

Data analysis

Sample size calculation

To find an 80% power (alpha = 0.05) Cohen’s d = 0.40
effect size. According to the G*power program (version
3.1.9.7, Franz Faul, Universitat Kiel, Germany), 52 partici-
pants (26 in each group) would be required for the one-way

ANOVA test.

Statistical analysis

For parametric continuous variables, descriptive statistics were
shown as mean (SD), categorical variables as count (%), and
non-parametric variables as median (IQR). The independent
t-test (for continuous data) and the Chi-square test (for cate-
gorical data) were used to compare the demographic differ-
ences between the groups. Differences within and between
groups in pain and functional disability were tested using
Wilcoxon signed rank and Mann Whitney U tests respectively,
as they were non-parametric and/or non-normally distributed.
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Differences within and between groups in SLST (Analyzed as
proportions of pass) were tested using the Chi-square test.
Differences within and between groups in GMed thickness
and GMed strength were tested using mixed MANOVAs as

they were ordinal variables.

RESULTS

Fifty-eight patients with NSCLBP were included in
groups A (n = 29) and group B (n = 29) as shown in the
study flowchart (figure 1). Descriptive statistics for the
demographic data (age, weight, height, and BMI) for the
included patients are shown in table I which reveals no
significant differences between groups.

Enrollment

Assessed for eligibility (n=65)

Excluded (n=7)

+ Not meeting inclusion criteria (n=5)
+ Declined to participate (n= 2}

+ Other reasons (n=0)

Randomized (n= 58)

) — l

Allocated to intervention (n=29) b JAI\nmted fo intervention (n= 29)

+ Recaivad allocated intervention (n=29 ) + Received allocated intervention (n=29 )

+ Did not receive allocated intervention (give + Did not receive allocated intervention (give
reasons) (n=0) reasons) (n=0)

| o |

Lost to follow-up (give reasons) (n=0} Lost to follow-up (give reasons) (n=0)

Discontinued intervention (patient travelled
outside the country) (n=1)

l [ l

Analysed for all measured variables (n=29) Analysed for all measured variables (n=29)
Analysed for all measured characteristics Analysed for all measured characteristics
(n=28) (n=28)

+Excluded from analysis (The pafient did not +Excluded from analysis (The patient did not
continue treatment) (n= 1)

Analysed for GMed Macromorphology
variables (n=26)

+ Excluded from analysis (patient not attended)
the final ultrasonography assessment) (n=2)

Discontinued intervention (lest contact with the
patient) (n=1)

continue freatment) (n=1)

Analysed for GMed Macromorphology
variables (n=27)

+ Excluded from analysis (patient not attended)
the final ultrasonoaraphy assessment) (n= 1)

Figure 1. Flow chart of the study.

Table I. Comparison of demographics between group A and
group B (n = 58).

Group A Group B
Demographics n =29 n =29 P-value Sig.
Mean + SD  Mena = SD
Age (years) 25.07 +4.7 2648 +5.7 0.31 NS
Weight (kg) ~ 70.55+59 734+101 019 NS
Height (cm) 16776 £7.8 169.8 +7.5 0.32 NS
BMI (kg/m?) 2535+28 254+3.04 0.94 NS

SD: Standard deviation; P-value: probability value; NS: Non-significant;
BMI: body mass index.
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Primary outcomes

The percentage of change as well as the median (IQR) value
of paint intensity of both groups before and after treatment
were shown in table IT and figure 2.

The median (IQR) values of back functional disability scores
pretreatment and post-treatment for both groups are shown
in table III and figure 2. There was a significant decrease in
back functional disability of group A and group B post-treat-
ment compared with pretreatment (p < 0.001). The func-
tional disability scores of group A and group B pretreatment
and posttreatment were not significantly different (p = 0.06,
p = 0.12, respectively) as presented in table III.

Mixed MANOVA was conducted to investigate the effect of
treatment on GMed thickness. There was a significant main
effect for treatment (p = 0.016) and time (p = 0.01). There
was a non-significant interaction effect of treatment and time

(p = 0.23). The mean + SD values of GMed thickness (AR,
AC, and ratio) pre- and post-treatment of both groups are
presented in table IV and figure 3.

Secondary outcomes

The effect of the therapy on the GMed strength was exam-
ined using a mixed MANOVA. The main effect of time was
substantial (p = 0.001). Treatment and time had an interac-
tion effect (p = 0.58), but treatment had a non-significant
main impact (p = 0.36) as shown in table V and figure 4.
There was a significant difference in the GMed strength of
groups A and B post-treatment compared to the pre-treat-
ment (p = 0.001). There was no significant difference in
GMed strength between groups pretreatment and posttreat-
ment (p > 0.05).

Table Il. Pain intensity scores pre- and post-treatment of both groups.

Pre-treatment

Post-treatment

NPRS-AR scores Median (IQR) Median (IOR) % of change W-value P-value Sig.
Group A (n =28) 5(2.25) 3(2) 40 -4.8 < 0.001 S
Group B (n =28) 6(2) 2 (1) 66.67 -4.66 < 0.001 S
U-value 488 186
P-value 0.28 0.001
Sig. NS S
IQR: Inter quartile range; P-value: probability value; S: significant; NS: non-significant.
30 < 6
25
1 WGroup A ! W Group A
" mGrows 2 H Group B
“] ol . .
Pre Post
0 ore trestrment post beatment treatment  treatment
Figure 2. Median pain intensity and functional disability scores pre- and post-treatment for both groups.
Table Ill. Back functional disability scores pre- and post-treatment of both groups.
ODI scores Pre-treatment Posttreatment % of change W-value P-value Sig.
Median (IQR) Median (IQR)
Group A (n =28) 23.1(13.3) 12.65 (13.95) 45.24 -4.54 <0.001 S
Group B (n =28) 26 (18) 10 (8.9) 615 -4.63 < 0.001 S
U-value 542 298
P-value 0.06 0.12
Sig. NS NS
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Table IV. Mean GMed thickness pre- and post-treatment of both groups.

Pre-treatment

Post-treatment

GMed thickness MD % ofchange  P-value  Sig.
Mean = SD Mean = SD
Group A (n = 26) 37+053 3.96 +£047 -0.25 8.88 < 0.001 S
Average relaxed (AR) Group B 3.75 +0.42 434+055 -0.58 5.74 <0.001 S
(n=27)
MD -0.056 -0.38
P-value 0.68 0.009
Sig. NS S
Group A 4.42 +0.68 4.63 +0.75 -0.2 8.88 0.02 S
(n=26)
Average contracted (AC)
Group B 4.65+04 5.05+0.71 -0.4 5.74 <0.001 S
(n=27)
MD -0.18 -0.42
P-value 0.25 0.043
Sig. NS S
Group A 1.19+0.1 1.18 + 0.12 0.019 8.88 0.5 NS
=26
Activation ratio (AC/AR) (n :
Group B 1.23+0.13 1.15+0.11 0.075 5.74 0.032 S
(n=27)
MD -0.027 0.016
P-value 0.38 0.63
Sig. NS NS

SD: Standard deviation; MD: Mean difference; P-value: probability value; S: significant, NS: non-significant.

3 m Pre

M Post

Group A ‘ Group B Group A ‘ Group B Group A ‘ Group B

Average relaxed (AR) Average contracted (AC) | Activation ratio (AC/AR)

Figure 3. Mean GMed morphological parameters pre- and
post-treatment of both groups.

Table V. Mixed MANOVA for the effect of treatment on hip
muscle strength.

Mixed MANOVA F

Interaction effect

P-value  Sig. ES

. 0.3 0.58 NS 0.008

(treatment x time)
Effect of time 11.8 0.001 S 0.098
Effect of treatment 0.83 0.36 NS  0.003

Muscles, Ligaments and Tendons Journal 2024;14 (3)

18
16
1.4
1.2
M Pre treatmenta
0.8
0.6
0.4
0.2

M Post treatmentb

Group A

Group B

Gluteus medius muscle strength

Figure 4. Mean GMed muscle strength pre-and post-treat-
ment of both groups.

The functional performance pre- and post-treatment of
groups A and B (pass) was shown in table VI and figure
5. The percentage of SLST passes did not differ statisti-
cally significantly between groups A and B before treat-
ment (p = 0.26). After treatment, group B’s % of SLST
passes was statistically significant compared to group A
(p = 0.04).
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Table VI. Functional performance scores pre- and post-treatment of both groups.

SLST Pre-treatment  Post-treatment o , .
Count (%) Count (%) % of change %2 value P-value Sig.
Group A (n = 28) Pass 11 (38) 17 (60.7) 20 25 0.16 NS
Fail 18 (82) 11 (39.3)
Group B (n =28) Pass 7 (24) 24 (82.8) 58.8 20.03 <0.001 S
Fail 22 (76) 5(17.2)
%2 value 13 4.1
P-value 0.26 0.04
Sig. NS S

Group A Pass Group B Pass

M Pre treatment  m Post treatment

B Pretreatment M Post treatment

Figure 5. Count and percentage of functional performance
assessment (pass) scores pre-and post-treatment of both
groups.

DISCUSSION

In patients with non-specific low back pain, this study
examined how adding specific GMed strengthening exer-
cises to an APTA-guided program affected pain, back
functional disability, GMed macromorphology, strength,
and functional performance. Before the start of treatment
sessions and after 12 sessions in a frequency of two sessions
per week for 6 weeks, all outcome measures were evaluated.
The key findings demonstrate a significant improvement in
terms of pain and morphological characteristics in favor of
adding the suggested GMed strengthening with no signif-
icant improvement observed in other variables although
their results were superior compared to the control group.
All patients in both groups experienced a significant reduc-
tion in pain and back functional disability after treat-
ment. But between group comparisons revealed a notice-
able improvement of pain in favor of the selected GMed
strengthening group while no significant improvement
had been observed in the back functional disability. This
was consistent with the findings of studies by Olawale
et al. (27) and Jeong et al. (28) who studied the effect of
adding GMed strengthening exercises to lumbar stabiliza-
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tion exercises and found a significant improvement in pain,
and functional disability, and the quality of life in patients
with NSCLBP.

A recent systematic review reported moderate effects on
pain and minor effects on disability, but it suggested the
need for further high-quality research to examine the effect
of hip muscle strengthening in NSCLBP (10). Furthermore,
using hip-strengthening exercises as a standard LBP ther-
apy improves pain and back disability levels in a recent
systematic review published by Santamaria ez al. (29), and
researchers mentioned that the quality of the included stud-
ies was good.

On the other hand, it contradicted the results of Kendall
et al. (30) who mentioned that there was a non-significant
change in pain intensity between groups, but it was consis-
tent with the study on back functional disability. This was
also evident in a published systematic review that looked
at the impact of hip-strengthening exercises on LBP and
found no statistically significant differences in either pain
or disability. However, this could be explained by the fact
that all included studies had a high risk of bias and small
sample sizes (30).

A recent systemic review reported an atrophy of the gluteus
maximus, minims, and psoas muscles in patients with LBP
with a recommendation of further studies on the GMed
micromorphology in that population (11). As a result, this
study examining the effect of GMed strengthening exercises
on GMed macromorphology in patients with NSCLBP was
regarded to be the first of its kind. The previous study sole-
ly looked at muscle thickness variations between those with
NSCLBP and healthy controls (31, 32).

In a case-control study, researchers compared selected glob-
al and local muscle thickness in females with and without
CLBP. According to their findings, every muscle under
investigation exhibited greater thickness during contrac-
tion as compared to the resting state. Compared to healthy
patients, the average increase in LBP subjects was lower.
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The LBP group’s GMed muscle thickness increased more
slowly (31).

In a related investigation, the GMed muscle fiber thickness vari-
ations in healthy individuals and CLBP with GMed deficit were
examined. The study’s findings demonstrated that, in compar-
ison to the healthy group, CLBP patients with GMed muscle
weakness had decreased posterior fiber thickness and a slower
rate of change (32).

According to the results of this study on GMed muscle thick-
ness, there was a significant difference between the thickness
of the muscles in their relaxed and contracted states following
treatment in both groups, but the thickness change was in favor
of the GMed strengthening group. It’s interesting to note that
only the GMed group posttreatment demonstrated a statistical-
ly significant change in the activation ratio of the GMed muscle
in the two groups.

It was prevalent that there was weakness of hip muscles in
patients with NSCLBP (8). In examining how GMed strength-
ening exercise, in addition to the APTA-guided program,
affected GMed muscle strength, both groups’ posttreatment
muscle strength differed statistically, but there was no statisti-
cally significant difference between them. It was comparable to
the findings of Kendall ez 4/. (30) who reported that incorporat-
ing hip-strengthening exercises into the motor control program
improved hip muscle strength.

In the chosen GMed strengthening exercises group, the SLST
post-treatment was statistically significant and favored this
group over the control group. The SLST represented a simple
clinical test to assess the neuromuscular control of GMed
muscle (17) and the whole lower limb dysfunction (16). On the
other hand, Penney ez al. (34) reported a positive SLST in both
CLBP and control groups as an indicator of limited specificity.
Despite the results that favored the GMed muscle strengthen-
ing program over the control program and its importance in
the management of NSCLBP, this study may be limited by the
small sample size, determination of baseline GMed strength
level through different strength protocols to be more specific
and individualized in establishing treatment program.

It was advised to set a landmark during the GMed thickness
evaluation to guarantee that the muscle thickness was evalu-
ated at the same location both before and after treatment.
Comparing contracted thickness to particular resistance is
another suggestion that might be taken into account in subse-
quent research.

The GMed muscle is one of the global core muscles that is
essential for maintaining the stability of the lumbar spine,

Muscles, Ligaments and Tendons Journal 2024;14 (3)

pelvis, and entire lower limb. This could affect patients who
received physical therapy sessions for back pain. GMed
strengthening exercises helped them reduce their back pain
and disability level. As a result, it may induce better results
compared to the standard treatment alone.

CONCLUSIONS

The GMed muscle is one of the global core muscles that is
essential for maintaining the stability of the lumbar spine,
pelvis, and entire lower limb. This could affect patients who
received physical therapy sessions for back pain. GMed
strengthening exercises helped them reduce their back pain
and disability level. As a result, it may induce better results
compared to the standard treatment alone.

Implications on physiotherapy practice

The NSCLBP treatment program benefits from the inclu-
sion of GMed strengthening exercises because they reduce
pain and functional impairment in those patients and have a
good effect on the macromorphology of the GMed muscle,
which enhances strength and dynamic control. Physical
therapists should thus design their treatment plans appro-
priately to help patients with low back pain restore and
normalize their hip muscle function.
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Gluteus Medius Strengthening and muscle Macromorphology

SUPPLEMENTS

Hip abductor strength assessment by HHD

The single leg squat test
(A) the start position; (B) The squat position

GMed muscle thickness measurement
Thickness of muscle in a relaxed state
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Thickness of muscle in contracted state

Clamshell exercise

Hip abduction exercise
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Gluteus Medius Strengthening and muscle Macromorphology

(A) Hip Bridge Exercise; (B) Unilateral hip
bridge exercise

Side-Lying hip bridge exercise

Unilateral wall squat
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INTRODUCTION

SUMMARY

Objective. This study aims to investigate the effects of ACL injury on force fluctuation
measures (stability and complexity) of the quadriceps muscle, and how these measures
relate to functional performance.

Methods. Forty-two athletes (14 females) with unilateral ACL injury were assessed.
Quadriceps maximal isometric contraction was performed for both limbs before any
surgical intervention. A 1.5s window from maximal torque signal was used to compute
average torque (AT), force stability (coefficient of variation, CV), and complexity
(sample entropy, SE), from which the limb symmetry index (LSI, % of contralater-
al limb) was estimated. The single hop test (SHT) was also performed and expressed
as LSI. A nonparametric approach was used for between-limb comparison (Wilcox-
on test) and to assess the relationship between force variables and SHT (Spearman
correlation).

Results. Significant limb asymmetry was found, with the injured limb exhibiting small-
er AT (p < 0.001) and higher SE (p = 0.044) than the contralateral limb. A signifi-
cant, moderate association was found only for LSI-SE and LSI-SHT (rho = -0.535, p
=0.002).

Conclusions. In summary, along with the average torque, force complexity was altered
in ACL-injured limbs of professional athletes, and was associated with larger asymme-
tries in functional performance, corroborating its relevance as a marker of ACL inju-
ry-related neuromuscular deficits.

KEY WORDS

Athletic injuries; muscle strength; musculoskeletal diseases; neuromuscular function.

muscular impairments (6), makes the clinical and function-

Anterior cruciate ligament (ACL) injury is a common ortho-
pedic condition in athletes and leisure-sports participants,
with an overall rate of 1.44 to 6.1 per 10,000 athletes-ex-
posures (1, 2). The negative impact of ACL injuries, such
as delayed return-to-play, early retirement, and economic
burden (3-5), along with structural and functional joint and

al assessment of knee function a priority in sports medicine
practice. Recently, changes in force fluctuation control — a
general term referring both to force stability (levels of force
variation around a target) and complexity (temporal regu-
larity) — have been used to characterize neuromuscular defi-
cits in a variety of contexts (7-11).
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Briefly, force stability refers to the variability in the force
signal observed during voluntary contractions (11), reflect-
ing the neural drive to the muscle (e.g., common synap-
tic input) and the properties of the motor unit population
(e.g., its recruitment and contractile features; (12)), and
is expressed in statistical terms (e.g., coefficient of varia-
tion). Force stability has already been assessed in athletes
with ACL injuries, both before and after surgical inter-
ventions. In individuals with ACL-injured deficits (before
reconstruction), a reduction in force stability of quadriceps
muscle (ze., increased variability) was observed during
maximal anisometric contractions (9), and it was associat-
ed to performance in the single hop test. Remarkably, the
decrease in quadriceps force stability appears to persist
even after ACL reconstructions (7, 10).

On the other hand, force complexity is a measure of the
interaction among neuromuscular structures (e.g., motor
units and muscle fibers) and regulatory feedback loops
(such as proprioceptive afferents) across various tempo-
ral-spatial scales (13). Force complexity is usually presented
in terms of temporal regularity (e.g., entropy analysis (14,
15)). So far, no investigation on force complexity in ACL-in-
jured athletes has been conducted. However, it has been
demonstrated that quadriceps force complexity is reduced
(z.e., regularity is increased) in elderly individuals compared
to young people (8, 16, 17) and in healthy young individuals
submitted to fatigue-inducing protocols (18, 19).

A clear understanding of the role of force fluctuations
measures in ACL injury-related deficits in the neuromus-
cular system is hindered by the lack of studies in ACL-in-
jured athletes, as well as the use of different contractions
regimens (7, 9, 10) and subjective assessment of knee func-
tion (7) in the existing investigations. Given the prevalence
of ACL lesions in sports- and exercise-related activities
and their impacts on the quality-of-life of the physically
active individuals, a thorough assessment of neuromuscu-
lar deficits is crucial for the proper design of therapeutic
interventions.

This study aimed to determine whether and how force fluc-
tuation measures taken from quadriceps maximal isomet-
ric voluntary contraction are related to ACL injury-relat-
ed neuromuscular deficits and to functional performance
in professional athletes. We hypothesize that force stability
and complexity will be both reduced in ACL injured knee,
compared with contralateral (non-injured) one, reflecting
quadriceps neuromuscular deficits. In addition, a negative
association between force fluctuations measures and func-
tional performance is expected. If confirmed, this informa-
tion could justify the inclusion of such measurements in
routine neuromuscular assessment in medical and rehabil-
itation contexts.
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METHODS

Participants and ethical concerns

For this cross-sectional study, several clinical and func-
tional tests of knee-injured athletes were acquired
between October 2017 and August 2020. Data collec-
tion was approved by the institutional ethical commit-
tee (process number 15653519.2.0000.5273 — date of
approval: July 4, 2019), and all participants signed
informed consent before test participation. The inclusion
criteria for the present analysis were: 1) being a profes-
sional, active athlete; 2) having complete unilateral ante-
rior cruciate ligament (ACL) injury (confirmed through
physical and imaging assessment), accompanied or not
by another structural damage (e.g., meniscal); 3) had
performed the maximal isometric voluntary contraction
test; and 4) not having undergone any surgical interven-
tion at the time of the assessment.

The flowchart of data selection is presented in figure 1;
from 112 athletes assessed, data from 42 (from which 14
were females) were used; a priori analysis provided a sample
estimative of n = 35 athletes (nonparametric paired test,
moderate effect size = 0.5, a = 0.05 and 1-p = 80%).

The participants’ characteristics were described in table I.
Briefly, the ACL injury was similarly distributed between
the limbs. Most of the athletes (69%) experienced isolat-
ed ACL injury. Among those with additional structural
damages (31% of the athletes), there were 11 cases of
meniscal tears (6 medial, 2 lateral and 3 unidentified),
along with single cases of patellar fracture, osteoarthritis,
medial collateral ligament injury, posterior cruciate liga-
ment injury, and osteochondral injury. The main sports
practiced by the participants were soccer (n = 13) and
martial arts (n = 12; 5 from MMA, 4 from judo, 2 from
jiu-jitsu, and 1 from kickboxing).

Data acquisition and analysis

For the evaluation of the quadriceps function, a maximal
voluntary isometric test was performed in an isokinetic
dynamometer (HUMAC NORM II®, CSMi, USA). The
torque signals were acquired through an external analog/
digital converter (EMG830c®, EMG System do Brasil,
Brazil) with a 1 kHz sampling rate. The participant was
positioned sitting on the device with the hip positioned at
85 degrees and the knee positioned at the athlete’s indi-
vidual peak torque angle, to provide an optimal condition
for quadriceps force production (20). Inelastic bands were
used to stabilize the trunk and lower limbs. After familiar-
ization and warm-up, the participant was asked to perform
a knee extension movement “as quickly and strongly as
possible”, after an auditory command. Three contractions

Muscles, Ligaments and Tendons Journal 2024;14 (3)
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total sample
evaluated N=112

A 4

excluded (N=70)

- bilateral injury N=9

- injury other than ACL N=23

- injury not identified N=3

- no assessment before surgery N=22

- force data not available or unidentified N=13

sample selected for
between-limb
comparison N=42

A 4

excluded (N=10)
- functional test not available N=10

sample used for
correlation analysis
N=32

Figure 1. Flowchart of data selection.

Table I. Demographic, anthropometric, and clinical description of the sample.

Variable Statistics
Age (years) 23 (20-27)
Height (cm) 173 (169-177)
Weight (kg) 70 (64-78)
BMI (kg/m?) 24 (22-25)
Footedness (% of total, L/R) 17/83
ACL injury (% of total)
Isolated injury 69
Additional structural injuries 31
Side of ACL injury (% of total, L/R) 52 /48
Sports practiced (N)
Soccer 13
Handball 6
Martial arts (MMA, judo, jiu-jitsu, and kickboxing) 12
Rugy 2
Volleyball 1
Unidentified 8

Data expressed as median (lower-upper quartile), percentage of total, or as absolute frequency (N).

with 3-5s (min.-max.) duration were executed, and the one
in which the average maximal torque (see below) was found
was used for further analysis (figure 2). Data processing
was run in Python environment (version 3.10.9).

Torque data were filtered (low-pass Butterworth 4% order
filter, 50 Hz cutoff (20)) and a region-of-interest of 1.5s

Muscles, Ligaments and Tendons Journal 2024;14 (3)

(1,500 points) in the middle of the torque curve was defined
(figure 2). From the region-of-interest the following vari-
ables were calculated: the average maximal torque (AT, N
x m); the coefficient of variation of the torque (standard
deviation divided by mean; CV, %), as a measure of force
stability (21); and the sample entropy (SE, au,), a measure of
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Figure 2. Representative acquisition of maximal isometric voluntary torque from one participant (female, 35 years old).

From the three contractions performed (1-3 trials, left panel), the one that showed peak torque was selected. A 1.5s window (1,500 data points; gray
“region-of-interest” in the right panel) was used to compute force descriptors. See the Methods section for further details.

force complexity (18), corresponding to the temporal regu-
larity of the torque time-series. The SE was computed using
a tolerance r of 0.1, and embedded dimension m of 2 (18).

The limb symmetry index (LSI) was calculated for each
neuromuscular variable, based on the ratio between the
injured and contralateral limb, multiplied by 100: LSI >
100% refers to higher values in the injured limb, while LST
< 100% indicates higher values for the contralateral limb.

Single hop test

The single hop test (SHT) is a functional assessment that
measures the individual’s lower limb strength and knee
stability and is largely used for functional assessment
after ACL injuries and surgical interventions (22-24). To
perform the SHT, participants were asked to stand on one
leg and jump forward as far as possible, landing on the
same leg. The distance from the starting point to the tip
of the toe was marked with chalk and recorded. The test
was repeated three times, and the best distance was consid-
ered. The single hop test’s LST was computed as described
above (24).

Statistical analysis

As most of the data showed non-Gaussian distribu-
tion (Shapiro-Wilk’s P-values < 0.032), a nonparametric
approach was applied. Preliminary analysis (Wilcoxon test)
reveals that male athletes had higher levels of AT and SE
absolute values than females (all P-values above 0.001),
but there were no differences in LSI values (p > 0.224),
indicating that, besides sex differences in muscle function
and knee joint anatomy (e.g., (25)), the overall effect on the
injured knee is similar. For simplification purposes, data
were pooled, and its subsequent analysis was shown.
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First, the Wilcoxon paired test was used to check for limb
differences (injured vs contralateral), and the rank-bise-
rial correlation coefficient (r,;) was used as an effect size
measure (26). Additionally, data from third-two partici-
pants (single hop tests data from ten athletes were not avail-
able; figure 1) was used to compute the Spearman correla-
tion coefficient, together with its 95% confidence interval,
to check for significant associations between LSI-SHT and
LSI from force measures. The statistical threshold was set
at 5%. All analyses were run in the JASP environment
(version 0.18.1, The JASP Team 2023, Netherlands).

RESULTS

Both group (boxplot) and individual data (circles) were
presented in figure 3; since a nonparametric approach was
applied, outliers (crosses) were not removed. There was a
significant limb effect for average maximal torque (p < 0.001,
1, = 0.721; figure 3A), and sample entropy (p = 0.044,
= -0.362; figure 3B), but not for the coefficient of variation
(p = 0.783, 1, = 0.050; figure 3C). These results reflect the
smaller average maximal torque and higher sample entropy
produced by the injured limb.

Group results for LSIs were median (quartiles): LSI-AT 86
(76-92) %; LSI-SE 130 (67-250) %, LSI-CV 99 (56-137)
%. Overall, these data corroborate the reduced average
torque and increased force complexity in ACL-injured
limbs. Furthermore, SHT results indicates the lower func-
tional performance of the ACL-injured limb (injured limb
136 (126-153) cm; contralateral limb 162 (147-188) cm;
LSI-SHT 86 (76-92) %). Results from the correlation anal-

Muscles, Ligaments and Tendons Journal 2024;14 (3)
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Figure 3. Boxplot of group and individual data (circles) show-
ing (A) average torque (AT); (B) Sample entropy; (C) Coeffi-
cient of variation from the contralateral (white markers) and
ACL injured limb (gray markers).

Cross markers indicate outliers; P-value and effect size were shown as inset.

ysis (tho, 95%CI, and the corresponding P-values) are
shown in figure 4A. There was a significant correlation only
between LSI-SHT and LSI-SE (figure 4B), with a marginal
result being achieved for the association between LSI-SHT
and LSI-CV (figure 4C), but no significant association for
LSI-AT (figure 4D).

DISCUSSION

In this study we analyze quadriceps force fluctuations
measures and lower limb functional performance of profes-
sional athletes, to investigate whether and how they were
affected by ACL injury-related deficits. As expected, quad-
riceps maximal torque was smaller in the ACL injured limb
(27-29), indicating the marked effected of the ligament injury
and related deficits on overall muscle force production capac-
ity. The assessment of another neuromuscular property, never-
theless, revealed that force complexity, but not force stability,
was altered in the ACL injured limb, and is negatively associ-

Muscles, Ligaments and Tendons Journal 2024;14 (3)

ated with single-hop test performance. The physiological and
practical utility of these findings are discussed below.

Changes in maximal force complexity in

ACL injuries

The main finding of this study was the increase in force
complexity, computed as sample entropy, on the ACL injured
side during quadriceps maximal isometric contraction (figure
3B). Previous investigations on the subject, assessing maxi-
mal and submaximal force, consistently showed decreases
in force complexity (z.e., reduction in entropy measures) as
a function of aging or muscle fatigue (16-19). This reduc-
tion in complexity, reflecting increases in temporal regularity
of the signal, is related to a reduction in either the number
of anatomical/physiological elements engaged in the execu-
tion of the task or the number of elements’ interactions (13,
30). Although not fully understood, the observed decreas-
es in force complexity are attributed to changes in a varied
of neuromuscular features, such as the number of available
motor units, its force output, and the responsiveness to excit-
atory inputs (8, 16).

Nevertheless, it is recognized that the direction of the change
in complexity (ze., increases or decreases) depends on the
nature of the observed phenomenon, its dynamics, and
the specific demands of the task (31). For example, elderly
persons exhibit a higher degree of postural sway complex-
ity than their young counterparts during prolonged stand-
ing tasks (32). Additionally, force complexity is higher in
older than in young persons during index abduction sine
wave task (31). In this context, increases in complexity could
be attributed either to increases in the number of elements
contributing to force production or in the level of its interac-
tions (33); in the case of ACL-injured quadriceps activation,
this could be related to additional recruitment of motor units
or muscle groups and increases in common inputs or timing
of firing rates. Several changes in neuromuscular properties
were found in those with ACL injury-related deficits, includ-
ing higher hamstring-to-quadriceps asymmetry in motor units
firing rate, changes in recruitment and de-recruitment thresh-
olds, and loss of mechanoreceptor afferents (34, 35). Alto-
gether, these changes seem to interfere with force production
control during maximal contractions, leading to the observed
increases in force complexity. Which is the mechanism
responsible for this, however, is a matter of debate.

Maximal force stability is not affected by ACL injury
Although we know much about force stability achieved at
submaximal contractions in different clinical and sporting
contexts (10-12), the measurement of force stability obtained
during maximal voluntary isometric contraction has been
previously investigated only in a few studies (7, 36, 37).
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Figure 4. The Spearman coefficient of correlation (rho), its
corresponding 95% confidence interval (Cl), and the related
P-values for each association are shown in (A). The scatter
plots illustrate the relationship between LSI-SHT and LSI-SE
(B), LSI-CV (C) and LSI-AT (D). The regression lines were
shown to indicate the overall trend of the association. The
dotted lines refer to zero-value (A), and to 100% (B-D).

Although not frequently applied for force fluctuations anal-
ysis, maximal contraction protocols could be less time-con-
suming and provide, with a few trials, a variety of measures
related to neuromuscular features.

Force stability obtained in maximal contractions of knee
extensors is lower (z.¢., variability is higher) in hemophil-
ic patients compared to healthy controls (36), and it had
a positive association with quality-of-life scores in indi-
viduals with Parkinson’s disease (37). Only one study has
investigated maximal force stability in patients undergoing
ACL reconstruction surgery (7) and found lower quadri-
ceps force stability (z.e., increased force fluctuations; CV of
circa 1.2%) compared to controls (CV ~0.8%). In the pres-
ent study, no significant between-limbs differences regard-
ing force stability were observed (figure 3C). The medi-
an force stability obtained was around 3% for both lower
limbs, higher than the values reported by Gonzilez et al.
(36) and Goetschius et al. (7) (approximately 1-2%), but
close to those observed by Sa et a/. (37) (circa 3-5%). These
differences are probably related to the range of temporal
windows used for CV computation — 100-500 ms (7, 36)
and 2s (37). As a larger temporal window ensures greater
reproducibility of the isometric force signal (38), the one
used in the present study (1.5s) appears to be adequate.
Therefore, the lack of asymmetry in force stability between
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limbs with and without ACL injury seems to reflect the
absence of alterations in this neuromuscular feature in this
clinical condition.

Associations among maximal force
measures and SHT

In this study, athletes demonstrated lower limb function-
al asymmetry, as reflected by LSI-SHT values below the
recommended 85-90% for return to sports (24, 39). This
asymmetry was moderately associated with neuromuscu-
lar function measures, particularly force complexity (figure
4B). SHT asymmetry is common in ACL injuries (24, 40),
even after surgical reconstruction (24), and is strongly asso-
ciation with measures of knee extensor strength (40-42).
On the other hand, the relationship between ACL-in-
jured individuals’ functional performance and neuromus-
cular properties like force stability or complexity has been
less explored.

Previous studies have investigated quadriceps force stabil-
ity during maximal isometric contraction and its associ-
ation with functional outcomes (7, 9). Our study partial-
ly supports these findings and introduces force complexity
as a closely related measure to the functional performance
of athletes with ACL injuries (figure 4C). In our investiga-
tion, the non-significant or marginally significant associa-
tions observed for peak torque and force stability with SHT
performance may be related to the use of an asymmetric
index. Nevertheless, the positive spectrum of correlation
coefficients variability (figure 4A) suggests a potential asso-
ciation between these measures. Overall, our results imply
that neuromuscular properties, particularly force complexi-
ty, play a crucial role in influencing functional performance
in athletes recovering from ACL injuries beyond the capacity
for maximal force generation.

Study limitations

While the study presents significant findings, it is essen-
tial to acknowledge some of its limitations. Mainly, specif-
ic participant demographics and the nature and the time
from injuries may impact the generalizability of the results.
Furthermore, the diversity of sports practiced among the
professional athletes could introduce a higher risk of bias.
Future research should include more detailed clinical infor-
mation and focus on sport-specific populations to strengthen
the findings. Additionally, exploring longitudinal changes in
LSI-SHT and LSI-force measures during the rehabilitation
process could provide insights into the effectiveness of vari-
ous interventions over time.
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CONCLUSIONS

This study demonstrated, for the first time, that the quad-
riceps muscle of athletes with ACL-injured knee exhibits
decreased force production and force complexity during
maximal isometric contraction, with no observed change
in force stability. Moreover, quadriceps force complexity
was associated with poor performance in lower limb func-
tional tests. The neurophysiological basis of these changes
and how they can be reverted, however, remains subjects
of debate.

These information regarding the changes in neuromuscu-
lar function in ACL-injured athletes could provide valu-
able insights for sports medicine practitioners. For instance,
designing interventions to enhance not only overall muscle
force but also specific aspects like quadriceps force fluctua-
tions control could be crucial in the rehabilitation process. By
incorporating targeted approaches (e.g., neurofeedback) to
address these deficits, rehabilitation practices can be refined
and tailored to better meet the unique needs of individuals
recovering from ACL injuries.
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