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Original Article 

Serum vitamin D insufficiency is correlated with quadriceps neuromuscular 
functions in patients with anterior cruciate ligament injury: A 
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A B S T R A C T   

Background: This study aimed to investigate the correlations of serum vitamin D insufficiency with quadriceps 
neuromuscular function in patients with anterior cruciate ligament (ACL) injury. 
Methods: A cross-sectional study was conducted. Eighteen patients with a primary, unilateral ACL injury who had 
insufficient serum vitamin D concentrations (<30 ng/ml) were recruited for the study. Bilateral quadriceps 
neuromuscular function, including maximal strength, the speed of rapid contraction, and inhibition, were 
measured on an isokinetic dynamometer with the hip and the knee joint flexion at 90◦ and 45◦, respectively. 
Quadriceps strength was measured by maximal voluntary isometric contractions (MVIC); the speed of rapid 
contraction was quantified by the rate of torque development (RTD), which was divided into the early (RTD0-50) 
and the late phase (RTD100-200); quadriceps inhibition was quantified by the central activation ratio (CAR). 
Serum vitamin D concentration was quantitatively determined by serum 25(OH)D concentration measured by 
the 25(OH)D ELISA kit. The Spearman rank correlation analysis was used to examine the correlation between the 
vitamin D concentration and bilateral quadriceps MVIC, RTD0-50, RTD100-200, and CAR, respectively. 
Results: The results of Spearman rank correlation analyses showed that the serum 25(OH)D concentration was 
significantly correlated with bilateral quadriceps MVIC (injured: r = 0.574, p = 0.013; uninjured: r = 0.650, p =
0.003) and RTD0-50 (r = 0.651, p = 0.003), and CAR (r = 0.662, p = 0.003) on the uninjured limb. However, no 
significant correlations were found between the serum 25(OH)D concentration and the other outcomes. 
Conclusions: The serum vitamin D concentration correlates with quadriceps neuromuscular function in patients 
with ACL injury who had vitamin D insufficiency.   

1. Introduction 

Anterior cruciate ligament (ACL) injuries are prevalent in sports 
medicine.1 Unfortunately, due to the compromised knee function, 
management of ACL injury has not yielded satisfactory success in 
returning patients to their pre-injury level of sports participation.2,3 

Impaired quadriceps neuromuscular function is the primary problem 
that impedes patients’ recovery after ACL injury.4 Evidence shows that 
poor strength, lower speed of force production, and inhibition in the 
quadriceps are related to poor knee function at the time of RTS.5–7 

Quadriceps inhibition is also a factor that hampers the effectiveness of 

quadriceps neuromuscular training.8 In addition, the above quadriceps 
neuromuscular impairments is detrimental to long-term joint health.9 

Therefore, approaches to restoring quadriceps neuromuscular function 
in patients with ACL injury warrant further exploration. 

Quadricep strength is determined by muscle size, length, muscle 
fiber type, Ca2+ homeostasis, the properties of fiber-tendon attachment, 
cortical activation, motoneuron recruitment, etc.10 The speed of force 
production in the quadriceps is usually quantified by the rate of torque 
development (RTD), which is often divided into the early and late phases 
because the two phases are determined by different physiological fac-
tors. Early quadriceps RTD is predominantly related to the excitability of 
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corticospinal and spinal projections to the quadriceps, while late RTD is 
more related to the morphology of the muscle.11–13 Quadriceps inhibi-
tion, which manifests as the inability to fully activate the muscle despite 
maximal exertion, is caused by both central and peripheral neural in-
hibition after ACL injury. Knee pain, swelling, and loss of sensory 
afferent from the knee joint can cause reduced corticospinal and spinal 
excitability, resulting in poor muscle activation during dynamic 
movements.14 

Vitamin D is a fat-soluble vitamin acquired by diet or produced in the 
skin under sunlight and has biological effects on skeletal muscle and the 
nervous system. After further metabolisms in the liver and kidney, its 
primary circulating form, 25hydroxyvitaminD (25(OH)D), is released 
into circulation.15 25(OH)D is the main form of vitamin D measured in 
serum, with levels of <20 ng/ml representing deficiency, levels between 
20 and 30 ng/ml representing insufficiency, and levels >30 ng/ml 
representing sufficiency.16 It has been proved that serum vitamin D 
concentration is associated with the cross-sectional area of skeletal 
muscle, the proportion of Type II fiber, and the expression of myostatin 
messenger RNA.17–19 In addition, vitamin D also acts on the central and 
peripheral nervous systems. The influences of Vitamin D deficiency on 
the nervous system were reported to be associated with a reduction in 
the production and release of neurotrophic factors,20 decreased moto-
neuron excitability,21 decreased nerve conduction velocity,22 and 
neuromuscular junction denervation.19 

The prevalence of Vitamin D insufficiency in patients with ACL 
injury is reported as 56%–76.5 %,23,24 which is significantly higher than 
that in the age-matched general population (20–40 %).25 Until now, 
evidence on the effects of vitamin D concentration on the recovery from 
ACL injury is inconsistent. Barker and colleagues found that vitamin D 
insufficiency hinders quadriceps strength recovery after ACLR(23). 
However, the study by Gupta et al. reported that the circulating vitamin 
D level has no effects on functional outcomes following ACLR.26 

Furthermore, whether vitamin D insufficiency is associated with quad-
riceps neuromuscular function in patients with ACL injury is still un-
known. Regarding the biological effects of vitamin D on skeletal muscle 
and the nervous system, which were matched with physiological de-
terminants of quadriceps neuromuscular function, we hypothesized that 
vitamin D insufficiency was associated with poor quadriceps neuro-
muscular function in patients with ACL injury. Thus, the objective of this 
preliminary study was to investigate the correlations of serum vitamin D 
concentration with maximal strength, RTD, and inhibition in the 
quadriceps in patients with ACL injury who had vitamin D insufficiency. 
Since vitamin D is easily modified with supplementation, understanding 
the association between vitamin D level and quadriceps neuromuscular 
function may inspire a potential way to improve quadriceps neuro-
muscular function in patients with ACL injury. 

2. Methods 

2.1. Study design 

A cross-sectional study was conducted. 

2.2. Participants 

The study was approved by the ethics committee from***(No.**** 
blinded for review purposes). Informed consent was obtained from all 
the participants, and all the procedures were conducted in accordance 
with the Declaration of Helsinki. Participants were screened and 
recruited from the orthopaedics clinic in the **** Hospital from March 
2021 to July 2022. Participants were eligible and included if they met all 
the following criteria: 1) Aged from 18 to 40 years old. 2) Sustained a 
primary, unilateral ACL rupture. 3) Had a pre-injury activity level not 
less than the Tegner Scale of 6.4) Had a body mass index (BMI) less than 
29 kg/m2 5) Had vitamin D insufficiency (the serum 25(OH)D concen-
tration<30 ng/ml). Participants were excluded if they 1) Had previous 

traumatic knee injuries or surgeries to either knee joint. 2) Sustained 
concomitant bone fractures, Bucket handle meniscus tear [diagnosed by 
magnetic resonance imaging (MRI)], full-thickness chondral lesions, and 
multi-ligamentous ruptures. 3) Had any metabolic disorders. The 
rupture of the ACL was diagnosed by an orthopeadic surgeon and further 
confirmed with MRI. All the assessments in this study were taken before 
the start of the standard preoperative rehabilitation in our hospital. 

2.3. Outcome measurements 

2.3.1. Quadriceps neuromuscular function 
Quadriceps neuromuscular function in this study included quadri-

ceps strength, RTD, and inhibition. The measurements were conducted 
on both the injured and the uninjured limbs in our participants, as 
bilateral impairments in quadriceps neuromuscular function were found 
in patients with ACL injury.27 The uninjured limb was measured first, 
followed by the injured limb in all outcomes. All quadriceps neuro-
muscular functions were measured on a Biodex dynamometer (Biodex 
System 4, Biodex Medical Systems Inc., New York, USA) via isometric 
contractions with the knee flexion at 45◦ and the hip flexion at 90◦, 
respectively.28 

2.3.1.1. Quadriceps strength. After 5 min of warm-up on a stationary 
bicycle, quadriceps strength was measured through maximal voluntary 
isometric contractions (MVIC). All participants were stabilized with 
straps placed over the trunk, pelvis, and thigh to isolate knee movement. 
Three sub-maximal voluntary contractions were performed before the 
formal test for familiarization and further warm-up. Then, participants 
were instructed to perform three 5-s MVICs with a rest period of 30s 
between each contraction, and participants were given verbal encour-
agement of ‘kick as fast and hard as possible’ during the contractions. 
The highest peak torque among the 3 contractions was collected as the 
MVIC and normalized by body mass for analysis. 

2.3.1.2. Quadriceps RTD. Quadriceps RTD was derived from the torque- 
time curves recorded in the MVIC test.29 The early and the late RTD were 
retrieved and calculated as the average slopes of torque versus time 
curve from 0 to 50 ms (RTD0-50) and 100–200 ms (RTD100-200), 
respectively.30 The onset of a contraction was identified as the tor-
que≥20Nm.31 The highest RTD0-50 and RTD100-200 were picked and 
normalized to body mass. The 0–50 ms and 100–200 ms of RTD were 
chosen because the physiological determinants of the 2 periods are 
significantly different.32 In addition, they play different roles in func-
tional performance and knee function in patients with ACL injury. 
Impaired RTD0-50 increases the likelihood of an ACL injury and relates to 
poor knee function,33,34 while impaired RTD100-200 negatively affects 
sports performance.35 

2.3.1.3. Quadriceps inhibition. Quadriceps inhibition was measured by 
the superimposed burst (SIB) technique, which is a technique that de-
livers a series of electrical stimulation percutaneously to the quadriceps 
during an MVIC that causes a transient increase in muscle torque.36 

Central activation ratio (CAR), which is calculated as MVIC/(MVIC +
stimulation provoked torque (SPT), was the outcome of the SIB tech-
nique used to quantify quadriceps inhibition. CAR of 1 means the full 
activation of the quadriceps without any inhibition. Thus, a higher CAR 
indicates fewer quadriceps inhibition. 

Participants were given at least 5 min of rest after finishing the MVIC 
test to avoid muscle fatigue. Two self-adhesive electrodes [ValuTrode 
(7.5 × 13 cm), Axelgaard manufacturing, CA, USA] adhered to the 
quadriceps along the femoral nerve.37 All the participants were 
instructed to perform another three repetitions of 5s extension MVICs, 
and they had a 1-min rest interval between each contraction. A supra-
maximal electrical stimulus (100 pulses/s, 600μs pulse duration, 10 
pulses train) was automatically delivered to the quadriceps at the 3rd 
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second during the MVIC by a software-controlled (Signal 7.05a, CED 
Software, Cambridge, UK) constant-current electrical stimulator (DS7R; 
Digitimer, Welwyn Garden City, UK). The determination of the supra-
maximal electrical stimulus has been described previously.27 To assure 
the maximal exertion of the participant, a successful trial was defined as 
the quadriceps torque prior to the electrical stimulation achieving 
greater than 90 % MVIC. The above SIB protocol showed excellent 
reliability.27 The maximal CAR among 3 successful trials was collected 
and used for further analyses. 

2.3.2. Serum vitamin D concentration 
A non-fasting venous blood sample was obtained between 10:00 and 

11:00 on the day of quadriceps assessments to measure the concentra-
tion of circulating 25(OH)D for individual participants.38 The obtained 
blood sample was immediately centrifuged at 4200 rpm for 10 min at 
4 ◦C and separated into serum samples. The serum sample was stored at 
− 80 ◦C until the analysis. The quantitative determination of serum 25 
(OH)D concentration was measured by the 25(OH) Vitamin D ELISA kit 
(Abcam ab213966) with 3 trials in each sample. 

2.4. Statistical analysis 

The normality of the data was checked by the Shapiro–Wilk test. 
Descriptive statistics were represented by median, 25th percentile, and 
75th percentile. The Spearman rank correlation analysis was used to 
examine the correlation between the vitamin D concentration and 
bilateral quadriceps MVIC, RTD0-50, RTD100-200, and CAR, respectively, 
after confirming the linear relationships between the vitamin D con-
centration and the quadriceps neuromuscular outcome by scatter plots. 
SPSS (Version 26.0, IBM Corp) was used for all statistical analyses. To 
label the strength of the association, a correlation coefficient (r) of 
0–0.19 was regarded as very weak, 0.20–0.39 as weak, 0.40–0.59 as 
moderate, 0.60–0.79 as strong, and 0.80–1.0 as very strong.39 The level 
of significance was set as P < 0.05. 

3. Results 

A total of eighteen eligible participants (14 males and 4 females) 
with a median age of 28.0 (21.8, 33.3) years old, BMI of 22.9 (22.1, 
25.0) Kg/m2, and a pre-injury Tegner scale of 7.0 (6.0, 9.0) were 
included in the study, and all the participants were able to complete all 
the assessments and entered the statistical analyses. The median serum 
25(OH) D concentration of the participants was 15.95 (10.58, 19.45) 
ng/ml. The demographical data and the results of all quadriceps 
neuromuscular measurements can be found in Table 1. 

The results of the Spearman rank correlation test showed that the 
serum 25(OH)D concentration had moderate to strong correlations with 
quadriceps MVIC on both the injured (r = 0.574, p = 0.013) and the 
uninjured limbs (r = 0.650, p = 0.003), RTD0-50 on the uninjured limb (r 
= 0.651, p = 0.003), and CAR on the uninjured limb (r = 0.662, p =
0.003). The scatter plots of the significant findings can be found in Fig. 1. 

A. The correlation between circulating vitamin D concentration and 
quadriceps MVIC on the injured limb; B. The correlation between 
circulating vitamin D concentration and quadriceps MVIC on the unin-
jured limb; C. The correlation between circulating vitamin D concen-
tration and quadriceps RTD0-50 on the uninjured limb; D. The correlation 
between circulating vitamin D concentration and quadriceps RTD100-200 
on the uninjured limb. The solid line in each figure represents the best-fit 
line, and the dashed line represents the 95 % confidence interval. 

On the contrary, no correlations were found between RTD100-200 
either on the injured limb (r = 0.348, p = 0.157) or the uninjured limb (r 
= 0.296, p = 0.232), RTD0-50 (r = 0.292, p = 0.240), or CAR (r = 0.389, 
p = 0.111) on the injured limb and the 25(OHD)D concentration. 

4. Discussion 

To the best of our knowledge, this study is the first one that revealed 
the correlations between serum vitamin D concentration and quadriceps 
neuromuscular function in patients with ACL injury. Consistent with our 
hypothesis, in this preliminary study, we found moderate to strong 
positive correlations between vitamin D concentration and bilateral 
MVIC, as well as RTD0-50 and CAR on the uninjured limb. 

Many studies have investigated the relationship between serum 
vitamin D concentration and quadriceps strength. However, results 
regarding a positive relationship between them are inconsistent across 
studies.23,40–42 The inconsistency may be attributed to different pop-
ulations of interest, different measurement methods for quadriceps 
strength, and the ignorance of diurnal fluctuations in the serum vitamin 
D concentration in some studies.38 Studies focusing on the relationship 
between vitamin D concentration and quadriceps strength in 
ACL-deficient patients are quite limited. Like our study, the positive 
relationship between serum vitamin D and quadricep strength was also 
reported by Barker et al.23 Barker et al. found that quadriceps strength 
recovery from pre-to post-ACLR was hindered by vitamin D insufficiency 
(<30 ng/ml). Thus, the positive correlations of serum vitamin D con-
centration and bilateral quadriceps strength found in our study indicate 
that increasing vitamin D concentration may be a possible way to 
facilitate quadriceps strength recovery in patients with ACL injury. 

Our study found positive correlations of vitamin D concentration 
with RTD0-50 and CAR on the uninjured limb. On the contrary, signifi-
cant correlations were not found on the injured limb. We speculated that 
one possible reason for the non-significant correlations on the injured 
limb was the adverse influences caused by knee pain and swelling on the 
injury-sided quadriceps after the traumatic knee injury. It has been 
demonstrated that pain and swelling after an ACL injury can induce 
decreased excitability of the motor neuron pool in the quadriceps,14 

which is related to impaired RTD0-50 and quadriceps inhibition. Deficits 
in RTD0-50 and inhibition were found in the bilateral quadriceps previ-
ously in patients with ACL injury,27,43 and the uninjured (contralateral) 
limb (11.8 %) has a twice fold of a second ACL injury incidence than the 
injured (ipsilateral) limb (5.8 %).44 As quadriceps neuromuscular defi-
cits may be risk factors for a second ACL injury on the contralateral limb, 
increasing vitamin D concentration may be considered as a way to 
enhance quadriceps neuromuscular function on the uninjured limb and 
decrease the risk of sustaining a second contralateral ACL injury. Apart 
from the above possible reason, we must mention that this study is a 
preliminary study, so the small sample size may underestimate the 

Table 1 
Demographics and results of quadriceps neuromuscular function (N = 18).  

Outcome No. 

Gender (male/female) 14/4 
Concomitant meniscal injuries 4  

25th 
quartile 

Median 75th 
quartile 

Age (years) 22.1 28.0 33.3 
BMI (Kg/m2) 22.1 22.9 25.0 
Pre-injury Tegner Activity Score 6.0 7.0 9.0 
Time from injury (weeks) 4.0 6.0 12.5 
MVIC on the injured limb (Nm/kg) 1.63 2.01 2.16 
MVIC on the uninjured limb (Nm/kg) 2.07 2.31 2.48 
RTD0-50 on the injured limb (Nm/kg/s) 4.68 8.87 11.70 
RTD0-50 on the uninjured limb (Nm/kg/ 

s) 
5.00 8.75 11.44 

RTD100-200 on the injured limb (Nm/kg/ 
s) 

2.32 3.11 4.21 

RTD100-200 on the uninjured limb (Nm/ 
kg/s) 

3.45 3.76 4.55 

CAR on the injured limb 0.897 0.941 0.968 
CAR on the uninjured limb 0.921 0.936 0.963 
Circulating Vitamin D concentration 

(ng/ml) 
10.58 15.95 19.45  
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relationship between serum Vitamin D level and quadriceps RTD0-50 and 
inhibition on the injured limb. 

Our study did not find significant correlations between serum 
vitamin D concentration and RTD100-200 on the injured or the uninjured 
limb. Except for our study, only the study by Huang et al. investigated 
the relationship between vitamin D concentration and quadriceps RTD 
in Asian athletes.45 This study found that RTD was significantly lower in 
athletes with vitamin D deficiency than those with sufficient vitamin D 
status, but there was no difference in RTD between athletes with 
insufficient and sufficient vitamin D status.45 Based on the above, we 
inferred that the level of RTD100-200 in the quadriceps would be inter-
fered only in patients with vitamin D deficiency. 

Our study also has some limitations. Firstly, a cross-sectional study 
was conducted, so we could not tell the longitudinal relationships be-
tween the serum vitamin D level and quadriceps neuromuscular func-
tion in patients with ACL injury due to the limitation of our study design. 
Secondly, the serum 25(OH)D concentration fluctuates on an annual 
basis, so the positive correlations found in our study may have variations 
in different seasons year-round. Thirdly, quadriceps-related outcomes 
were only measured at a single functionally related position.28 Given the 
length-force and the angle-force relationships in the muscle, different 
testing positions may influence the results. Last but not least, this study 
has a small sample size, which possibly makes the results underpowered, 
so this study mainly intends to start further discussions on this topic. 
Larger-scale correlational studies to enhance the conclusions are 
needed. Besides, more cohort and randomized controlled trials are 
warranted to investigate whether modulating serum vitamin D con-
centration to a sufficient level can enhance quadriceps neuromuscular 
function in patients with ACL injury. 

5. Conclusion 

The serum vitamin D concentration was correlated with maximal 
strength, the early phase of rapid contraction, and inhibition in the 

quadriceps on the uninjured limb, as well as maximal quadriceps 
strength on the injured limb among patients with an ACL injury who had 
insufficient vitamin D status. 
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List of Abbreviations 

ACL: anterior cruciate ligament 
ACLR anterior cruciate ligament reconstruction 
BMI body mass index 
CAR central activation ratio 
MRI magnetic resonance imaging 
MVIC maximal voluntary isometric contraction 
RTD rate of torque development 
RTD0-50 rate of torque development from 0 to 50 ms from the onset of a 

contraction 
RTD100-200 rate of torque development from 100 to 200 ms from the 

onset of a contraction 
RTS return to sports 
SPT stimulation provoked torque 
25(OH)D 25-hydroxy-vitamin D 

References 

1. Sanders TL, Maradit Kremers H, Bryan AJ, et al. Incidence of anterior cruciate 
ligament tears and reconstruction: a 21-year population-based study. Am J Sports 
Med. 2016;44(6):1502–1507. 

2. Klasan A, Putnis SE, Grasso S, Kandhari V, Oshima T, Parker DA. Tegner level is 
predictive for successful return to sport 2 years after anterior cruciate ligament 
reconstruction. Knee Surg Sports Traumatol Arthrosc. 2021;29(9):3010–3016. 

3. Barrack RL, Bruckner JD, Kneisl J, Inman WS, Alexander AH. The outcome of 
nonoperatively treated complete tears of the anterior cruciate ligament in active 
young adults. Clin Orthop Relat Res. 1990;(259):192–199. 

4. Welling W, Benjaminse A, Seil R, Lemmink K, Zaffagnini S, Gokeler A. Low rates of 
patients meeting return to sport criteria 9 months after anterior cruciate ligament 
reconstruction: a prospective longitudinal study. Knee Surg Sports Traumatol 
Arthrosc. 2018;26(12):3636–3644. 

5. Zwolski C, Schmitt LC, Quatman-Yates C, Thomas S, Hewett TE, Paterno MV. The 
influence of quadriceps strength asymmetry on patient-reported function at time of 
return to sport after anterior cruciate ligament reconstruction. Am J Sports Med. 
2015;43(9):2242–2249. 

6. Hsieh CJ, Indelicato PA, Moser MW, Vandenborne K, Chmielewski TL. Speed, not 
magnitude, of knee extensor torque production is associated with self-reported knee 
function early after anterior cruciate ligament reconstruction. Knee Surg Sports 
Traumatol Arthrosc. 2015;23(11):3214–3220. 

7. Lepley LK, Palmieri-Smith RM. Quadriceps strength, muscle activation failure, and 
patient-reported function at the time of return to activity in patients following 
anterior cruciate ligament reconstruction: a cross-sectional study. J Orthop Sports 
Phys Ther. 2015;45(12):1017–1025. 

8. Pietrosimone B, Lepley AS, Kuenze C, et al. Arthrogenic muscle inhibition following 
anterior cruciate ligament injury. J Sport Rehabil. 2022;31(6):694–706. 

9. Tayfur B, Charuphongsa C, Morrissey D, Miller SC. Neuromuscular function of the 
knee joint following knee injuries: does it ever get back to normal? A systematic 
review with meta-analyses. Sports Med. 2021;51(2):321–338. 

10. Fitts RH, McDonald KS, Schluter JM. The determinants of skeletal muscle force and 
power: their adaptability with changes in activity pattern. J Biomech. 1991;24(Suppl 
1):111–122. 

11. Andersen LL, Andersen JL, Zebis MK, Aagaard P. Early and late rate of force 
development: differential adaptive responses to resistance training? Scand J Med Sci 
Sports. 2010;20(1):e162–e169. 

12. Maffiuletti NA, Aagaard P, Blazevich AJ, Folland J, Tillin N, Duchateau J. Rate of 
force development: physiological and methodological considerations. Eur J Appl 
Physiol. 2016;116(6):1091–1116. 

13. Scheurer SA, Sherman DA, Glaviano NR, Ingersoll CD, Norte GE. Corticomotor 
function is associated with quadriceps rate of torque development in individuals 
with ACL surgery. Exp Brain Res. 2020;238(2):283–294. 

14. Rice DA, McNair PJ. Quadriceps arthrogenic muscle inhibition: neural mechanisms 
and treatment perspectives. Semin Arthritis Rheum. 2010;40(3):250–266. 

15. Silva ICJ, Lazaretti-Castro M. Vitamin D metabolism and extraskeletal outcomes: an 
update. Arch Endocrinol Metab. 2022;66(5):748–755. 

16. Holick MF. Vitamin D deficiency. N Engl J Med. 2007;357(3):266–281. 

17. Barker T, Henriksen VT, Martins TB, et al. Higher serum 25-hydroxyvitamin D 
concentrations associate with a faster recovery of skeletal muscle strength after 
muscular injury. Nutrients. 2013;5(4):1253–1275. 

18. Agergaard J, Trostrup J, Uth J, et al. Does vitamin-D intake during resistance 
training improve the skeletal muscle hypertrophic and strength response in young 
and elderly men? - a randomized controlled trial. Nutr Metab. 2015;12:32. 

19. Gifondorwa DJ, Thompson TD, Wiley J, et al. Vitamin D and/or calcium deficient 
diets may differentially affect muscle fiber neuromuscular junction innervation. 
Muscle Nerve. 2016;54(6):1120–1132. 

20. Wrzosek M, Lukaszkiewicz J, Wrzosek M, et al. Vitamin D and the central nervous 
system. Pharmacol Rep. 2013;65(2):271–278. 

21. Bianco J, Gueye Y, Marqueste T, et al. Vitamin D(3) improves respiratory adjustment 
to fatigue and H-reflex responses in paraplegic adult rats. Neuroscience. 2011;188: 
182–192. 

22. Skaria J, Katiyar BC, Srivastava TP, Dube B. Myopathy and neuropathy associated 
with osteomalacia. Acta Neurol Scand. 1975;51(1):37–58. 

23. Barker TMT, Hill HR, et al. Low vitamin D impairs strength recovery after anterior 
cruciate ligament surgery. Journal of Evidence-Based Complementary & Alternative 
Medicine. 2011;16(3):201–209. 

24. Ammerman BM, Ling D, Callahan LR, Hannafin JA, Goolsby MA. Prevalence of 
vitamin D insufficiency and deficiency in young, female patients with lower 
extremity musculoskeletal complaints. Sport Health. 2021;13(2):173–180. 

25. Farrokhyar F, Tabasinejad R, Dao D, et al. Prevalence of vitamin D inadequacy in 
athletes: a systematic-review and meta-analysis. Sports Med. 2015;45(3):365–378. 

26. Gupta R, Singhal A, Kapoor A, Bohat V, Masih GD, Mehta R. Vitamin D deficiency in 
athletes and its impact on outcome of Anterior Cruciate Ligament surgery. Eur J 
Orthop Surg Traumatol. 2021;31(6):1193–1197. 

27. Qiu J, Jiang T, Ong MT, et al. Bilateral impairments of quadriceps neuromuscular 
function occur early after anterior cruciate ligament injury. Res Sports Med. 2022: 
1–14. 

28. Krishnan C, Theuerkauf P. Effect of knee angle on quadriceps strength and activation 
after anterior cruciate ligament reconstruction. J Appl Physiol. 2015;119(3): 
223–231. 

29. Aagaard P, Simonsen EB, Andersen JL, Magnusson P, Dyhre-Poulsen P. Increased 
rate of force development and neural drive of human skeletal muscle following 
resistance training. J Appl Physiol. 2002;93(4):1318–1326. 

30. Opar DA, Williams MD, Timmins RG, Dear NM, Shield AJ. Rate of torque and 
electromyographic development during anticipated eccentric contraction is lower in 
previously strained hamstrings. Am J Sports Med. 2013;41(1):116–125. 

31. Blackburn JT, Pietrosimone B, Harkey MS, Luc BA, Pamukoff DN. Quadriceps 
function and gait kinetics after anterior cruciate ligament reconstruction. Med Sci 
Sports Exerc. 2016;48(9):1664–1670. 

32. Andersen LL, Aagaard P. Influence of maximal muscle strength and intrinsic muscle 
contractile properties on contractile rate of force development. Eur J Appl Physiol. 
2006;96(1):46–52. 

33. Krosshaug T, Nakamae A, Boden BP, et al. Mechanisms of anterior cruciate ligament 
injury in basketball: video analysis of 39 cases. Am J Sports Med. 2007;35(3): 
359–367. 

34. Qiu J, Ong MT, Choi CY, et al. Associations of patient characteristics, rate of torque 
development, voluntary activation of quadriceps with quadriceps strength, and knee 
function before anterior cruciate ligament reconstruction. Res Sports Med. 2022: 
1–13. 

35. Tillin NA, Pain MT, Folland J. Explosive force production during isometric squats 
correlates with athletic performance in rugby union players. J Sports Sci. 2013;31(1): 
66–76. 

36. Krishnan C, Williams GN. Quantification method affects estimates of voluntary 
quadriceps activation. Muscle Nerve. 2010;41(6):868–874. 

37. Pietrosimone BG, Selkow NM, Ingersoll CD, Hart JM, Saliba SA. Electrode type and 
placement configuration for quadriceps activation evaluation. J Athl Train. 2011;46 
(6):621–628. 

38. Abu Jadayil S, Abu Jadayel B, Takruri H, Muwalla M, McGrattan AM. Study of the 
fluctuation of serum vitamin D concentration with time during the same day and 
night on a random sample of healthy adults. Clin Nutr ESPEN. 2021;46:499–504. 

39. Campbell MJ. Statistics at Square One. eleventh ed. The UK: BMJ Books; 2009. 
40. Shaunak S, Ang L, Colston K, Patel S, Bland M, Maxwell JD. Muscle strength in 

healthy white and Asian subjects: the relationship of quadriceps maximum 
voluntary contraction to age, sex, body build and vitamin D. Clin Sci. 1987;73(5): 
541–546. 

41. Annweiler C, Beauchet O, Berrut G, et al. Is there an association between serum 25- 
hydroxyvitamin D concentration and muscle strength among older women? Results 
from baseline assessment of the EPIDOS study. J Nutr Health Aging. 2009;13(2): 
90–95. 

42. Javadian Y, Adabi M, Heidari B, et al. Quadriceps muscle strength correlates with 
serum vitamin D and knee pain in knee osteoarthritis. Clin J Pain. 2017;33(1):67–70. 

43. Urbach D, Nebelung W, Weiler HT, Awiszus F. Bilateral deficit of voluntary 
quadriceps muscle activation after unilateral ACL tear. Med Sci Sports Exerc. 1999;31 
(12):1691–1696. 

44. Wright RW, Magnussen RA, Dunn WR, Spindler KP. Ipsilateral graft and 
contralateral ACL rupture at five years or more following ACL reconstruction: a 
systematic review. J Bone Joint Surg Am. 2011;93(12):1159–1165. 

45. Huang L, Lum D, Haiyum M, et al. Vitamin D status of elite athletes in Singapore and 
its associations with muscle function and bone health. J of SCI IN SPORT AND 
EXERCISE. 2021;3:385–393. 

J. Qiu et al.                                                                                                                                                                                                                                      

http://refhub.elsevier.com/S2214-6873(23)00023-7/sref1
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref1
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref1
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref2
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref2
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref2
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref3
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref3
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref3
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref4
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref4
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref4
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref4
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref5
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref5
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref5
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref5
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref6
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref6
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref6
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref6
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref7
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref7
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref7
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref7
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref8
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref8
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref9
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref9
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref9
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref10
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref10
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref10
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref11
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref11
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref11
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref12
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref12
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref12
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref13
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref13
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref13
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref14
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref14
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref15
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref15
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref16
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref17
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref17
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref17
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref18
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref18
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref18
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref19
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref19
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref19
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref20
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref20
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref21
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref21
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref21
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref22
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref22
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref23
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref23
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref23
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref24
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref24
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref24
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref25
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref25
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref26
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref26
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref26
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref27
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref27
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref27
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref28
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref28
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref28
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref29
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref29
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref29
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref30
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref30
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref30
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref31
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref31
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref31
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref32
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref32
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref32
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref33
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref33
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref33
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref34
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref34
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref34
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref34
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref35
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref35
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref35
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref36
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref36
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref37
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref37
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref37
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref38
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref38
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref38
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref39
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref40
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref40
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref40
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref40
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref41
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref41
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref41
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref41
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref42
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref42
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref43
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref43
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref43
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref44
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref44
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref44
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref45
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref45
http://refhub.elsevier.com/S2214-6873(23)00023-7/sref45

	Serum vitamin D insufficiency is correlated with quadriceps neuromuscular functions in patients with anterior cruciate liga ...
	1 Introduction
	2 Methods
	2.1 Study design
	2.2 Participants
	2.3 Outcome measurements
	2.3.1 Quadriceps neuromuscular function
	2.3.1.1 Quadriceps strength
	2.3.1.2 Quadriceps RTD
	2.3.1.3 Quadriceps inhibition

	2.3.2 Serum vitamin D concentration

	2.4 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusion
	Authors’ contribution
	Ethics approval and consent to participate
	Consent for participation
	Availability of data and materials
	Funding
	Declaration of competing interest
	Acknowledgements
	List of Abbreviations
	References


