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Vitamin D is an essential vitamin for the normal formation of bones and calcium absorption. It is synthesized into our body through sunlight exposure and obtained by consuming foods rich in vitamin D (e.g., fatty fish, eggs yolk, dairy products). Its benefits on the health and performance of athletes are well documented. This article outlines some analytical challenges concerning the analytical quantification of vitamin D for its optimal intake, namely, a comprehensive study of the variability of the assay before categorizing any method as the golden standard, assurance of sample comparability to draw meaningful correlations, revision of the intake guidance based on appropriate statistical power analysis, and the implementation of rational strategies for preventing the underlying mechanism of preanalytical factors. Addressing these challenges will enable the effective management of vitamin D in the sports sector.
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INTRODUCTION

The benefits of sun exposure have been recognized since ancient times by different civilizations and cultures. In Ancient Greece, sunbathing was recommended to athletes participating in the Ancient Olympic Games (776 BC−393 AD) to perform well in their sport disciplines and for the beneficial power of sunlight on health (1–3). Nowadays, these observations are rationalized as the result of the ultraviolet radiation from sunlight striking the skin of the athletes and triggering vitamin D3 (cholecalciferol) synthesis, which has been associated with athletic performance and promotes calcium absorption and enables the formation and maintenance of strong bones (4). The use of artificial ultraviolet radiation was discussed in Germany and Russia by the end of the 1920s and 1930s as an aid to enhance the athletic performance of swimmers and sprinters, respectively (5, 6).

Exposure to natural or artificial ultraviolet radiation is not the only way to obtain vitamin D. The human body can also obtain vitamin D from food and supplements, such as biologically inert vitamin D2 (ergocalciferol from plant sources) and vitamin D3 (cholecalciferol from animal sources) which are converted to 25(OH)D (aka calcifediol or calcidiol) and biologically active 1,25(OH)2D (aka calcitriol) (7). It has been demonstrated that 25(OH)D is the main circulating form of vitamin D in the blood and the best indicator of vitamin D status (8) that is generally quantified by different analytical techniques, e.g., competitive protein binding assay, radioimmunoassay, enzyme-linked immunosorbent assay, high-performance liquid chromatography (HPLC), and liquid chromatography-tandem mass spectrometry (LC-MS/MS) to be discussed below.

Vitamin D deficiency is common in athletes and most reviews have demonstrated consistently that increasing serum 25(OH)D levels have a beneficial effect on muscle strength, power, and mass of the general population (9), and the muscle strength performance of athletes (10, 11). Modern athletes are aware that vitamin D deficiency might have a negative effect on their performance. It has been demonstrated, that the lack of vitamin D was clearly associated with the increased chance of muscle injuries in football players. In addition, a positive correlation between increased levels of vitamin D and injury prevention and recovery has been observed (12). Studies on indoor athletes from different disciplines (e.g., basketball, gymnastics) have observed a high prevalence (over 80%) of deficient levels of vitamin D (12–14). The same percentage (81%) was observed in outdoor athletes (e.g., football) who were categorized as vitamin D deficient (15). Similar trends have been reported in a meta-analysis study where a prominent 56% of the athletes from different nations and a wide range of indoor and outdoor disciplines were categorized as having inadequate levels of vitamin D (16). However, some studies have found no correlation between vitamin D and the performance of athletes which in turn was ascribed to small sample sizes (17). In addition to the deficiency of vitamin D, the current coronavirus disease 2019 (COVID-19) pandemic represents an additional burden and source of distress for athletes. Currently, there is no comprehensive cross-athletic comparison of vitamin D status and COVID-19; however, seasonal and chronological variations of the levels of circulating 25(OH)D in the serum from Japanese professional football players have been recently compared (Figure 1) and indicated, as expected, a significant seasonal increase of 21.2% between winter and spring 2018 (18). In contrast, the equivalent seasonal comparison for 2020 revealed a 25(OH)D reduction of 8.4%, which correlates with the restriction of outdoor training from February 8 onward by the Hong Kong Sports Institute (19). Figure 1 shows that between 2018 and 2020, there was a statistically significant reduction of 19.9% in winter and 39.4% in spring, indicating effectively that the ongoing COVID-19 pandemic has a negative impact on the vitamin D status of athletes.
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FIGURE 1. Chronological and seasonal variations of 25(OH)D in the serum from professional football players were published elsewhere (18). The values represent the means ± standard deviations (in ng/ml) and the number of participants (n).


Athletes who have been restricted from outdoor training to avoid/control the infection/transmission of COVID-19 will be at more risk of injuries in the aftermath of the pandemic because vitamin D levels are endogenously synthesized in response to sun exposure. Physicians from the sport governing committees should raise awareness on the importance of maintaining an appropriate intake of vitamin D to avert sports-related injuries. In addition, these observations highlight the need of establishing reliable cut-off values for giving safe intake guidance to athletes.

The beneficial health effects of vitamin D on athletes are widely discussed by the scientific and general community through national and international articles, forums, conferences, discussion panels, press, blogs, etc. Despite this great deal of attention, there are still some pending challenges that need to be addressed for the effective management of vitamin D, especially in the sports sector, where the importance of vitamin D has been recognized to have an impact on athletic performance. An overview of the current literature on vitamin D in connection with the sports sector has been performed and relevant articles are discussed to highlight some controversial (and sometimes ignored) analytical aspects of this important vitamin.



MATERIALS AND METHODS

To highlight the challenges ahead, the present manuscript reviewed the current body of evidence related to the controversial analytical aspects of vitamin D in the sports sector, frequently omitted in published studies, by using some examples from various literature. The search for articles was carried out between May and December 2020 using different databases (e.g., PubMed, ScienceDirect, Web of Science). The descriptors used in the context of vitamin D and/or sports were assay variability, sample/assay comparability, intake ranges, statistical power, and preanalytical factors.

The quality of the records was assessed by using the critical appraisal checklist proposed by the Joanna Briggs Institute (https://jbi.global) for documents that are focused on six questions, namely: (i) is the source of the opinion clearly identified?; (ii) Does the source of opinion have a standing in the field of expertise?; (iii) Are the interests of the relevant population the central focus of the opinion?; (iv) Is the stated position the result of an analytical process, and is there logic in the opinion expressed?; v) Is there reference to the extant literature?; (vi) Is any incongruence with the literature/sources logically defended? In addition, the current impact factor (when available) of the journals where the records were published was checked as a putative measure of quality.



RESULTS

The search identified 49 relevant articles that were reduced to 27 after removing the duplicate articles and records that did not comply with the critical appraisal checklist. The 27 articles in connection with vitamin D in the sports sector were read in full, discussed comprehensively, and the data from some selected articles were presented as graphics. The 27 relevant studies were organized into five controversial topics, more specifically, assay variability (20–28), sample/assay comparability (8, 9, 12, 27, 29, 30), intake ranges (12, 20, 31–34), statistical power (12, 35–38), and preanalytical factors (28, 39–43), that were comprehensively discussed. Out of all the records, 33% were used to discuss assay variability; 22% for sample/assay comparability, intake ranges, and preanalytical factors; and 19% for statistical power. A qualitative checking of the 27 records indicated that 37, 40.7, and 3.7% of the analyzed references were published in peer-reviewed journals with current impact factors ranging between 5–8.6 (8, 9, 22, 23, 30, 31, 33–35, 39), 2.4–4. (12, 21, 27–29, 32, 36, 38, 40, 41, 43), and 1.2 (39), respectively. There was one article, representing 3.7% of the records, that was published in a peer-reviewed journal of the Norwegian Medical Association without impact factor (37). Out of all the records, 14.8% from two well-reputed international organizations and a chemical supplier, namely, the European Food Safety Authority (EFSA), the Vitamin D External Quality Assessment Scheme (DEQAS), and Sigma-Aldrich were classified as scientific and technical reports (20, 25, 26, 42). The results are presented in narrative and graphical form.



DISCUSSION

The current state of knowledge on vitamin D has helped to understand many aspects of this important biomarker (e.g., production, sources, physiological effects). However, there are still some gaps that have brought a great deal of discussion in the scientific community and need to be worked through.


Assay Variability

For over four decades, the determination of the circulating 25(OH)D has been carried out using different methods and its pros and cons have been the subject of several publications (20, 21). Chronologically, the first method used for measuring 25(OH)D in the plasma was competitive protein binding (CPB) assay (22, 23). Eventually, radioimmunoassay (RIA) and enzyme-linked immunosorbent assay (ELISA) replaced the CPB method and rapidly became the preferred methods of reference laboratories and are often cited in different research studies. HPLC and LC-MS/MS have been also used for determining 25(OH)D successfully. Nowadays, LC-MS/MS is commonly referred to as the golden standard method for determining vitamin D status (24). Despite this powerful and attractive designation, it is undeniable that immunoassay methods are consistently the preferred assays among laboratories as reflected by the International Vitamin D Quality Assessment Scheme (DEQAS), which is the largest proficiency testing scheme for vitamin D. A summary of the different reports published by DEQAS (Figure 2) shows that between 2013 and 2017, the CPB method has not been considered by any participant (25, 26); the use of high-performance liquid chromatography (HPLC) has declined by 44% between 2013 and 2017; the LC-MS/MS methods exhibited a steady increase around 5% between 2013 and 2016, but it remained constant between 2016 and 2017; the immunoassay methods were the most popular among participants. However, despite the observed popularity, their use has decreased by 27% between 2013 and 2017.
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FIGURE 2. Methods used in the largest proficiency testing scheme for vitamin D analysis (25, 26).


Regarding the performance of the different methodologies for determining vitamin D, the DEQAS report has indicated that the variability, expressed as the ratio of the SD to the mean (aka coefficient of variation or CV), for the most used immunoassay (DiaSorin Liaison TOTAL, CV = 8.1%) and LC-MS/MS (CV = 9.4%) was comparable to the 10% threshold proposed by the Vitamin D Standardization Program (VDSP). Interestingly, a comparison study between the popular DiaSorin Liaison TOTAL and LC-MS/MS for determining the levels of 25(OH)D in serums has observed substantial variations (around 30%) in both assays and for repeated measurements at the same laboratory (27). The three times larger disagreement between this comparative study (27) and the International Vitamin D Quality Assessment Scheme (25, 26) indicates that neither LC-MS/MS nor immunoassays can be regarded as the golden standard methods for estimating the reference ranges for serums circulating 25(OH)D. It is undeniable that assay variability is an important challenge that must be addressed comprehensively and rationally before labeling any technique as the golden standard method. Some authors have emphatically pinpointed that the variability between assays is responsible for the limited progress toward the establishment of reference values for 25(OH)D in health (28). Furthermore, the criteria used to categorize a method as the golden standard for vitamin D should be re-evaluated before validating the official or unofficial reference ranges.



Sample and Assay Comparability

The involvement of vitamin D in athletic performance has been discussed in research and review articles, where the circulating 25(OH)D levels in athletes from various sports disciplines were measured by different assays (9, 12, 29). The main drawbacks of some reviews are that the levels of 25(OH)D obtained by different assays are compared without acknowledging the inherent discrepancy in variability associated with the biological specimens and/or the variability associated with the different assays. For example, blood samples from athletes were taken to produce serum or plasma, and the processes behind their production yield specimens with different matrices. Plasma preparation involves the addition of exogenous agents (e.g., anticoagulants), removal of cellular components, and the presence of coagulation factors (e.g., fibrinogen), while serum preparation involves a coagulation process, the presence of cellular components, and the absence of coagulation factors. Although the differences in the matrices of the samples and the implemented assays might significantly affect the vitamin D results, these factors are rarely considered in comparative studies. For example, some researchers have discussed the vitamin D dosage for optimal athletic performance in the context of the levels proposed by the Institute of Medicine (IOM) by comparing seven groups of athletes whose levels of 25(OH)D in the serum (six groups) and plasma (one group) were determined by four different assays (ELISA, RIA, chemiluminescence immunoassay (CLIA) and LC-MS/MS) (9). It has been reported that the 25(OH)D in plasma is not a reliable biomarker of vitamin D status (8, 30). In addition, some studies concerned with the determination of 25(OH)D in serums by different assays have reported dramatic differences between LC-MS/MS, RIA, and CLIA at a cut-off of 20 nmol/L (insufficient) (27). In this specific study, a remarkable lack of agreement between the different analytical methods was observed (27). For instance, the reported 25(OH)D mean values in serums by LC-MS/MS, RIA, and CLIA were 34, 28, and 24 ng/ml, respectively. In addition, the proportions of 8, 22, and 43% of participants were classified as vitamin D insufficient when LC-MS/MS, RIA, and CLIA assays were used to measure 25(OH)D, respectively. The present article is not judging the reliability of the conclusions derived from the comparison of the seven groups of athletes (9), but it is highlighting the importance of discussing vitamin D dosage for optimal athletic performance based on similar techniques and biological samples to ensure comparability and to draw meaningful conclusions.



Ranges for Vitamin D

The benefits of adequate vitamin D levels in athletes and its impact on health and performance have been published elsewhere (12). Some cohort studies on the effect of vitamin D supplementation and further measurement of its metabolite 25(OH)D have based their discussions and conclusions either on the recommended ranges by competent authorities, such as IOM or the European Food Safety Authority (EFSA) (20) or on the proposed ranges by well-reputed experts on vitamin D (31). The various recommendations have created a long-standing controversy among vitamin D researchers over the appropriate reference ranges, hence an open debate between the different key players in the field of vitamin D is required urgently to adopt a common range or perhaps several ranges if vitamin D status is associated with specific cohort (e.g., race/ethnicity, sex).

A recent article collected data, between 2006 and 2017, from 5,000,000 patients with different levels of 25(OH)D to establish their status according to the range proposed by IOM (32). This 10-year data revealed a general decrease in the frequency of patients labeled as deficient (<10 ng/ml) and insufficient (10–24 ng/ml) and a general increase in those labeled as sufficient (25–80 ng/ml) and toxic (>80 ng/ml). However, assay variation is a potential factor that might confound the diagnosis (33). The following example demonstrates that a normally distributed population with a mean value of 20 ng/ml of vitamin D in serums [regarded as insufficient for athletes (34)] and a CV of 15% [an accepted CV for immunoassay of 25(OH)D] exhibits a considerable overlapping with two normally distributed populations with the mean values of 10 and 30 ng/ml of vitamin D [regarded as deficient and sufficient, respectively (34)] and with the same CV of 15% (Figure 3).
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FIGURE 3. Comparison of three normally distributed populations of athletes with 25(OH)D mean levels of 10 ng/ml (insufficient, blue line curve), 20 ng/ml (deficient, black line curve), and 30 ng/ml (sufficient, red line curve) and the same coefficient of variation (CV = 15%). An overlapping of 0.25 (oblique blue and red lines) is observed between insufficient-deficient and sufficient-deficient within the range ±3σ of the deficient population, which causes a statistical power of 0.75 lower than the minimum desirable of 0.80. The mean values were obtained from a study on athletes published elsewhere (34).




Statistical Power

The substantial percentages of the overlapping areas in Figure 3, namely, insufficient-deficient (blue oblique lines) and sufficient-deficient (red oblique lines) indicate that the inherent variability of a method will affect the decision on adequate or poor vitamin D status. Assay variability is a potential confounding factor that is often overlooked in studies on the association between vitamin D and athletic performance as deducted from the apparent lack of benefit of 25(OH)D at levels above 50 ng/ml in the skeletal muscle of athletes (12), a level considered as sufficient.

The observations from the previous sections highlight the importance of understanding the analytical aspects of the methods currently used for the quantitative determination of vitamin D and the incorporation of appropriate statistical analyses to support the experimental results.

Figure 3 shows that a remarkable portion of the insufficient curve (mean 10 ng/ml and CV = 15%), more specifically, 0.25 of the total standardized area is confounded with the deficient curve (mean 20 ng/ml and CV = 15%). Therefore, the statistical power or confidence with which it is possible to detect a difference if one exists is represented by the area between 5 and 11 ng/ml and will be 0.75 (1.00–0.25 = 0.75). Although there is not a conventional criterion to determine what is a suitable statistical power, a value of 0.80 is generally considered the minimum desirable. A similar overlapping (Type II error) of 0.25 and statistical power of 0.75 (area between 29 and 43.5 ng/ml) were obtained when the sufficient (30 ng/ml and CV = 15%) and deficient groups were compared. The results of this example suggest that an assay with an inherent variability lower than 15% is required to achieve the minimum statistical power of 80% between the categories insufficient-deficient and sufficient-deficient. It is evident from Figure 3 that the distinction between insufficient (blue distribution) and sufficient (red distribution) is characterized by a statistical power of 1. It is important to mention that in addition to the assay variability and confidence level, the sample size (number of participants) might have an impact on the statistical power of a study.

The confidence level is widely reported in the literature; however, the statistical power is not very often acknowledged in vitamin D studies (35). The reasons for the omission of the term 1–β in the general comparison studies have been ascribed to the difficulties associated with its quantification and the cursory treatment of the subject in statistical books (36). In addition, some authors have pinpointed that despite the impressive size of some randomized control trials on vitamin D, their statistical power is insufficient to rule out the lack of effect (35, 37, 38), indicating that the relationship between sample size and power is not linear and that statistics should be always treated with caution. Further studies on vitamin D should try to include not only the confidence level but also the statistical power. A lack of compliance with this premise might have serious implications in the categorization of an individual in a particular vitamin D range.



Preanalytical Factors

The analysis of vitamin D in different studies and national surveys, using different kinds of analytical approaches and further within/between comparisons of methods and laboratories, have significantly improved the harmonization of the different analytical techniques and the quality of the results. However, it is equally important to understand and reduce the impact of preanalytical factors on vitamin D analysis. There are multiple preanalytical factors that might affect the stability of vitamin D (e.g., light, temperature, storage conditions, collection devices). However, it is surprising to note the paucity of information on vitamin D and its preanalytical factors.

Although the quantification of the circulating concentration of 25(OH)D is the only available approach to assess the vitamin status in humans, there are still some intrinsic difficulties associated with the nature of vitamin D and the biological matrix that have hindered the development of reliable assays. On the one hand, the lack of polar groups in the structure of vitamin D that allows its transportation in blood by the vitamin D-binding protein (DBP) has been identified as a potential source of variability for both manual and automated immunoassays due to the incomplete release of 25(OH)D from the DBP resulting in reduced sensitivity (39, 40). On the other hand, whole blood, and its derived specimens (plasma and serum) are regarded as one of the most complex biological matrices that might negatively affect the immunoassays and chromatographic-based methods. It has been demonstrated that blood viscosity alters the binding efficiency and specificity for immunoassay detection (41); that the presence of vitamin D2, vitamin D3, and multiple vitamin D metabolites in serum and plasma can exhibit cross-reactivity or coelution in immunoassays or chromatographic methods (28); and that the coelution of phospholipids along with vitamin D might cause serious sensitivity and reproducibility issues resulting in irregularities in quantitation (42).

It is vital to adopt strategies for understanding and preventing the underlying mechanisms of preanalytical factors with larger sample sizes. Besides, analytical and post-analytical factors must also be considered to determine robust reference values, define more precisely the status of vitamin D (43), and uncover its associations with athletic performance.




CONCLUSIONS

Vitamin D has been recognized for having an impact on athletic performance and its effective management in the sports sector is a pending challenge that should be addressed appropriately. Considering the status quo and the vulnerability of athletes to be exposed to inappropriate doses of vitamin D, it is advisable to follow the recommendations of health care professionals to avoid the detrimental effects (e.g., injuries, illness) associated with an incorrect supplementation of vitamin D. It is also important to encourage researchers to use appropriate statistical tools and optimal sample sizes to assure adequate power to detect statistical significance, to draw robust conclusions, and to propose reliable reference ranges for vitamin D. Scientific journals can play an important role in this respect by promoting the implementation of statistical power analysis and requiring, wherever possible, the power estimates from articles which might have implications on human health.



AUTHOR CONTRIBUTIONS

PA conceived the study, performed the statistical analysis, and wrote the first draft of the paper. CM-D contributed to the design and revised the manuscript for important contents. PA and CM-D conducted the literature search, literature screening, and extracted the data. PA and CM-D read the article and approved the final version. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the Institute of Marine Research (IMR), Bergen, Norway.



REFERENCES

 1. Herodotus. History of Herodotus 440 BC. (1880). London: William Clowes and Sons.

 2. Philostratus LF. Heroicus Gymnasticus Discourses 1 and 2 (220 AD). Massachusetts, MA: Harvard University Press (2014).

 3. Morente MA. Sports training in Ancient Greece and its supposed modernity. J Hum Sport Exerc. (2020) 15:163–76. doi: 10.14198/jhse.2020.151.15

 4. Bikle DD. Vitamin D and bone. Curr Osteoporos Rep. (2012) 10:151–9. doi: 10.1007/s11914-012-0098-z

 5. Parade GW, Otto H. Effect of sunlamp on performance. Z Klin Med. (1940) 137:17–21.

 6. Gorkin Z, Gorkin MJ, Teslenko NE. The effect of ultraviolet irradiation upon training for 100 m sprint. Fiziol Zh USSR. (1938) 25:695–701.

 7. Sikora-Klak J, Narvy SJ, Yang J, Makhni E, Kharrazi FD, Mehran N. The effect of abnormal vitamin D levels in athletes. Perm J. (2018) 22:217–216. doi: 10.7812/TPP/17-216

 8. Del Giudice M, Indolfi C, Strisciuglio C. Vitamin D: immunomodulatory aspects. J Clin Gastroenterol. (2018) 52:S86–8. doi: 10.1097/MCG.0000000000001112

 9. Dahlquist DT, Dieter BP, Koehle MS. Plausible ergogenic effects of vitamin D on athletic performance and recovery. J Int Soc Sports Nutr. (2015) 12:33. doi: 10.1186/s12970-015-0093-8

 10. Close GL, Leckey J, Patterson M, Bradley W, Owens DJ, Fraser WD, et al. The effects of vitamin (D3) supplementation on serum total 25[OH]D concentration and physical performance: a randomised dose-response study. Br J Sports Med. (2013) 47:692–6. doi: 10.1136/bjsports-2012-091735

 11. Wyon MA, Koutedakis Y, Wolman R, Nevill AM, Allen N. The influence of winter vitamin D supplementation on muscle function and injury occurrence in elite ballet dancers: a controlled study. J Sci Med Sport. (2014) 17:8–12. doi: 10.1016/j.jsams.2013.03.007

 12. Shuler FD, Wingate MK, Moore GH, Giangarra C. Sports health benefits of vitamin D. Sports Health. (2012) 4:496–501. doi: 10.1177/1941738112461621

 13. Lovell G. Vitamin D status of females in an elite gymnastics program. Clin J Sport Med. (2008) 18:159–61. doi: 10.1097/JSM.0b013e3181650eee

 14. Willis KS, Peterson NJ, Larson-Meyer DE. Should we be concerned about the vitamin D status of athletes? Int J Sport Nutr Exerc Metab. (2008) 18:204–24. doi: 10.1123/ijsnem.18.2.204

 15. Shindle MK, Voos J, Gulotta L, Weiss L, Rodeo S, Kelly B, et al. Vitamin D status in a professional American football team. Med Sci Sports Exerc. (2011) 43:511. doi: 10.1249/01.MSS.0000401408.96267.5e

 16. Farrokhyar F, Tabasinejad R, Dao D, Peterson D, Ayeni OR, Hadioonzadeh R, et al. Prevalence of vitamin D inadequacy in athletes: a systematic-review and meta-an. Sports Med. (2015) 45:365–78. doi: 10.1007/s40279-014-0267-6

 17. von Hurst PR, Beck KL. Vitamin D and skeletal muscle function in athletes. Curr Opin Clin Nutr Metab Care. (2014) 17:539–45. doi: 10.1097/MCO.0000000000000105

 18. Saita Y. Risk/caution of vitamin D insufficiency for quarantined athletes returning to play after COVID-19. BMJ Open Sport Exerc Med. (2020) 6:e000882. doi: 10.1136/bmjsem-2020-000882

 19. Wong AY, Ling SK, Louie LH, Law GY, So RC, Lee DC, et al. Impact of the COVID-19 pandemic on sports and exercise. Asia Pac J Sports Med Arthrosc Rehabil Technol. (2020) 28:39–44. doi: 10.1016/j.asmart.2020.07.006

 20. European Food Safety Authority. Dietary reference values for vitamin D. EFSA J. (2016). Available online at: https//efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2016.4547 (accessed May 14, 2021).

 21. Wallace AM, Gibson S, Hunty A, Lamberg-Allardt C, Ashwell M. Measurement of 25-hydroxyvitamin D in the clinical laboratory, current procedures, performance characteristics and limitations. Steroids. (2010) 75:477–88. doi: 10.1016/j.steroids.2010.02.012

 22. Haddad JG, Chyu K. Competitive protein-binding radioassay for 25-hydroxycholecalciferol. J Clin Endocrinol Metab. (1971) 33:992–5. doi: 10.1210/jcem-33-6-992

 23. Turpeinen U, Hohenthal U, Stenman U. Determination of 25-hydroxyvitamin D in serum by HPLC and immunoassay. Clin Chem. (2003) 49:1521–4. doi: 10.1373/49.9.1521

 24. Ramnemark A, Norberg M, Pettersson-Kymmer U, Eliasson M. Adequate vitamin D levels in a Swedish population living above latitude 63°N, The 2009 Northern Sweden MONICA study. Int J Circumpolar Health. (2015) 74:27963. doi: 10.3402/ijch.v74.27963

 25. International Vitamin D Quality Assessment. DEQAS Review 2014. (2014). Available online at: http//www.deqas.org/downloads/DEQAS2014Review-Amended.pdf (accessed May 19, 2021).

 26. International Vitamin D Quality Assessment. DEQAS Review 2016/2017. (2014). Available online at: http//www.deqas.org/downloads/DEQAS%20Review%20October%202017.pdf (accessed May 19, 2021).

 27. Snellman G, Melhus H, Gedeborg R, Byberg L, Berglund L, Wernroth L, et al. Determining vitamin D status, a comparison between commercially available assays. PLoS ONE. (2010) 5:e11555. doi: 10.1371/journal.pone.0011555

 28. Holmes EW, Garbincius J, McKenna KM. Analytical variability among methods for the measurement of 25-hydroxyvitamin D: still adding to the noise. Am J Clin Pathol. (2013) 140:550–60. doi: 10.1309/AJCPU2SKW1TFKSWY

 29. Ferrari D, Lombardi G, Banfi G. Concerning the vitamin D reference range: pre-analytical and analytical variability of vitamin D measurement. Biochem Med. (2017) 27:030501. doi: 10.11613/BM.2017.030501

 30. Heaney RP. Serum 25-hydroxyvitamin D is a reliable indicator of vitamin D status. Am J Clin Nutr. (2011) 94:619–20. doi: 10.3945/ajcn.111.019539

 31. Heaney PP, Holick MF. Why the IOM recommendations for vitamin D are deficient. J Bone Miner Res. (2011) 26:455–7. doi: 10.1002/jbmr.328

 32. Galior K, Ketha H, Grebe S, Singh RJ. 10 years of 25-hydroxyvitamin-D testing by LC-MS/MS-trends in vitamin-D deficiency and sufficiency. Bone Rep. (2018) 8:268–73. doi: 10.1016/j.bonr.2018.05.003

 33. Binkley N, Krueger D, Cowgill CS, Plum L, Lake E, Hansen KE, et al. Assay variation confounds the diagnosis of hypovitaminosis D: a call for standardization. J Clin Endocrinol Metab. (2004) 89:3152. doi: 10.1210/jc.2003-031979

 34. Allison RJ, Close GL, Farooq A, Riding NR, Salah O, Hamilton B, et al. Severely vitamin D-deficient athletes present smaller hearts than sufficient athletes. Eur J Prev Cardiol. (2015) 22:535–42. doi: 10.1177/2047487313518473

 35. Rejnmark L. Effects of vitamin D on muscle function and performance: a review of evidence from randomized controlled trials. Ther Adv Chronic Dis. (2011) 2:25–37. doi: 10.1177/2040622310381934

 36. Araujo P, Frøyland L. Statistical power and analytical quantification. J Chromatogr B Analyt Technol Biomed Life Sci. (2007) 847:305–8. doi: 10.1016/j.jchromb.2006.10.002

 37. Holvik K, Meyer HE, Madar AA, Brustad M. High-dosage vitamin D supplements are unnecessary. Tidsskr Nor Laegeforen. (2019) 139:1–5. doi: 10.4045/tidsskr.18.0749

 38. Haugen J, Basnet S, Hardang IM, Sharma A, Mathisen M, Shrestha P, et al. Vitamin D status is associated with treatment failure and duration of illness in Nepalese children with severe pneumonia. Pediatr Res. (2017) 82:986–93. doi: 10.1038/pr.2017.71

 39. Heijboer AC, Blankenstein MA, Kema IP, Buijs MM. Accuracy of 6 routine 25-hydroxyvitamin D assays: influence of vitamin D binding protein concentration. Clin Chem. (2012) 58:543–8. doi: 10.1373/clinchem.2011.176545

 40. Freeman J, Wilson K, Spears R, Shalhoub V, Sibley P. Influence of vitamin D binding protein on accuracy of 25-hydroxyvitamin D measurement using the ADVIA Centaur vitamin D total assay. Int J Endocrinol. (2014) 2014:691679. doi: 10.1155/2014/653692

 41. Chiu ML, Lawi W, Snyder ST, Wong PK, Liao JC, Gau V. Matrix effects—a challenge toward automation of molecular analysis. JALA. (2010) 15:233–42. doi: 10.1016/j.jala.2010.02.001

 42. Method Optimization for LC-MS Analysis of Vitamin D Metabolite Critical Pairs in Serum (2017). Available online at: https://yiqi-oss.oss-cn-hangzhou.aliyuncs.com/aliyun/900101420/technical_file/file_290171.pdf (accessed October 26, 2021).

 43. Alnagar FA. Pre-analytical factors influence vitamin D measurement in clinical laboratory. Int J Adv Sci Res Manag. (2018) 6:71–5. doi: 10.18535/ijsrm/v6i3.mp03

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Araujo and Méndez-Dávila. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnut-08-712335-g003.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Challenges Ahead for a Rational Analysis of Vitamin D in Athletes



		Introduction



		Materials and Methods



		Results



		Discussion



		Assay Variability



		Sample and Assay Comparability



		Ranges for Vitamin D



		Statistical Power



		Preanalytical Factors







		Conclusions



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
’ frontiers
in Nutrition

Challenges Ahead for a Rational
Analysis of Vitamin D in Athletes





OPS/images/fnut-08-712335-g001.gif
SEASON
SPRING WINTER

YEAR
2018

2020






OPS/images/fnut-08-712335-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Nutrition





