

  nutrients-12-01034




nutrients-12-01034







Nutrients 2020, 12(4), 1034; doi:10.3390/nu12041034




Article



Prevalence of Low Plasma Vitamin B1 in the Stroke Population Admitted to Acute Inpatient Rehabilitation



Reza Ehsanian 1,2,3, Sean Anderson 1[image: Orcid], Byron Schneider 1, David Kennedy 1 and Vartgez Mansourian 1,*





1



Department of Physical Medicine and Rehabilitation, Vanderbilt University, Nashville, TN 37212, USA






2



Department of Neurosurgery, Stanford University, Palo Alto, CA 34304, USA






3



Division of Physical Medicine and Rehabilitation, Department of Neurosurgery, University of New Mexico School of Medicine, Albuquerque, NM 87131, USA









*



Correspondence: vartgez.mansourian@vumc.org; Tel.: +615-936-7708







Received: 28 February 2020 / Accepted: 7 April 2020 / Published: 10 April 2020



Abstract

:

Objective: To determine the prevalence of vitamin B1 (VitB1) deficiency in the stroke population admitted to acute inpatient rehabilitation. Design: Retrospective cohort study. Setting: Acute inpatient rehabilitation facility at an academic medical center. Participants: 119 consecutive stroke patients admitted to stroke service from 1 January 2018 to 31 December 2018. Interventions: Not applicable. Main Outcome Measures: Plasma VitB1 level. Results: There were 17 patients (14%; 95% CI 9–22%) with low VitB1 with a range of 2–3 nmol/L, an additional 58 (49%; CI 40–58%) patients had normal low VitB1 with a range of 4–9 nmol/L, twenty-five patients (21%; CI 15–29%) had normal high VitB1 with a range of 10–15 nmol/L, and nineteen patients (16%; CI 10–24%) had high VitB1 with a range of 16–43 nmol/L. Conclusions: In this cohort of patients admitted to the stroke service at an acute rehabilitation facility, there is evidence of thiamine deficiency. Moreover, the data suggest that there is inadequate acute intake of VitB1. Given the role of thiamine deficiency in neurologic function, further study of the role of thiamine optimization in the acute stroke rehabilitation population is warranted.
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1. Introduction


As coenzymes, the B vitamins play an important biochemical role in many enzymatic processes that are critical to cellular physiological functioning, including catabolic energy production as well as the anabolic production and processing of bioactive molecules [1]. The role of the B vitamins in metabolic function as well as their role in neurochemical synthesis makes them particularly important in the brain [1,2]. The importance of B vitamins in the brain is highlighted by the fact that they are transported by facilitated diffusion as well as via active transport across the blood–brain barrier and are stringently regulated by multiple homeostatic mechanisms [3,4]. In particular, vitamin B1 (VitB1), generally known as thiamin or thiamine, is a coenzyme critical to the synthesis of neurotransmitters essential for brain function [5]. VitB1 has been demonstrated to be a neuromodulator of acetylcholine, a function distinct from the action as a cofactor of metabolic processes [6]. Indeed, VitB1 has great significance in proper brain function, not only because of its role as a coenzyme important in carbohydrate metabolism, but also due to its contribution to the structure and function of neuronal and neuroglia cell membranes, another function distinct from its role in metabolism [7,8]. The ubiquitous role of VitB1 in the brain explains the fast turnover rates in the brain, spinal cord, and peripheral nervous system [9,10].



The health consequences of VitB1 deficiency are commonly thought of as the symptoms and signs of the disease beriberi, including a cardiac form with risk of high output heart failure with associated edema, and a neurological form with chronic peripheral neuropathy with more advanced symptoms manifesting as Wernicke’s encephalopathy and Wernicke-Korsakoff Syndrome [11,12,13,14,15,16]. Although classically categorized as “wet”, “dry”, “childhood”, and “infantile”, more modern classification recognizes that the symptoms and signs may or may not be associated with edema and vary according to the age of the patient and the presence of other vitamin deficiencies (11–13). The diagnosis of inadequate VitB1 status is classically a clinical diagnosis and, if left untreated, may lead to devastating and irreversible neurological damage.



It is important to note that, even with biochemical evidence of VitB1 deficiency, associated clinical signs and symptoms may not present as they lack sensitivity and specificity [17,18]. Moreover, the diagnostic criteria are nonspecific and the diagnosis may be missed in many patients [14,19,20]. Given that the signs and symptoms of VitB1 inadequacy are vague and common to many different disorders [21], identifying patients with risk factors, such as alcoholism, persistent emesis, malnutrition, intestinal malabsorption, and viral infection, has been the key to focusing the clinician to properly identify VitB1 inadequacy [14,22,23,24,25]. The identification of specific patient groups at higher risk of inadequate VitB1 status, including patients with systemic inflammation and severe sepsis, with trauma and burns, with congestive heart failure, with renal failure, post-cardiac surgery, and after prolonged inadequate nutritional intake, have improved identification and remediation of VitB1 inadequacy [17,25]. Identifying if patients admitted to the acute inpatient rehabilitation setting post-acute stroke are at higher risk of VitB1 inadequacy is important given the role of VitB1 in brain function and the potential role in recovery post-stroke.



Given the role of VitB1 deficiency in brain function and the clinical utility of identifying susceptible patient groups in diagnosing VitB1 inadequacy, the present study aims to describe the plasma levels of VitB1 in a cohort of patients admitted to an acute inpatient rehabilitation hospital after an acute stroke.




2. Methods


2.1. Patient Population


This is an Institutional-Review-Board-approved, retrospective cross-sectional study that analyzed the results of routine measurements of plasma VitB1 of 119 consecutive patients with a diagnosis of stroke admitted to stroke service from 1 January 2018 to 31 December 2018, at Vanderbilt Stallworth Rehabilitation Hospital. Given the minimal risk and retrospective nature of the study, the Institutional Review Board approved a waiver of informed consent. All patient demographic history, medical history, and laboratory values were extracted from the electronic medical record utilized at the Rehabilitation Hospital and combined with the laboratory results stored in the electronic medical record of the acute hospital at Vanderbilt University Medical Center. Any general rehabilitation patients who were admitted to the stroke service for primary diagnosis other than stroke were omitted from this review, leaving a sample of a total 119 stroke patients.




2.2. VitB1 Measurement


Plasma VitB1 measurements were performed at admission to the stroke acute rehabilitation service with high-performance liquid chromatography (HPLC)-based upon the method previously described [26]. The test has been developed and characteristics determined by ARUP Laboratories (500 Chipeta Way, SLC, UT 84108; 1-800-522-2787), see compliance statement (aruplab.com/cs). Unpublished results were provided by the ARUP Institute for Clinical and Experimental Pathology from a reference internal study as part of a method development and validation in November 2007. Samples were collected and tested from 59 female and 57 male (116 total participants) adults (>18 years old), self-reported to be healthy adults living in Utah, age 19–64 years (mean 36 years), not taking vitamins. The reference interval for vitamin B1, measured in plasma as unphosphorylated thiamine, was 4–15 nmol/L. The range compares well to older published values 9.5 +/− 3.3 nmol/L listed in Tietz Clinical Guide to Laboratory Tests, 3rd edition, 1995. Therefore, established reference range of normality for plasma VitB1 for this study and used clinically in our acute rehabilitation facility ranged from 4 to 15 nmol/L and is used as the laboratory reference standard.



The values used in the analysis were those utilized in determining the clinical care of patients on the stroke acute inpatient service. Patients were grouped as follows according to their plasma VitB1 levels: Low VitB1 (<4 nmol/L), Normal Low VitB1 (4–9 nmol/L), Normal High VitB1 (10–15 nmol/L), High VitB1 (>15 nmol/L).




2.3. Statistical Analysis


The statistical analysis was conducted using GraphPad Prism (version 8.0.1 for Windows, GraphPad Software, La Jolla California, CA, USA).



Descriptive statistics included the calculation of the 95% confidence interval of the median, mean with standard deviation and standard error, the coefficient of variation, skewness, and kurtosis for values in the four VitB1 groupings. Differences between low, normal low, normal high, and high groups were analyzed using the Brown-Forsythe ANOVA test for continuous data and the Chi-square test of independence or Fisher’s exact test for categorical variables. A p value of < 0.05 was considered as the limit of significance.





3. Results


3.1. Patient Characteristics


The 17 patients in the low plasma group had an average age of 58.18 years (SD = 17.72); the 58 patients in the normal low group had an average age of 61.93 years (SD = 15.62); the 25 patients in the normal high group had an average age of 66.20 years (SD = 13.84); and the 19 patients in the high group had an average age of 63.37 years (SD = 15.53). The Brown-Forsythe ANOVA test showed no statistically significant difference across groups, F (3, 69.65) = 0.926, p = 0.433. There was also no statistically significant difference for Body Mass Index (BMI) across groups, F (3, 46.23) = 0.778, p = 0.512 (Table 1).



A Chi-square test of independence was performed to examine the relation between gender and plasma thiamine levels. The relation between these variables was not significant, X2 (3, N = 119) = 0.58, p = 0.901. A Chi-square test of independence was also performed to examine the relationship between ethnicity and plasma thiamine levels displaying no significant difference, X2 (3, N = 119) = 1.33, p = 0.722 (Table 1).



The Chi-squared approximation requires the expected frequency of every cell in the contingency table to be greater than 5. Given that one or more of the expected frequencies in the analysis for the type of stroke is less than 5, the chi-square approximation may be incorrect, and therefore a Fisher’s exact test was performed, which did not reveal a significant difference between groups (two-sided Fisher’s exact test p = 0.620) (Table 1).



Given the impact of different comorbidities on the VitB1 levels, major comorbidities for individuals in each group was extracted from the medical record and hypertension was the most frequent comorbidity across all groups (Table 1). The Chi-square test of independence for major comorbidities also did not reveal a significant difference, X2 (12, N = 119) = 9.881, p = 0.626 (Table 1).




3.2. Plasma Thiamine Levels


3.2.1. Low VitB1


There were 17 (14%; 95% CI 9–22%) patients with low VitB1 with a range of 2–3 nmol/L, 95% CI of median actual confidence level of 95.10% lower confidence limit (LCL) 2, upper confidence limit (UCL) 3, mean 2.29 (SD 47, SE 0.11), coefficient of variation 20.47%, Skewness.994, Kurtosis −1.17 (Table 2 and Figure 1).




3.2.2. Normal Low VitB1


There were 58 (49%; CI 40–58%) patients with normal low VitB1 with a range of 4–9 nmol/L, 95% CI of median actual confidence level of 95.21% with LCL 6 and UCL 7, mean 6.41 (SD 1.58, SE 0.21), coefficient of variation 24.61%, Skewness.026, Kurtosis −0.96 (Table 2 and Figure 1).




3.2.3. Normal High VitB1


There were 25 (21%; CI 15–29%)patients with normal high VitB1 with a range of 10–15 nmol/L, 95% CI of median actual confidence level of 95.67% with LCL 10 and UCL 12, mean 11.36 (SD 1.75, SE 0.351), coefficient of variation 15.43%, Skewness 1.06, Kurtosis −0.122 (Table 2 and Figure 1).




3.2.4. High VitB1


There were 19 (16%; CI 10–24%) patient with high vitamin B1 with a range of 16–43, 95% CI of median actual confidence level of 98.08% with LCL 18 and UCL 25, mean 22.74 (SD 7.16, SE 1.64), coefficient of variation 31.51%, Skewness 1.61, Kurtosis 2.28 (Table 2 and Figure 1).






4. Discussion


This retrospective cohort demonstrates that patients admitted to an acute rehabilitation hospital, after an acute stroke, have low plasma levels of VitB1 (14%; 95% CI 9–22%) and low normal VitB1 levels (49%; CI 40–58%). Combined, this represented 63% of patients with VitB1 inadequacy (low or low normal levels of VitB1). As a retrospective cohort, this study is unable to determine causality, specifically if patients with inadequate VitB1 are susceptible to stroke or if patients admitted to an acute care hospital with stroke are at risk for quickly developing low plasma levels of VitB1.



The finding of such a significant number of low normal patients must be taken into account with the understanding of what defines the “normal” range of VitB1. The current established VitB1 range is normalized based on healthy populations. The concept of differential VitB1 levels and requirements for those in a pathological state has been proposed in light of dementia and delirium studies [27]. The current reference ranges may not be valid in a post-stroke patient cohort, and the authors agree with the proposal that current reference data for thiamine deficiency should be called into question as they may not accurately describe VitB1 inadequacy in a pathological state as they were based on normalized values in healthy populations [27]. Given the increasing literature describing the importance of VitB1 in brain function among not only patients suffering from alcoholism [28,29] but also the geriatric population suffering from cognitive deficits [30], critically ill patients [17,31,32], post-bariatric procedures [33], and those suffering from conditions such as Alzhemers [34], HIV/AIDS [35], malignancy [36], diabetes [37], and obesity [5,38], it is important to consider the potential role of low and low normal levels of VitB1 in the population recovering from acute stroke.



4.1. VitB1 Deficiency Mimicking Stroke


The importance of identifying VitB1 deficiency in patients with stroke is highlighted by the fact that this metabolic deficiency may mimic acute stroke. VitB1 deficiency may present with a sudden neurological deficit, which is indistinguishable from acute onset stroke. Swenson has reported the CT findings in thiamine deficiency-induced coma [39]. It has been proposed that CT perfusion scan can be utilized to differentiate stroke, comma and VitB1 deficiency; however, the diagnosis could also be made simply with high dose IV VitB1 administration after laboratory draw to confirm VitB1 inadequacy. Indeed, the radiological presentation of hypoattenuation [39] and intraventricular hemorrhage [40,41], along with the similar clinical signs and symptoms of VitB1 inadequacy, makes this metabolic disturbance prone to misdiagnosis. This similarity may lead to the improper diagnosis of stroke, especially in patients with a prior diagnosis of vascular pathology, and lead to improper treatment, as reported by Karapanayiotides et al. [42]. This group reported a case study of a patient who responded well to treatment with high-dose VitB1 and complex B vitamins and recovered fully three months after her initial presentation. The importance of identifying patient groups, such as those post-bariatric surgery when considering VitB1 inadequacy versus stroke, was highlighted by Blum et al. [43]. They identified a post-bariatric surgery who was misdiagnosed with transient ischemic attack. The misdiagnosis of ischemic stroke may have been precipitated by mimicking symptoms, as the patient presented to Blum et al. displaying left-sided motor weakness with sensory deficit and paresthesias and numbness in the left arm and leg; however, without any CT lesions, they properly suspected post-gastrectomy Wernicke’s encephalopathy and IV administration of VitB1 immediately resolved the patients symptoms [43]. It should be noted that stroke should remain on the differential after bariatric surgery, as Cho et al. reported generalized seizures and stroke with brain infarction on CT, post-gastric bypass [44].




4.2. VitB1 and Stroke


Aside from being a potential stroke mimic, diagnosing VitB1 inadequacy in patients pre- and post-stroke has many potential implications. If low and/or low normal VitB1 levels are a risk factor for stroke, this may have significant public health implications. Alternatively, if patients are developing VitB1 inadequacy during their continuum of care for stroke, this may have implications on early nutritional need in this setting. Regardless of causality, there are potential implications for the acute rehabilitation setting. Defining and identifying this association is the first step in further investigating if the repletion of VitB1 in these patients during their continuum of care may play a role in optimizing their recovery. This latter point may be most important given the increased metabolic demands of the brain at baseline and especially post-stroke [45], similar to the increased metabolic demand seen in the VitB1 deficiency of chronic alcoholics [46]. The increased metabolic demand post-stroke was observed as early as the 1970s by investigators reporting an increase of up to 100% in energy requirements of patients with hemiparetic gait [47,48]. This increased metabolic demand, compounded by the risk of poor nutritional intake [49], may represent a multi-factorial relationship explaining the findings of this study.




4.3. Plasma VitB1


Traditionally, it has been thought that the most accurate measurement of VitB1 status is attained by measuring the “TDP effect”, which consists of measuring transketolase enzyme activity in erythrocyte hemolysates in the presence and absence of thiamin diphosphate [50]. However, it has been established that direct measurement via HPLC has equivalent precision to the erythrocyte transketolase activation assay and both yield similar results [26,51].



Plasma VitB1 levels can be checked with relative ease, and changes in thiamine in whole blood are not significantly different to changes in plasma [52] after VitB1 supplementation. Although measurements of blood VitB1 levels have been traditionally criticized as having low sensitivity and specificity, the HPLC method for assessing thiamin diphosphate has been shown to be equivalent to the erythrocyte activation assay [51] and there have been a number of direct HPLC methods developed to measure VitB1 in plasma, erythrocytes, whole blood, and urine [26,51,53,54,55,56]. Conditions which typically lead to transient changes in VitB1 in blood measurements, such as acute trauma [17], sepsis [17,57], coronary artery bypass graft surgery [58], bariatric surgery [59,60], renal failure [61], diuresis with diuretic [12,50], uncontrolled diabetes [62], or acute hepatic injury [63], were either not present or not significantly different between the low, normal low, normal high, and high subgroups. Moreover, although using plasma VitB1 levels to assess VitB1 status has been classically cautioned against, as it accounts for less than 10% of total blood VitB1 [51], studies have found that plasma concentration of VitB1 correlates well with erythrocyte thiamine diphosphate [52,64] and is the most responsive measure to oral VitB1 intake [64]. Plasma VitB1 levels have been shown to respond to oral supplementation with VitB1 [52,65,66], and therefore this measurement is of keen interest in the rehabilitation of patients post-stroke, as they may not have access to IV replenishment as they progress through the continuum of rehabilitation care.




4.4. Study Limitations


There are potential limitations, as the study is retrospective and observational in design. Although this retrospective cohort demonstrates that there is a subset of patients admitted to acute inpatient rehabilitation after an acute stroke that has VitB1 inadequacy, causality cannot be assessed. Furthermore, both the reference values and data set reported are not from a random sample and are therefore prone to inherent bias; consecutive patient enrollment as well as a strict adherence to inclusion/exclusion criteria and study duration were applied in order to limit this bias. This study is also limited in its ability to assess for clinical differences, if any exist, between VitB1 subgroups. Moreover, this study is unable to assess the role of VitB1 repletion during acute inpatient rehabilitation. Another potential limitation stems from the fact that plasma and serum thiamine levels may be prone to inaccuracy when determining total body VitB1 levels, as they have been shown to be decreased in settings such as the Intensive Care Unit (ICU) with critically ill trauma patients and those requiring continuous renal replacement therapy [17,23]. However, given that this patient cohort was under different metabolic demands than those that are critically ill and did not include those with end-stage renal disease, the use of plasma VitB1 may be appropriate. Whole blood assays may be a better reflection of total body stores but are impractical in an acute care setting due to cost and/or long turnaround time. Furthermore, thiamine deficiency may occur within 9–18 days of inadequate intake [67,68,69,70,71] but rapidly recover with supplementation, and, given that plasma VitB1 is accurate in determining recent intake, it may be more useful in tracking the appropriate supplementation of patients admitted for acute rehabilitation post-stroke. In addition, the patient population represents a single acute rehabilitation hospital and results may differ in a center with differing patient demographics, further limiting the generalizability of our results. Moreover, the lack of dietary data is another major limitation of the study. Specific dietary intake was not controlled and/or specifically documented in the electronic medical record, which may lead to further discrepancies in the data. However, it is assumed that the majority of patients adhered to the prescribed diet approved by the hospital nutritional staff, and, if the prescribed diet was supplemented by patients, it is assumed that it did not vary between groups.





5. Conclusions


This retrospective cohort demonstrates that there is a subset of patients admitted to an acute rehabilitation hospital for rehabilitation after an acute stroke with low plasma VitB1 (14%; 95% CI 9–22%) with another subset of patients that has low normal VitB1 levels (49%; CI 40–58%). These findings warrant further investigation given the integral function of VitB1 in neuronal function and the potential for VitB1 deficiency to impair neuronal function and recovery







Author Contributions


Conceptualization—R.E., D.K. and V.M.; Data curation—R.E., S.A. and V.M.; Formal analysis—R.E., S.A., B.S. and V.M.; Investigation—R.E., S.A. and V.M.; Methodology—R.E. and V.M.; Project administration—D.K. and V.M.; Resources—D.K. and V.M.; Supervision—R.E. and V.M.; Visualization—R.E. and S.A.; Writing—original draft—R.E., S.A., B.S. and V.M.; Writing—review & editing—R.E., B.S., D.K. and V.M. All authors have read and agreed to the published version of the manuscript.




Funding


No funding sources.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kennedy, D.O. B Vitamins and the Brain: Mechanisms, Dose and Efficacy—A Review. Nutrients 2016, 27, 68. [Google Scholar] [CrossRef]

	



Raichle, M.E. Two views of brain function. Trends Cogn. Sci. 2010, 14, 180–190. [Google Scholar] [CrossRef] [PubMed]

	



Spector, R.; Johanson, C.E. Vitamin transport and homeostasis in mammalian brain: Focus on Vitamins B and E. J. Neurochem. 2007, 103, 425–438. [Google Scholar] [CrossRef] [PubMed]

	



Spector, R. Nutrient transport systems in brain: 40 years of progress. J. Neurochem. 2009, 111, 315–320. [Google Scholar] [CrossRef] [PubMed]

	



Kerns, J.C.; Arundel, C.; Chawla, L.S. Thiamin deficiency in people with obesity. Adv. Nutr. 2015, 6, 147–153. [Google Scholar] [CrossRef] [PubMed]

	



Hirsch, J.A.; Parrott, J. New considerations on the neuromodulatory role of thiamine. Pharmacology 2012, 89, 111–116. [Google Scholar] [CrossRef] [PubMed]

	



Bâ, A. Metabolic and structural role of thiamine in nervous tissues. Cell Mol. Neurobiol. 2008, 28, 923–931. [Google Scholar] [CrossRef]

	



Oliveira, F.A.; Galan, D.T.; Ribeiro, A.M.; Santos Cruz, J. Thiamine deficiency during pregnancy leads to cerebellar neuronal death in rat offspring: Role of voltage-dependent K+ channels. Brain Res. 2007, 23, 79–86. [Google Scholar] [CrossRef]

	



Rindi, G.; Patrini, C.; Comincioli, V.; Reggiani, C. Thiamine content and turnover rates of some rat nervous regions, using labeled thiamine as a tracer. Brain Res. 1980, 181, 369–380. [Google Scholar] [CrossRef]

	



Rindi, G. Metabolism of thiamin and its phosphoric esters in different regions of the nervous system: A new approach. Acta Vitam. Enzym. 1982, 4, 59–68. [Google Scholar]

	



Lonsdale, D. Thiamine metabolism in disease. CRC Crit. Rev. Clin. Lab. Sci. 1975, 5, 289–313. [Google Scholar] [CrossRef] [PubMed]

	



Lonsdale, D. A review of the biochemistry, metabolism and clinical benefits of thiamin (e) and its derivatives. Evid. Based Complement. Altern. Med. ECAM 2006, 3, 49–59. [Google Scholar] [CrossRef] [PubMed]

	



Lonsdale, D. Thiamine and magnesium deficiencies: Keys to disease. Med. Hypotheses 2015, 84, 129–134. [Google Scholar] [CrossRef] [PubMed]

	



Donnino, M.W.; Vega, J.; Miller, J.; Walsh, M. Myths and misconceptions of Wernicke’s encephalopathy: What every emergency physician should know. Ann. Emerg. Med. 2007, 50, 715–721. [Google Scholar] [CrossRef] [PubMed]

	



Thomson, A.D.; Marshall, E.J. The natural history and pathophysiology of Wernicke’s Encephalopathy and Korsakoff’s Psychosis. Alcohol. Alcohol. Oxf. Oxfs. 2006, 41, 151–158. [Google Scholar] [CrossRef]

	



Thomson, A.D.; Guerrini, I.; Marshall, E.J. The evolution and treatment of Korsakoff’s syndrome: Out of sight, out of mind? Neuropsychol. Rev. 2012, 22, 81–92. [Google Scholar] [CrossRef]

	



Manzanares, W.; Hardy, G. Thiamine supplementation in the critically ill. Curr. Opin. Clin. Nutr. Metab. Care 2011, 14, 610–617. [Google Scholar] [CrossRef]

	



O’Keeffe, S.T.; Tormey, W.P.; Glasgow, R.; Lavan, J.N. Thiamine deficiency in hospitalized elderly patients. Gerontology 1994, 40, 18–24. [Google Scholar] [CrossRef]

	



Butterworth, R.F.; Gaudreau, C.; Vincelette, J.; Bourgault, A.M.; Lamothe, F.; Nutini, A.M. Thiamine deficiency and Wernicke’s encephalopathy in AIDS. Metab. Brain Dis. 1991, 6, 207–212. [Google Scholar] [CrossRef]

	



Harper, C. Wernicke’s encephalopathy: A more common disease than realised. A neuropathological study of 51 cases. J. Neurol. Neurosurg. Psychiatry 1979, 42, 226–231. [Google Scholar] [CrossRef]

	



Williams, R.D.; Mason, H.L.; Power, M.H.; Wilder, R.M. Induced Thiamine (Vitamin B1) Deficiency in Man: Relation of Depletion of Thiamine to Development of Biochemical Defect and of Polyneuropathy. Arch. Intern. Med. 1943, 71, 38–53. [Google Scholar] [CrossRef]

	



Walker, J.; Kepner, A. Wernicke’s encephalopathy presenting as acute psychosis after gastric bypass. J. Emerg. Med. 2012, 43, 811–814. [Google Scholar] [CrossRef] [PubMed]

	



Frank, L.L. Thiamin in Clinical Practice. JPEN J. Parenter. Enteral. Nutr. 2015, 39, 503–520. [Google Scholar] [CrossRef] [PubMed]

	



Stroh, C.; Meyer, F.; Manger, T. Beriberi, a severe complication after metabolic surgery—Review of the literature. Obes. Facts. 2014, 7, 246–252. [Google Scholar] [CrossRef]

	



Office of Dietary Supplements—Thiamin. Available online: https://ods.od.nih.gov/factsheets/Thiamin-HealthProfessional/ (accessed on 23 April 2019).

	



Lu, J.; Frank, E.L. Rapid HPLC measurement of thiamine and its phosphate esters in whole blood. Clin. Chem. 2008, 54, 901–906. [Google Scholar] [CrossRef]

	



Pourhassan, M.; Angersbach, B.; Lueg, G.; Klimek, C.N.; Wirth, R. Blood Thiamine Level and Cognitive Function in Older Hospitalized Patients. J. Geriatr. Psychiatry Neurol. 2018, 32, 90–96. [Google Scholar] [CrossRef]

	



Latt, N.; Dore, G. Thiamine in the treatment of Wernicke encephalopathy in patients with alcohol use disorders. Intern. Med. J. 2014, 44, 911–915. [Google Scholar] [CrossRef]

	



Fama, R.; Le Berre, A.-P.; Hardcastle, C.; Sassoon, S.A.; Pfefferbaum, A.; Sullivan, E.V.; Zahr, N.M. Neurological, nutritional and alcohol consumption factors underlie cognitive and motor deficits in chronic alcoholism. Addict. Biol. 2019, 24, 290–302. [Google Scholar] [CrossRef]

	



Lu, J.; Pan, X.; Fei, G.; Wang, C.; Zhao, L.; Sang, S.; Liu, H.; Liu, M.; Wang, H.; Wang, Z.; et al. Correlation of thiamine metabolite levels with cognitive function in the non-demented elderly. Neurosci. Bull. 2015, 31, 676–684. [Google Scholar] [CrossRef]

	



Dabar, G.; Harmouche, C.; Habr, B.; Riachi, M.; Jaber, B. Shoshin Beriberi in Critically-Ill patients: Case series. Nutr. J. 2015, 13, 51. [Google Scholar] [CrossRef]

	



Attaluri, P.; Castillo, A.; Edriss, H.; Nugent, K. Thiamine Deficiency: An Important Consideration in Critically Ill Patients. Am. J. Med. Sci. 2018, 356, 382–390. [Google Scholar] [CrossRef] [PubMed]

	



Oudman, E.; Wijnia, J.W.; van Dam, M.; Biter, L.U.; Postma, A. Preventing Wernicke Encephalopathy after Bariatric Surgery. Obes. Surg. 2018, 28, 2060–2068. [Google Scholar] [CrossRef] [PubMed]

	



Lopes da Silva, S.; Vellas, B.; Elemans, S.; Luchsinger, J.; Kamphuis, P.; Yaffe, K.; Sijben, J.; Groenendijk, M.; Stijnen, T. Plasma nutrient status of patients with Alzheimer’s disease: Systematic review and meta-analysis. Alzheimers Dement. J. Alzheimers Assoc. 2014, 10, 485–502. [Google Scholar] [CrossRef] [PubMed]

	



Ng, K.; Nguyễn, L.T. The role of thiamine in HIV infection. Int. J. Infect. Dis. IJID Off. Publ. Int. Soc. Infect. Dis. 2013, 17, e221–e227. [Google Scholar]

	



Lu’o’ng, K.V.Q.; Nguyễn, L.T.H. The role of thiamine in cancer: Possible genetic and cellular signaling mechanisms. Cancer Genom. Proteom. 2013, 10, 169–185. [Google Scholar]

	



Page, G.L.J.; Laight, D.; Cummings, M.H. Thiamine deficiency in diabetes mellitus and the impact of thiamine replacement on glucose metabolism and vascular disease. Int. J. Clin. Pract. 2011, 65, 684–690. [Google Scholar] [CrossRef]

	



Nath, A.; Tran, T.; Shope, T.R.; Koch, T.R. Prevalence of clinical thiamine deficiency in individuals with medically complicated obesity. Nutr. Res. 2017, 37, 29–36. [Google Scholar] [CrossRef]

	



Swenson, A.J.; St Louis, E.K. Computed tomography findings in thiamine deficiency-induced coma. Neurocrit. Care 2006, 5, 45–48. [Google Scholar] [CrossRef]

	



Helbok, R.; Beer, R.; Engelhardt, K.; Broessner, G.; Lackner, P.; Brenneis, C.; Pfausler, B.; Schmutzhard, E. Intracerebral haemorrhage in a malnourished patient, related to Wernicke’s encephalopathy. Eur. J. Neurol. 2008, 15, e99–e100. [Google Scholar] [CrossRef]

	



Al-Bayati, A.R.; Nichols, J.; Jovin, T.G.; Jadhav, A.P. Thiamine Deficiency Presenting as Intraventricular Hemorrhage. Stroke 2016, 47, e95–e97. [Google Scholar] [CrossRef]

	



Karapanayiotides, T.; Anastasiou, A.; Barmpas, N.; Grigoriadis, N.; Karacostas, D. A “posterior circulation stroke” that benefits from vitamins. Am. J. Med. 2014, 127, e1–e2. [Google Scholar] [CrossRef]

	



Blum, A.; Ovadia, M.; Rosen, G.; Simsolo, C. Immediate recovery of an “ischemic stroke” following treatment with intravenous thiamine (vitamin B1). Isr. Med. Assoc. J. IMAJ 2014, 16, 518–519. [Google Scholar] [PubMed]

	



Choi, J.Y.; Scarborough, T.K. Stroke and seizure following a recent laparoscopic Roux-en-Y gastric bypass. Obes. Surg. 2004, 14, 857–860. [Google Scholar] [CrossRef] [PubMed]

	



Li, F.; Geng, X.; Khan, H.; Pendy, J.T., Jr.; Peng, C.; Li, X.; Rafols, J.A.; Ding, Y. Exacerbation of Brain Injury by Post-Stroke Exercise Is Contingent Upon Exercise Initiation Timing. Front Cell Neurosci. 5 October 2017. Available online: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5633611/ (accessed on 22 April 2019).

	



Martin, P.R.; Singleton, C.K.; Hiller-Sturmhöfel, S. The role of thiamine deficiency in alcoholic brain disease. Alcohol. Res. Health 2003, 27, 134–142. [Google Scholar] [PubMed]

	



Corcoran, P.J.; Jebsen, R.H.; Brengelmann, G.L.; Simons, B.C. Effects of plastic and metal leg braces on speed and energy cost of hemiparetic ambulation. Arch. Phys. Med. Rehabil. 1970, 51, 69–77. [Google Scholar]

	



Gersten, J.W.; Orr, W. External work of walking in hemiparetic patients. Scand. J. Rehabil. Med. 1971, 3, 85–88. [Google Scholar]

	



Laur, C.; McCullough, J.; Davidson, B.; Keller, H. Becoming Food Aware in Hospital: A Narrative Review to Advance the Culture of Nutrition Care in Hospitals. Healthcare 2015, 3, 393–407. [Google Scholar] [CrossRef]

	



Ross, A.C.; Caballero, B.H.; Cousins, R.J.; Tucker, K.L.; Ziegler, T.R. Modern Nutrition in Health and Disease, 11th ed.; Wolters Kluwer Health Adis (ESP), 2012; Available online: https://jhu.pure.elsevier.com/en/publications/modern-nutrition-in-health-and-disease-eleventh-edition (accessed on 17 April 2019).

	



Talwar, D.; Davidson, H.; Cooney, J.; St JO’Reilly, D. Vitamin B(1) status assessed by direct measurement of thiamin pyrophosphate in erythrocytes or whole blood by HPLC: Comparison with erythrocyte transketolase activation assay. Clin. Chem. 2000, 46, 704–710. [Google Scholar] [CrossRef]

	



Tallaksen, C.M.; Sande, A.; Bøhmer, T.; Bell, H.; Karlsen, J. Kinetics of thiamin and thiamin phosphate esters in human blood, plasma and urine after 50 mg intravenously or orally. Eur. J. Clin. Pharm. 1993, 44, 73–78. [Google Scholar] [CrossRef]

	



Tallaksen, C.M.; Bøhmer, T.; Bell, H.; Karlsen, J. Concomitant determination of thiamin and its phosphate esters in human blood and serum by high-performance liquid chromatography. J. Chromatogr. 1991, 564, 127–136. [Google Scholar] [CrossRef]

	



Herve, C.; Beyne, P.; Lettéron, P.; Delacoux, E. Comparison of erythrocyte transketolase activity with thiamine and thiamine phosphate ester levels in chronic alcoholic patients. Clin. Chim. Acta Int. J. Clin Chem. 1995, 234, 91–100. [Google Scholar] [CrossRef]

	



Lynch, P.L.; Young, I.S. Determination of thiamine by high-performance liquid chromatography. J. Chromatogr. A 2000, 881, 267–284. [Google Scholar] [CrossRef]

	



Jenčo, J.; Krčmová, L.K.; Solichová, D.; Solich, P. Recent trends in determination of thiamine and its derivatives in clinical practice. J. Chromatogr. A 2017, 1510, 1–12. [Google Scholar] [CrossRef]

	



Donnino, M.W.; Carney, E.; Cocchi, M.N.; Barbash, I.; Chase, M.; Joyce, N.; Chou, P.P.; Ngo, L. Thiamine deficiency in critically ill patients with sepsis. J. Crit. Care 2010, 25, 576–581. [Google Scholar] [CrossRef]

	



Donnino, M.W.; Cocchi, M.N.; Smithline, H.; Carney, E.; Chou, P.P.; Salciccioli, J. Coronary artery bypass graft surgery depletes plasma thiamine levels. Nutrition 2010, 26, 133–136. [Google Scholar] [CrossRef]

	



Saltzman, E.; Karl, J.P. Nutrient deficiencies after gastric bypass surgery. Annu. Rev. Nutr. 2013, 33, 183–203. [Google Scholar] [CrossRef]

	



Koch, T.R.; Finelli, F.C. Postoperative metabolic and nutritional complications of bariatric surgery. Gastroenterol. Clin. N. Am. 2010, 39, 109–124. [Google Scholar] [CrossRef]

	



Frank, T.; Czeche, K.; Bitsch, R.; Stein, G. Assessment of thiamin status in chronic renal failure patients, transplant recipients and hemodialysis patients receiving a multivitamin supplementation. Int. J. Vitam. Nutr. Res. 2000, 70, 159–166. [Google Scholar] [CrossRef]

	



Thornalley, P.J.; Babaei-Jadidi, R.; Al Ali, H.; Rabbani, N.; Antonysunil, A.; Larkin, J.; Ahmed, A.; Rayman, G.; Bodmer, C.W. High prevalence of low plasma thiamine concentration in diabetes linked to a marker of vascular disease. Diabetologia 2007, 50, 2164–2170. [Google Scholar] [CrossRef]

	



Dancy, M.; Evans, G.; Gaitonde, M.K.; Maxwell, J.D. Blood thiamine and thiamine phosphate ester concentrations in alcoholic and non-alcoholic liver diseases. Br. Med. J. Clin. Res. Ed. 1984, 14, 79–82. [Google Scholar] [CrossRef]

	



McCann, A.; Midttun, Ø.; Whitfield, K.C.; Kroeun, H.; Borath, M.; Sophonneary, P.; Ueland, P.M.; Green, T.J. Comparable Performance Characteristics of Plasma Thiamine and Erythrocyte Thiamine Diphosphate in Response to Thiamine Fortification in Rural Cambodian Women. Nutrients 2017, 29, 676. [Google Scholar] [CrossRef] [PubMed]

	



Davis, R.E.; Icke, G.C.; Thom, J.; Riley, W.J. Intestinal absorption of thiamin in man compared with folate and pyridoxal and its subsequent urinary excretion. J. Nutr. Sci. Vitam. (Tokyo) 1984, 30, 475–482. [Google Scholar] [CrossRef] [PubMed]

	



Coats, D.; Frank, E.L.; Reid, J.M.; Ou, K.; Chea, M.; Khin, M.; Preou, C.; Enders, F.T.; Fischer, P.R.; Topazian, M.; et al. Thiamine pharmacokinetics in Cambodian mothers and their breastfed infants. Am. J. Clin. Nutr. 2013, 98, 839–844. [Google Scholar] [CrossRef]

	



Combs, G.F. The Vitamins Fundamental Aspects in Nutrition and Health, 4th ed.; Elsevier/Academic Press: Amsterdam, The Netherlands, 2012; p. 599. [Google Scholar]

	



Gropper, S.S.; Smith, J.L. Advanced Nutrition and Human Metabolism, 6th ed.; Cengage Learning: Belmont, CA, USA, 2012; p. 608. [Google Scholar]

	



Galvin, R.; Bråthen, G.; Ivashynka, A.; Hillbom, M.; Tanasescu, R.; Leone, M.A. EFNS guidelines for diagnosis, therapy and prevention of Wernicke encephalopathy. Eur. J. Neurol. 2010, 17, 1408–1418. [Google Scholar] [CrossRef] [PubMed]

	



Singleton, C.K.; Martin, P.R. Molecular mechanisms of thiamine utilization. Curr. Mol. Med. 2001, 1, 197–207. [Google Scholar] [CrossRef] [PubMed]

	



Ariaey-Nejad, M.R.; Balaghi, M.; Baker, E.M.; Sauberlich, H.E. Thiamin metabolism in man. Am. J. Clin. Nutr. 1970, 23, 764–778. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 12 01034 g001 550] 





Figure 1. Plasma vitamin B1 levels. The patient cohort is divided into four groups with the normal range divided equally into normal low and normal high. 
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Table 1. Patient characteristics.
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	Low
	Normal Low
	Normal High
	High
	p





	N
	17
	58
	25
	19
	



	Age (years)
	58.18 (17.72)
	61.29 (15.62)
	66.2 (13.84)
	63.37 (15.53)
	0.433



	BMI
	30.23 (11.66)
	28.52 (7.25)
	26.25 (5.08)
	27.9 (8.33)
	0.512



	Gender
	
	
	
	
	



	Male
	9
	33
	12
	10
	



	Female
	8
	25
	13
	9
	0.901



	Ethnicity
	
	
	
	
	



	White
	11
	40
	19
	15
	



	Non-White
	6
	18
	6
	4
	0.722



	Stroke Type
	
	
	
	
	



	Hemorrhagic
	2
	12
	8
	7
	



	Ischemic
	13
	40
	15
	11
	



	Both
	2
	6
	2
	1
	0.620



	Comorbidities
	
	
	
	
	



	Hypertension
	11
	48
	20
	16
	



	Hyperlipidemia
	8
	28
	13
	7
	



	Cardiac Dysfunction
	4
	19
	4
	6
	



	Renal Dysfunction
	2
	14
	4
	9
	



	Diabetes Mellitus
	9
	18
	8
	7
	0.626







The patient cohort is divided into four groups with the normal range divided equally into normal low and normal high. The number of patients, average age in years with standard deviation in parenthesis, average BMI with standard deviation in parenthesis, Gender, Ethnicity, Stroke Type, and Comorbidities are shown. For continuous variables, Brown-Forsythe ANOVA revealed no significant difference between groups. For categorical variables the Chi-square test of independence was performed, unless this calculation was not valid, in which case Fisher’s exact test was performed. There was no significant difference between groups.
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Table 2. Plasma vitamin B1 levels.
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	Low
	Normal Low
	Normal High
	High





	Number of values
	17
	58
	25
	19



	Minimum
	2
	4
	10
	16



	25% Percentile
	2
	5
	10
	18



	Median
	2
	6
	11
	20



	75% Percentile
	3
	8
	12
	25



	Maximum
	3
	9
	15
	43



	95% CI of median
	
	
	
	



	Actual confidence level
	95.10%
	95.21%
	95.67%
	98.08%



	Lower confidence limit
	2
	6
	10
	18



	Upper confidence limit
	3
	7
	12
	25



	Mean
	2.294
	6.414
	11.36
	22.74



	Std. Deviation
	0.4697
	1.579
	1.753
	7.164



	Std. Error of Mean
	0.1139
	0.2073
	0.3506
	1.643



	Coefficient of variation
	20.47%
	24.61%
	15.43%
	31.51%



	Skewness
	0.9936
	0.02553
	1.161
	1.607



	Kurtosis
	−1.166
	−0.9582
	0.1225
	2.277







The patient cohort is divided into four groups, with the normal range divided equally into normal low and normal high. Descriptive statistics of the plasma level of thiamine (nmol/L) are presented.
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