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PREFACE 

The studies presented in the current Ph.D. dissertation is based on work done partly during my 

year as a research student (January 2012 – January 2013) and during approximately three years 

as a Ph.D. fellow (July 2013 – April 2016) at the Center for Resuscitation Science at Beth Israel 

Deaconess Medical Center (BIDMC) in Boston, USA. The research year and the Ph.D. fellowship 

was an international and multidisciplinary collaboration between the center in Boston and the 

Department of Anesthesiology and the Research Center for Emergency Medicine at Aarhus 

University Hospital. This dissertation is based on four clinical studies (Studies II to V) and a review 

article (Study I). Given the inclusion of a review article, this dissertation only contains limited 

background information as outlined by the guidelines from the Graduate School of Health, 

Aarhus University.(1)    

 

FUNDING 

The present work was made possible through a number of scholarships and grants. My Ph.D. 

fellowship was funded by the Graduate School of Health at Aarhus University. Project support for 

the main randomized trial (Study IV) was obtained through a “Mentored Clinical and Population 

Research Award” from the American Heart Association (grant number: 15CRP22830000). 

Additional support for projects, travel, conferences, and tuition was obtained from Reinholdt W. 

Jorck og Hustrus Fond, Knud Højgaards Fond, Fonden af 1870, Torben og Alice Frimodts Fond, 

Ulla og Mogens Folmer Andersens Fond, Lippman Fonden, Kong Christian den Tiendes Fond, Etly 

og Jørgen Stjerngreens fond, Bønnelykkefonden, Holger og Ruth Hesses Mindefond, Augustinus 

Fonden, Carl og Ellen Hertz' legat til dansk Læge- og Naturvidenskab, Snedkermester Sophus 

Jacobsen & Hustru Astrid Jacobsens Fond, Direktør Ib Henriksens Fond, Helga og Peter Kornings 

Fond, Konsul Johannes Fogh-Nielsens og Fru Ella Fogh-Nielsens Legat, Hjerteforeningen, 
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TCA:    Tricarboxylic acid 

 



8 

 

BACKGROUND 

Coronary Artery Bypass Grafting  

Coronary artery bypass grafting (CABG) is a common surgical procedure performed on patients 

with extensive coronary artery disease. Approximately 2,800 patients in Denmark(2) and more 

than 200,000 patients in the United States(3) undergo CABG each year. While overall mortality is 

relatively low, morbidity remains substantial with complications such as stroke, infection, renal 

failure, and atrial fibrillation.(4) These serious complications are associated with high health care 

costs and increased length of stay.(4-8)  

 

Thiamine  

Thiamine or vitamin B1 is a water soluble sulfur containing compound. All living organisms use 

thiamine, but only bacteria, fungi, and plants produce thiamine.(9) Thiamine is converted to its 

active form thiamine diphosphate by the enzyme thiamine diphosphokinase. Various 

manifestation of overt thiamine deficiency has been described. Wernicke’s syndrome is 

manifested by an acute encephalopathy with neurological signs and symptoms and may also 

include distinct acid-base disturbances.(10, 11) Wet beriberi (also known as cardiac or Shoshin 

beriberi) primarily affect the heart and circulation including tachycardia, vasodilation, and 

hypotension(12, 13), while gastrointestinal beriberi is characterized by severe abdominal pain, 

nausea, and vomiting.(14) Common for all types of thiamine deficiency is that signs and 

symptoms are often nonspecific and can mimic a variety of other syndromes including critical 

illness.(15-19) Elevated lactate is a common finding in all forms of thiamine deficiency(14, 20) 

and is rapidly corrected by the administration of intravenous thiamine.(21-24) Thiamine 

deficiency often remains unrecognized and may lead to morbidity or death if left untreated.(18, 

24-26) Donnino et al. found that thiamine levels decrease after cardiac surgery.(27)   

 

Pyruvate Dehydrogenase (PDH) 

PDH is the first component enzyme of the PDH complex.(28) The PDH complex catalyzes 

oxidative decarboxylation of pyruvate to form acetyl-coenzyme A and nicotinamide adenine 

dinucleotide (NADH). Acetyl-coenzyme A may then be used in the tricarboxylic acid (TCA) cycle to 
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carry out cellular respiration (Figure 1).(29) PDH contributes by linking glycolysis to the TCA cycle. 

Thiamine diphosphate, the active derivative of thiamine, is an essential coenzyme of PDH. 

Defects in PDH have been associated with neurological deficits and elevated lactate.(30)  

Our group has developed a novel method for 

measurement of PDH activity in peripheral blood 

mononuclear cells (PBMCs)(31) and have shown that 

PDH activity is decreased in multiple clinical 

conditions including cardiac arrest(32), diabetic 

ketoacidosis(33), and severe sepsis(34). 

 

Lactate 

Lactate is produced from pyruvate through a 

reversible step catalyzed by the enzyme lactate 

dehydrogenase (Figure 1). Production of lactate is 

complex and excess lactate might be a consequence 

of multiple mechanisms including those related to oxygen delivery, oxygen utilizat ion, increased 

metabolism, lactate clearance, and medications. We have previously reviewed lactate in critical 

illness in general(29) and Study I provides an overview of the etiology, prognostic value, and 

management of lactate in adult patients undergoing cardiac surgery.  

 

Cytochrome c 

Cytochrome c is a small (13-14 kDa) hemoprotein that is loosely bound to the inner mitochondrial 

membrane.(35, 36) Cytochrome c is an important mitochondrial molecule that serves as an 

electron carrier between complex III and IV in the mitochondrial respiratory chain. Released 

cytochrome c has also been identified as an important mediator of apoptosis.(36, 37) Under 

pathophysiological circumstances cytochrome c may be released into the blood stream and 

therefore potentially serve as a marker of mitochondrial injury.(35, 38-40) In studies of septic 

shock and cardiac arrest, cytochrome c levels are elevated and associated with survival.(41, 42) 

Figure 1. Thiamine is an essential cofactor 
for pyruvate dehydrogenase (PDH) 
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HYPOTHESIS AND SPECIFIC AIMS 

Overall Hypothesis 

The overall hypothesis of the first three clinical studies (Studies II to IV) was that absolute or 

relative thiamine deficiency and thereby decreased PDH activity occur during cardiac surgery and 

that reversal of this deficiency by thiamine administration would decrease post-operative lactate 

levels, by increasing PDH activity, leading to improved clinical outcomes.  

 

Study-Specific Aims  

The primary aims for the individual studies were as follows:  

 

Study I 

To comprehensively review the etiology, prognostic value, and management of lactate elevation 

in adults undergoing cardiac surgery.  

 

Study II 

To determine whether PDH activity and thiamine levels decrease during cardiac surgery. 

 

Study III 

To determine the association between post-operative lactate levels and intensive care and 

hospital length of stay. 

 

Study IV 

To determine whether pre-operative thiamine administration improves post-operative lactate 

levels in patients undergoing CABG. 

 

Study V 

To determine whether mitochondrial injury, as measured by circulating cytochrome c levels, 

occur in patients undergoing CABG.       
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METHODOLOGICAL CONSIDERATIONS 

Overview 

The studies in this dissertation includes different types of human clinical studies : A small 

prospective observational study (Study II), a registry-based, retrospective observational study 

(Study III), a randomized, double-blind, placebo-controlled, phase II trial (Study IV), and a 

secondary analysis of the randomized trial (Study V). Lastly, a systematic review was performed 

to serve as the background section for this dissertation (Study I). This review is not discussed in 

any additional detail below. Study II and III, along with others, provided the preliminary data and 

the rational for the randomized controlled trial (Study IV), which serves as the main component 

of this dissertation. Certain aspects of the methodology for the individual studies of particular 

interest are described and discussed below. Additional details including detailed study-specific 

limitations are provided in the individual papers.   

 

Study II 

Brief overview 

This was a prospective, observational, single-center study enrolling adult patients undergoing 

major cardiac surgery (CABG and/or valve surgery) with cardiopulmonary bypass. Blood was 

obtained prior to surgery, immediately after surgery upon arrival in the intensive care unit, and 

again six hours thereafter. Thiamine levels and PDH values were measured and post -surgical 

levels were compared to pre-surgical levels.   

 

Measurement of PDH 

PDH exists in the mitochondrial matrix and measurement of PDH activity can therefore only be 

performed in mitochondria-containing cells or tissues. As tissue samples were not feasible to 

collect in the setting of major surgery (or critical illness in general), we measured PDH in PBMCs. 

The details of this methodology have been described previously(31, 43). In brief, the conceptual 

steps are as follows: 
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1) PBMCs are isolated from fresh whole blood using a density gradient method 

2) The mitochondria is lysed by adding a non-denaturing detergent (i.e. an agent that 

breaks lipid-lipid and lipid-protein interactions but not protein-protein interactions) and 

PDH is released to the medium 

3) The intact PDH enzyme is then immunocaptured by antibodies on a microplate 

4) Assay solution is added and the absorbance of each well is measured as PDH activity 

(Figure 2)(44)  

5) The immunocaptured PDH molecule is then directly incubated with a second antibody 

to allow for determination of PDH quantity 

6) Both PDH activity and quantity are normalized to total protein count and PDH specific 

activity is determined as activity/ln(quantity)(31)  

 

While this methodology provides a feasible, practical, safe, and novel way of measuring PDH 

activity in critical ill humans, it has important limitations. First, PDH activity in PBMCs might not 

reflect PDH activity in more relevant tissues such as the brain or the heart. However, I am not 

aware of studies directly assessing such as correlation. Given that a relatively large amount of 

blood is needed for isolation of enough PBMCs (approximately 7 mL), a large-animal model or a 

human study would be needed to directly assess such a correlation. In a rodent study, 

Karamercan et al., found relatively weak or no correlations between mitochondrial dysfunction 

in PBMCs and tissue from the liver, kidney, and heart.(45) Despite this limitation, we have 

previously shown that PDH activity correlates with acidosis in patients with diabetic 

ketoacidosis(33) and with lactate levels and mortality in patients with sepsis(34) indicating that 

 

Dye 

Microplate 

NADH NAD+ 

Pyruvate Acetyl Coenzyme A PDH 

Dye 

Antibody 

Measured absorbance 

Figure 2. Measurement of PDH activity. Adapted from abcam.com 
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measures of PDH activity in PBMCs are related to the clinical picture. Second, the microplate-

based measurement of PDH activity and quantity requires addition of a small amount of in vitro 

thiamine in order for the reaction to run.(43) As such, this could limit our ability to assess the 

association between in vivo thiamine levels (including in vivo thiamine administration) and PDH 

activity.       

 

Study III 

Brief overview 

This was a retrospective, observational, single-center study of patients having major cardiac 

surgery. Multivariable models were used to assess the association between post-operative 

lactate levels and intensive care unit (ICU) and hospital length of stay and post-operative 

complications.   

 

Data source 

Patient and surgical data was obtained from the local Society of Thoracic Surgery database, which 

contains information on all patients undergoing cardiac surgery at BIDMC since 2002. Data is 

prospectively entered by trained nursing personnel and is regularly externally audited. The 

database contains relatively granular data on patient demographics, comorbidities, and cardiac 

and surgical characteristics. Unfortunately, the database does not contain information on pre-, 

intra-, or post-operative lactate levels. To obtain post-operative lactate levels, we accessed the 

electronical medical records of all patients in the database and included all lactate levels obtained 

within three hours after skin closure. Given this retrospective approach, a large proportion of 

patients did not have lactate levels available.  

In order to assess the nature of this “missingness”, we compared patient and surgical 

characteristics between those with and those without post-operative lactate levels (Table A in 

Study III). Although the groups were relatively similar in regards to patient demographics and co-

morbidities, we found important differences in surgical characteristics and outcomes indicating, 

not surprisingly, that those with a lactate level measured had more complicated surgery and 

worse outcomes although the absolute differences between the groups were only moderate. 
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This indicates that the data was not “missing completely at random” and our results, especially 

the incidence of lactate elevation, should therefore be interpreted with caution. Given the large 

amount of missing data for lactate values, we did not consider multiple imputations techniques 

for this variable.          

 

Outcome measures 

The main outcomes for this study were ICU and hospital length of stay. We chose these outcomes 

as they were patient-centered, objectively measured, and would incorporate many aspects of 

the post-operative period including post-operative complications leading to prolonged length of 

stay. Furthermore, prolonged ICU and hospital length of stay are associated with substantial 

increases in cost(46, 47), making length of stay an important outcome from a health-care 

economy perspective as well.  

Although multiple studies have assessed the association between intra- and post-operative 

lactate levels and outcomes (see Study I for details), few have comprehensively assessed the 

association with length of stay. Demers et al.(48), Maillet et al.(49), Toramen et al.(50), 

Svenmarker et al.(51), Hu et al.(52), Kogan et al.(53), Lindsay et al.(54), and Lopez-Delgado et 

al.(55) only provided unadjusted results in regards to length of stay. Dixon et al.(56) and 

Abarbanell et al.(57) provided very limited data on the association between lactate and length of 

stay while Ranucci et al.(58) only assessed ICU length of stay and Kapoor et al. assessed 

myocardial lactate values(59). Laine et al. only provided limited adjustment for covariates and 

somewhat counterintuitively appeared to model high lactate as the outcome with length of stay 

as the independent variable.(60) As such, we believed that comprehensively assessing length of 

stay would be a valuable contribution to the literature. Lastly, if lactate were associated with 

length of stay and our randomized trial (Study IV) showed decreased lactate levels in the thiamine 

group, we considered length of stay a reasonable outcome for a subsequent larger phase III trial.  

  

Statistical approach  

The primary outcome was hospital length of stay (a continuous variable). Although the outcome 

is a time-to-event variable, there is no loss to follow-up or censoring, and only a small minority 
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of patients had competing risks (i.e. death). Therefore, we  considered it appropriate not to use 

a time-to-event model taking into account competing risks. Although length of stay follows an 

approximate Poisson distribution (or a negative binomial distribution), we decided to use linear 

regression after log-transformation of the variable for ease of interpretation. After log-

transformation, the outcome was reasonably normally distributed. Further, given the large 

sample size and the Central Limit Theorem we can use linear regression and get valid results 

despite the outcome not being perfectly normally distributed.(61) We assumed independence of 

the outcomes (although one could argue that patients operated on by the same surgeon could 

be clustered – this information was not available).  

All covariates were selected a priori and given the large sample size, we were not concerned 

about overfitting. Including all potential variables avoids the potential limitations (e.g. multiple 

testing) of selection procedures (e.g. forward, backwards) for model building. All the covariates 

occurred prior to measurement of the lactate value and therefore could not be intermediates. 

The distributions of all continuous variables were assessed and extreme values were double-

checked and corrected if applicable. To limit the influence of covariate outliers and allow for 

multiple imputation techniques, we log-transformed severely right-skewed continuous 

covariates. We categorized lactate into clinical meaningful categories(29): 0 – 2 mmol/L 

(“normal”), 2 - 4 mmol/L (“elevated”) and > 4 mmol/L (“high”) using the normal group as the 

reference to allow for non-linear associations between lactate and the outcome. To allow for 

non-linear associations between continuous covariates and the outcome, both linear and 

quadratic terms of those covariates were included.  

We next assessed the residuals of the final model. These had reasonably equal variance and 

an approximately normal distribution although some departure from normality was noted. We 

next performed influence diagnostics using Jackknife residuals.(62) Given the large sample size, 

we only evaluated those with Jackknife residuals > 3 or < -3. Only about 0.3% of patients 

(approximately 4) should theoretically have such extreme residuals. The 18 patients with 

residuals > 3 or < -3 (indicating very influential patients) had no obvious incorrect values but had 

either very short length of stay (≤ 1 day) because they died or very long length of stay (> 30 days). 
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It is not surprising that these types of patients are influential, but given the overall large sample 

size, this is less concerning.  

The lactate group’s beta-coefficients from the model (and the 95% confidence limits) were 

exponentiated (since the values were originally log-transformed) to get the ratio of the expected 

length of stay geometric mean and its 95% confidence interval (95% CI) between the elevated 

group and normal group and between the high and normal group. As such, the effect estimate is 

a relative increase.  

Lastly, we performed three sensitivity analyses to test the robustness of our findings: 1) using 

multivariable Poisson regression instead of linear regression, 2) excluding those with emergent 

surgery (and therefore potential pre-operative lactate elevation), and 3) multiple imputation to 

account for missing data on covariates.   

 

Study IV 

Brief overview 

This was a randomized, double-blind, placebo-controlled phase II trial of thiamine administration 

in patients undergoing CABG with or without concomitant valve surgery. The primary endpoint 

was post-operative lactate levels. The study was registered at clinicaltrials.gov (NCT02322892) 

and reported according to the CONSORT guidelines.(63) 

 

Patient population  

The selection of the patient population (i.e. the inclusion/exclusion criteria, Figure 3) was based 

on a balance between enrichment, feasibility, and ethical considerations. Enrichment strategies 

are generally divided into three separate but related categories: 1) practical enrichment 

(decreasing patient heterogeneity), 2) prognostic enrichment (including more high-risk patients), 

and 3) predictive enrichment (including patients most likely to respond).(64) The rational for only 

including patients with a EuroSCORE II > 1.5% (see Study IV for additional details), were that 

unpublished preliminary data suggested that patients with a EuroSCORE II > 1.5% had higher 

post-operative lactate levels as compared to patients with a EuroSCORE II ≤ 1.5% consistent with 

previous studies.(53, 60) As such, only including this patient group leads to prognostic 
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enrichment and we postulated that this could also lead to predictive enrichment as we 

considered it likely that these patients would furthermore be more prone to thiamine deficiency 

and therefore treatment with thiamine. Lastly, this leads to a more homogenous population (i.e. 

practical enrichment) with less 

variance in the post-operative 

lactate values and therefore 

increased power to detect a 

significant difference between 

groups if one existed. The cut-

off used for the EuroSCORE II 

was somewhat arbitrary and a 

higher cut-off would have led 

to an even higher-risk group. 

However, this would have 

limited the amount of patients 

available (i.e. lack of 

feasibility). To further limit 

heterogeneity, we excluded 

patients with “off-pump” 

surgery and those having emergent/salvage surgery. For ethical reasons, those with a clinical 

indication for thiamine, a thiamine allergy, or “protected population” (pregnant women, 

prisoners, and the intellectually disabled) were excluded. However, the majority of these criteria 

were not applied as reasons for exclusion.  

Unfortunately, we were also forced to exclude patients for a number of other reasons 

including enrollment in competing trials, inability to obtain consent as the patient was sedated 

and no family was present, non-English speaking patients, no research personnel available, and 

refusal to participate. While this might limit the generalizability of our findings (i.e. external 

validity), it should not influence the internal validity as these exclusions occurred prior to 

randomization.   

Figure 3. CONSORT diagram 
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Intervention  

The intervention consisted of 200 mg intravenous thiamine (or placebo) administered 

immediately before surgery and again upon arrival to the ICU after the surgery. We chose 

intravenous administration, since oral administration was not feasible immediately prior to and 

after the surgery. Furthermore, the bioavailability of oral thiamine in this context is unknown  

whereas unpublished preliminary data had indicated that intravenous thiamine substantially 

increased plasma thiamine levels. We chose a dosage of 200 milligrams of intravenous thiamine 

based on rapid resolution of elevated lactate seen with this dose in cases of thiamine 

deficiency.(14) The literature also includes other cases of severe elevated lactate responding to 

lower doses of thiamine (i.e., 100 mg and below).(65, 66) Lastly, 200 milligrams has been used in 

previous(67, 68) and ongoing (clinicaltrials.gov: NCT01985685) studies by our group. We chose 

to administer two doses, one before and one after the surgery. This decision was based on 

pharmacokinetic data indicating a relatively short half-life for intravenous thiamine.(69) While 

the second dose would not affect our primary endpoint (lactate immediately after surgery), it 

could affect later lactate values and clinical outcomes (secondary endpoints).          

 

Endpoints 

The primary endpoint was immediately post-operative lactate levels. This endpoint was chosen 

for three reasons:  

 

1) If our mechanistic hypothesis was true (i.e. thiamine causes increased PDH activity with 

increased conversion of pyruvate to acetyl coenzyme A), lactate should decrease. As such, 

decreased lactate levels in the thiamine group would serve as a “proof of concept”.  

2) Multiple studies (see Study I) including our own (Study III) suggest that lactate levels are 

associated with a range of clinical relevant and patient-centered outcomes (e.g. length of stay 

and complications). Therefore, lactate could serve as a surrogate marker for more patient-

centered outcomes, which would have been the endpoints in a subsequent phase III trial.     
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3) Given that lactate is a continuous outcome with relatively low variance, we were able to 

obtain good power with a sample size that was feasible.    

 

Secondary endpoints were chosen to further support our mechanistic hypothesis (i.e. PDH 

activity) and to provide data for a potential future phase III trial (i.e. length of stay and 

complications). As more exploratory endpoints, cellular and global oxygen consumption were 

measured using novel approaches (see Study IV for additional details).     

 

Data quality  

A number of steps were taken to improve the quality, accuracy, and consistency of the data 

collected. First, before study start, a detailed “data dictionary” was prepared with precise 

definitions for all variables included. This “data dictionary” was then “field tested” in a few 

cardiac surgery patients (from preliminary studies) before commencement of the randomized 

trial and modified accordingly. Second, only two persons (both involved in the development of 

the data dictionary) entered data ensuring consistency. Third, all outcome variables as well as a 

number of other essential variables were double-checked by a second data abstractor. Fourth, 

the study utilized the REDCap database system(70) which contains a number of automatic 

features to limit mistakes (such as detection of extreme values and missing data). Lastly, before 

unblinding, all variables were assessed and extreme values and missing data were double-

checked and corrected if applicable. By ensuring data quality, accuracy, and consistency, 

misclassification is limited increasing the power of the study.       

 

Design and statistical considerations  

The study was a randomized, double-blind, placebo-controlled trial. This design was chosen as it 

is the “gold standard” for causal inference in clinical research. Given the lack of data on the 

effectiveness of thiamine administration in this setting (at the time of study start), a phase II trial 

with a surrogate endpoint (i.e. not an endpoint directly relevant to patients) and a relatively small 

sample size was chosen. The data from this trial was then to be used to design an adequately 

powered phase III trial with patient-centered outcomes, should the phase II trial be positive.    
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 The trial was “double-blind” in the sense that patients, the clinical team, and the research 

team remained blinded throughout the entire study period. Only a dedicated research 

pharmacist, not involved in the clinical care or the research project, had access to the study 

allocation. Although we did not formally test for the adequacy of blinding, we believe blinding 

was successful since the placebo and thiamine were identical in appearance. Furthermore, 

thiamine is colorless, odorless, and has no rapid distinctive clinical features.   

 Patients were randomized in blocks of four in a 1:1 ratio to receive thiamine or placebo. Given 

the relative small sample size, blocks were used to ensure approximately equal sample sizes in 

the two groups (as power is optimal with equal sized groups).(71) The randomization was 

stratified according to the EuroSCORE II (below vs. above 4.0%). This cut-off was based on 

unpublished preliminary data indicating that post-operative lactate levels were especially high in 

those with a EuroSCORE > 4.0%. As such, stratification would minimize potential (random) 

heterogeneity between the two groups.(71) Although it is recommended to adjust for the 

stratification variables in all analysis(72, 73), we did not do this in the primary analysis of lactate 

levels for simplicity and because no straightforward option is available for adjustment when 

dealing with non-normally distributed values (i.e. lactate) as the outcome. However, we adjusted 

for the stratification variable in secondary analyses (see Study IV for additional details).      

 For all analysis, we used a modified intention to treat principle, i.e. we only included those 

patients receiving a least one dose of the study drug in the analysis. Given that the study was 

blinded, this provides unbiased results, while effectively increasing power (since patients never 

receiving the drug is excluded).(74) 

 The details of the statistical approach, including the sample size calculation, are provided in 

the paper (Study IV). It is important to note that the study was only powered to the primary 

endpoint. To avoid introducing (a form of) publication or reporting bias(75, 76), all statistical 

analyses (unless specifically stated as “post hoc”) and subgroups were specified and agreed upon 

by the first and last author as well as the statistician before unblinding. This avoi ds selective 

outcome reporting and conscious or unconscious changes to the statistical approach in order to 

obtain more “interesting” results.(75, 76)         
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Ethical considerations 

Thiamine is a B-vitamin with an excellent safety profile. The only potential serious side effect that 

has been reported is an extremely rare anaphylactic reaction. However, in a series of 989 patients 

in the United States who received intravenous thiamine, none had an anaphylactic reaction and 

the only reported side effects were minor consisting of transient local irritation or in one case 

pruritus (0.09%).(77) Further safety data comes from the clinical use of intravenous thiamine at 

BIDMC. At this site, thiamine is provided liberally for patients with nutritional deficiency – for 

example, BIDMC has administered intravenous thiamine in over 8,000 separate patient 

encounters from 2002 until present. Despite this heavy usage, no adverse reactions were 

reported in any of the 8,000 patient encounters. Furthermore, the United Kingdom and other 

countries routinely administer patients up to 1500 milligrams of intravenous thiami ne per 

day.(78, 79) As such, we considered the intervention and the dose very safe. Other potential risks, 

i.e. those associated with blood draws and potential loss of confidentially, were also considered 

minor and procedures were put in place to further minimize these potential risks.   

 The study was conducted according to the ethical and Good Clinical Practice principles that 

have their origin in the Declaration of Helsinki.(80) The study was approved by the local ethical 

committee and written informed consent was obtained from all patients prior to enrollment. The 

Food and Drug Administration in the United States granted an exemption from the investigational 

new drug regulation prior to study initiation. Given the small sample size and the perceived safety 

of thiamine, no data and safety monitoring board was considered necessary.  

 

Study V 

Brief overview 

This study was a post hoc analysis of data obtained from the randomized trial (Study IV). In 

addition to data collected in the primary trial, we measured cytochrome c and inflammatory and 

vascular endothelial markers from the blood samples obtained prior to and after surgery. 

Cytochrome c levels were compared before and after the surgery and we assessed whether there 

was an association between cytochrome c levels and lactate levels, inflammatory and vascular 

endothelial markers, or clinical outcomes. 
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Design considerations  

Given that we had no prior reason to believe that thiamine would decrease cytochrome c levels 

after CABG, this was essentially an observational study utilizing data and blood samples obtained 

from the randomized controlled trial (Study IV). To ensure that there was no between-group 

difference (i.e. thiamine vs. placebo), we first compared the measured markers between the two 

groups. As no difference was detected (see results below), we could then confidently collapse 

the two groups and treat the cohort as any other observational cohort. Using a (“negative”) 

randomized trial in future exploratory and hypothesis-generating observational studies is a cost-

effective and ethical justifiable (since more knowledge is gained per patient enrollment) 

alternative to de novo observational studies. However, given the risk of Type I errors (due to 

multiple testing), results should be interpreted carefully and should ideally be verified in 

prospective observational studies with specific pre-specified hypotheses.        

 



23 

 

RESULTS (BRIEF OVERVIEW) 

Study II 

Fourteen patients were enrolled. Study subjects had a mean 42% (standard deviation: 28%) 

reduction in PDH activity after surgery and a mean 32% (standard deviation: 31%) reduction 6 

hours after surgery (p < 0.001, Figure 4). Thiamine levels were lower after surgery (7 nmol/L 

[quartiles: 7 - 11 nmol/L]) as compared with pre-surgery levels (13 nmol/L [quartiles: 9 - 16 

nmol/L]) and remained low 6 hours after surgery (8 nmol/L [quartiles: 7 - 10 nmol/L], p < 0.001, 

Figure 4). Immediate post-surgery lactate levels were inversely correlated with post-surgery 

thiamine levels (r = -0.58, p = 0.04).  

 

Study III 

1208 patients were included. Median length of hospital stay in the low (0 – 2 mmol/L), moderate 

(2 – 4 mmol/L), and high (≥ 4.0 mmol/L) lactate groups were 5 days (quartiles: 4, 7), 6 days 

(quartiles: 5, 9) and 9 days (quartiles: 6, 17) respectively, p < 0.001 for comparison (Figure 5). In 

multivariable analysis, patients with a moderate lactate level had a 1.08 times (95%CI: 1.00 – 

1.17, p = 0.04) longer length of stay compared to those with a low lactate level. Patients with a 

high lactate level had a 1.12 times (95%CI: 1.00 – 1.26, p = 0.04) longer length of stay compared 

to those with low lactate (Figure 5). Lactate levels were also associated with ICU length of stay 

(Figure 5) and post-operative complications.  

Figure 4. PDH activity (left) and thiamine levels right (right) before and after surgery 
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Study IV 

Sixty-four patients were included: 31 in the thiamine group and 33 in the placebo group (Figure 

3). Baseline and surgical characteristics as well as pre-surgery lactate levels were similar between 

groups. Thiamine levels substantially increased in the thiamine group (1200 [683, 1200] nmol/L 

vs. 9 [8, 13] nmol/L, p < 0.001). There was no difference between the groups in the primary 

endpoint of lactate levels immediately after the surgery (2.0 [1.5, 2.6] mmol/L vs. 2.0 [1.7, 2.4], 

p = 0.75, Figure 6). Relative PDH activity was lower immediately after the surgery in the thiamine 

group as compared to the placebo group (15 % [11, 37] vs. 28 % [15, 84], p = 0.02, Figure 6). There 

was no difference in absolute PDH activity.  

 

 

Figure 5. The association between lactate and length of stay – unadjusted (left) and adjusted (right) 
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Figure 6. Lactate levels (left) and relative PDH activity (right) between groups 
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Patients receiving thiamine had higher post-operative global oxygen consumption one hour after 

the surgery (difference: 0.37 mL/min/kg [95 % CI: 0.03, 0.71], p = 0.03) as well as higher basal 

and maximal cellular oxygen consumption (see Study IV for details). We found no differences in 

clinical outcomes. There were no adverse events in either group.   

 

Study V 

Sixty-four patients were included in this study. There was no difference in cytochrome c levels or 

inflammatory and vascular endothelial markers between those receiving thiamine and placebo. 

Cytochrome c was detectable in 63 (98%) patients at baseline with a median cytochrome c level 

of 0.18 ng/mL (quartiles: 0.13, 0.55). There was no difference from the baseline level to the post-

surgical level (0.19 ng/mL [0.09, 0.51], p = 0.36) or between the post-surgical level and the 6-hour 

post-surgical level (0.17 ng/mL [0.10, 0.57], p = 0.61), see Figure 7. We found no correlation 

between cytochrome c and lactate immediately after the surgery (rs = 0.12, p = 0.34, Figure 7). 
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There were significant changes in all inflammatory and vascular endothelial markers over time 

except for vascular endothelial growth factor. Interleukin (IL)-2, IL-6 and IL-10 as well as tumor 

necrosis factor-alpha increased after the surgery as compared to before the surgery whereas 

vascular cell adhesion molecule decreased. There was no association between cytochrome c and 

any of the inflammatory or vascular endothelial markers (all p > 0.05).   

 

Figure 7. Cytochrome c levels before and after surgery (left) and the association with lactate levels (right) 
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DISCUSSION 

Study-specific discussions are provided in the individual articles. Overall, the current line of 

investigation aimed to establish the relationship between mitochondrial injury (specifically PDH 

activity depression), lactate, and thiamine in patients undergoing cardiac surgery.  

In the first study, we established that PDH activity and thiamine levels (validating previous 

findings(27)) decreased during cardiac surgery. Furthermore, thiamine levels were inversely 

correlated with post-operative lactate levels. To our knowledge, this is the only study that has 

measured PDH activity before and after major surgery. Based on these findings and the 

physiology of thiamine, PDH, and lactate metabolism (see Study I and IV for additional details), 

we hypothesized that thiamine deficiency and related decreased PDH activity could play an 

important role in the lactate elevation often seen after cardiac surgery. Next, to establish 

whether lactate would serve as a good surrogate for more patient-centered outcomes, we 

validated and expanded on previous findings (see Study I) showing that post-operative lactate 

levels are associated with poor outcomes, specifically ICU and hospital length of stay as well as 

post-operative complications.    

To firmly establish whether low thiamine levels causally increases post-operative lactate 

levels, we next performed a randomized trial. Despite a strong biochemical rational and our 

preliminary data, we were unable to detect a difference in post-operative lactate levels between 

those receiving thiamine and those receiving placebo. These findings are consistent with those 

recently published by Luger et al(81) (see Study IV for additional discussion related to this study).  

Do these findings indicate that thiamine plays no major role in lactate metabolism? In the 

setting of relatively uncomplicated cardiac surgery (with relatively low post-operative lactate 

levels), the answer appears to be yes. However, there might be settings where thiamine 

administration could prove useful. In a recently published trial, our group found that thiamine 

administration improved lactate levels in patients with septic shock, elevated lactate, and 

baseline thiamine deficiency and there was a signal towards improved survival.(67) Similarly, in 

a mouse model of cardiac arrest, we have found that thiamine administration improves survival 

and neurological outcome (manuscript in peer-review). In these conditions, where mortality may 

exceed 40%, mitochondrial injury, PDH activity depression, and thiamine deficiency might be 
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more pronounced. This is supported by the fact that we have previously found that cytochrome 

c levels (a marker of mitochondrial injury) were elevated in septic shock and cardiac arrest (41, 

42), but no such elevation was seen in patients having cardiac surgery. The stress of cardiac 

surgery might not be severe enough to cause this level of mitochondrial injury. Whether very 

high-risk surgical patients with a higher propensity for high post-operative lactate levels (and 

poor outcomes) could benefit from thiamine administration remains to be determined.  

It is important to note that elevated lactate in itself is not causative of poor outcomes (i.e. it 

is likely not the lactate molecule in itself that is harmful (see Study I)). However, lactate could be 

a marker of decreased oxygen utilization (as a consequence of mitochondrial injury) and thereby 

decreased cellular energy (i.e. ATP) production. It was our hypothesis that increasing cellular 

energy production in the setting of major surgery (or critical i llness) would improve patient 

outcomes. However, others have hypothesized that decreased energy production, especially in 

the setting of sepsis, is an adaptive mechanism (cellular “hibernation”) that is actually beneficial 

for the cell and therefore the patient.(82-85) The true relationship between mitochondrial (dys-

)function and patient outcomes remains to be determined.  

 

CONCLUSIONS 

Despite preliminary findings indicating that PDH activity and thiamine levels decrease during 

cardiac surgery, we found no benefit of thiamine administration in a randomized, double-blind, 

placebo-controlled trial in patients having major cardiac surgery. Whether thiamine could be 

beneficial in surgical patients at higher risk or in the critical ill remains to be determined.  
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BRIEF SUMMARY IN ENGLISH 

Coronary artery bypass grafting is a very common surgical procedure performed on patients with 

extensive coronary artery disease. Although the majority of patients have an uneventful 

recovery, serious post-operative complications and prolonged hospital stay occurs frequently. 

The goals of the studies presented in this dissertation were to characterize mitochondrial injury 

during coronary artery bypass grafting (Study II and V), to evaluate whether higher post-operative 

lactate levels are associate with increased length of stay (Study III), and lastly to determine 

whether administration of thiamine previous to coronary artery bypass grafting could decrease 

post-operative lactate levels and improve patient outcomes (Study IV).  

In the first clinical study, which was a small prospective observational trial of 14 patients 

undergoing cardiac surgery, thiamine levels and pyruvate dehydrogenase (a key mitochondrial 

enzyme where thiamine is a co-factor) activity were measured before and after surgery. Both 

thiamine levels and pyruvate dehydrogenase activity significantly decreased during surgery. 

In the second clinical study, which was a relatively large retrospective study of patients having 

cardiac surgery, the association between post-operative lactate levels and intensive care unit and 

hospital length of stay was assessed. Post-operative lactate levels were associated with length of 

stay in multivariable analysis adjusting for more than 30 patient and surgical characteristics.  

The third clinical study was a randomized, placebo-controlled, double-blind, trial of thiamine 

in 64 patients having coronary artery bypass grafting. There was no difference between the 

groups in post-operative lactate levels or clinical outcomes. However, patients receiving thiamine 

had significantly higher post-operative cellular and global oxygen consumption.  

In the fourth clinical study, cytochrome c (a marker of mitochondrial injury) were measured 

before and after coronary artery bypass grafting. Cytochrome c levels did not increase during 

surgery.  

In conclusion, thiamine levels and pyruvate dehydrogenase activity decreases during cardiac 

surgery, although no evidence of severe mitochondrial injury (as measured by cytochrome c 

levels) were detected. Administration of thiamine did not improve post-operative lactate levels 

or clinical outcomes in patients undergoing coronary artery bypass grafting.          
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BRIEF SUMMARY IN DANISH (DANSK RESUMÉ) 

Bypassoperationer er meget hyppige hjertekirurgisk procedurer, der udføres på patienter med 

svær sygdom i koronararterierne. Selvom størstedelen af patienterne overlever operationen 

uden varige mén, er post-operative komplikationer og langvarige hospitalsindlæggelser hyppige. 

Under denne type operationer er kroppen under enorm stress og mange metaboliske ændringer, 

inklusiv stigning i laktat, forekommer. Formålene med studierne i denne afhandling var at 

karakterisere mitokondriel skade i forbindelse med bypassoperationer (Studie II og V), at 

evaluere om høje laktatniveauer efter operationen er associeret med forlængede 

hospitalsindlæggelser (Studie III) og bestemme om administration af tiamin før operationen 

kunne mindske post-operative laktatniveauer og ultimativt forbedre patienters forløb (Studie IV).  

 I det første kliniske studie, der var et prospektivt observationelt studie med 14 patienter der 

undergik hjertekirurgi, blev tiaminniveauer og pyruvate dehydrogenase aktivitet (et vigtigt 

mitokondrielt enzym der har tiamin som en vigtig cofaktor) målt præ- og postoperativt. Både 

tiaminniveauer og pyruvate dehydrogenase aktivitet faldt i forbindelse med operationen.             

 I det andet kliniske studie, der var et retrospektivt studie af patienter der undergik 

hjertekirurgi, blev associationen mellem høje post-operative laktatniveauer og længden af det 

efterfølgende intensiv- og hospitalsophold bestemt. Post-operative laktatniveauer var associeret 

med længden af det efterfølgende ophold.  

 Det tredje kliniske studie var et randomiseret, placebokontrolleret, dobbeltblindet, fase II 

forsøg med tiamin i 64 patienter der undergik bypassoperation. Der var ingen forskel mellem de 

to grupper i post-operative laktatniveauer eller i det kliniske forløb. De patienter der modtog 

tiamin havde højere cellulær og global oxygen forbrug efter operationen.  

 I det fjerde kliniske studie var cytochrome c niveauer (en markør for mitokondriel skade) målt 

før og efter operationen. Cytochrome c steg ikke i forbindelse med operationen.  

 Konklusionerne på denne afhandling er at tiaminniveauer og pyruvate dehydrogenase 

aktivitet falder i forbindelse med hjertekirurgi, selvom ingen tegn på svær mitokondriel skade 

(målt via cytochrome c) blev fundet. Administration af tiamin forbedrede ikke post-operative 

laktatniveauer eller det kliniske forløb i patienter der undergik bypassoperationer.  
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