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Abstract 

Nutritional and Metabolic Profiling of Pulmonary Tuberculosis 

By Jennifer K. Frediani, M.S., R.D., ACSM-CES 

 

 The purpose of this dissertation was to explore 1) dietary intake in patients with 

pulmonary tuberculosis (TB) disease in Tbilisi, Georgia, through use of a novel dietary 

intake assessment instrument; 2) determine, via plasma metabolomics analysis, the 

metabolic relationships between subjects with active TB disease and control subjects 

without evidence of TB disease from a randomized, controlled clinical trial in Tbilisi, 

Georgia;  and 3) to examine serial dietary and body composition indices over time in 

recently diagnosed TB patients, and as sub-aims, to examine differences between those 

with multidrug resistant TB (MDR-TB) and drug-susceptible TB and those receiving or 

not receiving high-dose vitamin D3 (cholecalciferol) therapy, designed to enhance Mtb 

clearance and cure.  All data were derived from a, double-blind, randomized, placebo 

controlled trial of high-dose vitamin D3 therapy in patients with recently diagnosed 

pulmonary TB in Tbilisi, Georgia.   

The dietary intake assessment instrument was validated in this population of 

Georgia TB disease patients by comparison with 24-recalls.  Adjunctive high-dose 

vitamin D therapy did not affect changes in macronutrient intake or body composition 

over the course of treatment; however, total kilocalorie, protein and fat intake increased 

over the 16-week period in the TB patients overall.  Body composition also improved 

over time with concurrent increases in body weight, BMI, fat mass and fat-free mass.  In 

addition, a subsample of MDR-TB subjects was compared to drug-susceptible TB 

subjects.  Although not statistically significant, there was a trend that suggested higher 

intakes of macronutrients but concomitantly lower body weight and fat-free mass over 

time in those with MDR-TB compared to their drug-susceptible TB counterparts.  



 
 

We then incorporated dietary intake data with high-resolution LC-MS plasma 

metabolomics in a sub-sample of 17 patients with TB disease and their matched 

household contacts without apparent TB disease.  In this study, mean 3-day daily total 

caloric and carbohydrate intake was significantly higher per kg body weight in TB 

disease subjects than their household contacts, and total fat and protein intake tended to 

be higher.  Overall, our metabolomics study results did not appear to be a function of 

individual diets of subjects with TB or the healthy controls.  We were able to differentiate 

metabolic profiles between those with TB disease and apparently healthy controls using 

high-resolution plasma metabolomics in human plasma.  We were able to identify 

multiple metabolites relevant to Mtb disease and its unique metabolism, as well as D-

series resolvins that may reflect a pathophysiologic response to TB disease in humans.  
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Chapter 1 - INTRODUCTION 

History and Epidemiology of Tuberculosis  

Mycobacterium tuberculosis (Mtb) is an acid-fast, non-motile, aerobic bacillus that 

flourishes in high oxygen environments such as the lung as well as several different 

extrapulmonary sites including bone, lymph nodes, intestines, heart, kidneys, adrenal 

glands and the brain.1  The organism, Mtb, was discovered by Robert Koch in 1882,2 but 

the disease defined as symptomatic patients (e.g. productive cough, fever, malaise, 

weight loss) due to documented active Mtb infection in the lung (pulmonary TB) dates 

back to 460 BC.3  Hippocrates described patients with “consumption” or “phthisis,” 

defined by “wasting away due to coughing up blood and chest pain”.3  Historians believe 

Indo-Europeans transported the pathogen during their migration to Europe4 and from 

there the urban explosion catapulted TB-related mortality during the early 19th century.  

Poor sanitation and poverty were to blame for this epidemic and once sanitation 

improved during the industrial revolution the incidence and prevalence of TB declined. 

Similarly, urban epicenters such as Boston and New York saw a decline in TB mortality 

towards the end of the 1800s.  Prior to the development of modern treatments, sanatoria 

were used to segregate the infected and air and sunlight were thought to improve 

symptoms.5  Widespread use of the Bacillus Calmette-Guérin (BCG) vaccine and 

antibiotics in the 1950s significantly contributed to decreased prevalence of systemic TB 

in the developed world.  However, low income countries remain endemic today.6   

 In 2012, the incidence of TB reached 8.6 million people worldwide and resulted in 

1.3 million deaths (Figure 1.1).7  The majority of these cases are found in Africa, Asia 

and the Western Pacific and HIV co-infection contributes to a quarter of all TB-related 

deaths.7   The emergence of HIV and drug-resistant TB strains, along with its lipid-rich 

impermeable cell wall, are strong factors enabling the virulence of the Mtb organism. 

The incidence of TB peaked in 2004 due to the HIV epidemic, the breakup of the Soviet 
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Union (and it’s anti-TB clinic infrastructure) and the development of multi-drug and 

extensive-drug resistant TB (MDR-TB and XDR-TB, respectively).8  MDR-TB is defined 

as an active infection with Mtb resistant to at least isoniazid and rifampicin, the most 

effective first-line anti-TB drugs.  XDR-TB is categorized as an MDR strain that is also 

resistant to any second-line drugs, fluoroquinolones, and one of the injectable drugs 

capreomycin, kanamycin, or amikacin.  A large percentage of MDR-TB cases develop in 

patients who have previously been treated for TB, especially in high-burden countries in 

Eastern Europe and Central Asia where this percentage can reach 50%.7  

 We conducted a double-blind, randomized, placebo-controlled clinical trial of 

high-dose cholecalciferol in patients with documented pulmonary TB in the country of 

Georgia, designated by the World Health Organization (WHO) as a current high-burden 

MDR-TB country.7  A former Soviet Republic, Georgia had a population of 4.4 million in 

2012 and a 158 per 100,000 TB prevalence rate, which puts them in the moderate range 

for TB burden.  Despite very low HIV prevalence (0.3% in 20129), 9% of all new cases 

and 31% of retreatment cases are diagnosed with MDR-TB.10  The overall incidence of 

TB in Georgia has been on a steady decline since the early 1990s due to improved 

public health anti-TB programs of the National Center of Tuberculosis and Lung Disease 

(NCTBLD) and the country has a current incidence rate of 116 per 100,000.10 
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Nutrition Status and TB 

Body weight, BMI and the relationship between malnutrition and infection have 

been widely studied within the scope of TB disease.11-20  Evidence suggests that 

malnutrition, particularly as assessed by low body mass index (BMI), is associated with 

secondary immune dysfunction that increases the host’s susceptibility to infections.17,19,20  

Body weight changes have been explored as a low-cost biomarker for both disease 

severity and treatment outcomes.11,21  Further, low BMI (<18.5 kg/m2) patients are at 

increased risk for TB-related mortality and treatment failure.11,12,21   

Underweight or wasting is often associated with both relapse and death in TB 

disease.20,22,23  TB patients diagnosed with moderate to severe malnutrition, defined as 

BMI ≤17 kg/m2, had higher rates of TB-related death when compared to TB patients 

diagnosed with mild to moderate malnutrition.23  Indicators of moderate to severe 

malnutrition at diagnosis of TB are associated with an increased risk of relapse.11 

Further, underweight patients who increased their weight by 5% during the first two 

months of chemotherapy had significantly less relapse than those who gained less than 

5%.11,21 

Although TB is classified as an infectious disease, many aspects of the disease 

have nutritional relevance.  TB is associated with wasting12, low BMI18, food insecurity 

and poverty.24,25  A recent Cochrane review concluded that there was not sufficient 

evidence warranting whole food supplementation for adult patients with TB.26  This was 

based on five trials, two of which studied extrapulmonary TB and none of which 

exceeded the recommended calorie intake.  Most of these trials were deemed to be 

poorly designed or lacked power to draw concrete conclusions.  It is known that 

malnutrition is synonymous with low immune function and increased TB risk.11,17-20 

Several micronutrients have been reported to play a vital role in immune function; 

although it remains unclear whether supplementation of single or combined 
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micronutrients facilitates immune function in patients with TB disease.26  Despite this 

discrepancy, dietary intake has been little studied in TB patients.  This could be due, in 

part, to lack of validated nutrient assessment tools in developing countries.  In chapter 3 

we discuss the need to further assess dietary intake using culturally-sensitive dietary 

intake assessment instruments.  

Some research has suggested that patients with TB exhibit lower levels of certain 

micronutrients as compared to healthy controls.  For instance, a study conducted in 

Ecuador by Koyanagi et al found that 46 smear positive patients with pulmonary TB had 

significantly lower serum concentrations of zinc (Zn), retinol and selenium as compared 

to 10 healthy Ecuadorian volunteers.27  Additional research suggests that intake of 

specific vitamins and trace elements may favorably influence clinical outcomes in TB.  A 

study conducted in Tanzania by Range et al suggested that supplementation with a 

multivitamin containing vitamins (A, B, C, D, E), and selenium, copper and Zn during 

treatment of pulmonary TB may reduce mortality (survival at 8 months post initiation of 

anti-TB therapy) in those co-infected with HIV.28  Vitamin A plays a regulatory role in the 

conversion of naïve T cells to INF gamma secreting Type 1 helper T cells and also 

differentiation to Type 2 helper T cells.29  Vitamin A metabolites, as well as vitamin D, 

may specifically inhibit mycobacterium.30  Many dietary intervention studies have 

included vitamin A, either alone or as part of a multivitamin supplement, yet there is no 

conclusive evidence that vitamin A improves TB-related outcomes.26   

Zinc, a trace element predominantly obtained from foods such as beef, pork, and 

legumes, plays an essential role in preventing upper respiratory infection and regulates 

gene expression.31  Therefore, it is an important component in the signaling pathways of 

the immune system.  Zinc deficiency has been shown to affect the levels of inflammatory 

cytokines tumor necrosis factor (TNF alpha) and interferon gamma (INF 

gamma),27  substances which play a major role in the pathogenesis of granulomatous 
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diseases such as TB.  Zinc deficiency is common in TB patients, and was found to 

correlate with more extensive cavitary disease.32  Individuals suffering from TB with 

concomitant zinc deficiency were found to have higher levels of inflammatory markers 

such as C-reactive protein, signaling a more active inflammatory environment.  This 

results in the redistribution of zinc to the liver and increased urinary zinc losses.27  

Studies have also suggested that zinc deficiency exacerbates the immunosuppressive 

effects of generalized malnutrition.32  Several randomized clinical trials evaluated the 

role of zinc supplementation in improving clinical outcomes in TB with mixed 

results.28,33,34 

Copper status is also important for immunity.  A study conducted by Kassau et al 

in 150 TB patients, 74 who were co-infected with HIV,  found that the copper and 

copper/zinc ratio was significantly higher (P<0.05) in serum of TB patients as compared 

to healthy controls.35  Serum copper concentration and copper/zinc ratio declined 

significantly after anti-TB chemotherapy irrespective of HIV infection positivity (P<0.05).  

Another study conducted by Cernat et al found patients with active pulmonary TB had 

increased blood copper and ceruloplasmin levels when compared to a control group 

(P<0.01).36  Wolschendorfa et al suggested Mtb is susceptible to copper and that 

mutant, copper-resistant Mtb are crucial for Mtb virulence.37   

Selenium, an anti-oxidant found in high levels in beef, fish, poultry, and eggs, can 

reduce systemic oxidative stress.  It has been shown to affect the immune response to 

viral pathogens in animal models.  Furthermore, selenium-deficient mice demonstrate 

altered cytokine profiles and significantly decreased T cell proliferation in response to 

infection with intracellular pathogens as compared to controls.38  Deficiencies in 

selenium and other antioxidants, such as vitamin C may also increase the likelihood of 

an individual progressing from a latent TB infection to active TB disease.  A study 

conducted by van Lettow and colleagues suggested low selenium concentrations, high 
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HIV load, and high IL-6 concentrations are associated with anemia in adults with 

pulmonary TB in sub-Saharan Africa.39  A recent double-blind, placebo-controlled clinical 

trial of vitamin E and selenium supplementation in patients with pulmonary TB 

demonstrated significant attenuation of oxidative stress indices in the supplemented 

group versus placebo-treated patients.40  Although it is a well-known antioxidant, vitamin 

E has not definitively been shown to either inhibit or protect against mycobacterium and 

one study suggested it may even increase risk in certain populations.30,40,41  Data on the 

relationship between vitamin E and TB remains controversial. Furthermore, little 

information is available about the relationship between total anti-oxidant status and 

specific TB treatment outcomes such as sputum conversion and relapse rates.  Based 

on the above, albeit, limited evidence, however, it appears clear that nutritional status is 

a key factor involved in the pathogenesis of TB and recovery of individuals with active 

TB disease. 
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Pathogenesis and Immune Response 

Pulmonary TB is an extremely contagious infection that is spread via droplet 

nuclei dispersed by an infected host coughing, sneezing, speaking or singing,42 and Mtb 

can survive several hours outside of the host.  Common symptoms include coughing 

with hemoptysis, chest pain, fever, chills, night sweats, fatigue, anorexia and weight 

loss.43  The initial stages of infection have not been explicitly studied and our current 

knowledge is largely based on inference of observational clinical data.  When an 

individual is exposed to Mtb, the innate immune system is activated and the pathogen 

undergoes phagocytosis by macrophages located in the lung alveoli.  This process 

initiates an inflammatory response that recruits nearby mononuclear cells which invade 

the epithelium and contribute to the formation of the lung granulomas typically seen in 

TB.  It is within these granulomas the Mtb can persist in latency for the remainder of the 

host’s life.  Risk for reactivation of the disease is increased in response to a suppressed 

immune system due to HIV, diabetes or other indications for immunosuppressive 

therapy.44,45  The exact mechanisms underlying why some individuals have latent TB but 

not symptomatic active TB disease remain unknown, although immunosuppression, as 

occurs in HIV-co-infection, clearly plays a role.46  In addition, generalized malnutrition is 

associated with an increased risk of developing active TB disease in subjects with latent 

TB.46 

Neutrophils play a critical role in the innate immune response.47  Antimicrobial 

peptides (AMP), such as cathelicidin (LL37) a major human endogenous AMP derived 

from the cathelicidin AMP gene family,48-51 are produced by neutrophils (and 

macrophages and other immune cells) and can also trigger macrophage activation.49-51  

This provides a crucial link between the innate and acquired immune systems.  As 

outlined below, adequate vitamin D nutriture (as determined by circulating 25 

hydroxyvitamin D [25(OH)D] concentrations) has been shown to induce LL37, which in 
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turn activates macrophages to kill Mtb 49-52 thus providing a link between vitamin D 

nutriture and immunity.  
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The Role of Vitamin D Deficiency in TB Pathophysiology 

Deficiency of vitamin D is now considered to be a worldwide epidemic in both 

high-income and low-income countries.48,53,54  The majority of the body's vitamin D is 

made from skin-derived precursors (pre-vitamin D) after exposure to ultraviolet B light 

(UVB) from the sun. Vitamin D, in turn, is hydroxylated in liver to form 25-hydroxyvitamin 

D (25(OH)D), the primary circulating form of vitamin D.  It is hydroxylated once more in 

the kidney and peripheral tissues (including macrophages) to form 1,25- 

dihydroxyvitamin D (or calcitriol), the active metabolite of vitamin D.48  Only a few food 

sources are rich in vitamin D, and vitamin D-fortified foods are generally unavailable in 

low-income countries.  Other factors that affect vitamin D status include dietary practices 

that result in poor dietary intake of vitamin D and factors that inhibit sun exposure 

including clothing, climate and dark skin pigmentation.  The highest prevalence of 

vitamin D deficiency occurs in South Asia and the Middle East.54  These risk factors and 

regions are in line with TB endemic regions and risk factors.  It is thought that low serum 

25(OH)D could be a risk factor for TB infection.55,56 

Current evidence strongly suggests a poorly-understood, but potentially 

important, link between vitamin D status and TB.48-50,57-63  Animal models of 

Mycobacterium bovis infection demonstrate increased lung colonization and lesion size 

in vitamin D deficient mice.60  In a previous era, both sunlight and vitamin D were used 

as primary and adjunctive therapy in pulmonary TB, but these practices fell out of favor 

as effective anti-mycobacterials became widely available in the latter half of the twentieth 

century.61  Unfortunately, the currently published literature on effectiveness of vitamin D 

therapy in patients with TB is difficult to interpret given their general poor quality or 

uncertain methodology, small sample sizes, subject and protocol heterogeneity, widely 

variable regimens of vitamin D treatment and mixed results.61  Observational studies 

suggest that vitamin D deficiency increases susceptibility to TB and worsens TB 
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severity,62-64 while patients presenting with active TB have significantly lower serum 

concentrations of 25(OH)D than healthy controls.65,66  Rathored and colleagues 

concluded that patients with MDR-TB may have a higher prevalence of vitamin D 

receptor (VDR) polymorphisms and hypovitaminosis D compared to drug-sensitive TB 

patients.  However, this study did not control for diet or sun exposure.57 

Recently, there has been a resurgence of interest in vitamin D nutrition as an 

adjunctive therapy in TB (and other infectious diseases) given its potent effect to 

stimulate production of LL37.  Studies in human monocytes, macrophages, and skin 

keratinocytes demonstrate that LL37 production is critical for bacterial clearance.51,67-70  

LL37 is chemotactic for neutrophils, monocytes and CD-4 helper T cells and exhibits 

direct broad-spectrum anti-microbial activity including against gram-positive and gram-

negative microorganisms, fungi, and Mtb.51,67-70  Recent reports indicate that vitamin D 

has a pronounced immunomodulatory role in the pathogenesis of TB within the human 

host via induction of local LL37.46,48-50,69,70  Increased levels of 1,25-dihydroxyvitamin D 

are present in macrophages at sites of Mtb infection.48,50  Upregulated production of 

1,25-dihydroxyvitamin D in such cells occurs as a function of activation of cell surface 

toll-like receptor 2 (TLR2) by microbial (e.g. mycobacterial) TLR2-TLR1 ligands.50,69,70 

This, in turn, upregulates expression of both the nuclear VDR and the enzyme 1-α-

hydroxylase (CYP27B1), which converts 25(OH)D to the active form, 1,25-

dihydroxyvitamin D.46,48,50  Adequate vitamin D status is required because the 

extracellular pool of 25(OH)D is the rate-limiting substrate that is shuttled into the cell for 

the synthesis of 1,25-dihydroxyvitamin D.48,50  1,25-dihydroxyvitamin D binds to the VDR 

and enters the nucleus to enhance transcription of vitamin D-dependent genes including 

the AMP cathelicidin.46,48,50  The potent activity of vitamin D against Mtb in both human 

monocytes and macrophages in vitro has recently been demonstrated.  Monocytes 

cultured in sera from African Americans deficient in vitamin D failed to demonstrate 
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upregulation of cathelicidin mRNA upon stimulation by Mtb-derived TLR2 ligands when 

compared to monocytes cultured in sera from vitamin D-replete individuals.49  Addition of 

exogenous 25(OH)D to deficient sera restored levels of cathelicidin mRNA and the anti-

mycobacterial activity of these cultured cells.49,71  Klug-Micu and colleagues also tested 

this concept in vitamin D sufficient sera and this pathway was shown to be triggered by 

CD40 activation, which may link it to anti-mycobacterial response.71  These findings 

support the hypothesis that therapy with orally-administered vitamin D, at doses 

designed to increase blood concentration of 25(OH)D to levels ≥ 30 ng/mL which is 

considered by many experts to be optimal lower limit for adequate vitamin D status,48 

may upregulate the cathelicidin/LL-37 synthetic pathway in humans, which, in turn, may 

potentially facilitate clearance of Mtb in persons with latent TB infection or active TB. 

Such data informed the design of the randomized clinical trial (RCT) that forms the basis 

for this dissertation research. 

There have been few randomized clinical trials involving vitamin D 

supplementation in active TB patients throughout the world.  In the first study, Nursyam 

et al treated patients with pulmonary TB with high doses of vitamin D (10,000 IU daily) or 

placebo for six weeks in a double-blind trial.72  All subjects were otherwise treated with 

conventional anti-TB drug therapy.  All 34 vitamin D-treated patients (100%) converted 

sputum from acid-fast bacilli (AFB) positive to AFB negative by six weeks compared to 

only 77% of 25 placebo-treated patients.72  Wejse and colleagues conducted a double-

blind, randomized, clinical trial (RCT) that gave a total of 300,000 IU of cholecalciferol 

over three doses (baseline, 5 and 8 months) with concomitant anti-TB chemotherapy. 

Subjects included HIV-1 and HIV-2 infected patients as well as HIV-negative patients; 

the TB Score was chosen as the primary outcome and no differences were observed 

between the study groups (vitamin D vs placebo).73  There were many limitations with 

this trial that have been addressed in subsequent trials.  One is the low dose of vitamin 
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D:  the safety of pharmacological doses had not been documented prior to the beginning 

of this trial and it therefore used conservative doses.  The other major limitation is the 

primary outcome chosen.  Investigating sputum culture conversion over time and at 8 

weeks after initial therapy may have been a better choice due to its use in the literature 

to allow comparison of studies, although better predictors are certainly needed.74 

 Martineau et al have published extensively on the link between vitamin D and 

TB.61,75-77  In their first study, they treated healthy household contacts of active TB 

patients with a single dose of 100,000 IU vitamin D2 versus placebo in a double-blind 

trial.  Isolated monocytes/macrophages from the vitamin D-treated subjects contained 

significantly more 25(OH)D than controls and whole blood from the vitamin D-treated 

contacts was significantly more capable of suppressing proliferation of Mtb in vitro 

versus control subjects.77  In the larger RCT, they gave four doses of 100,000 IU vitamin 

D3 (totaling 400,000 IU) at 7, 14, 28, and 42 days after start of antimicrobial therapy.76  

The investigators concluded that overall the vitamin D supplementation did not speed up 

sputum culture conversion; however it did accelerate conversion in those patients with 

the Taq1 vitamin D receptor polymorphism of the tt genotype.  The tt genotype patients 

were a small percentage of this study therefore further investigation is needed on 

potential genetic factors that may influence anti-TB effects of vitamin D supplementation. 

The SUCCINCT study is the most recent randomized, double-blind, multi-center, 

placebo-controlled vitamin D trial published.  The investigators gave two doses of 

600,000 IU vitaminD3 intramuscularly one month apart.  Sputum culture conversion was 

a secondary outcome, weight gain being the primary outcome, and they found no 

difference in the overall groups (vitamin D vs. placebo).  However, when stratified by 

level of deficiency (<30 ng/mL was deficient), the deficient group showed greater 

improvement of TB severity scores compared to those who were considered sufficient in 

vitamin D at baseline.58 
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Potential Utility of Metabolomics in TB 

The small molecule metabolites that comprise the human metabolome is affected 

by pathology, genetic mutations, disease, environmental exposure, pharmaceuticals and 

diet.78  Metabolomics can be defined as the study of small molecules involved in 

complex biological systems.78  Metabolomics has recently been used in both the 

identification of infection and to predict the response to therapy in a number of infectious 

diseases, including plasmodium falciparum79, onchocerciasis80, malaria81, Escherichia 

coli82, and Mycobacterium tuberculosis.83-87  This suggests the potential utility of 

metabolomics to further examine potential biomarkers for diagnosis and treatment 

response in TB.  

Biomarkers for TB diagnostics, vaccines, and treatment progression are severely 

lacking, especially in low and middle-income countries.  Currently, there are two 

approaches for TB diagnosis:  identification of Mtb via bacterial culture, which can take 

up to eight weeks88, and the host response to Mtb via skin test or interferon-gamma 

release assay.  The medical community continues to rely on the pure protein derivative 

(PPD) or the tuberculin skin test (TST) as a screening marker for TB infection, but it 

cannot distinguish between active TB disease and latent TB infection (LTBI).  In areas of 

high TB incidence, misdiagnosis can be as high as 40% due to lack of sensitivity and 

specificity of these tests.89   

Three areas of TB biomarker research have been identified:  those related to 

active TB disease diagnosis and treatment progression,  those related to LTBI 

identification and reactivation risk, and biomarkers that can be utilized in vaccine 

research for uninfected individuals.90  This call to action for additional biomarker 

research has spawned new strategies in biomarker development.  Gene expression 

profiling and metabolic profiling have recently been used to differentiate between TB 

disease and healthy controls.84,87,91-93  Recent, though limited, metabolomics analysis of 
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blood and sputum has enhanced TB research by providing new hypotheses and theories 

on Mtb metabolism94 and identifying differing metabolic profiles for those with and 

without active TB.18,20,21,84,87,93,95  Metabolomics analysis may provide insight into host-

pathogen interactions.  Sputum can provide information on Mtb metabolites from the 

organism, but it poses an extreme safety risk due to the contagious nature of Mtb.  

Plasma and sera samples can provide a safer approach to study Mtb metabolites as well 

as host changes in metabolism.  In one recent human sputum study, 95 samples were 

collected from suspected TB cases and analyzed using two dimensional gas 

chromatography time of flight mass spectrometry (GCxGC-TOFMS).85  Twenty-two 

common metabolites were detected and they included Mtb cell wall components, 

intermediates in the citric acid cycle/glyoxalate shunt pathway and neurotransmitters that 

may explain certain TB-related symptoms.  Weiner et al. using low-resolution LC-MS 

approaches conducted a cross-sectional study using human serum samples from 44 

subjects with active pulmonary TB, 46 subjects with latent TB infection, and 46 healthy 

controls from South Africa.  They identified 20 significant metabolites distinguishing 

subjects with active TB and healthy controls out of a total of 428 identified metabolites.  

These included amino acids such as glutamine and tryptophan, which were lower in 

those with active TB.  Although this set of metabolite biomarkers was confirmed in vitro 

and correlated with corresponding cytokines, the signature still lacks specificity because 

none of the metabolites appear to be exclusive to Mtb.  Zhou et al. also examined serum 

from subjects with active TB and non-infected controls using 1H NMR spectroscopy 

metabolomics methods.  Seventeen significantly different metabolites were found 

between the two groups and the majority of these metabolites were related to the 

alternate citric acid cycle common in Mtb, including higher glutamate in TB subjects.  

Glutamate is used as an alternative energy source for the organism in the low-oxygen 

environment of the granuloma.  Another recently published human study identified nine 
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significantly different metabolites between TB subjects and controls in sera and five that 

differed between start of treatment and after completion.87  One metabolite, 5-oxoproline, 

was common between the two studies and may be a marker for disease severity as it is 

associated with cavitary disease.  This study, although limited in sample size, signifies 

the most progress toward a metabolomics-defined biomarker in TB. 
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Purpose of Research 

 The purpose of this dissertation was to explore 1) dietary intake in patients with 

pulmonary TB disease in Tbilisi, Georgia, through use of a novel dietary intake 

assessment instrument; 2) to examine serial dietary and body composition indices over 

time in recently diagnosed TB patients, and as sub-aims, to examine differences 

between those with MDR-TB and drug-susceptible TB and those receiving or not 

receiving high-dose vitamin D3 therapy, designed to enhance Mtb clearance and cure;  

and 3) to determine, via plasma metabolomics analysis, the metabolic relationships 

between subjects with active TB disease and control subjects without evidence of TB 

disease from a randomized, controlled clinical trial in Tbilisi, Georgia.  All data were 

derived from a double-blind, randomized, placebo controlled trial of high-dose vitamin D3 

therapy in patients with recently diagnosed pulmonary TB in Tbilisi, Georgia.  As 

described in the next several chapters, we developed a novel dietary assessment tool 

for this population in order to collect accurate dietary intake and collected body 

composition data, which has rarely been conducted in studies of patients with TB 

disease.  We also used high-resolution LC-MS metabolomics methods to determine 

metabolic profile differences in a sub-sample of TB subjects and healthy household 

controls without evidence of TB disease. 

 

 

 

 

 

 

 



17 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 

WHO Tuberculosis Incidence 2012 
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Chapter 2: METHODS 

Objectives and Hypotheses 

The primary objectives of this dissertation are: 1) To develop and validate a novel dietary 

intake assessment instrument specific for Georgian culture in patients with pulmonary 

tuberculosis; 2) a) To evaluate macronutrient and body composition changes in patients 

with pulmonary TB disease in Tbilisi, Georgia over a 16 week period after diagnosis in 

comparison to a community household reference group; and b) to determine the 

influence on macronutrient intake and body composition of administration of high-dose 

vitamin D3 and anti-TB drug susceptibility in patients with pulmonary TB disease studied 

during a randomized, controlled trial of high-dose vitamin D3; and 3) To obtain pilot data 

on the utility of high-resolution metabolomics profiling of plasma to detect the presence 

of active TB disease compared to a community household contact reference group 

without apparent TB disease. 

The specific hypotheses are: 

1. The mean daily dietary intake of specific nutrients from the novel dietary 

assessment tool will positively correlate with the nutrient intakes using 

conventional dietary recall methods. 

2. Body composition will demonstrate wasting (decrease fat mass and fat-free 

mass) despite the level of macronutrient intake in pulmonary disease patients in 

comparison to a community reference group of subjects without pulmonary TB 

disease.  Subjects with multidrug resistant TB (MDR-TB) will demonstrate 

increased wasting compared to drug-sensitive TB disease subjects over time and 

vitamin D treatment will not influence these relationships. 

3. High-resolution LC-MS-based plasma metabolomics methods will identify specific 

metabolites that distinguish patients without or with pulmonary TB. 
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Summary of Methods 

Overall RCT Study Design 

This was a randomized, double-blind, controlled intent-to-treat 16 week trial in 

Georgian adult patients with documented, newly diagnosed pulmonary tuberculosis (TB) 

carried out to test the clinical and nutritional efficacy of an adjunctive regimen of oral 

high-dose vitamin D3 supplementation designed to optimize serum 25-hydroxyvitamin D 

levels to > 30 ng/mL.  Study sites were two outpatient clinics in Tbilisi, Georgia, the 

National Center for Tuberculosis and Lung Diseases (NCTBLD) and the Ftizio-

Pulmonologic Center.  The study was approved by the institutional ethics committee of 

NCTBLD Tbilisi, Georgia and Emory University Institutional Review Board in Atlanta, 

GA, USA (IRB00014641).  The study was supported by grants from the National 

Institutes of Health D43 TW007124, D43 TW007124-06S, K24 DK096574, and UL1 

TR000454, and a grant from the Emory Global Health Institute.  

We included study subjects ≥18 years of age who were documented as a new 

case of smear-positive pulmonary TB and were within ≤ 1 week of initiation anti-TB 

therapy.  The subjects agreed to receive anti-TB therapy and attend all study visits in 

Tbilisi and sign the informed consent.  We excluded those subjects who had received 

greater than 30 days of anti-TB therapy in their lifetime, were currently incarcerated and 

women who were currently pregnant or lactating. The subject’s previous medical history 

could not include organ transplant, cancer during the previous five years, seizure 

disorder, cirrhosis, hypercalcemia, hyperparathyroidism, sarcoidosis, or nephrolithiasis, 

use of oral corticosteroids during the past 30 days, current use of cytotoxic or 

immunosuppressive drugs, current significant renal dysfunction (serum creatinine 

concentration >250 mmol/L) or requirement for dialysis therapy.  

The patient, primary physicians, investigators and study coordinators were 

blinded to the treatment allocation.  Randomization was conducted with a 1:1 treatment 
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allocation ratio by using a pseudo-random-number generator with permutated blocks.  

This minimized allocation bias and can prevent differences between treatment groups 

caused by certain patient characteristics.96  Vitamin D3 or identical placebo capsules 

were given concomitant with standard anti-TB drugs (RIPE- rifampin, isoniazid, 

pyrazinamide, and ethambutol) under direct observed therapy-short course (DOTS) as 

per the World Health Organization (WHO).  The capsules were obtained from Biotech 

Pharmacal, Inc. and contained microcrystalline cellulose and 50,000 IU of cholecalciferol 

set in gelatin or cellulose alone.  The vitamin D containing capsules were third-party 

tested for potency by Analytical Research Labs and were verified to contain 106.4% of 

the 50,000 IU indicated on the label.  Vitamin D3 was chosen over vitamin D2 because D3 

(cholecalciferol) may be more bioavailable than D2 (ergocalciferol).97-99  Vitamin D3 has a 

higher affinity for vitamin D binding protein than vitamin D2, therefore vitamin D3 has a 

longer half-life in circulation.100  Study subjects were randomized to 50,000 IU of oral 

vitamin D3 three times weekly for the first eight weeks followed by the same vitamin D3 

dose given every other week for a subsequent eight weeks versus placebo.  This 

allowed for a substantial increase in 25(OH)D levels in the blood, reaching a mean peak 

level of ≈100 ng/dL by 8 weeks (not shown; data will be submitted in main RCT 

publication). 
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Data Collection and Measurements 

Patient baseline and follow up visits were conducted after enrollment at weeks 0, 

2, 4, 6, 8, 12 and 16 as shown on the study diagram (Figure 2.1).  Data was collected 

using a standard data collection form during patient interviews and patient clinical 

records including history and standard TB forms.  Patient data case report form (CRF) 

included information on patient’s demographics, clinical data, microbiological and 

biochemical test results and safety data.  

Patients were eligible to withdraw informed consent during whole study period. 

Study subjects were declared as lost to follow-up after missing visit and defaulted after 

not being able to be reached and interviewed within period of two weeks after a missed 

visit.  All data were collected by two study coordinators transcribed into English and 

entered into a web-based CRF, developed by the Emory-based investigators and 

biostatistians. 

Safety parameters were obtained by collecting a set of standardized questions, 

primarily symptoms related to possible hypercalcemia, from study subjects at the study 

visits in which blood sampling was performed for the presence of hypercalcemia.  In 

addition, subjects were asked about symptoms of hypercalcemia on each study visit (i.e. 

nausea, vomiting, abdominal pain, confusion or renal colic).  The Tbilisi-based 

investigators could discontinue any subject from study therapy at their discretion, if, in 

their professional opinion, the subject’s health, safety, and/or well-being is threatened by 

continued use of study therapy.  Blood was collected in ethylenediaminetetraacetic acid 

(EDTA)-containing collection tubes and isolated plasma immediately stored frozen in a -

80°C freezer prior to later batch shipment in dry ice from Tbilisi to Emory University, 

Atlanta, GA.  Samples were never previously thawed, remained frozen during transit to 

Atlanta, and were stored at -80°C at Emory University.  Blood (5 mL) was obtained for 
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measurement of serum calcium levels (standard laboratory methods) and 25(OH)D 

concentrations on weeks 2, 4, 8, 12 and 16.  

Results of calcium analyses were available the same day and hypercalcemia 

was defined as >10.5 mg/dL (>2.6 mmol/L) and such patients were immediately 

discontinued from study drug but continued to be followed.  Serum calcium levels >10.5 

mg/dL (>2.6 mmol/L) at any of the follow up visits also resulted in study drug being 

discontinued, but the subject otherwise followed on the intent-to-treat protocol.  Serum 

for 25(OH)D analyses was saved in 0.5 ml cryovials at -80C and shipped on dry ice to 

Emory University, Atlanta, GA, USA for further analyses.  

Sputum AFB cultures were performed at weeks 0, 2, 4, 6, 8, 12 and 16. Two 

sputum specimens were obtained from each patient on baseline and each follow-up 

visits.  Direct smears with Ziehl-Neelsen staining were examined by light microscopy at 

local microscopy centers of both Georgian sites.  All samples were sent to the National 

Research Laboratory (NRL) for culture analyses on Löwenstein-Jensen (LJ) solid media 

in a BSL 2+ area, using standard methodologies.  Positive cultures were confirmed to be 

Mtb complex using phenotypic tests.  Drug susceptibility testing for first-line drugs was 

done using absolute concentration method on solid media with standard methodology 

(decontaminated in a BSL3 area with N-acetyl-L-cysteine-sodium hydroxide, centrifuged, 

and the sediment was then suspended in 1.5 ml of phosphate buffer, then inoculated on 

to LJ solid medium).101  Since early 2011, Georgia has introduced molecular diagnostic 

test HAIN MTBDRplus in direct samples as the routine diagnostic test and it was used 

for earlier confirmation of MDR-TB among the later cohort of study subjects.102  
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Chapter 3 Specific Methods 
 
Nutrient Intake Assessment 

The nutrition assessment instrument was developed to capture the mean daily 

micronutrient and macronutrient intake over the previous three day period via face-to-

face interviews by trained investigators.  The dietary intake interviews were performed at 

baseline and again at the eight and sixteen-week time points, respectively.  The 

instrument was designed prior to initiation of the RCT to assess nutrient intake in a low 

socioeconomic status, non-English speaking adult population.  During the instrument 

developmental phase, we initially explored typical foods and meal patterns of adult 

Georgians by face-to-face and email discussions between the Georgian- and United 

States (U.S.)-based investigators involved in the RCT.  The instrument was designed to 

follow principles routinely utilized by nutritionists and dietitians in standardized food 

record intake forms.  In addition, food items (including beverages and snacks) consumed 

commonly in Georgian culture and typical recipes for these were included in the 

questionnaire as prompts.  For example, Table 3.1 in Chapter 3 outlines details of the 

questions for typically consumed tea and soup, respectively.  A free text comment 

section at the end of the questionnaire as added to allow for additional details regarding 

recipes.  The Georgian-based physician investigators were extensively trained prior to 

the initiation of the RCT by the registered dietitian investigator on the interview process 

via video training uploads (YouTube), demonstrations with mock face-to-face interviews, 

a comprehensive training DVD, and regular live training sessions via Skype.  

Standardized food models and common household measurement instruments were 

provided to the investigators in Tbilisi and used in the patient interviews to help to 

determine accurate serving sizes.  The Georgian language face-to-face interviews with 

TB patients were completed within 30-40 min at outpatient research visits often in the 

company of the primary caregiver; food and beverage intake during the previous three 
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days was recalled and recorded in the case report form (CRF). The food intake data 

were then transcribed in English by the multilingual investigators into a web-based case 

report form (CRF) for review.  Review of intake data for individual subjects took place 

within 1-3 days after data entry in Tbilisi since all subjects returned to the two outpatient 

TB clinics on a daily basis for directly observed anti-tuberculosis drug therapy.  Data 

were analyzed using state-of-the-art dietary analysis software [Nutrition Data System for 

Research (NDSR), University of Minnesota, Minneapolis, MN].  Final calculations were 

completed using NDSR version 2011. The NDSR time-related database updates analytic 

data while maintaining nutrient profiles true to the version used for data collection.  

NDSR analyzes for specific quantities of over 160 different micronutrient and 

macronutrients and dietary compounds with well-described accuracy and 

completeness.103  Mean daily intake was determined for each subject from the three day 

food recall questionnaire.  Specific methods were used to enter the Georgian food items 

into the NDSR software program, which was developed for foods commonly consumed 

in the U.S. First, the format of the structured three day food recalls did not distinguish 

between different versions of the same food type.  For example, beef was always 

entered as a trimmed sirloin if it was eaten on its own and as stew beef if consumed in a 

soup regardless of the cut of meat that was actually consumed.  These assumptions 

were based on most common food servings given by the Georgian investigators during 

the development phase of the instrument.  Some assumptions were also needed for 

food items that were specific to Georgian culture in order to find a similar item in the 

U.S.-based NDSR nutrient database.  For example, “matsoni”, a concentrated yogurt 

food item, was entered as plain whole milk yogurt into the NDSR software.  All milk 

intake was entered as a fresh whole milk to eliminate the extraneous micronutrients 

supplied by milk fortification in the U.S. captured by the NDSR database, but not present 

in the unfortified Georgian commercial milk supply. 
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Validation methodology 

The validation methods were based on previous methods of similar studies as outlined 

below.  A series of 24 hour recalls is considered the most cost effective and feasible gold 

standard for validating novel nutrition assessment tools.104  A convenience sample of 31 

enrolled pulmonary TB subjects who completed both the three-day food recall 

questionnaire at baseline and were able to also complete three consecutive 24-hour 

recalls during the following week were studied.  This proportion (31/199 or 16% of total 

study subjects) is in line with previous diet intake tool validation studies in which 10-20% 

of the total patient population was studied.105-108 This was a pilot study and therefore a 

prehoc sample size calculation was not performed.  A series of three 24-hr recalls was 

conducted in the 31 subjects during the week following their baseline visit, at which the 

current assessment tool was previously completed.  We chose to focus only on subjects 

following their baseline visit to reduce the potential “learning effect” of serial face-to-face 

interviews to provide recent food intake data. This format was utilized to capture three 

days of food intake data via both 24-hour recall and by the RCT assessment tool and to 

evaluate the impact of recalling foods eaten two and three days prior to the interview in 

the RCT tool. 
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Statistical analysis 

The differences between the food questionnaire and food recall of each outcome 

were summarized by the mean difference (questionnaire-recall), the standard deviation 

(SD) of the differences, and the 95% agreement limits.109  The differences between the 

two measurements and their mean for each outcome were summarized by use of 

scatterplots (Bland-Altman plots).  A 1-sample paired t-test was used to compare the 

mean differences between the food questionnaire and food record recall measurements.  

The intra-class correlation coefficient (ICC) was also used as a measure of agreement 

and was estimated by variance components based on statistical modeling as described 

by Bartko.110  The ICC is large (i.e., near 1) when there is little within participant 

variation.  We used a varied approach at validation to encompass both individual 

variation and variation between the two tools.  Reproducibility could not be assessed 

due to the nature of pulmonary TB.  Patients tend to increase eating habits as they feel 

better therefore altering the food questionnaires as the disease and treatment 

progressed.  All statistical analyzes were carried out using SAS software, Version 9.3. 

(Cary, NC, USA). 
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Chapter 4 Specific Methods 

Nutrition and Body Composition Assessment 

Dietary intake was documented from study participants at baseline, week 8 and 

week 16 of the clinical trial.  The nutrient intake tool discussed in Chapter 3 was used for 

dietary intake assessment.74  Subjects that exhibited a markedly elevated baseline mean 

daily caloric intake (defined prehoc as mean daily caloric intake of > 6000 kcal/day) were 

excluded from analysis.  This calorie limit is higher than what is typically used in the U.S.  

TB patients are instructed to increase their food consumption as part of treatment 

causing the caloric mean to increase.  We used Tukey’s method for outliers to reach the 

6000 kcal/day cut off.111  The Georgian calendar consists of many celebrations and 

Georgians participate in extended meals (supras) where dietary consumption can last for 

hours; thus we established the upper limit of caloric intake to help to ensure 

representative dietary intake days.  

Body weight and height were measured via electronic height and weight scale 

(Tanita Inc; Arlington Heights, Illinois, USA) at baseline and on weeks 4, 8, 12, and 16.  

Body mass index (BMI) was calculated using the standard formula.  Bioelectrical 

impedance analysis (Bioelectrical Impedance Analyzer, Model Quantam X: RJL 

Systems, Clinton Township, MI, U.S.A) (BIA) was used to determine body composition; 

% body fat mass and % body fat free mass.  BIA was the chosen method of body 

composition because of its ease and portability, making it an ideal, robust measure for a 

field study.  Our Georgian staff was trained via video and various practice sessions on 

the new instrument.  BIA allowed us to collect information on fat mass and fat free mass 

to enhance our conventional anthropometric methods.  Kilograms of fat mass and fat 

free mass were calculated using the body weight recorded at the respective time point.  
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Statistical Analysis 

Descriptive statistics (Student’s t-tests for continuous variables and chi-square 

tests and Fisher’s exact tests for categorical variables) were used where appropriate. 

PROC GLM was used to build models to determine differences in macronutrient and 

body composition variables between TB disease subjects and household contacts.  Two 

models were developed; model I adjusted for age and gender, while model II adjusted 

for age, gender, employment status and smoking.  We also tested for interactions with 

gender.  Simple repeated linear models were used to look at changes in each variable 

over time.  PROC MIXED was used for these and we assumed compound symmetry.  

Repeated measures analysis of variance was used to evaluate time and treatment group 

effects as well as interaction within the body composition and macronutrient variables.  

TB subjects were dichotomized on both gender and drug susceptibility to assess 

changes between those with and without MDR-TB and to assess gender differences.  All 

statistics were completed using SAS software, Version 9.3. (Cary, NC, USA) and a P-

value of <0.05 was determined significant.  We chose PROC MIXED over PROC GLM to 

account for missing data because a value that is missing has no effect on the other 

values from the same subject. 

Linear Relationship between Calorie Intake and % Calories from Protein and Body 

Composition Variables at Baseline  

Prior to implementation of simple linear regression to investigate the relationship 

between outcome (calories (kcal/kg/day) or % calories from protein) and body 

composition variables (body weight (kg), BMI (kg/m2) and fat-free mass (kg)) all 

assumptions were assessed.  Scatterplots and residual analyses were used to help 

assess nonlinearity of the relationship and the appropriateness of the assumptions of 

normality for each outcome and constant variance of the outcome for each value of the 

body composition variables.  Linear regression, implemented using SAS PROC REG, 
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was used to summarize the linear relationship between the outcome and body 

composition variable by estimating the regression coefficients [the intercept ± standard 

error; the linear slope ± the standard error and the 95% confidence interval for the 

slope].  A t-test was used to determine whether the estimated slope differed from zero.  

The coefficient of determination (R2) was used to assess how much of the variation in 

outcome was accounted for by the body composition variable.  The mean squared error 

(MSE) is the residual variance estimate (i.e., variance estimate among all patients 

having the same value for the predictor, e.g. BMI).  The RMSE (root MSE) is the 

standard deviation around the regression line (the distance, on average of a data point 

from the fitted regression line).  Analysis of covariance (i.e., linear regression of calories 

on body composition variable by MDR subgroup) was used to estimate and compare 

adjusted mean calories by MDR status. The adjusted mean outcome for a subgroup was 

defined as the predicted value obtained by evaluating the regression model for a 

subgroup at the mean body composition variable of the two MDR subgroups. 
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Chapter 5 Specific Metabolomics Analysis 

Metabolomics Analysis 

High-Resolution Metabolomics Profiling 

Frozen plasma samples for 17 subjects with pulmonary TB disease and 17 

smear-negative household contacts without TB disease were thawed and 65 µL plasma 

was treated with 130 µl acetonitrile (2:1, v/v) and contained an internal isotopic standard 

mixture (3.5 µL/sample), as previously described.112  The internal standard mix for 

quality control consisted of 14 stable isotopic chemicals covering a broad range of 

chemical properties represented in small molecules, including [13C6]-D-glucose, [1,2-

13C2]-palmitic acid, amino acids ([3,3-13C2]-cystine, [13C5]-L-glutamate, [2-15N]-L-lysine 

dihydrochloride, [15N,13C5]-L-methionine, [15N]-L-tyrosine), [3,4-13C2]-cholesterol [13C7]-

benzoic acid, [15N]-indole, [trimethyl-13C3]-caffeine, [15N2]-uracil, [15N]-choline chloride, 

and 2’-deoxyguanosine-15N2,
13C10-5’-monophosphate.112  Pooled human reference 

samples (NIST) were used to compare analysis variation.  Samples were mixed and 

placed in ice for 30 min prior to centrifugation for 10 min (16,100 x g at 4ºC) to remove 

protein.  The supernatants (10 µL), for each LC-MS run were then loaded onto a 

Shimadzu® autosampler maintained at 4°C and analyzed in triplicate using a LTQ-Velos 

Orbitrap mass spectrometer (Thermo Scientific, San Jose, CA, USA). Analysis was 

performed with a C18 chromatography column (Higgins Analytical, Targa, Mountain 

View, CA, USA, 2.1 x 10 cm) and C18 chromatography.112  Elution was obtained with a 

formic acid/acetonitrile gradient at a flow rate of 0.35 ml/min for the initial 6 min and 0.5 

ml/min for the remaining 4 min.  The first 2-min period consisted of 5% solution A [2% 

(v/v) formic acid in water], 60% water, 35% acetonitrile, followed by a 4-min linear 

gradient to 5% solution A, 0% water, 95% acetonitrile.  The final 4-min period was 

maintained at 5% solution A, 95% acetonitrile.  The mass spectrometer was set to 

collect data from mass/charge ratio (m/z) 85 to 2000 daltons over the 10-minute 
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chromatography period.  Electrospray ionization was used in the positive ion mode for 

detection, as outlined previously.112,113 

 Plasma samples were chosen over serum or other biological fluids because of 

the relative safety of the sample from Mtb contracture, accessibility, and contain 

metabolites from both short and long-term exposures.114,115  Although this was an 

exploratory analysis, we anticipated finding hydrophobic metabolites such as vitamin D 

metabolites and other complex lipids which may be better detected from plasma.  Blood 

collection in EDTA tubes was chosen as this buffer has been used most frequently in the 

high-resolution metabolomics analysis performed in the laboratory of Co-Advisor Dr. 

Jones to date. 

Tandem Mass Spectrometry 

Ion dissociation analysis by tandem LC-MS-MS was used in separate studies to 

verify identity of L-glutamate, which is also included in our findings.113  Identity of specific 

D-series resolvins [resolvin D1 (RvD1), 7S, 8R,17S-trihydroxy-4Z, 9E, 11E, 13Z, 15E, 

19Z-docosahexaenoic acid), resolvin D2 (RvD2), 7S, 16R, 17S-trihydroxy-4Z, 8E, 10Z, 

12E, 14E,19Z- docosahexaenoic acid)] was confirmed using lipid mediator 

metabololipidomics analytical methods, as described by Serhan and colleagues.116,117 

Briefly, five deuterium-labeled internal standards (0.5 ng) were added to plasma aliquots 

[d5-RvD2, d8-5-hydroxyeicosatetraenoic acid (d8-5-HETE), d4-leukotriene B4 (d4-LTB4), 

d5-lipoxin A4 (d5-LXA4) and d4-prostaglandin E2 (d4-PGE2) to facilitate quantification of 

mediator recovery.  Samples were extracted using SPE columns, eluted with methyl 

formate, and organic solvent evaporated using a nitrogen stream.  Samples were 

suspended in methanol for analysis by high-resolution liquid chromatography coupled 

with tandem mass spectroscopy (LC-MS/MS), using a QTrap 5500 machine (ABSciex, 

Framingham, MA).116,117  To monitor and quantitate levels of the specialized pro-

resolving lipid mediators (SPMs) derived from arachidonic acid, docosahexanoic acid 

http://en.wikipedia.org/wiki/Prostaglandin
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(DHA) and eicosapentanoic acid (EPA) in plasma samples,118,119 multiple reaction 

monitoring (MRM) for signature ion fragments was performed with identification 

accomplished using LC retention time (RT), band shape and maximum absorbance 

wavelength (λmax) of UV and ≥ 6 diagnostic ions of tandem MS-MS spectrum. 

Quantification was determined based on peak MSM transition area and linear calibration 

curves, as described.116,117 

Data Collection and Processing for High-resolution Metabolomics 

Data from the LTQ-Velos Orbitrap was continuously collected over the 10-min 

chromatographic separation period and stored as .Raw files. The .Raw files were 

converted to .cdf format using Xcalibur file converter software (Thermo Fisher, San 

Diego, CA) and used for data extraction.  Peak extraction and integration was performed 

using apLCMS with xMSanalyzer.95,120  apLCMS (http://www.sph.emory.edu/apLCMS) is 

an adaptive processing software package designed for high resolution LC-MS data that 

performs data filtering, peak detection, and alignment and generates a feature table, 

where a feature is defined as the measured m/z, retention time, and integrated ion 

intensity.  xMSanalyzer enhances the feature detection process by performing 

systematic data re-extraction and combining results from different parameter settings 

(http://userwww.service.emory.edu/~kuppal2/xMSanalyzer). 
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Statistical Analysis 

Descriptive statistics for demographic and clinical data were performed (mean 

[SD]; n [%]). Two-tailed t-tests and two-tailed Fisher exact tests were used to compare 

patients with TB disease and their household contacts using SAS version 9.3 (Cary, NC, 

USA) for continuous and categorical data, respectively.  LIMMA was used to identify 

differentially expressed metabolites between TB and HC subjects.121  To account for 

multiple comparisons, P values were adjusted using the Hochberg and Benjamini false 

discovery rate (FDR; q=0.05) to distinguish statistically significant metabolites that 

differed between the two groups.122  Two-way hierarchal clustering analysis (HCA) was 

performed using the differentially expressed metabolites to visualize patterns and detect 

clusters of co-regulated metabolites by disease state (TB disease compared to HC).78,123  

An untargeted metabolome-wide association study (MWAS) based on the Pearson 

correlation analysis of the differentially expressed metabolites with all detected 

metabolites in plasma of subjects with TB and household contacts was performed to 

understand the global association pattern of the discriminatory metabolites.78  The 

statistical significance of correlations was determined using the Student’s t-test method 

and visualized using a Manhattan plot where the x-axis corresponds to the metabolites 

(85-2000 m/z) and the y-axis corresponds to the negative log10 of the P value.124,125  

Targeted MWAS were also performed with anti-TB drugs differentially expressed in TB 

disease versus household contacts.  FDR, HCA and Pearson correlations analyses were 

performed using R.95,120 
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Metabolite Annotation and Pathway Analysis  

     Putative metabolite identification of the discriminatory ions between TB and 

household contacts were determined using open-access Metlin (126; 

http://metlin.scripps.edu/) and the xMSannotator R package (manuscript submitted; 

http://userwww.service.emory.edu/~kuppal2/xMSannotator/).  xMSannotator uses 

biological, chemical and pathway information with a suite of major small molecule 

databases including KEGG (127; http://www.genome.jp/kegg/), Human Metabolome 

Database (HMDB)128, MetaCyc (http://www.metacyc.org) and ChemSpider 

(http://www.chemspider.com/).129 Pathway analysis was performed using KEGG.127 
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Non-Standard Abbreviation 

TB - Tuberculosis 

NDS-R – Nutrient Database System for Research 

ICC – Intraclass Correlation Coefficient 

MDR – Multi-drug resistant tuberculosis 

FFQ – Food frequency questionnaire 

NCTBLD - Georgian National Center for Tuberculosis and Lung Diseases 

RCT - Randomized clinical trial 

CRF – Case report form 

ACTSI - Atlanta Clinical and Translational Science Institute 

CCC - Concordance correlation coefficient 
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Abstract 

Objective: To develop and evaluate a culture-specific nutrient intake assessment tool 

for use in adults with pulmonary tuberculosis (TB) in Tbilisi, Georgia. Methods: We 

developed an instrument to measure food intake over three consecutive days using a 

questionnaire format. The tool was then compared to 24 hour food recalls. Food intake 

data from 31 subjects with TB were analyzed using the Nutrient Database System for 

Research (NDS-R) dietary analysis program.  Paired t-tests, Pearson correlations and 

intraclass correlation coefficients (ICC) were used to assess the agreement between the 

two methods of dietary intake for calculated nutrient intakes. Results:  The Pearson 

correlation coefficient for mean daily caloric intake between the two methods was 0.37 

(P = 0.04) with a mean difference of 171 kcals/day (p = 0.34). The ICC was 0.38 (95% 

CI: 0.03 to 0.64) suggesting the within-patient variability may be larger than between-

patient variability.  Results for mean daily intake of total fat, total carbohydrate, total 

protein, retinol, vitamins D and E, thiamine, calcium, sodium, iron, selenium, copper, and 

zinc between the two assessment methods were also similar.  Conclusions: This novel 

nutrient intake assessment tool provided quantitative nutrient intake data from TB 

patients.  These pilot data can inform larger studies in similar populations. 

 

Keywords: nutrition, diet, assessment, tuberculosis, micronutrient, macronutrient 
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Introduction 

Tuberculosis (TB) is an enormous global health problem.  In 2011, the World 

Health Organization (WHO) estimated that there were 8.7 million new cases of TB and 

1.4 million deaths attributable to TB disease, with the overwhelming majority of cases 

occurring in low- and middle-income countries.10  The country of Georgia, a former 

Soviet republic, has been designated by the World Health Organization (WHO) as a one 

of 27 high-burden countries for multidrug-resistant (MDR)-TB.  The annual incidence 

rate of TB in Georgia exceeds 100 cases per 100,000.102       

Malnutrition is a risk factor for the development of TB disease. The link between 

nutritional status and TB has long been appreciated, but remains an emerging area of 

study that has focused on investigations of related biomarkers and nutrient 

supplementation trials.  A recent Cochrane review on the quality of evidence of trials on 

nutrient supplementation in TB concluded there is insufficient evidence to determine 

whether an increase in energy intake improves patient outcomes; further, rigorous 

research on the clinical impact of various strategies for micronutrient supplementation in 

patients with TB was found to be limited.26  Surprisingly little data are available in the 

literature on habitual macronutrient and micronutrient intake in patients with TB. One 

study from Singapore focused on energy intake in TB patients using the 24-hour recall 

method.81  In a pilot study in patients with pulmonary TB in Tbilisi, Georgia (using the 

nutrient intake assessment tool described in detail in this report), we estimated that 

vitamin D intake from diet was markedly lower than the Recommended Dietary 

Allowance (RDA) for this micronutrient, concomitant with a high prevalence of vitamin D 

insufficiency (low plasma 25 hydroxyvitamin D concentrations) in this patient 

population.32 

Accurate dietary intake data is historically difficult to obtain and continues to be 

particularly problematic in subjects studied in the developing world due to lack of training 
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and resources, logistical issues and lack of validated nutrient content of certain food 

items.  Several studies have been conducted involving the validity of self-administered 

food frequency questionnaires (FFQ) in various populations of patients without TB, but 

involve the validation of only a few macro- or micronutrients.105-108,130-134  These studies 

used a variety of validating instruments, including nutrition-related biomarkers,131 three 

day food records,105 serial 24 hour recalls,107 and use of food journal data in comparison 

to specific FFQs.108,132-134  The study of Schroder et al, in a Spanish population, was the 

only investigation that validated both a FFQ and a structured 72-hour recall using three-

day food records.9  

The purpose of this study focused on the development of a novel instrument to 

serially estimate micronutrient and macronutrient intake data from a generally low 

income, non-English speaking, Georgian population via a structured interview process 

administered by trained personnel.  We also sought to assess the validity of this 

structured 72-hour recall tool in a specific population—namely patients with pulmonary 

TB in Tbilisi, Georgia.  The tool was developed as a component of a current double-

blind, randomized, controlled study assessing the efficacy of high-dose vitamin D 

treatment to enhance Mycobacterium tuberculosis clearance in patients with pulmonary 

TB in Tbilisi, Georgia (clinicaltrials.gov identifier NCT00918086).32  
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Methods 

Study Subjects 

Subjects were recruited from the Georgian National Center for Tuberculosis and 

Lung Diseases (NCTBLD) and the Tbilisi Ftizio-Pulmonologic Center (an outpatient TB 

clinic) in Tbilisi, Georgia.  The inclusion criteria included age > 18 years, documented 

new case of smear-positive pulmonary TB, ≤ 1 week of anti-TB therapy, agreement to 

receive anti-TB therapy in Tbilisi, completion of the 72-hour recall instrument at baseline 

(week 1) and the serial 24-hour recalls during week 2,  and a signed informed consent.  

Exclusion criteria included > 30 days of TB therapy, current pregnancy or lactation 

status, history of organ transplant, cancer during the previous 5 years, seizure disorder, 

cirrhosis, hypercalcemia, hyperparathyroidism, sarcoidosis, or nephrolithiasis, use of oral 

corticosteroids during the past 30 days, current use of cytotoxic or immunosuppressive 

drugs, current significant renal dysfunction (serum creatinine concentration >250 

mmol/L), requirement for dialysis therapy, current incarceration, markedly elevated week 

1 mean daily caloric intake (defined prehoc as mean daily caloric intake of > 6000 

kcal/day) and inability to complete all study visits in Tbilisi.  The Institutional Review 

Boards from Emory University in Atlanta, USA and the NCTBLD Ethics Committee in 

Tbilisi approved the study protocol.  All subjects provided written informed consent in 

their native language for participation in the study.  

Nutritional Assessment 

The nutrition assessment instrument was developed to capture the mean daily 

micronutrient and macronutrient intake over the previous three-day period via face-to-

face interviews by trained investigators. The dietary intake interviews were performed at 

baseline and again at the eight and sixteen-week time points of the randomized clinical 

trial (RCT).  The instrument was designed prior to initiation of the RCT to assess nutrient 

intake in a low socioeconomic status, non-English speaking adult population.  During the 



42 
 

instrument developmental phase, we initially explored typical foods and meal patterns of 

adult Georgians by face-to-face and email discussions between the Georgian- and 

United States (U.S.)-based investigators involved in the RCT. The instrument was 

designed to follow principles routinely utilized by nutritionists and dietitians in 

standardized food record intake forms. In addition, food items (including beverages and 

snacks) consumed commonly in Georgian culture and typical recipes for these were 

included in the questionnaire as prompts.  For example, Table 3.1 outlines details of the 

questions for typically consumed tea and soup, respectively.  A free text comment 

section at the end of the questionnaire as added to allow for additional details regarding 

recipes.  

The Georgian-based physician investigators were extensively trained prior to the 

initiation of the RCT by the registered dietitian investigator on the interview process via 

video training uploads (YouTube), demonstrations with mock face-to-face interviews, a 

comprehensive training DVD, and regular live training sessions via Skype.  TRZ also 

conducted face-to-face training sessions with the Georgian investigators on the specific 

methodologies at the NCTBLD in Tbilisi during a study initiation visit prior to beginning 

the RCT.  Standardized food models and common household measurement instruments 

were provided to the investigators in Tbilisi and used in the patient interviews to help to 

determine accurate serving sizes.   

The Georgian language face-to-face interviews with TB patients were completed 

within 30-40 minutes at outpatient research visits; food and beverage intake during the 

previous three days was recalled and recorded in the case report form (CRF). The food 

intake data were then transcribed in English by the multilingual investigators into a web-

based CRF for review in the Bionutrition Unit of the Atlanta Clinical and Translational 

Science Institute (ACTSI) by the U.S.-based research dietitian investigator.  Review of 

intake data for individual subjects took place within 1-3 days after data entry in Tbilisi 
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since all subjects returned to the two outpatient TB clinics on a daily basis for directly 

observed anti-tuberculosis drug therapy and vitamin D or placebo administration per 

standard clinical care guidelines and the RCT protocol.  Communications between the 

dietitian in Atlanta and the interviewer investigators in Tbilisi to clarify any questions 

regarding the specific food intake item entries were discussed via email or Skype 

telephone conferences in real time.  As needed, the Tbilisi-based investigators then 

discussed the food items to be clarified with the specific study subjects in person during 

their daily visits.  The clarified information was reported directly to the ACTSI via email or 

Skype calls during the Monday-Friday workweek.   

Data were analyzed at the ACTSI using state-of-the-art dietary analysis software 

[Nutrition Data System for Research (NDSR), University of Minnesota, Minneapolis, 

MN].  Final calculations were completed using NDSR version 2011.  The NDSR time-

related database updates analytic data while maintaining nutrient profiles true to the 

version used for data collection.  NDSR analyzes for specific quantities of over 160 

different micronutrient and macronutrients and dietary compounds with well-described 

accuracy and completeness.103  Mean daily intake was determined for each subject from 

the three-day food recall questionnaire.  Specific methods were used to enter the 

Georgian food items into the NDSR software program, which was developed for foods 

commonly consumed in the U.S.  First, the format of the structured three-day food 

recalls did not distinguish between different versions of the same food type.  For 

example, beef was always entered as a trimmed sirloin if it was eaten on its own and as 

stew beef if consumed in a soup regardless of the cut of meat that was actually 

consumed.  These assumptions were based on most common food servings given by 

the Georgian investigators during the development phase of the instrument.  Some 

assumptions were also needed for food items that were specific to Georgian culture in 

order to find a similar item in the U.S.-based NDSR nutrient database.  For example, 
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“matsoni”, a concentrated yogurt food item, was entered as plain whole milk yogurt into 

the NDSR software.  All milk intake was entered as a fresh whole milk to eliminate the 

extraneous micronutrients supplied by milk fortification in the U.S. captured by the NDSR 

database, but not present in the unfortified Georgian commercial milk supply.   

Validation Methodology 

The goal of the current study was to assess the validation of the nutrient intake 

assessment tool in a subset of the total 199 subjects entered into the full RCT.  During 

the course of the ongoing RCT and prior to data collection for this report, two U.S.-based 

investigators conducted additional face-to-face training sessions with the Georgian 

interviewer-investigators in Tbilisi to standardize the conduct of typical 24 hour recalls. 

Expertise was validated by the registered dietitian investigator, who also gave guidance 

as needed throughout the validation data collection process.  A convenience sample of 

31 enrolled study subjects who completed both the three-day food recall questionnaire at 

baseline and were able to also complete three consecutive face-to-face 24-hr recalls 

during the following week. This proportion (31/199 or 16% of total study subjects) is in 

line with previous diet intake tool validation studies in which 10-20% of the total patient 

population was studied.105-108  This study was a pilot study and therefore a prehoc 

sample size calculation was not performed.  

A series of three standardized and conventional 24-hour recalls was conducted 

in the 31 pulmonary TB subjects during the week following their baseline visit, at which 

the current assessment tool was previously completed.  We chose to focus only on 

subjects following their baseline visit to reduce the potential “learning effect” of serial 

face-to-face interviews to provide recent food intake data.  This format was utilized to 

capture three days of food intake data via both 24-hour recall and by the RCT 

assessment tool and to evaluate the impact of recalling foods eaten two and three days 

prior to the interview in the RCT tool.  
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Statistical Analysis 

The differences between the food questionnaire and food record recall of each 

outcome were summarized by the mean difference (questionnaire – recall), the standard 

deviation (SD) of the differences, and the 95% agreement limits.109  The differences 

between the two measurements and their mean for each outcome were summarized by 

use of scatterplots (Bland-Altman plots).  A 1-sample paired t-test was used to compare 

the mean differences between the food questionnaire and food record recall 

measurements.  The intra-class correlation coefficient (ICC) was also used as a 

measure of agreement and was estimated by variance components based on statistical 

modeling as described by Bartko.110  The ICC is large (i.e., near 1) when there is little 

within-participant variation.  All statistical analyses were carried out using SAS software, 

Version 9.3. (Cary, NC, USA). 
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Results 

A total of 31 subjects were included in this study; demographic information for 

these individuals is shown in Table 3.2.  Nineteen subjects (61%) were male and about 

half were unemployed and/or of low socioeconomic status (income < 3000 Georgian 

lari/yr, or $1800 USD/yr). The mean and standard deviation of calculated daily intake of 

specific macronutrients and micronutrients (vitamins, minerals and trace elements) from 

both the 72-hour nutrient intake assessment tool and the paired three 24-hour recalls, 

with mean differences between the methods, the upper and lower 95% agreement limits 

and P values between the two methods are shown in Table 3.3. The P value reflects the 

1-sample paired t-test between the means of the intakes for each nutrient estimated by 

the new nutrient intake instrument and the conventional 24-hour recalls. There were no 

significant differences between assessment methods for estimated mean daily intakes of 

total calories, total fat, total carbohydrate, total protein, retinol, vitamins D and E, 

thiamine, calcium, sodium, iron, selenium, copper, and zinc.  In contrast, mean daily 

intake for vitamin C and potassium were overestimated by the nutrient intake instrument 

by approximately 43 and 22%, respectively, compared to the mean of the three 24-hour 

recalls (Table 3.3).    

The ICC and Pearson R values for each nutrient contrasting the two intake 

assessment methods and the 95% confidence limits for these are illustrated in Figure 

3.1. The Pearson correlation coefficient (R value) for mean daily caloric intake between 

the two dietary intake methods was 0.37 (P = 0.04).  The mean difference for calories 

(nutrient intake tool minus 24 hour recall data) was 171 kcal/day and not significantly 

different from zero (p = 0.34).  The ICC value was 0.38 (95% CI: 0.03 to 0.64) 

suggesting the within-patient variability may be larger than the between-patient variability 

(Figure 3.1).  The ICC and Pearson R values for all nutrients ranged from 0.13 to 0.46 

and thus showed good agreement between the two nutrient intake assessment methods.  
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Discussion 

There are very limited data on evaluation and comparison of multi-day food 

recalls in resource limited countries, such as Georgia, especially in adult populations 

with specific disease states.  The majority of such studies published to date, including 

the few from industrialized countries, are related to FFQs and not specifically to multi-

day food recalls, as we have done in Tbilisi.  Studies validating FFQs, including reports 

by Ogawa et al132 from rural Japan and Pandey et al133 from northern India, administered 

the FFQ on two separate occasions along with a three to five day food journal to 

compare nutrient intake to that calculated from the FFQs.  These studies differed in the 

length of time between administering the validating questionnaires (e.g. from one month 

to one year later).  In addition, there was no determined sample size in these reports 

which range from 23 participants in the northern Indian study13 to 138 participants in the 

Danish study of Biltoft-Jensen et al.14 

To our knowledge, our study provides the first such data from a patient 

population with TB and is also the first study from a former Soviet republic.  Taken 

together, our data in this study provide confidence that the three-day food recall 

questionnaire developed to assess serial macronutrient and micronutrient nutrient intake 

from adults living in Tbilisi, Georgia has utility and relative accuracy for this purpose.  A 

limitation of our study, despite the comprehensive data obtained from two methods, was 

the relatively small sample size.  Larger studies in this and other Georgian adult 

populations will be necessary to accurately estimate interrater and intrarater reliability. 

       Collecting reasonably accurate food intake data from specific populations is a 

difficult problem due to language, logistical and cultural barriers, including the translation 

of meaningful information between native investigators working in a low- resource 

country to investigators in the data coordinating center in a developed country.130,133  In 

our case, Georgia does not have a professional discipline of dietetics or clinical nutrition 
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in health professions education to help guide development of the tool we incorporated. 

Accurate food composition tables derived in Georgia are non-existent and compiling 

accurate tables is expensive, adding to the challenges of nutrient intake analysis. In this 

Georgia-U.S. collaboration, we utilized bilateral face-to-face instruction of the Georgian 

team of investigators with experienced U.S.-based clinical nutrition professionals and 

electronic tools in both the development of the data collection instrument and for 

methodological training prior to study initiation.  

      The steps we outline in this report could potentially be used to develop nutrient 

intake assessment tools in other low- or medium-resource countries without a developed 

capability for such studies.  Low literacy populations may benefit from an interviewer 

process, as we incorporated here, whereas more educated populations may be able to 

self-report on a designated form that can be easily translated.  A structured multiple-day 

recall format can be useful in remote populations where no previous method for nutrient 

intake exists.  Utilizing classification techniques and dividing sample data into quartiles is 

one method to interpret such data.  In our study, the interview method was developed to 

take advantage of the serial availability of subjects to the Georgian physician-

investigators (who worked at the NCTBLD and were responsible for the TB care of the 

subjects) for daily directly observed anti-TB therapy per WHO protocols.  We designed 

the nutrient intake assessment instrument questionnaire and study methods for a low-

socioeconomic status and poorly educated patient population. The method we used took 

advantage of an extensive, complete and well-established U.S.-based nutrient analysis 

software resource (NDSR) given the lack of such a database from Georgia.  

       Our method (a hybrid between a conventional three-day dietary history and a 

face-to-face 24-hour recall method) may be superior to developing a new traditional FFQ 

in countries, such as Georgia, without a nutrient composition database of usual food 

items.  This method allows the investigator to obtain information on several consecutive 
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days of food intake in a concise, structured manner and can be done serially throughout 

a study.  Data can be easily analyzed and interpreted, using a resource such as NDSR 

for relatively quantitative nutrient intake information.  Although developing new FFQs for 

a particular population may be an important tool, these may be difficult to design and 

analyze initially due to their complex nature.108,132,133  For example, FFQ development 

requires previous data collection, often in the form of 24-hour recalls, in addition to 

cultural insight from in-country partners.  FFQs are also considered semi-quantitative 

and nutrient values may not be directly related to outcomes.108,132,133  The instrument 

described in this report is analyzed exactly the same as a food record and can be 

utilized similarly.  

A strength of our specific nutrient intake instrument is that it provided a picture of 

the habitual diet of a patient population within a previously little-studied culture in terms 

of dietary intake.  The major limitation to this study, in addition to our small sample size, 

is that our method is novel and therefore there is little reference for comparison of 

accuracy, particularly given the lack of habitual dietary intake data available in healthy 

adult Georgians.  On the other hand, more conventional methods were felt to not be 

feasible in the population with TB that we studied.  In summary, the novel nutrient intake 

assessment tool described here appeared to provide accurate quantitative nutrient 

intake data from TB patients in Georgia.  These pilot data can be used to inform larger 

studies of nutrient intake in Georgians and also to further assess agreement between 

dietary intake assessment methods in this population.  Further, the approach we used 

could potentially be a model for development of other culture-specific nutrient intake 

assessment tools in other countries. 
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Table 3.1. Example questions in Georgian food intake instrument 

Q2. How many glasses of tea did you have? __ __ __ __number of glasses  __ __ __ __ 

ml volume of each glass 

If 0 glasses, skip to Question 3 

Below are questions about what you added to the tea. Each question should be 

the amount added per glass (one glass) 

Did you add sugar?  Yes   No 

 If yes, how much? 

If the sample spoon is 15 ml, how many spoonfuls did you have? __ __number of 

spoonfuls __converted to ml 

Did you add fruit syrup? Yes   No 

 If yes, how much? 

If the sample spoonfull is 15 ml, how many spoonfulls did you have? __ __number of 

spoonfulls __converted to ml 

Q12. Soup " Borshi " 

Did you have this in the last three days?   Yes  No    If no, Skip to the next dish 

How much did you have at one time ? __ __ __ __ __ ml 

How many times have you had this recipe for dinner in the last three days? __ __ 

times 
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Below are typical ingredients in borshi. Please comment if there are any major 

differences in ingredients from what you eat. Yes    No 

1 kg Beef, 1 kg cabbage, 100g carrots, 200g red beetroot, 1 kg potatoes, 0.5 kg 

tomatoes, 300 g onion,30 g garlic,100 g of greens, sour cream 50-100 mg per 

serving    black pepper, salt to taste  
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Table 3.2. Demographic characteristics 

Characteristic Total Sample 

(n=31) 

Age mean(SD) 33 (11%) 

% Male n(%) 19 (61%) 

Ethnicity n(%)  

   Georgian 29 (94%) 

Education n(%)  

   Secondary 11 (35%) 

   Some college or university 20 (65%) 

Yearly Income n(%)  

   (1000 lari = 478 euro or 604 USD)  

   <1000 lari 10 (32%) 

   1000-3000 lari 9 (29%) 

   3001-10,000 lari 9 (29%) 

   10001-20000 lari 3 (10%) 

Employment Status n(%)  

   Employed 15 (48%) 

   Unemployed 16 (52%) 

Marital Status n(%)  

   Single/never married 15 (48%) 
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Table 3.3: Nutrient intake and agreement between nutrient intake assessment 

methods 

Nutrients 

24 hour 

recall 

Mean (SD) 

Nutrient 

Intake 

Instrument 

Mean (SD) 

Mean 

Difference 

Mean (SD) 

LL Agreement, 

UL Agreement 

P-

value 

Calories 

(kcal) 
2983 (830) 3153 (940) 171 (990) (-2288, 2489) .34 

Total Fat (g) 124 (51) 127 (57) 3 (56) (-109, 115) .77 

Total 

Carbohydrate 

(g) 

386 (93) 417 (102) 31 (115) (-199, 262) .14 

Total Protein 

(g) 
91 (37) 97 (35) 6(38) (-71, 83) .41 

Retinol (mcg) 725 (812) 679 (836) -47 (1086) (-2220, 2126) .81 

Vitamin C 

(mg) 
96 (63) 137 (76) 41 (92) (-142, 225) .02 

Vitamin D 

(mcg) 
3.2 (2.4) 5.1 (7.0) 1.9 (6.7) (-11.5, 15.3) .12 

Vitamin E 

(mg) 
9.8 (3.5) 11.4 (4.9) 1.5 (5.5) (-9.5, 12.5) .14 

Thiamine 

(mg) 
2.4 (0.7) 2.6 (0.6) 0.2 (0.7) (-1.2, 1.6) .23 

Calcium (mg) 1221 (410) 1260 (446) 39 (487) (-935, 1012) .66 

Sodium (mg) 3728 (1141) 4029 (1135) 301 (1246) (-2192, 2794) .19 

Potassium 

(mg) 
2925 (866) 3566 (1122) 641 (1208) (-1776, 3057) <.01 

Iron (mg) 19.2 (5.1) 21.3 (5.9) 2.1 (6.7) (-11.3, 15.5) .09 

Selenium 

(mcg) 
142 (60) 143 (49) 1.3 (65) (-129, 131) .92 
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Copper (mg) 2.2 (1.3) 2.3 (1.2) 0.2 (1.6) (-3, 3.4) .54 

Zinc (mg) 11.7 (4.1) 12.2 (4.0) 0.5 (4.8) (-9.1, 10.1) .57 

LL= lower limit; UL= upper limit of 95% confidence intervals 
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Figure 3.1.  Intraclass correlation coefficient (ICC) and Pearson R estimate with 95% 

confidence levels for mean of three 24-hr dietary recalls compared to 72-hr 

questionnaire method  
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Abbreviations: 
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CHO - Carbohydrates 

Vit D – Cholecalciferol 

Mtb – Mycobacterium tuberculosis 
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Abstract 

Background: Malnutrition is common in patients with active tuberculosis (TB) disease, 

yet little information is available on habitual dietary intake or body composition changes 

over time. Objective: To evaluate macronutrient intake and body composition indexes in 

TB disease subjects over time.  Methods: Subjects with pulmonary TB disease (n=191; 

23 with MDR-TB) enrolled in a randomized clinical trial of high-dose cholecalciferol 

versus placebo were studied.  Asymptomatic, sputum and culture negative household 

contacts (n=36) were studied for baseline comparison.  In subjects with TB disease, food 

intake was obtained and macronutrient intake calculated at baseline, 8 and 16 weeks. 

Serial body composition was assessed by body mass index (BMI; kg/m2) and 

bioelectrical impedance analysis (BIA). Descriptive statistics, repeated measures 

ANOVA for changes over time and linear regression for dietary intake and body 

composition comparisons were used.  Results: At baseline, mean daily kilocalories 

(kcal), protein, fat and carbohydrate (CHO) intakes were significantly higher, and body 

weight, BMI, fat-free mass and fat mass were significantly lower, respectively between 

active TB subjects and controls.  These remained significant after adjusting for age, 

gender, employment status and smoking.  In all TB subjects, baseline mean daily intake 

of kcal, fat and protein were considered adequate according to US Dietary Reference 

Intakes and increased over time (time effect p<0.0001 for protein, treatment effect, NS).  

BMI increased over time (time effect p<0.0001, treatment effect, NS).  There were no 

significant differences in % fat mass or % fat-free mass between drug-sensitive-TB and 

MDR-TB groups at baseline or over time.  However, MDR-TB patients exhibited lower 

body weight and fat-free mass over time, despite similar daily intake of kcal, protein, and 

fat.  Calorie intake and % calories from protein were compared to body weight, BMI and 

fat-free mass at baseline, weeks 8 and 16, but no nutritionally significant changes were 
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found.  Conclusions: Macronutrient intake was higher in TB patients.  Overall, as 

macronutrient intake of the TB subjects increased over time and there was a parallel 

increase in BMI, while body composition proportions were maintained.  However, MDR-

TB subjects demonstrated concomitantly decreased body weight and fat-free mass over 

time despite increased macronutrient intake.  Thus, individuals with MDR-TB 

demonstrate a blunted anabolism in response to macronutrient intake, reflecting the 

catabolic nature of TB disease.  
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Introduction 

Tuberculosis (TB) has long been associated with a decrease in body mass.  The 

relationship between malnutrition and infection, especially in TB, is well established.11,17-

20  Evidence suggests that malnutrition, particularly low body mass index (BMI), can lead 

to secondary immune dysfunction that increases the host’s susceptibility to 

infections.17,19,20  Weight changes during treatment have been explored as a low-cost 

biomarker for both disease severity and treatment outcomes.11,21  Further, it has been 

shown that those with low BMI (<18.5 kg/m2) are at increased risk for TB-related 

mortality and treatment failure.11,12,21  Despite the abundance of literature investigating 

the relationship between drug-sensitive TB and body composition, there are few studies 

exploring the relationship between nutrient intake and body composition in individuals 

with multi-drug resistant TB (MDR-TB) or in comparison to patients with drug-sensitive 

TB. 

Macronutrients, especially protein and energy intake are critical factors involved 

in susceptibility to infection, but remain poorly studied in in HIV, TB, and malaria, the 

leading causes of infectious disease-related mortality worldwide.17  Determination of 

accurate data regarding habitual dietary and nutrient intake has not been well 

characterized in patients with TB.  The majority of studies in TB have measured body 

weight and BMI as a marker of nutrition status.  While a few found nutritional 

supplementation may improve treatment outcomes in patients with TB,16,81 a recent 

Cochrane review concluded there was not sufficient evidence to recommend general 

nutritional supplementation in patients with active TB.26  Given the limited and 

inconclusive data, we sought to determine how macronutrient intake and body 

composition change during TB treatment and how time to appropriate treatment may 

play a role in pulmonary TB-associated wasting.  
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Methods 

Study Subjects 

Subjects were from a double blind, randomized, controlled, prospective trial of 

high-dose vitamin D3 (cholecalciferol) treatment of patients with pulmonary TB disease 

(clinicaltrials.gov identifier NCT00918086).  They were recruited between November 

2009 and January 2011 from the Georgia National Center for Tuberculosis and Lung 

Diseases (NCTBLD) and an affiliated outpatient TB clinic in Tbilisi, Georgia. 

Inclusion criteria were: 1) age ≥ 18 years; 2) newly diagnosed TB as determined 

by a positive AFB sputum smear and later confirmed by positive culture; 3) patient 

received ≤ 7 days of treatment with anti-TB drug therapy prior to entry; 4) subject has 

signed the informed consent.  Exclusion criteria were: 1) patient has had previous 

diagnosis of TB disease, current extrapulmonary TB, requirement for TB surgery; 2) 

patient is currently pregnant or lactating or has a history of hypercalcemia, 

nephrolithiasis, hyperparathyroidism, sarcoidosis, organ transplant, hepatic cirrhosis, 

seizures, or cancer in the past 5 years; 3) patient has a serum creatinine concentration 

>250 mmol/L or requires renal replacement therapy; 4); patient required corticosteroid 

use in the past 30 days; 5) current use of cytotoxic or immunosuppressive drugs; and 7) 

current incarceration.  TB subjects receiving vitamin D3 (Vit D) were given 50,000 IU of 

oral vitamin D3 weekly for 8 consecutive weeks, followed by 50,000 IU of vitamin D3 

every two weeks for 8 consecutive weeks, for a total dose of 1.4M IU vitamin D3 during 

the 16-week period of study.  The control TB disease group received an identical 

placebo capsule at the same time points as the Vit D group. 

A group of 36 asymptomatic household contacts of the TB patients served as a 

non-TB disease control group.  These individuals were AFB sputum smear and culture 

negative.  They accompanied the TB patient to the clinic and were thus a convenience 

sample.   
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Sputum Culture and Drug Susceptibility Testing  

Two sputum specimens were obtained from each TB suspect.  Direct sputum 

smears were examined by light microscopy.  All sputum samples were sent to the NRL 

for culture, using standard methodologies.102  Drug susceptibility testing (DST) for first-

line anti-TB drugs (isoniazid, rifampicin, ethambutol) and second-line drugs was done 

using absolute concentration method on solid media, as previously described.135  

Nutritional and Body Composition Assessment 

Dietary intake was documented from study participants at baseline, week 8 and 

week 16 of the clinical trial.  A validated food/nutrient intake instrument which captures 

composition of specific foods and meal patterns common in Georgian culture was 

developed specifically for this TB patient population.74  Trained study coordinators 

conducted one-on-one interviews using appropriate food model to determine all food 

intake of subjects in the three days prior to the specified study visits.  After interviews 

were completed, data was entered into a web-based case report form (CRF) and sent to 

the US-based registered dietitian for review.  Quantitated food intake data were 

subsequently analyzed using the Nutrition Data System for Research (NDSR) nutrient 

intake software (University of Minnesota, Minneapolis, MN).  Final calculations were 

completed using NDSR version 2011.  Mean daily intake of kilocalories, total protein, fat 

and carbohydrate were determined.   

The body mass index [BMI; body weight (kg)/height (m2)] was calculated in all 

subjects using data obtained from a calibrated research stadiometer and digital body 

weight scale system (Tanita Inc; Arlington Heights, Illinois, USA) at baseline and on 

weeks 4, 8, 12, and 16.  Bioelectrical impedance analysis (Bioelectrical Impedance 

Analyzer, Model Quantam X: RJL Systems, Clinton Township, MI, USA) (BIA) was used 

to determine body composition; percent body fat mass and percent body fat-free mass.  
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Fat mass and fat-free mass were calculated using the kilogram weight of the subject at 

the respective time point.  

Ethics Statement 

This study was approved by the Institutional Review Board of Emory University 

(Atlanta, GA, USA) and the Georgian NCTBLD Ethics Committee (Tbilisi, Georgia).  All 

subjects provided written informed consent for participation in the study. 

Statistical Analysis 

Subjects that exhibited a markedly elevated baseline mean daily caloric intake 

(defined prehoc as mean daily caloric intake of > 6000 kcal/day) were excluded from 

analysis.  Descriptive statistics (Student’s t-tests for continuous variables and chi-square 

tests and Fisher’s exact tests for categorical variables) were used where appropriate.  

PROC GLM was used to build models to determine differences in macronutrient and 

body composition variables between TB disease subjects and household contacts.  Two 

models were developed; model I adjusted for age and gender, while model II adjusted 

for age, gender, employment status and smoking.  We also tested for interactions with 

gender.  Repeated measures analysis of variance was used to evaluate time and 

treatment group effects within the body composition and macronutrient variables.  TB 

subjects were dichotomized by both gender and drug susceptibility to assess changes 

between those with and without MDR-TB.  Time to appropriate treatment in MDR-TB 

subjects was defined as correct treatment within 56 days from the study baseline visit.  

All statistics were completed using SAS software, Version 9.3. (Cary, NC, USA) and a P-

value of <0.05 was determined significant.  Linear regression was used to summarize 

the linear relationship between the outcome and body composition variable by 

estimating the regression coefficients.  A t-test was used to determine whether the 

estimated slope differed from zero.  The coefficient of determination (R2) was used to 

assess how much of the variation in outcome was accounted for by the body 



65 
 

composition variable.  Analysis of covariance was used to estimate and compare 

adjusted mean calories by MDR status.  
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Results 

Comparison of TB Disease Subjects with Household Contacts 

The demographic characteristics of 191 subjects with newly diagnosed pulmonary TB 

disease and 36 household contacts are shown in Table 4.1.  The TB disease subjects’ 

mean age was 34 years, 64% were male, 47% were currently unemployed and 

individual annual income for over 75% was less than 3,000 USD annually.  A significant 

proportion of TB disease subjects were current tobacco smokers.  The household 

contact cohort was older than the TB disease subjects (by 5 years on average), smoked 

less, and had modestly higher employment status but similar individual annual income 

(Table 4.1).  These two groups were also stratified by gender (Table 4.2).  Comparison 

by gender showed that men were older and more likely to smoke in both groups. 

Subjects with TB disease consumed significantly greater amounts of total 

calories, protein, fat and CHO than the household contact group during the three days 

prior to the baseline study visit (Table 4.3).  This was reflected in the overall significantly 

higher macronutrient intake of the TB disease cohort relative to the household contact 

group (Table 4.3).  Total energy intake (kcal/kg/day) was 17.6% higher in the TB 

disease subjects than the control group, while protein, total fat and CHO intake were 

28.5%, 31.6%, and 32.1% higher than household contacts, respectively.  Due to 

differences in demographics between TB patients and household contacts (Table 4.1), 

multiple models were developed.  The final model adjusted for age, gender, employment 

status, and smoking and all macronutrient variables remained significant (calories- 

P=0.008; protein- P=0.04; fat-P=0.02; and CHO- P=0.001).  Tests for interaction for 

gender were not statistically significant.  However, gender was kept in the second model 

due to gender differences often seen in dietary intake. 

Despite higher macronutrient dietary intake, subjects with TB disease 

demonstrated significantly lower body weight (18.6% lower), BMI (24.4% lower) and 
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particularly fat mass (61.2% lower in grams; 41.5% as percentage of total mass); fat-free 

mass (1.4% higher in grams; 14.9% as a percentage of total mass) was similar between 

the groups (Table 4.3).  These comparisons remained significant after adjusting for 

differences in age, gender, smoking and employment status.   

There were no differences in either macronutrient intake or the body composition 

indexes among TB disease patients who received high-dose vitamin D3 compared to 

those receiving placebo (Table 4.4).  Therefore, all TB subject data were combined for 

multivariate analyses.  Protein intake significantly increased over the course of the 16-

week study in this TB disease cohort (p=0.030), whereas CHO intake remained stable 

(Figure 4.1).  Intake of dietary calories and fat tended to increase over the 16-week 

study, but this was not statistically significant (Figure 4.1).  As shown in Figure 4.2, 

body weight, BMI, and fat-free mass significantly increased in the TB disease subjects 

over time (all p<0.0001), while fat mass remained relatively constant.  

To explore the impact of MDR-TB on the study endpoints, subjects with TB 

disease were dichotomized as a function of drug susceptibility (drug susceptible-TB 

n=169; MDR-TB n=23) and dietary macronutrient intake and body composition indexes 

were compared over time.  Dietary protein intake was significantly greater over time 

(p=0.0042), but there was no significant effect of drug susceptibility on this response 

(Figure 4.3).  Total intake of calories and CHO tended to be greater in MDR-TB (not 

significant), while fat intake was similar over time.  Overall, there was a clear pattern for 

the two TB subject cohorts to consume more dietary kcal, protein, fat and CHO over 

time, which was most evident in the MDR-TB subjects at week 16 for (kcal and 

CHO)(Figure 4.3).  We also dichotomized the MDR-TB group by time to correct 

treatment regimen (<56 days n=11; >56 days n=12) and found no differences between 

groups at any time point or over time. 
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There was a significant effect for time for body weight, BMI and fat-free mass to 

increase in TB disease subjects, but this effect on both body weight and fat-free mass 

was significantly blunted in MDR-TB compared to drug-susceptible (Figure 4.4).  Fat 

mass was not significantly altered over time or as a function of drug susceptibility.  The 

fat-free mass data also showed a significant interaction effect of MDR-TB status and 

time (p = 0.044).  Therefore, pairwise comparisons were presented over time between 

the two TB groups at each time point.  In the drug-susceptible TB subjects, there was a 

significant difference from baseline (increased fat-free mass) at weeks 12 and 16 

(p=0.0009 and p<0.0001, respectively) and between week 8 and 16 (p=0.044).  In 

contrast, fat-free mass did not change over time in the MDR-TB patients.  In addition, 

fat-free mass was significantly lower in the MDR-TB cohort than the drug-susceptible 

cohort at both week 4 and week 16 (p=0.046) (Figure 4.4).  

Linear regression methods were used to compare outcomes (calorie intake and 

% calories from protein) with several body composition variables at baseline, week 8 and 

week 16. (Table 4.5)  When comparing calorie intake with BMI at baseline among all TB 

patients, the mean change in calorie intake was 2.03 kcal/kg/day per 1 unit increase in 

BMI (1 unit=5 kg/m2) and this negative slope is statistically different from zero (P 

<0.001).  This relationship was similar for males versus females.  This change declined 

at weeks 8 and 16, but remained statistically significant.  Comparisons between calorie 

intake and both body weight and fat-free mass were similar.  The comparison between 

calorie intake and fat-free mass showed a lower change at baseline (-0.56 kcal/kg/day 

per unit of fat-free mass (1 unit= 10 kg) and continued to decline by time point.  We 

stratified by drug susceptibility for the comparisons between calorie intake and % 

calories from protein with fat-free mass and there was a significant difference (P=0.04) 

between the groups when calorie intake was compared to fat-free mass.  At baseline, 

calorie intake decreased as fat-free mass increased for the drug-sensitive subjects 
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(Pearson R=-0.3; r-square=0.09; slope=-0.66 (0.16); P<0.001), while calorie intake 

increased as fat-free mass increased for those with MDR-TB (Pearson R=0.2; r-

square=0.05; slope=0.61 (SE- 0.61); P= 0.33) and these two slopes were significantly 

different (P=0.04). (Figure 4.5)  When % calories from protein were compared to fat-free 

mass we did not see differences by MDR status.  
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Discussion 

In this study, we provide data describing dietary intake and body composition 

changes over the initial 16-week period in patients receiving anti-TB therapy, with or 

without high-dose vitamin D3.  As macronutrient intake of the TB subjects increased over 

time, there was a parallel increase in BMI, while body composition proportions were 

maintained after repeated measures ANOVA.  However, MDR-TB subjects 

demonstrated concomitantly decreased body weight and fat-free mass over time despite 

increased macronutrient intake.  Thus, individuals with MDR-TB demonstrate a blunted 

anabolism in response to macronutrient intake, reflecting the catabolic nature of TB 

disease.  

Body weight and BMI have been widely studied within the scope of TB disease.11-

16  However, our study adds to the limited data on serial body composition changes 

during the early phase after pulmonary TB diagnosis.  The baseline body composition 

data show that, despite the increased caloric and macronutrient intake and after 

adjusting for gender, age, employment status and smoking, adults with recently 

diagnosed TB disease have significantly lower body weight and BMI, and markedly 

lower body fat and fat-free mass compared to asymptomatic adults from the same 

community.  This suggests that the catabolic effects of newly diagnosed TB disease is 

primarily reflected by loss of body fat, and suggests that enhanced lipolysis occurs early 

in the disease course.  The serial macronutrient intake and body composition data 

(Figures 4.1 and 4.2) show that body weight, BMI and fat-free mass all rose over time 

as patients are treated with anti-TB drugs, concomitant with an increase in dietary 

protein and tendencies for calorie and fat intake to rise.  Fat mass rose to a lesser extent 

(NS), perhaps reflecting ongoing lipolysis during the 16-week period.  

Fat-free mass is largely composed of lean tissue and primarily skeletal muscle, 

and may have been maintained in these individuals by the concomitant increase in 
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dietary calories and protein sources.  Studies that measure lean body mass composition 

directly (e.g. dual energy x-ray absorptiometry),136 skeletal muscle function,137 

metabolomics profiles78 and protein and fat kinetic studies using stable isotopes138 over 

time would be of interest to better define body composition changes, functional 

consequences and macronutrient metabolism in TB disease.   

Our study is the first on nutritional status of patients with TB disease in Georgia, 

which is also a low-burden country with respect to concomitant HIV and TB 

infection.10,135,139  Thus, our data may not be generalizable to TB patient populations with 

a high burden of HIV co-infection.  Only 24% of our sample was underweight (BMI < 

18.5 kg/m2), which is less than has been found in TB cohorts from other lower-middle 

income countries.14,15,140  In the country of Georgia, food is plentiful and relatively 

inexpensive therefore wasting due to food insecurity is relatively uncommon compared 

to other parts of the world, and this is confirmed by the overall increase in food/nutrient 

intake over time in our cohort.  

          A recent Cochrane review of 23 trials, five of which evaluated macronutrient intake 

in a cross-sectional manner, determined there was inconclusive evidence for the efficacy 

or effectiveness of supplementation with whole foods to improve outcomes in patients 

with TB disease.26  In a recent cross-sectional study, evaluating nutrient intake in women 

with concomitant TB/HIV versus controls in Uganda, Mupere and colleagues performed 

a single 24-hour dietary recall and measured BMI, lean body mass and fat mass.  They 

concluded lower acute energy and protein intake was associated with worsened body 

wasting (determined by BMI) and TB disease severity (determined by TB Score), and 

suggested that wasting was not a determinant of nutrient intake but a result of the 

inflammatory process and its associated anorexia.20  Our study shows that in the full 

cohort, body weight, BMI and fat-free mass increased over time with largely unchanged 

fat mass (from a low baseline percentage of body fat).  This occurred in association with 
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a significant increase in dietary protein and more modest increases in calories and fat 

over time.  Anecdotal information obtained by the investigators via discussions with TB 

disease subjects and their caregivers revealed that with initial symptoms of illness 

consistent with active infection and/or following formal diagnosis, subjects with 

pulmonary TB are encouraged by physicians and household members to consume more 

food in general.  Whether fat-free mass/lean body mass or fat mass can be increased 

further in this population with supplementation with either certain foods or defined 

nutrient products (e.g. to provide additional high-biological value protein sources and/or 

calories from fat and CHO sources) would be of interest. 

      Georgia is a lower-middle income country that has been designated by the WHO 

as a high-burden country for MDR-TB.10,135,141  Previous studies have not analyzed 

dietary intake or body composition in patients with MDR-TB over time.  To our 

knowledge, the current study also provides the first data comparing macronutrient intake 

and body composition over time in patients with MDR-TB disease in comparison to 

patients with drug-sensitive TB disease.  Of interest, Gler et al indicated that weight gain 

was associated with better response to MDR-TB treatment.21  Despite a strong trend 

toward increased mean daily intake of calories, particularly as CHO sources over time in 

the MDR-TB subjects versus drug-sensitive subjects, these individuals gained 

significantly less body weight and fat-free mass.  These data suggest that MDR-TB 

patients were more catabolic than the drug- sensitive TB patients, but the reason(s) 

underlying the evident blunted response to macronutrient intake are unclear.  After 

analysis of covariance (Table 4.6 and Figure 4.5), there was a very small change in 

calorie intake (0.5 kcal/kg/day) per unit of fat-free mass (10 kg), but such minor changes 

are not nutritionally significant.  We were limited by sample size when dichotomizing by 

drug susceptibility and this may have contributed to the lack of meaningful differences 

between these two TB disease cohorts.  Further longitudinal regression analysis would 
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help explain the relationship between dietary intake and body composition over time.  

Larger studies focused on MDR-TB as compared to drug- sensitive TB disease patients 

are needed to confirm our data and further define the body composition responses.  

Studies which serially measure energy expenditure (e.g. via indirect calorimetry), 

macronutrient metabolic pathways (e.g. via metabolomics profiling of plasma),78 blood 

concentrations of pro-inflammatory markers and other indices of a catabolic response,142 

and lean body mass (e.g. by dual energy x-ray absorptiometry) in MDR-TB compared to 

drug-sensitive TB disease patients would be of interest.  It would also be helpful to study 

this relationship over a longer period of time. 

Our study has several limitations.  Despite the overall large sample size, our 

study contained a small cohort of patients with MDR-TB.  Our cohort also demonstrated 

a relatively low rate of frank generalized malnutrition (BMI < 18.5 kg/m2) and had a low 

rate of HIV-co-infection.  Thus, our results cannot be generalized to TB disease 

populations with higher rates of malnutrition, food insecurity and HIV co-infection.  There 

was a 14% loss to follow-up in our clinical trial; however, this is similar to other studies 

conducted in this part of the world.  A systematic review published by the World Health 

Organization found an average 13% lost to follow-up rate for TB studies conducted in 

Asia.143  There were no significant differences in demographic characteristics between 

MDR-TB and drug-sensitive TB at any time points.  Thus, differences seen at week 16 in 

Figures 4.3 and 4.4 are likely due to the differences in Mtb drug resistance among 

these individuals.  Although our dietary intake data was obtained from a validated tool,74 

self-reported intake is inherently prone to bias.  Another limitation of our study is that we 

did not assess long-term relapse or cure rates and had only two deaths in the short 16-

week study period.  Longer-term follow-up of our cohort is in progress to address 

whether the body composition measures and dietary intake we determined during the 
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first eight weeks of anti-TB drug therapy are associated with rates of disease relapse 

and mortality. 

In conclusion, patients with recently diagnosed pulmonary TB disease in the 

country of Georgia consume greater amounts of calories, protein, CHO and fat than 

asymptomatic controls without evidence of TB disease.  Despite this food consumption 

behavior, TB disease patients exhibit lower body weight and BMI, which appears to be 

largely explained by loss of body fat.  Serial data over 16 weeks shows a general 

modest increase in macronutrient intake in TB disease patients which, in association 

with anti-TB drug therapy, is linked with significantly increased body weight, BMI and fat-

free mass and maintenance of body fat and body composition proportions in the overall 

cohort.  However, our data show for the first time that this anabolic response is blunted 

in individuals with MDR-TB, despite presumably adequate macronutrient intake per 

kilogram body weight.  This strongly suggests that anabolism is less efficient in MDR-TB, 

likely due to ongoing catabolic responses with poorly controlled TB disease. 
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Table 4.1. Subject Demographics 

Characteristic TB Disease 

Subjects  

(n=191) 

Household 

Contacts (n=36) 

P-value 

Age [mean(SD)] 36 (12) 41 (14) <0.01 

Male Gender 123 (64%) 12 (33%) <0.01 

Ethnicity    

Georgian 176 (92%) 33 (92%) 0.37 

Other 16 (8%) 3 (8%)  

Education    

Secondary or less 83 (43%) 11 (30%) 0.13 

College 28 (15%) 10 (28%)  

University 81 (42%) 15 (42%)  

Employment Status    

Employed 78 (41%) 17 (47%) <0.01 

Unemployed 93 (47%) 11 (31%)  

Other 21 (12%) 8 (22%)  

Annual Income     

<1000 lari  

(~600USD) 

55 (28%) 9 (25%) 0.97 

1000-5000 lari 92 (48%) 18 (50%)  

5001-10,000 lari 40 (21%) 8 (22%)  

>10,000 lari 5 (3%) 1 (3%)  

Marital Status     

Single 83 (43%) 4 (11%) <0.01 
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Married 90 (47%) 31 (86%)  

Divorced/Widow 19 (10%) 1 (3%)  

Current Smoker 137 (71%) 14 (39%) <0.01 
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Table 4.2. Demographics between TB Subjects and Household Contacts Stratified           

by Gender 

 TB subjects  Household contacts  

Characteristic 
Male 

(n=124) 

Female 

(n=68) 

P-

value 

Male 

(n=12) 

Female 

(n=24) 

P-

value 

Age [mean(SD)] 38 (13) 33 (8) <0.01 35 (10) 45 (15) <0.01 

Ethnicity       

Georgian 
114 

(92%) 
62 (91%) 0.29 11 (92%) 22 (92%) 0.41 

Other 10 (8%) 6 (9%)  1 (8%) 2 (8%)  

Education       

Secondary or 

less 

60 

(48%) 
23 (34%) 0.16 5 (42%) 6 (25%) 0.34 

College 
16 

(13%) 
10 (15%)  4 (33%) 6 (25%)  

University 
46 

(37%) 
35 (51%)  3 (25%) 12 (50%)  

Employment 

Status 
      

Employed 
48 

(39%) 
30 (44%) <0.01 8 (67%) 9 (38%) 0.12 

Unemployed 
69 

(56%) 
24 (35%)  4 (33%) 7 (29%)  

Other 7 (5%) 14 (21%)  0 (0%) 8 (33%)  
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Annual Income

  
      

<1000 lari  

(~600USD) 

35 

(28%) 
20 (29%) 0.36 2 (17%) 7 (29%) 0.93 

1000-5000 lari 
65 

(52%) 
27 (40%)  7 (58%) 11 (46%)  

5001-10,000 lari 
21 

(17%) 
19 (28%)  3 (25%) 5 (21%)  

>10,000 lari 3 (3%) 2 (3%)  0 (0%) 1 (4%)  

Marital Status

  
      

Single 
55 

(44%) 
28 (41%) 0.64 2 (17%) 2 (8%) 0.73 

Married 
59 

(48%) 
31 (46%)  10 (83%) 21 (88%)  

Divorced/Widow 10 (8%) 9 (13%)  0 (0%) 1 (4%)  

Smoker 109 

(88%) 
28 (41%) <0.01 8 (67%) 6 (25%) 0.03 
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Table 4.3. Dietary Macronutrient Intake and Body Composition: Comparisons 

between Subjects with TB Disease and Household Contacts 

Characteristic TB Disease 

Subjects  

 

Household 

Contacts  

P-

value 

Model I* 

Adjusted P-

value  

Model II** 

Adjusted P-

value 

Total Calories 

(kcal/kg/day) 

56.2 (23.2) 41.7 (15.0) <0.01 <0.01 <0.01 

Protein 

(g/kg/day) 

1.6 (0.73) 1.2 (0.48) <0.01 0.02 0.04 

Total Fat 

(g/kg/day) 

2.2 (1.2) 1.6 (0.66) <0.01 0.02 0.02 

Carbohydrate 

(g/kg/day) 

7.6 (3.2) 5.5 (2.0) <0.01 <0.01 <0.01 

Body Composition 

Body Weight 

(kg) 

62.4 (12.2) 75.2 (17.5) <0.01 <0.01 <0.01 

BMI (kg/m2) 20.9 (3.6) 26.7 (6.0) <0.01 <0.01 <0.01 

Fat-Free Mass 

(kg / % of total 

kg body weight) 

48.8 (10.2) / 

79 (8) 

49.5 (12.5) / 

68 (9) 

0.73 / 

<0.01 

<0.01/ <0.01 0.02/ <0.01 

Fat Mass (kg / 

% of total kg 

body weight) 

13.6 (8.6) / 

21 (8) 

25.6 (11.1) / 

32 (9) 

<0.01 

/<0.01 

<0.01/ <0.01 <0.01/ <0.01 

*Model I adjusted for age and gender 

**Model II adjusted for age, gender, employment status and smoking 
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Table 4.4. Dietary Macronutrient Intake and Body Composition Comparisons 

between Vitamin D and Placebo Treatment Groups of TB Disease Subjects 

Characteristic Vitamin D Placebo P-value 

Total Calories 

(kcal/kg/day)* 

   

Baseline  58 (25) 54 (22) 0.25 

Week 8  61 (23) 56 (21) 0.16 

Week 16  61 (22) 57 (20) 0.24 

Protein (g/kg/day)*    

Baseline 1.7 (0.75) 1.6 (0.71) 0.27 

Week 8 1.8 (0.79) 1.7 (0.69) 0.28 

Week 16 1.8 (0.64) 1.8 (0.64) 0.57 

Total Fat (g/kg/day)*    

Baseline 2.3 (1.3) 2.2 (1.1) 0.44 

Week 8 2.4 (1.1) 2.3 (1.0) 0.35 

Week 16 2.5 (1.1) 2.3 (1.0) 0.24 

Carbohydrate 

(g/kg/day)* 

   

Baseline 7.9 (3.3) 7.4 (6.8) 0.23 

Week 8 8.2 (3.2) 7.4 (2.7) 0.12 

Week 16 7.9 (2.8) 7.4 (2.6) 0.28 

Body Composition 

Body Weight (kg)**    

Baseline  62.5 (11.1) 62.4 (13.3) 0.99 

Week 8  64.5 (12.0) 65.2 (13.1) 0.74 
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Week 16  65.3 (12.2) 66.1 (13.8) 0.72 

BMI (kg/m2)**    

Baseline  21.0 (3.6) 20.8 (3.6) 0.65 

Week 8  21.8 (3.9) 21.9 (3.7) 0.90 

Week 16  22.1 (4.0) 22.1 (3.8) 0.93 

Fat-Free Mass (kg / 

% of total kg body 

weight)** 

   

Baseline  49.4 (9.5) / 79 

(8) 

48.3 (11.0) / 79 

(9) 

0.45 / 0.90 

Week 8  51.0 (10.2) / 79 

(8) 

49.1 (12.5) / 78 

(8) 

0.30 / 0.60 

Week 16  51.3 (10.1) / 79 

(8) 

51.5 (10.7) / 78 

(8) 

0.89 / 0.75 

Fat Mass (kg / % of 

total kg body 

weight)** 

   

Baseline  13.1 (6.1) / 21 

(8) 

14.2 (10.5) / 21 

(8) 

0.38 / 0.91 

Week 8  13.6 (6.3) / 21 

(8) 

16.1 (11.8) / 22 

(8) 

0.10 / 0.59 

Week 16  14.1 (7.0) / 21 

(8) 

14.6 (8.1) / 22 (8) 0.67 / 0.75 
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*Sample sizes for the determination of specific dietary intake characteristics at 

each time point varied: Baseline; Vit D=97; Placebo=94; Week 8; Vit D=79; 

Placebo=81; Week 16; Vit D=71; Placebo=75. Mean (SD). 

**Sample sizes for the determination of specific body composition characteristics 

at each time point varied: Baseline; Vit D=97; Placebo=94; Week 8; Vit D=81; 

Placebo=83; Week 16; Vit D=79; Placebo=83. Mean (SD). 
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Table 4.5. Changes in Calorie Intake for Body Weight and Body Composition 

Variables by Visit 

Body Composition 

Variable 

Slopes and Standard Errors by Visit 

Baseline Week 8 Week 16 

Body Weight (kg) -0.76 ±0.13* -0.47 ±0.14* -0.58 ±0.12* 

BMI (kg/m2) -2.03 ±0.45* -1.30 ±0.47* -1.55 ±0.42* 

Fat-Free Mass (kg) -0.56 ±0.16* -0.26 ±0.15 -0.44 ±0.16* 

*P-value (significantly different from zero) ≤ 0.01 
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Figure 4.1. Mean daily calorie, protein, fat and carbohydrate intake in TB disease 

patients over time. Panel A: Calories (kcal/kg/day). Panel B: Total protein (g/kg/day). 

Panel C: total fat (g/kg/day). Panel D: Total carbohydrate (g/kg/day). Two-factor mixed-

model repeated-measures analysis of variance was used for statistical analysis.  Sample 

sizes were 191, 160, and 146 for time points 0, 8, and 16 weeks, respectively. Data as 

mean ± SEM.  † Significant effect of time (p=0.030). CHO=carbohydrate.  

 

 

 

Figure 4.1 
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Figure 4.2. Body composition indexes in TB disease patients over time. Panel A: Body 

weight (kg, p<0.0001). Panel B: BMI (kg/m2, p<0.0001). Panel C: Fat-free mass (kg, 

p<0.0001). Panel D: Fat mass (kg, NS). Two-factor mixed-model repeated-measures 

analysis of variance was used for statistical analysis.  Sample sizes were 191, 170, 165, 

145, and 162 for time points 0, 4, 8, 12, and 16 weeks, respectively. Data as mean ± 

SEM.  † Significant effect of time. BMI=body mass index; kg=kilograms; NS= not 

significant. 

 

Figure 4.2 
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Figure 4.3. Mean daily calorie, protein, fat and carbohydrate intake in TB disease 

patients as a function of drug susceptibility over time. Panel A: Calories (kcal/kg/day). 

Panel B: Total protein (g/kg/day, p=0.0042 effect of time). Panel C: total fat (g/kg/day). 

Panel D: Total carbohydrate (g/kg/day). Two-factor mixed-model repeated-measures 

analysis of variance was used for statistical analysis. Sample sizes in the drug-

susceptible group were 168, 143, and 132 for time points 0, 8, and 16 weeks, 

respectively; sample sizes for the MDR-TB group were 23, 17, and 14 for time points 0, 

8, and 16 weeks, respectively. † Significant effect of time. MDR-TB= Multi-drug resistant-

TB.   

 

 

Figure 4.3 
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Figure 4.4. Body composition indexes in TB disease patients as a function of drug 

susceptibility over time. Panel A: Body weight (kg, p<0.0001 effect of time, p= 0.048 

effect of drug susceptibility. Panel B: BMI (kg/m2, p<0.0001 effect of time). Panel C: Fat-

free mass (kg, p =0.0502 effect of time, p =0.0070 effect of drug susceptibility and p= 

0.0249 for interaction). Given the interaction effect, pairwise comparisons were made 

over time between the two TB groups at each time point for fat-free mass. Values for fat-

free mass at individual time points within and between the two drug-susceptibility groups 

that do not share the same letters are significantly different. Panel D: Fat mass (kg, NS). 

Two-factor mixed-model repeated-measures analysis of variance was used for statistical 

analysis.  Sample sizes for drug susceptible group were 168, 153, 147, 131, and 145 for 

Figure 4.4 
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time points 0, 4, 8, 12, and 16 weeks, respectively; sample sizes for the MDR-TB group 

were 23, 17, 18, 14, and 17 for time points 0, 4, 8, 12, and 16 weeks, respectively. † 

Significant effect of time, ‡ Significant effect of drug-susceptibility,# significant interaction 

between time and drug-susceptibility.  
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Figure 4.5.  

 

Figure 4.5 Comparison of the associations between a) calorie intake and b) % calories 

from protein by fat-free mass (kg) in TB patients by MDR status.  Calorie intake 

(kcal/kg/day):  MDR (n=23): Pearson R= 0.21, r-square= 0.05, slope= 0.61 (SE 0.61), P-

value= 0.33. No MDR (n=168): Pearson R= -0.30, r-square= 0.09, slope= -0.66 (SE 

0.16), P-value<0.0001. P-value for comparing 2 slopes=0.04. % Calories from protein:  

MDR (n=23): Pearson R= 0.19, r-square= 0.02, slope= 0.04 (SE 0.06), P-value= 0.48. 

A 

B 
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No MDR (n=168): Pearson R= 0.19, r-square= 0.04, slope= 0.05 (SE 0.02), P-value= 

0.014. P-value for comparing 2 slopes=0.90. 
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Abstract 

Background: Characterization of metabolites during tuberculosis (TB) disease may 

identify new pathophysiologic pathways involved in infection as well as biomarkers of TB 

onset, progression and resolution. Such data may inform development of new anti-

tuberculosis drugs.  Methods: Plasma samples from adults with newly diagnosed 

pulmonary TB disease (within 7 days of anti-TB drug initiation) and their asymptomatic, 

sputum culture-negative household contacts were analyzed using liquid chromatography 

high-resolution mass spectrometry (LC-MS) to identify metabolites. Statistical and 

bioinformatics methods were used to  select accurate mass/charge (m/z) ions 

(metabolites) that were significantly different between the two groups at a false discovery 

rate (FDR) of q<0.05.  Two-way hierarchical cluster analysis (HCA) was used to identify 

clusters of ions contributing to separation of cases and controls, and metabolomics 

databases were used to match these ions to known metabolites.  Identity of specific D-

series resolvins was confirmed using LC-MS/MS analysis.  Results: We selected 17 

adult patients with culture positive pulmonary TB disease and 17 of their household 

contacts. Over 23,000 metabolites were detected in untargeted metabolomic analysis 

and 61 were significantly different between the two groups (q<0.05).  HCA revealed 8 

metabolite clusters containing metabolites largely upregulated in patients with TB 

disease, including anti-TB drugs, glutamate, choline derivatives, likely Mycobacterium 

tuberculosis-derived cell wall glycolipids (trehalose-6-mycolate and phosphatidylinositol) 

and pro-resolving lipid mediators of inflammation (D-series resolvins RvD1 and RvD2), 

known to stimulate resolution, efferocytosis and microbial killing. The resolvins were 

confirmed to be RvD1, aspirin-triggered RvD1, and RvD2.   Conclusions: This study 

shows that high-resolution metabolomic analysis can differentiate patients with active TB 

disease from their asymptomatic household contacts. Specific metabolites upregulated 
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in the plasma of patients with active TB disease have potential as biomarkers and may 

reveal pathways involved in TB disease pathogenesis and resolution.  
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Introduction 

The global burden of tuberculosis (TB) is vast with an estimated 8.6 million new 

TB cases and 1.3 million deaths due to the disease in 2012.144,145  An estimated one 

third of the world population has latent TB infection, and thus are at risk for reactivation 

TB disease. Challenges in global TB control include the emergence and spread of drug 

resistant TB, HIV/TB co-infection and lack of adequate tools including lack of an effective 

vaccine and lack of simple point of care diagnostics.1  The rising global presence of 

multidrug resistant TB (MDR-TB) and extensively drug resistant-TB (XDR-TB) strains of 

Mycobacterium tuberculosis (Mtb) constitute a public health crisis, particularly in high-

burden countries.1,144,145 

 The 2013 World Health Organization (WHO) Global Tuberculosis Report calls for 

rapid development and implementation of innovative strategies and tools for better 

prevention, diagnosis and treatment of TB.144,145  Unfortunately, progress remains slow, 

despite the large number of new diagnostic tools and anti-TB treatment regimens, 

vaccines, and drugs in development or under investigation.146-150  Further, there are no 

well-validated or specific biomarkers for TB that can predict or discriminate transition 

from latent TB to active TB disease or that are useful to monitor efficacy of anti-TB drug 

treatments.151,152  

 Metabolomics analysis uses nuclear magnetic resonance (NMR) spectroscopy-

based or mass spectrometry (MS)-based technologies to identify hundreds to thousands 

of small-molecule metabolites in biofluids or tissues, coupled with biostatistics and 

bioinformatics to identify potential biomarkers and metabolic pathways of 

disease.78,120,153  Individualized metabolic phenotyping using metabolomics analysis of 

plasma or serum samples has been used to differentiate individuals with various chronic 

diseases from control subjects, such as in Parkinson’s disease,124 diabetes mellitus,154 

and age-related macular degeneration.125   Further, targeted or untargeted NMR- or MS-
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based metabolomics methods have recently been used to distinguish the presence of 

specific infectious diseases, to predict therapeutic responses to anti-microbial agents, 

and to explore host-pathogen metabolic interactions, including in malaria,155,156 chronic 

Pseudomonas aeruginosa pulmonary infection,157 HIV,158 and sepsis.159 

 Targeted metabolomics methods have been used to characterize specific 

metabolites and regulated or unique metabolic pathways endogenous to the Mtb 

organism itself in cell culture studies,160-163 as well as Mtb metabolites possibly involved 

in drug resistance.164  Metabolomics analysis has provided an important approach to 

identify metabolic profiles associated with Mtb disease in animal models of TB using 

NMR86,165 and in human TB infection or active disease using NMR-based analysis of 

serum93 or MS-based analysis of sputum85 or serum.84,87 These studies have variously 

demonstrated differential small metabolite profiles in blood associated with TB disease 

compared to uninfected controls84,86,87,93,165 and have identified apparent Mtb-derived 

metabolites in sputum of patients with culture positive pulmonary disease.85  

Recently, we have developed high-resolution, high-throughput MS methods, 

advanced data extraction algorithms, and annotation software that allows detection of 

over 20,000 accurate mass metabolites in human plasma.78,95,112,113,120 Although a 

limitation is the logistical challenge of absolute verification of all putative metabolites 

(which include many unidentified metabolites),78,112,153 this robust approach has the 

potential to identify metabolites heretofore not known to be present in blood or otherwise 

linked to disease as well as potential pathophysiologic pathways166 that may be linked 

with TB disease and can then be targeted for further verification and utility.  

We designed this study to explore these enhanced metabolomics capabilities in a 

small number of subjects with newly diagnosed and laboratory-confirmed pulmonary TB  

and their matched household contacts at the National Center for Tuberculosis and Lung 

Disease (NCTBLD), Tbilisi, Georgia. Georgia is a lower-middle income country that has 
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been designated by the WHO as a high-burden country for MDR-TB.102,135,144,167 Our 

purpose was to conduct a proof-of-principle study to test the utility of high-resolution MS-

based metabolomics of plasma to differentiate subjects with active TB disease from 

asymptomatic household contacts without apparent TB disease and to determine 

potential metabolic features that may reflect host-Mtb metabolic interactions.  
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Materials and Methods 

Ethics Statement 

This study was approved by the Institutional Review Board of Emory University 

(Atlanta, GA, USA) and the Georgian NCTBLD Ethics Committee (Tbilisi, Georgia). All 

subjects provided written informed consent for participation in the study. 

Study Participants 

Study participants for this ancillary metabolomics study were selected from a 

double blind, randomized, controlled, prospective trial of high-dose cholecalciferol 

treatment of patients with pulmonary TB disease (clinicaltrials.gov identifier 

NCT00918086).32 Inclusion criteria for patients were age ≥ 18 years, newly diagnosed 

TB as determined by a positive acid-fast bacilli (AFB) sputum smear, and later confirmed 

by a positive sputum culture for Mtb (performed at the Georgian National TB Reference 

Laboratory [NRL]),102 ≤ 7 days of treatment with anti-TB drug therapy. Exclusion criteria 

included >7 days of anti-TB therapy (life time), hypercalcemia, nephrolithiasis, 

hyperparathyroidism, sarcoidosis, history of organ transplant, liver cirrhosis, requirement 

of hemodialysis, cancer in past 5 years, seizures, current pregnancy or lactation, serum 

creatinine >250 mmol/L, corticosteroid use in the past 30 days, current use of cytotoxic 

or immunosuppressive drugs, and current incarceration. Inclusion criteria for household 

contacts (controls) included lack of symptoms suggestive of TB disease or any other 

acute illness and documented negative sputum smear and culture.  We chose a 

convenience sample of 17 TB subjects that had data available for their matched 

household contact. 

Sputum Culture, Drug Susceptibility Testing and First-Line Anti-TB Drug Therapy 

Two sputum specimens were obtained from each patient subsequently confirmed 

to have active pulmonary TB disease.  Direct sputum smears with Ziehl-Neelsen staining 

were examined by light microscopy.  All sputum samples were sent to the National 
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Research Laboratory for culture on Löwenstein-Jensen (LJ)-based solid media, using 

standard methodologies as previously described.102,135  Positive cultures were confirmed 

to be Mtb complex using phenotypic tests, as outlined elsewhere.102  Drug susceptibility 

testing (DST) for first-line anti-TB drugs (isoniazid, rifampicin, ethambutol) was done 

using absolute concentration method and for second-line drugs with proportion method 

on solid media with standard methodology, as previously described.135  

To compare individuals with TB disease to those without evident TB disease, we 

also obtained blood from 17 asymptomatic household contacts of all studied TB disease 

subjects (typically a close relative) and were documented to be sputum Mtb culture 

negative.  

Plasma Sample Collection 

      Peripheral blood samples were obtained by venipuncture from all 17 subjects 

with TB disease and well as asymptomatic household contacts without TB disease. 

Blood was collected in ethylenediaminetetraacetic acid (EDTA)-containing tubes, 

centrifuged and isolated plasma immediately stored frozen at -80°C.  Samples were 

subsequently shipped on dry ice from Tbilisi to Emory University, Atlanta, GA, USA. 

Samples were never previously thawed, remained frozen during transit, and were frozen 

at -80°C in Atlanta prior to metabolomics analysis.  

Macronutrient Intake and Body Mass Index Assessment 

  Mean daily dietary intake of macronutrients (total calories, protein, fat and 

carbohydrate) was estimated in the three days prior to the blood collection using a 

validated culture-specific nutrient intake assessment instrument using the Nutrition Data 

System for Research software, version 2011, as previously described.32,74  Body mass 

index [BMI; body weight (kg)/height (m2)] was calculated at entry in all subjects using 

data obtained from a calibrated research stadiometer and digital body weight scale 

system (Tanita Inc; Arlington Heights, Illinois, USA). 
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Metabolomics Analysis 

High-Resolution Metabolomics 

      Thawed plasma (65 µL) was treated with 130 µl acetonitrile (2:1, v/v) containing 

an internal isotopic standard mixture (3.5 µL/sample), as previously described.112  Briefly, 

the internal standard mix for quality control consisted of 14 stable isotopic chemicals 

covering a broad range of chemical properties represented in small molecules.112 

Samples were mixed and placed in ice for 30 min prior to centrifugation for 10 min 

(16,100 x g at 4ºC) to remove protein. The supernatants (10 µL), for each high-resolution 

LC-MS analysis were then loaded onto an autosampler maintained at 4°C and analyzed 

in triplicate using a LTQ-Velos Orbitrap mass spectrometer (Thermo Scientific, San 

Jose, CA, USA) and C18 chromatography (Higgins Analytical, Targa, Mountain View, 

CA, USA, 2.1 x 10 cm).  Elution was obtained with a formic acid/acetonitrile gradient 112 

at a flow rate of 0.35 ml/min for the initial 6 min and 0.5 ml/min for the remaining 4 min. 

The first 2-min period consisted of 5% solution A [2% (v/v) formic acid in water], 60% 

water, 35% acetonitrile, followed by a 4-min linear gradient to 5% solution A, 0% water, 

95% acetonitrile. The final 4-min period was maintained at 5% solution A, 95% 

acetonitrile. The mass spectrometer was set to collect data from mass/charge ratio (m/z) 

85 to 2000 daltons over the 10-minute chromatography period. Electrospray ionization 

was used in positive ion mode for detection, as outlined.112,113 

Tandem Mass Spectrometry 

 Ion dissociation analysis by tandem LC-MS/MS was used in separate studies to 

positively identify L-glutamate.113 Identity of specific D-series resolvins [resolvin D1 

(RvD1), 7S, 8R,17S-trihydroxy-4Z, 9E, 11E, 13Z, 15E, 19Z-docosahexaenoic acid), 

resolvin D2 (RvD2), 7S, 16R, 17S-trihydroxy-4Z, 8E, 10Z, 12E, 14E,19Z- 

docosahexaenoic acid) and the aspirin-triggered RvD1 (AT-RvD1), 7S, 8R,17R-

trihydroxy-4Z, 9E, 11E, 13Z, 15E, 19Z-docosahexaenoic acid] was confirmed using lipid 
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mediator metabololipidomics analytical methods, as described by Serhan and 

colleagues.116,117 Briefly, five deuterium-labeled internal standards (0.5 ng) were added 

to plasma aliquots [d5-RvD2, d8-5-hydroxyeicosatetraenoic acid (d8-5-HETE), d4-

leukotriene B4 (d4-LTB4), d5-lipoxin A4 (d5-LXA4) and d4-prostaglandin E2 (d4-PGE2) to 

facilitate quantification of mediator recovery. Samples were extracted using SPE 

columns, eluted with methyl formate, and organic solvent evaporated using a nitrogen 

stream. Samples were suspended in methanol for analysis by high-resolution liquid 

chromatography coupled with tandem mass spectroscopy (LC-MS/MS), using a QTrap 

ABI 5500 (ABSciex, Framingham, MA).116,117  To monitor and quantify levels of the 

specialized pro-resolving lipid mediators (SPMs) derived from arachidonic acid, 

docosahexanoic acid (DHA) and eicosapentanoic acid (EPA) in plasma samples,118,119 

multiple reaction monitoring (MRM) for signature ion fragments was performed, with 

identification accomplished using LC retention time (RT), band shape and maximum 

absorbance wavelength (λmax) of UV, and ≥ 6 diagnostic ions of MS/MS spectrum. 

Quantification was determined based on peak MRM transition area and linear calibration 

curves.116,117 

Data Collection and Processing for High-Resolution Metabolomics 

 Data from the LTQ-Velos Orbitrap MS were continuously collected over the 10-

min chromatographic separation period and stored as .Raw files. The .Raw files were 

converted to .cdf format using Xcalibur file converter software (Thermo Fisher, San 

Diego, CA) and used for data extraction. Peak extraction and integration were performed 

using apLCMS with xMSanalyzer.95,120  apLCMS (http://www.sph.emory.edu/apLCMS) is 

an adaptive processing software package designed for high resolution LC-MS data that 

performs data filtering, peak detection, and alignment and generates a feature table, 

where a feature is defined as the measured m/z, RT, and integrated ion intensity.  We 

define a metabolite as any chemical in a biological system, where some metabolites may 

http://en.wikipedia.org/wiki/Prostaglandin
http://www.sph.emory.edu/apLCMS
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be gene-directed or environmental chemicals.78  xMSanalyzer enhances the feature 

detection process by performing systematic data re-extraction and combining results 

from different parameter settings 

(http://userwww.service.emory.edu/~kuppal2/xMSanalyzer). 

Statistical Analysis 

Descriptive statistics for demographic and clinical data were performed. Two-

tailed t-tests and two-tailed Fisher exact tests were used to compare metabolomics 

results from patients with TB disease and their household contacts using SAS version 

9.3 (Cary, NC, USA) for continuous and categorical data, respectively. LIMMA, a 

package within the R framework for differential expression analysis, was used to identify 

differentially expressed metabolites between TB cases and household contacts.121  To 

account for multiple comparisons, P values were adjusted using the Benjamini and 

Hochberg false discovery rate (FDR; q=0.05) to distinguish statistically significant 

metabolites that differed between the two groups.122  Two-way hierarchal clustering 

analysis (HCA) was performed using the differentially expressed metabolites to visualize 

patterns and detect clusters of co-regulated metabolites by disease state.78,123  An 

untargeted metabolome-wide association study (MWAS) based on the Pearson 

correlation analysis of the differentially expressed metabolites with all detected 

metabolites in plasma of subjects with TB disease and HCA was performed to 

understand the global association pattern of the discriminatory metabolites.78 The 

statistical significance of correlations was determined using the Student’s t-test method 

and visualized using a Manhattan plot where the x-axis corresponds to the metabolites 

(85-2000 m/z) and the y-axis corresponds to the negative log10 of the p-value.124,125 

Targeted MWAS were also performed with anti-TB drugs differentially expressed in TB 

disease versus HC subjects. FDR, HCA and Pearson correlations analyses were 

performed using R.95,120 
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Metabolite Annotation and Pathway Analysis  

 Putative metabolite identification of the discriminatory ions between TB and 

household contacts were determined using open-access Metlin (126; 

http://metlin.scripps.edu/) and the xMSannotator R package (manuscript submitted; 

http://userwww.service.emory.edu/~kuppal2/xMSannotator/). xMSannotator uses 

biological, chemical and pathway information with a suite of major small molecule 

databases including KEGG (127; http://www.genome.jp/kegg/), Human Metabolome 

Database (HMDB),128 MetaCyc (http://www.metacyc.org) and ChemSpider 

(http://www.chemspider.com/) to enhance reliability of ion annotation relative to that 

obtained by matching high-resolution m/z to metabolites in Metlin.129  Pathway analysis 

was performed using KEGG.127 
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http://www.genome.jp/kegg/
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Results 

Subject Characteristics 

       The mean age of TB patients (35±12 years) and gender characteristics of the 17 

subjects with TB disease did not differ significantly from the 17 household contacts 

(Table 5.1).  All subjects were Caucasian; there were no differences between the two 

groups in terms of annual income and maximum educational level attained (not shown). 

Patients with active TB disease were more likely to smoke and less likely to be currently 

employed compared to their household contacts (Table 5.1). No subject took vitamin or 

mineral supplements; however, the three-day food intake analysis confirmed patients 

with TB consumed significantly greater total calories per kg of body weight daily, 

primarily due to increased carbohydrate sources compared to household contacts.  

Mean daily protein and fat intake was also higher in the subjects with TB disease, but 

these intakes were not statistically different between groups (Table 5.1). The average 

BMI in the TB disease cohort was markedly lower than the BMI of the matched 

housemates, likely reflecting the catabolic nature of TB disease,1 despite the overall 

higher caloric intake.74  

High-Resolution Metabolomics Data 

      Extraction of mass spectral data derived from C18 chromatography with apLCMS 

and xMSanalyzer yielded 23,241 metabolites.  Statistical analysis of the 34 subjects with 

FDR at q=0.05 showed that 61 metabolites differed between TB disease subjects and 

household contacts.  Figure 5.1, panel A depicts a Manhattan plot charting the –log P 

value for each m/z.  The 61 metabolites are depicted as green dots above the dashed 

blue line signifying FDR q=0.05.  The dashed red and green lines represent FDR cut-offs 

of q =0.1 and q=0.2, respectively.  Supplemental Table 5.S1 lists these significantly 

different metabolites with m/z, respective RT, relative log intensities, median coefficient 

of variation, and negative log P value.  
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Figure 5.1, panel B shows box and whisker plots of log(2) intensities for six 

selected significant metabolites comparing the median and interquartile range for 

metabolite intensities in household contacts (left boxplot within each individual 

metabolite) versus TB disease subjects (right boxplot within each individual metabolite). 

The individual m/z and putative metabolite identifications from Metlin are shown.  The 

upper panel shows selected metabolites that were increased in TB subjects: from left to 

right, the amino acid L-glutamate, a D-series resolvin,116-119 and a mycobacterium-

specific cell wall glycolipid trehalose-6-mycolate.168,169  The lower panel shows intensities 

of the metabolite matching phosphatidylinositol (PI), a key phospholipid present the cell 

wall of mycobacteria168,169 that was increased in TB subjects. This m/z matched to six 

putative PI molecules of different carbon chain lengths.  The lower panel also shows two 

unidentified metabolites that were decreased in TB subjects relative to household 

contacts.  

Hierarchical cluster analysis of plasma metabolites differentiating pulmonary TB 

disease from control subjects 

Two-way hierarchical cluster analysis (HCA) of the 61 significant metabolites is 

shown in Figure 5.2A. On the x-axis, the 17 persons with active TB disease (top light 

green bar on right) cluster separately from the 17 household contacts (top red bar on 

left).  On the y-axis, the 61 metabolites are separated into eight clusters.  The pie chart 

shown in Figure 5.2B depicts the distribution of the 61 significant metabolites different 

between the two study groups within pan-metabolome categories.78  Of interest, the 

largest category (47%) of this classification did not match to known metabolites in the 

Metlin or xMSannotator metabolite databases. Metabolites classified within intermediary 

metabolism and those derived from pharmaceutical agents each represented 17% of the 

distribution. 
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      Table 5.2 lists the 59 metabolites with RT> 30 sec grouped according to HCA 

cluster, and signifies cluster number, m/z, RT and their putative metabolite Metlin 

match.126  As shown in the HCA heat map (Figure 5.2A), accurate mass metabolite 

matches within cluster 1 to 6 were all significantly increased in subjects with TB disease. 

In contrast, clusters 7 and 8 contained primarily of unidentified metabolites, all of which 

were decreased in those with TB disease.  Metabolite cluster 5 contained m/z matches 

to the anti-TB drugs rifampin and ethambutol (both the Na+ and the H+ adducts of these 

agents were detected). The m/z for both pyrazinamide (m/z 124.0498) and isoniazid 

(m/z 120.0548) were detected in the full panel of metabolites, but did not statistically 

differ between those with TB disease compared to household contacts.  Given that all 

those with TB disease were treated with a combination of isoniazid, rifampin, 

pyrazinamide, and ethambutol started within one week prior to the plasma sampling, we 

speculated that the anti-TB drugs and/or their metabolites should correlate.  Therefore, 

we performed a MWAS study to determine the association of the m/z for pyrazinamide 

with the full panel of detected metabolites.  Figure 5.3 shows that many metabolites 

were highly correlated with the pyrazinamide metabolite m/z (17 metabolites showed a 

highly significant -log P >7 correlation Pearson R value).  Metabolites with the highest     

-log P for correlation with the pyrazinamide m/z matched to phosphatidylethanolamine 

(m/z 792.5638), acetyl-hydrazine; a known isoniazid metabolite170,171 (m/z 97.0389), the 

anti-TB drug isoniazid (m/z 120.0548), an unidentified metabolite (m/z 562.2247) and the 

anti-TB drug ethambutol (m/z 205.1898). The m/z to another known isoniazid metabolite, 

isoniazid pyruvate (m/z 208.0682),170 was also significantly correlated with the 

pyrazinamide metabolite (not shown in figure). 

Verification studies for D-series resolvins and glutamate 

 One of the 61 significant plasma metabolites that differentiated TB disease from 

controls was m/z 399.2116, which matched to several possible D-series resolvins using 
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the Metlin metabolite database.  We refined the annotation by using xMSannotator, 

which matched the resolvin m/z to two specific resolvins, RvD1 and RvD2.  As shown in 

Figure 5.4, verification studies confirmed the positive identification of RvD1, RvD2, and 

aspirin-triggered resolvin D1 (AT-RvD1) in the plasma from subjects with TB disease.  

Glutamate (m/z 148.0594) was verified by MS/MS and fragmentation of co-eluting [13C5]-

L-glutamate added in the internal standard mix for LC-MS.112  Figure 5.5 depicts an 

abbreviated diagram of this pathway from KEGG with five m/z matches we found in 

plasma of TB disease subjects noted in red. 

Concomitant detection of putative Mtb cell wall-derived metabolites and the D-

series resolvin metabolite in plasma of subjects with drug-sensitive or drug-

resistant TB disease 

 Co-detection of the m/z matched to trehalose-6-mycolate, PI, and the D-series 

resolvins within study subject plasma (TB disease patients with drug-sensitive TB, MDR-

TB, and household contacts) is shown in Table 5.3. Notably, in all 13 patients with drug 

sensitive TB with the detectable trehalose-6-mycolate metabolite in plasma, the PI 

metabolite was concomitantly detected. Also, in all 12 patients with drug-sensitive TB 

with detectable plasma D-series resolvin(s), both the trehalose-6-mycolate and the PI 

metabolites were detected. One of three patients with MDR-TB had concomitantly 

detectable D-series resolvin(s) and trehalose-6-mycolate and PI metabolites. In another 

MDR-TB patient, the D-series resolvin(s) were demonstrated, but neither of the two Mtb 

cell wall-related metabolites were detected. The D-series resolvin(s) metabolite was 

detected in the plasma of two household contacts, but it was not linked to detection of 

either of the putative Mtb cell wall-related metabolites. Only one of the 17 household 

contacts demonstrated the trehalose-6-mycolate metabolite, which was detected 

together with the PI metabolite in this same individual.  
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Discussion 

 Our study demonstrates that this information-rich metabolic profiling method can 

differentiate adults with pulmonary TB disease from asymptomatic household contacts. 

The metabolite profile includes specific resolvins, L-glutamate and putative Mtb cell wall 

metabolites.  A unique feature is our use of high-resolution LC-MS metabolomics to 

profile > 23,000 metabolites in plasma from humans with TB disease and their 

aymptomatic household contacts.  Patients with active TB disease likely had similar 

exposures (e.g. specific dietary foods, environmental chemicals, household microbes, 

etc.) as the individual control subjects living in the same dwelling.  Thus, metabolite 

differences between the two groups were likely due to the presence or absence of TB 

disease itself, and not to other differences in the “exposome” of the respective groups.78  

 Among the differentiating metabolic features, were known anti-TB drugs as 

expected and several metabolites not previously identified in the plasma of patients with 

TB disease.  Most notably, these included endogenously produced lipid mediators 

involved in the resolution of inflammation,119 and metabolites from the Mtb cell wall 

components including mycobacterium specific cell wall glycolipid trehalose-6-mycolate 

and the non-specific phospholipid PI, that could represent potential biomarkers of TB 

disease.168,169,172,173  In addition, many unidentified metabolites were either increased or 

decreased in the plasma of the pulmonary TB subjects relative to controls, and may 

represent future targets for investigation.78  This large proportion of unidentified 

metabolites detected is consistent with our previous studies using an earlier adaptation 

of this LC-MS method in several eukaryotic species, including man.153  

In our study, dietary intake does not seem to explain the overall metabolite profile 

that discriminated the two groups. It is possible, however, that the increased triglyceride 

metabolite (Table 5.2) was related to higher recent fat or carbohydrate intake and the 

increased choline metabolite from increased intake per kilogram body weight of choline-
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rich foods such as eggs and meats. It is highly unlikely that modestly higher essential 

and non-essential amino acid intake derived from dietary protein in those with TB 

disease versus household contacts (Table 5.1) accounts for a single amino acid 

(glutamate) to be within the discriminating metabolite profile. 

      Despite the challenges in TB research, there is a considerable need to extend 

metabolomic analyses to advance understanding of TB and its pathogenesis.  Previous 

metabolomic studies in human TB have sometimes lacked culture confirmation in all 

subjects, lacked information on the course of disease after TB samples were collected, 

or lacked dietary intake data or other relevant health behavior data.84,85,87,93  Also, prior to 

the present study, the analytic platforms measured a relatively small number of total 

metabolites (total metabolites = 30 to 498).84,85,87,93   

Despite the limited coverage, considerable information has been gained from 

metabolomic analyses.  Weiner et al, using low-resolution MS and gas chromatography 

MS (GC-MS) methods, explored the metabolome of 428 distinct small molecules in a 

cross-sectional study in healthy controls, asymptomatic patients with latent TB, and 

patients with active TB disease.84  A total of 20 metabolites differentiated subjects with 

TB disease (n=44) compared to those with latent TB (n=46) and healthy individuals 

(n=46) combined.  In subjects with TB disease, these included altered abundance of 

several amino acids, and increased N-acetylneuraminate (involved in aminosugar 

metabolism), pyroglutamine (glutamate metabolism), inosine (purine metabolism) and 

mannose (protein glycosylation).84  

      Zhou et al used NMR-based methods to compare metabolites (n=30 metabolites) 

in serum of subjects with TB disease versus healthy controls.93  The primary finding was 

an increase in several amino acids (including glutamate), ketones, lactate and pyruvate, 

with a decrease in low-density lipoproteins, glycerolphosphocholine, alanine and glycine 

in those patients with TB disease.93 Che et al reported serum data from patients with 



109 
 

“active” TB versus controls, using a GC-MS method; 5-oxoproline (pyroglutamic acid, a 

metabolite of glutaminase-mediated glutamine hydrolysis), lactate, inositol, ornithine, 

phenylalanine and glycerol-3-phosphate, and cholesterol were decreased, while 

galactose, cholesterol, malonate and several unidentified metabolites were increased in 

TB disease.87 du Preez and Loots used NMR-based methods to analyze sputum from 

Mtb culture-positive versus culture-negative patients to detect 498 metabolites.85 Mtb 

culture-positive sputum samples demonstrated upregulated Mtb-associated cell wall 

metabolites (e.g. L-mannopyranose and D-mannopyranoside), D-citramalate (involved in 

C5-branched dibasic acid metabolism of the Mtb organism),161 and certain host-response 

markers to TB infection, including γ-aminobutarate (GABA).85  

 Our data show, for the first time, m/z matches for two putative Mtb cell wall 

components in the plasma of patients with TB disease—phosphatidylinositol and 

trehalose-6-mycolate. Also, these were detected concurrently in 14 of 17 of the TB 

disease subjects at a similar time point in the course of their disease (Table 5.3). 

Mannose, which was upregulated in TB disease in the Weiner report,84 is a critical 

component of the Mtb cell wall glycan lipoarabinomannan (LAM)168,169,174,175 and is 

required for mycobacterial growth.176  In the Mtb cell wall, LAM is anchored to both the 

mycolic acid layer and the cell membrane by PI.168,169 Therefore, it is possible that the 

increased mannose identified by Weiner et al84 was derived from cell walls of the 

infecting Mtb, consistent with our observations of the elevated metabolites matching to 

PI and trehalose-6-mycolate.    

 Previous metabolomic studies noted a variety of amino acid alterations that 

distinguished TB disease from controls.84,87,93  We identified glutamate to be elevated in 

TB disease as the only discriminating amino acid (Table 5.2), consistent with the 

upregulation of serum glutamate in TB disease noted by Zhou et al93 and metabolically 

with the decreased glutamine and elevated pyroglutamine noted by Weiner et al.84 
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Glutamate is a major amino acid utilized by Mtb during the growth phase177 and this 

amino acid is a critical constituent for components of the Mtb cell wall.161,178  After 

granuloma formation in the host, Mtb shifts from a predominantly aerobic energy 

metabolism to anaerobic metabolism in the oxygen-limiting environment of the 

granuloma. Previous biochemical and targeted metabolomic studies have shown that 

varient tricarboxylic acid (TCA) cycle pathways are employed by Mtb under hypoxic 

conditions, including a half-cycle to generate succinate from GABA that utilizes 

increased glutamate availability as a substrate.160,163  The C5 branched dibasic acid 

metabolic pathway is also utilized by Mtb to provide alternative carbon and nitrogen 

sources for energy, including glutamate.161,179 (Figure 5.5)  The upregulated glutamate in 

the differentiating plasma profile of TB disease subjects may thus be a result of 

increased Mtb glutamate synthesis and an example of a potential host-pathogen 

metabolic interaction.  

This is the first study, to our knowledge to identify a systemic increase of specific 

resolvins in TB in humans. Resolvins are lipid mediators derived from endogenous 

omega-3 fatty acids (docosahexaenoic acid;DHA) from a genus of anti-inflammatory and 

specialized pro-resolving lipid mediators (SPM): resolvins, protectins, maresins, and 

lipoxins.119,180  Increased local production of D-series resolvins occurs during infection at 

sites of macrophage recruitment, particularly when macrophages are clearing apoptotic 

polymorphonuclear neutrophils (PMN).117,119,181,182  D-series resolvins act as autocrine 

factors and facilitate phagocytosis and microbial killing by a variety of mechanisms. 

Apoptotic PMNs themselves produce SPMs and their uptake by macrophages 

(efferocytosis) during bacterial infection also stimulates macrophage synthesis of D-

series resolvins, which, in turn, induce local anti-inflammatory effects and enhance 

microbial clearance.117,119,180  RvD1 has been shown to block neutrophil inflammatory 

responses and trans-endothelial migration in inflammatory lung diseases in mice.183  In 
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macrophages, RvD1 regulates phagocytosis utilizing receptors in humans and increases 

clearance of apoptotic neutrophils in vitro.181,183  In a murine microbial sepsis model, 

RvD2 significantly dampened the local and systemic bacterial burden by preventing 

excessive leukocyte infiltration and enhancing clearance of microbes.182  Although the 

role of resolvins in Mtb infection is currently little understood, the data shown in Table 

5.3 suggest the possibility of a common pathophysiologic pathway in TB disease 

involving events that result in local generation of D-series resolvins by PMN and 

macrophages in the lung granuloma that are subsequently detectable in plasma, 

concomitant with the presence of specific Mtb cell wall-related metabolites that are 

potentially a result of Mtb killing.  

 Limitations of this study include the cross-sectional nature, the relatively small 

sample size and some patients with MDR-TB.  In addition, while the household contacts 

did not have active TB disease, no studies were carried out to assess whether they had 

latent TB infection.   Further metabolomic studies are needed among patients with 

documented latent TB infection to detect potential biomarkers for transition to active 

disease.  Another major limitation to this ancillary study is the larger trial was not 

designed specifically for metabolomics analysis.  We had no basis for a power 

calculation, thus this is a pilot study with a limited number of samples.  Also we did not 

obtain absolute identity of most metabolites in the discriminating metabolites by tandem 

MS/MS studies.  Metabolites in plasma are an indirect measure of Mtb metabolism and 

local tissue response to infection and we have no data from patient sputum or the Mtb 

organism itself.  

 In summary, these data show that adults with active TB disease can be 

differentiated from persons without active TB disease by high-resolution metabolic 

profiling of plasma.  We were able to identify multiple metabolites relevant to Mtb 

disease and its unique metabolism, as well as D-series resolvins that may reflect a 
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pathophysiologic response to TB disease in humans.  Prospective and confirmatory 

studies are needed to gain pathophysiologic insight before and after initiation of 

conventional anti-TB drug therapy and during stages of TB disease and with clinical 

recovery and ultimate cure.  Studies are needed to determine whether plasma metabolic 

profiles can be used to predict development of TB disease in individuals with latent TB, 

and whether metabolite profiling can identify subjects with drug-sensitive versus MDR-

TB and whether the responses to new anti-TB therapies can be predicted.  
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Table 5.1: Demographic characteristics of subjects with TB disease and their 

sputum smear-negative household contacts 

Characteristic* 
TB Disease Patients 

(n=17) 

Household 

Contacts (n=17) 
P-value 

Age [years; mean (SD)] 35 (12) 42 (11) 0.0944 

Male gender, n (%) 10 (59%) 6 (35%) 0.1673 

Current smoker, n (%) 13 (76%) 7 (41%) 0.0365 

Currently employed, n 

(%) 
8 (47%) 11 (64%) 0.0238 

Total calorie intake 

[kcal/kg/day; mean 

(SD)] 

56.6 (17.8) 42.1 (11.7) 0.0092 

Total protein intake 

[g/kg/day; mean (SD)] 
1.7 (0.8) 1.2 (0.5) 0.0582 

Total fat intake 

[g/kg/day; mean (SD)] 
2.0 (0.8) 1.5 (0.5) 0.0745 

Total carbohydrate 

intake [g/kg/day; mean 

(SD)] 

8.3 (2.4) 5.5 (1.4) 0.0006 

BMI [kg/m2; mean 

(SD)] 
20.7 (2.0) 25.6 (4.0) <0.0001 

* Annual income and educational level were similar between the two groups (data not 

shown). 
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Table 5.2: Clusters of metabolites that discriminate between patients with TB 

disease and their household contacts 

Cluster m/z RT (sec) Metlin Matches 

1 

988.8253 37 Unidentified 

869.8372 38 Triglyceride 

484.9452 47 Quercetin 

446.8292 51 Unidentified 

444.8320 52 Unidentified (Cl-) 

270.9566 56 
Environmental exposure 

(cosmetic) (C12) 

212.9984 53 Pesticide (Linuron) 

2 

621.9278 51 Unidentified 

192.0231 50 Plant hormone 

273.9602 50 Unidentified 

553.9406 50 Unidentified 

485.9535 51 Thyroid hormone mimetic 

214.0050 48 Drug 

148.0594 71 Glutamate 

104.1063 52 Choline 

3 

1321.9177 427 Unidentified 

825.5768 497 Unidentified 

399.2116 329 D-series Resolvin 

850.5915 467 Phosphatidylserine (C12) 

800.5743 422 Phosphatidylserine (C12) 

851.5953 471 Phosphatidylinositol 
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(C13) 

801.5767 446 

Mtb cell wall compound 

(trehalose-6-mycolate) 

(C13) 

4 

459.8740 51 
Herbicide 

(Bromofenoxim) 

271.9629 50 
Dichlorophenolindophenol 

(C13) 

574.9516 51 Unidentified 

305.1028 53 
Chiral alcohol; 

acrylonitrile 

306.9330 53 Unidentified 

564.4350 402 Unidentified 

495.2198 248 Unidentified Drug 

5 

227.1718 48 Ethambutol (Na+) 

206.1934 47 Sphingosine 

228.1751 47 Unidentified Drug 

125.0531 142 Unidentified  

107.0232 64 Unidentified 

205.1898 48 Ethambutol (H+) 

823.4076 304 Rifampin (H+) 

791.3806 304 Unidentified (C12) 

792.3868 304 Unidentified (C13) 

824.4129 303 Unidentified 

789.3655 272 Unidentified Drug 
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845.3897 304 Rifampin (Na+) 

6 

464.1383 129 Unidentified 

309.1807 132 Androstenedione 

431.1446 84 Unidentified Drug 

1591.6414 38 Unidentified 

7 

880.7371 45 Unidentified 

237.0191 39 Protein kinase inhibitor 

478.6161 57 Unidentified 

284.0310 79 Phosphotyrosine 

158.8735 62 Unidentified 

558.7576 53 Unidentified 

8 

536.2780 378 Vignatic acid A 

435.2326 376 Plant toxin 

271.2319 548 Unidentified 

1329.4225 297 Unidentified 

1117.1021 294 Unidentified 

1544.5580 289 Unidentified 

307.2149 320 Ruscopine 

1453.0526 296 Unidentified 

 

Elements in parentheses represent different adducts of the same metabolite (e.g. 

rifampin). m/z = mass/charge ratio; RT= retention time; sec=seconds 
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Table 5.3: Linkage of likely M. tuberculosis cell wall-derived metabolites and the 

pro-resolving D-series resolvin metabolite in plasma of patients without or with 

MDR-TB 

 

Metabolite feature 
Non-MDR-TB 

patients*† 
MDR-TB patients** 

Household 

contacts*** 

Trehalose-6-mycolate 13/14 1/3 1/17 

Phosphatidylinositol 

(PI) 
14/14 1/3 1/17 

D-series resolvin 12/14 2/3 2/17 

MDR-TB= multidrug resistant TB (resistance to both isoniazid and rifampin) 

* In all 13 non-MDR-TB patients with detectable trehalose-6-mycolate metabolite in 

plasma, the phosphatidylinositol metabolite was also detected. 

† In all 12 non-MDR-TB patients with the D-series resolvin metabolite in plasma, the 

trehalose-6-mycolate and PI metabolites were concomitantly detected. 

** One of 3 patients with MDR-TB demonstrated the D-series resolvin(s), trehalose-6-

mycolate and PI metabolites in plasma. In another MDR-TB patient, the D-series 

resolvin was demonstrated but neither of the putative Mtb cell wall-related metabolites 

were detected.  

*** One of the 17 smear-negative household contacts demonstrated both trehalose-6-

mycolate and the PI metabolites in plasma, but these metabolites were undetectable the 

other household contacts. The D-series resolvin metabolite(s) was detected in plasma of 

2 other household contacts.  
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Table 5.S1. Metabolites Statistically Different Between TB Disease and HC 

Subjects* 

m/z RT (sec) 
Relative Log Intensities 

Median CV -log P 

HC TB 

104.1063 52 -0.25 0.35 8.087 4.0585 

107.0232 64 0.55 10.85 23.15 5.4717 

125.0531 142 0.77 11.87 12.82 6.1267 

148.0594 71 -0.76 1.52 114 4.4395 

158.8735 62 4.70 -5.87 23.25 3.7418 

192.0231 50 -8.61 0.51 19 4.5457 

205.1898 48 -8.78 3.54 10.69 5.3422 

206.1934 47 0.71 11.71 7.518 5.3353 

212.9984 53 -0.41 0.66 6.846 5.3677 

214.0050 48 -0.89 1.36 10.94 3.9180 

227.1718 48 1.86 14.02 11.94 5.0526 

228.1751 47 1.04 10.72 16.46 4.4315 

237.0191 39 10.80 1.91 39.47 4.5193 

270.9566 56 -0.59 0.45 6.427 4.1726 

271.2319 548 0.23 -6.06 36.81 3.8250 

271.9629 50 -7.41 0.92 22.02 3.6356 

273.9602 50 1.07 11.50 18.85 4.6567 

284.0310 79 10.46 1.55 17.88 4.0773 

305.1028 53 -9.61 -0.92 30.9 4.1687 

306.9330 53 -7.94 -0.41 42.47 3.7474 

307.2149 320 0.75 -5.91 37.09 3.7628 
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309.1807 132 -5.45 3.72 18.23 4.7786 

399.2116 329 1.20 10.24 13.3 4.1745 

431.1446 84 -3.79 5.99 8.974 3.6972 

435.2326 376 1.55 -8.29 8.301 4.8942 

444.8320 52 -7.79 0.36 26.85 4.3731 

446.8292 51 -8.28 0.15 13.79 4.0070 

459.8740 51 -8.32 0.37 42.63 4.6951 

464.1383 129 1.27 9.62 21.66 4.2564 

478.6161 57 12.19 2.41 11.62 3.6752 

484.9452 47 -8.73 0.37 44.04 3.9977 

485.9535 51 -11.08 -1.46 19.36 3.7046 

495.2198 248 -5.75 1.16 16.7 4.0494 

536.2780 378 0.38 -9.01 5.93 4.5813 

553.9406 50 -13.32 0.01 17.62 8.6632 

558.7576 53 -0.52 -9.86 47.99 4.0936 

564.4350 402 -10.61 0.33 41.6 4.6393 

574.9516 51 -9.44 -0.63 35.12 4.0346 

621.9278 51 -3.96 6.72 19.19 5.1978 

789.3655 272 0.47 11.67 9.716 6.2066 

791.3806 304 0.84 14.35 3.981 7.3652 

792.3868 304 0.67 12.84 7.124 6.4730 

800.5743 422 2.03 16.14 10.84 6.0803 

801.5767 446 1.20 13.30 39.19 5.4153 

823.4076 304 0.98 15.68 6.108 7.4054 

824.4129 303 1.04 13.06 4.121 4.9367 
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825.5768 497 0.78 13.42 16.56 6.3607 

845.3897 304 0.02 10.37 5.492 5.8864 

850.5915 467 -3.39 10.02 24.2 4.7266 

851.5953 471 1.13 15.14 10.86 7.0192 

869.8372 38 -13.11 -1.47 19.61 4.6992 

880.7371 45 11.63 1.64 21.14 4.1317 

988.8253 37 -10.87 -1.18 44 3.8264 

1117.1021 294 0.50 -8.10 43.42 4.0558 

1321.9177 427 1.42 12.45 26.34 5.3731 

1329.4225 297 1.03 -6.72 39.7 3.8532 

1453.0526 296 0.64 -9.51 16.46 4.4895 

1544.5580 289 2.05 -6.27 44.43 3.7544 

1591.6414 38 -7.43 1.37 24.84 3.8262 

 CV= coefficient of variation; HC= asymptomatic household contact of subject with TB 

disease;  

m/z= mass/charge; RT= retention time; sec=seconds, TB = tuberculosis 

* False discovery rate (q=0.05) 
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Figure 5.1A: Plasma metabolome-wide association study (MWAS) of pulmonary 

tuberculosis (TB) disease in adults. The Manhattan plot depicts the -log P analysis of 

23,241 metabolites comparing 17 adults with recently diagnosed pulmonary TB and 17 

adult asymptomatic household contacts who were sputum smear and culture negative 

for acid-fast bacilli (HC).  The x-axis represents the m/z of the metabolites, ordered in 

increasing value from left (85) to right (2000). A total of 61 metabolites significantly 

differed (q = 0.05) between the two groups following FDR analysis (above horizontal 

dashed blue line). Metabolites above the dashed red line (n=122) were different between 

those the TB disease and their household at q= 0.10, while metabolites above the 

dashed green line (n=711) were different between the two groups at q= 0.20.  

Figure 5.1A 
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Figure 5.1B 
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Figure 5.1B: Box-and-whisker plots of log (2) intensities comparing patients with TB and 

household contacts for selected metabolites, with m/z and putative metabolite 

identification from Metlin and KEGG (left to right upper panel: glutamate, D-series 

resolvin, and trehalose-6-mycolate, respectively; left to right lower panel: 

phosphatidylinositol, and two unidentified metabolites, respectively). 
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Figure 5.2A: Two-way hierarchical cluster analysis (HCA) using C18 chromatography 

shows 8 clusters of metabolites from human plasma and illustrates the patterns 

distinguishing those with active TB from household contacts without TB. The 17 TB 

subjects with TB (shown in green) and the 17 household contacts (without evidence of 

TB disease (shown in red) are shown along the x-axis.   

 

 

 

 

 

 

Figure 5.2A 



125 
 

 

Figure 5.2B: Pie chart depicts chemical classes of the 61 significant metabolites from 

panel 2A according to high-resolution matches to metabolite databases.78   
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Figure 5.3. Metabolome-wide association study (MWAS) of pulmonary tuberculosis in 

humans. This Manhattan plot depicts FDR analysis testing associations of  23,241 

metabolites to pyrazinamide (m/z 124.0498) ion intensities from 17 persons with 

pulmonary tuberculosis and 17 household contacts. (A) The negative log P value is 

plotted against the m/z. (B) The negative log P value is plotted against the retention time 

of the metabolites. (C) The negative log P value is plotted against the log ion intensity of 

the metabolites.  The top five significant metabolite correlations to the pyrazinamide m/z 

were phosphatidylethanolamine (m/z 792.5638), acetyl-hydrazine; a known isoniazid 

metabolite171,172 (m/z 97.0389), the anti-TB drug isoniazid (m/z 120.0548), an 

unidentified metabolite (m/z 562.2247) and the anti-TB drug ethanbutol (m/z 205.1898).  

The m/z to another known isoniazid metabolite, isoniazid pyruvate (m/z 208.0682),171 

was also significantly correlated with the pyrazinamide metabolite. 

 

 

 

 

 

 

 

Figure 5.3 
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Figure 5.4. MS/MS fragmentation spectra show positive identification of resolvin D1 

(RvD1), resolvin D2 (RvD2), and aspirin-triggered resolvin D1 (AT-RvD1) in plasma from 

subjects with TB disease. Metabololipidomics analytical methods that incorporated high-

resolution liquid chromatography-ultraviolet (UV) coupled with tandem mass 

spectroscopy (LC-MS/MS, ABI 5500, see methods) were used to verify these DHA-

derived specialized pro-resolving lipid mediators.116,117  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 
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Figure 5.5. Schematic of C5-branched dibasic acid metabolism of Mtb based on the 

KEGG reference pathway. Red boxes depict m/z matches found in plasma of patients 

with TB disease.  

 

 

 

 

 

 

 

Figure 5.5 
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Chapter 6: SUMMARY, CONCLUSIONS, AND FUTURE DIRECTIONS 

Key findings 

There is a need to develop culturally-sensitive food intake assessment 

instruments that more accurately estimate intake of specific nutrient in low and medium 

resource countries.  In support of the randomized clinical trial of high-dose vitamin D 

outlined in this dissertation, we developed and validated such a tool.  In order to capture 

serial macro- and micronutrient intake over time, a new instrument was required, as 

there was no previous country-wide food or nutrient intake data or dietary intake 

assessment tool used in the country of Georgia.  Our hybrid design incorporated an 

interviewer/interviewee-based three-day food intake record and included specific 

prompts to capture common Georgian foods.  It was designed to take advantage of the 

daily visits of the TB disease subjects for their DOTS therapy in the study clinic, and to 

account for the fact, that traditional dietary records and 24-hour recalls were not practical 

given lack of prior training of our co-investigators in nutritional assessment and the 

absence of dietitian health professions and nutrition-related research in Georgia.  

Training the Georgian research team utilized a variety of methods to ensure complete 

understanding of both nutrition assessment in general as well as conducting interviews 

using the new instrument.  Our web-based CRF provided the ability for real-time quality 

control assessment of the dietary intake record data.  

The published validation study provides confidence in the tool for estimation of 

the macronutrients and most micronutrients compared to conventional 24-hour recall 

data. The mean difference between assessment methods for most nutrients was small 

and the interclass correlation coefficient and Pearson R estimates were congruent with 

other such validation studies in the literature.  The nutrient intake assessment instrument 

was instrumental in obtaining the chapter 4 data on macronutrient intake and body 

composition changes over the initial 16-week period after diagnosis of pulmonary TB 
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disease.  We were able to obtain novel serial data on macronutrient intake coupled with 

body composition in MDR-TB patients.  This added to the very limited literature on serial 

dietary intake and body composition in TB disease in our relatively large cohort of 191 

TB subjects.  A small group of household contacts was used as a relative comparison 

group.  In addition, we tested for the first time whether a regimen of high-dose vitamin D 

influences either macronutrient intake or body composition.  

Adjunctive high-dose vitamin D therapy did not affect changes in macronutrient 

intake or body composition over the course of treatment.  However, total calorie, protein 

and fat intake increased over the 16-week period in TB patients overall.  Body 

composition also improved over time with concurrent increases in body weight, BMI, fat 

mass and fat-free mass.  The data show that despite TB subjects overall being 

predominantly male there was still a difference within TB status for body composition 

indexes, likely due to the catabolic nature of TB disease.  In addition, for the first time, 

MDR-TB subjects were compared to drug-sensitive TB subjects in terms of nutrient 

intake and body composition over time.  There were no differences in terms of age, 

gender, income, employment or marital status between MDR-TB and drug-sensitive TB, 

but differences in current smoking was observed.  Despite the fact that MDR-TB patients 

consumed similar amounts of macronutrients per kilogram body weight, they did exhibit 

concomitantly lower body weight and fat-free mass over time compared to their drug-

sensitive TB counterparts, even when adjusted for smoking status.  Further analysis 

provided information on the relationship between calorie and protein intake and body 

composition.  These data showed no nutritionally relevant change in body weight, BMI or 

fat-free mass as a function of either calorie or protein intake over time. 

Chapter 5 outlines our novel high-resolution LC-MS plasma metabolomics data in 

a sample of 17 patients with TB disease and their matched household contacts without 

apparent TB disease.  This pilot study was designed to explore the utility of plasma 
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metabolomics analysis to differentiate subjects with active TB disease from reference 

subjects and to determine metabolic features that reflect possible host-Mtb metabolic 

interactions.  Our pilot study builds on the very limited human data to date in 

metabolomics research in patients with TB and is, to our knowledge, the first study to 

use high-resolution metabolomics methods in plasma from these individuals.  We found 

that 61 plasma metabolites conclusively distinguished subjects with or without TB 

disease. 

In this study, mean three-day daily total calorie and carbohydrate intake was 

significantly higher per kilogram body weight in TB disease subjects than their household 

contacts, and total fat and protein intake tended to be higher.  Dietary intake may not 

explain the overall metabolite profile that discriminated the two groups, but it is possible 

that the increased triglyceride match found in TB disease subjects was related to their 

higher recent fat and/or carbohydrate intake.  Also, the increased choline metabolite in 

TB disease subjects could have been due, in part, to increased intake/kg body weight of 

choline-rich foods.  We identified glutamate as being one of the 61 differentiating 

metabolites between subjects with TB disease and controls.  However, the modestly 

higher amino acid intake derived from increased overall dietary protein in the subjects 

with TB disease versus the healthy household contacts is highly unlikely to account for a 

single amino acid such as glutamate.  It is possible that higher glutamate concentrations 

in TB disease patients are due to increased production and use alternative energy-

generating metabolic pathways in the Mtb organism itself.  Novel findings from this study 

should inform future research in TB disease given that high-resolution plasma 

metabolomics distinguished patients with active TB disease from household contacts 

without TB disease.  In addition, in the plasma of TB patients relative to household 

controls, we detected an upregulation of confirmed specific resolvins (likely a 
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pathophysiologic response to TB disease) and two Mtb cell wall components (either a 

function of Mtb killing by the anti-TB drugs or a marker of TB infectious disease burden).  

The phospholipid metabolites (phosphatidylserine and phosphatidylinositol), 

which increased in TB disease, are general cell membrane constituents and their 

elevation may reflect, in part, a lipolytic catabolic response to acute TB disease.  

However, the phosphatidylinositol (PI) was linked to other Mtb cell wall components 

(trehalose-6-mycolate) in most TB subjects, showing that the PI is associated with Mtb 

and not general cell membranes.  Although further analysis would be needed for 

absolute determination, our metabolomics study results did not appear to be a function 

of individual diets of subjects with TB or the healthy controls.  The major conclusion is 

that this proof of principle study suggests the utility of high-resolution LC-MS-based 

plasma metabolomics to differentiate adults with TB disease and apparently healthy 

controls.  Multiple metabolites relevant to Mtb disease and its unique metabolism were 

identified, as well as D-series resolvins that may reflect a pathophysiologic response to 

TB disease in humans.  
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Strengths and limitations 

 Collectively, this series of investigations provide novel contributions and 

methodologies to the study of human TB derived from well-characterized cohorts from a 

randomized controlled trial of high-dose vitamin D3 supplementation in Georgia, a 

country with a moderately high burden of TB and a high burden of MDR-TB.  These 

findings can inform future studies in this patient population on nutritional interventions 

and ultimately better nutritional guidelines for individuals with active pulmonary TB.  In 

addition, the metabolomics study identifies potentially useful plasma biomarkers that 

could be tested in future validation studies in subjects with both latent TB and TB 

disease.  The culturally-sensitive nutrient intake assessment tool provides a picture of 

the habitual diet in a previously little-studied culture in terms of dietary intake of patients 

with TB.  In addition, the research contained a cohort of patients with MDR-TB where 

serial dietary intake and body composition has not been previously studied in any 

country.  To compliment this, metabolomics studies were performed in patients with 

concomitant available recent dietary intake data.  Future analyses will include 

exploration via metabolome wide association studies of various nutrients in a larger 

sample. 

There are several limitations of these dissertation studies.  The published data on 

the nutrient intake assessment instrument are limited by our small sample size (albeit 

similar to previous such food/nutrient intake instrument comparison/validation studies), 

known measurement error in dietary recalls, assumptions made about content of certain 

food items and the fact that 72-hour dietary recall is a novel method of assessment.  

Also the validation strategy could have been simplified by use of three conventional 24-

hour recalls and reproducibility was not measured.  Although the instrument appears to 

be an accurate method to estimate nutrient intake in TB disease patients in the Tbilisi 

clinical setting, it is unknown whether the tool is valid among healthy or rural Georgians 



134 
 

or those with other diseases.  Results from the validation studies showed the instrument 

likely overestimates total calorie intake.  However, an unpublished pre and post 

knowledge intervention study conducted in 16 healthy physicians and nurses in Tbilisi 

showed a lower mean calorie intake (~1400 kcal/day).  This warrants further 

investigation of this instrument in a healthy Georgian population.   

The subjects studied for both the validation of the nutrient assessment tool and 

the metabolic profiling were small convenience samples.  Due to the novelty of these 

methods in this particular patient population, I was unable to perform power calculations.  

Bioelectrical impedance analysis may be seen as a limitation of my body composition 

data although well-validated against gold-standard methods of body composition 

measures such as DXA in malnourished patients.184  Although a multi-compartmental 

model would be the most accurate way of determining body composition in humans, this 

was not practical in the medium resource country in which I performed these studies due 

to financial and practical restrictions.185  Limitations of the metabolomics study include 

the cross-sectional nature, the small cohort size overall, and the low number of patients 

studied with MDR-TB; thus, the results are subject to bias and/or random enrichment of 

metabolites in the TB disease group.  In addition, while the household contacts did not 

have apparent active TB disease and were sputum culture-negative, no testing was 

carried out to assess whether these individuals harbored latent TB infection.  

Nonetheless, based on my hypothesis-generating data, high-resolution plasma 

metabolomics would be of interest to study in patients with presumed latent TB infection 

and to predict relapse after anti-TB drug therapy.  Another limitation of the metabolomics 

pilot study is that absolute identity of most metabolites in the discriminating biosignature 

was not confirmed by tandem MS/MS studies.  In addition, metabolites in plasma should 

be considered an indirect measure of Mtb, host metabolism and local tissue response to 

infection and I have no data from patient sputum or the Mtb organism itself.  
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Implications of this research 

 The developmental strategies and methodologies for the Georgian nutrient 

assessment instrument may be a potentially useful model for investigators in other 

countries requiring dietary intake data, particularly in those settings that lack food 

composition tables or other means of collecting these data.  In addition, the utilization of 

the robust NDS-R software for nutrient analysis in Georgia, where habitual consumption 

of fresh, minimally processed foods is routine, appears an advantage, especially when 

there is minimal or no food fortification policy in-country.   

Findings regarding increased dietary macronutrient intake and changes in body 

composition over time in patients with TB disease may provide direction for future 

studies to define nutrition guidelines during treatment of TB where none currently exist.  

Due to the catabolic nature of the disease, increased intake of certain nutrients (e.g. 

high-quality protein for amino acids and fat sources for energy) have the potential to 

improve body composition toward greater lean body mass, and potentially improve both 

short and long-term outcomes, but such hypotheses need to be tested in a rigorous 

manner.  Unfortunately, the nutrient intervention studies in TB patients to date have 

been of lower quality in general and have not conclusively identified specific effective 

macronutrient or micronutrient interventions for individuals with pulmonary TB 

disease.16,20,26,81  Future nutrient intervention studies ideally should be double-blind, well-

controlled with clearly defined, consistent outcomes such as TB clearance or TB cure.  

Interventions of interest would include the impact of longitudinal increases in overall 

macronutrient intake beyond what is required for normal weight maintenance and 

increased amounts of high-biological value complete protein sources during the entire 

course of TB disease through to recovery/cure/relapse in individuals diagnosed with 

MDR-TB.  My approach in developing culture-sensitive nutrient intake assessment tools, 

comprehensively following serial nutrient intake and body composition in TB disease 
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subjects from diagnosis over time and use of high-resolution plasma metabolomics could 

serve as models for development of such studies in populations of TB disease patients 

in other countries, including those with a high burden of HIV co-infection.7 

Prospective and confirmatory studies are needed to determine whether 

metabolomics profiling is a useful method for new biomarker discovery and/or to gain 

pathophysiologic insight before and after initiation of conventional anti-TB drug therapy 

and during the various stages of TB disease, that may include recovery, cure and 

relapse.  Studies to determine whether plasma metabolic profiling is useful to predict 

development of TB disease in individuals with latent TB, and whether verified single 

metabolites or metabolite biosignatures can identify subjects with drug-sensitive versus 

MDR-TB and predict the responses to new anti-TB therapies will also be of interest.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



137 
 

Future directions 

A variety of new research questions stem from this dissertation research.  One 

example is to determine whether my methods for developing a culturally-sensitive 

nutrition assessment tool for a developing country with limited nutrition-related resources 

and expertise can be applied to similar countries.  Further studies on dietary intake and 

TB are required in other countries with a high TB burden and this method could be 

useful in obtaining habitual dietary intake over time in these populations.  We have 

collected, but have yet to analyze, dietary micronutrient intake over time in this TB 

disease cohort, as well as plasma concentrations of zinc, copper, iron, manganese, 

minerals, retinol and tocopherols in a subset of subjects.  Such data, when published will 

also be of interest to inform future studies in TB disease. 

My findings from Chapter 4, coupled with data from other studies, suggest that 

supplying nutrient-rich whole food interventions in areas with food insecurity and 

improving the quality of dietary macronutrients (e.g. protein) in populations with 

adequate food availability may be fruitful areas of research to potentially improve TB 

clearance, recovery and prevention of TB relapse. However, such rigorous nutritional 

intervention studies have largely not been performed.  In the country of Georgia, I could 

not address questions related to food insecurity, which was not prevalent.  The 

metabolomics data generate hypotheses that can be addressed using the serial plasma 

biobank from the 191 subjects with TB disease studied in the RCT.  We have developed 

a case control study from the RCT to answer the following aims: 

Aim 1: To determine the utility of metabolomic analysis to differentiate drug-

sensitive TB vs MDR-TB, we will perform metabolomic analysis on baseline 

plasma samples from 23 documented MDR-TB patients and 46 drug-sensitive 

TB patients, clinically matched to the MDR-TB cohort (2:1 case control design).  
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Aim 2: To determine the utility of metabolomics analysis to predict TB clearance 

responses to conventional anti-TB therapy (sputum culture clearance over time), 

we will study serial metabolic profiles in both drug-sensitive TB and MDR-TB 

patients.  

Aim 3: To determine the impact of high-dose vitamin D3 on metabolism, we will 

study serial plasma metabolomic profiles in subjects receiving vitamin D 

supplementation versus placebo. 

 

By utilizing the robust completed RCT with multiple plasma samples over the first 

16 weeks of treatment I can determine metabolic profile differences between MDR-TB 

and drug-susceptible TB, differences in metabolic profiles as a function of time to culture 

conversion, and the impact of high-dose vitamin D therapy in this sample.   
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