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GENERAL INTRCDUCTION

Burden of tuberculosis

Tuberculosis (TB) is an infectious disease caused byMycobacterium tuberculosis (MTB) 
that mostly affects the lungs (pulmonary TB, PTB). However, other organs may be 
affected as well, induding the meninges, bone, pericardium, kidney, lymphnodes: 
these cases are called extra-pulmonary TB (EPTB)1.2.

TB continues to be a worldwide problem despite the availability of potent anti- 
mycobacterial pharmacological agents for many years2. Globally, the disease affects 
approximately 9 million people every year. In 2012, 8.6 million new cases were 
documented and 1.3 people died from the disease^. Apart from its direct health related 
effects, TB causes also a significant loss of productive work force which results into 
economic losses and expenditures for health facilities which would otherwise be 
used for other development activities. For instance in 2011, the 104 low- and 
middle-income countries spent over US$ 4.4 billion for the treatment of TB cases, 
including multidrug-resistant TB (MDR-TB)3.

The last decades, HIV has been fuelling TB because of its negative effects on the 
immune system, whereby alarming figures were reached around the year 2000 4-6. 
Not only the number of TB cases sharply increased as a result of HIV infection, but 
also the diagnosis, the clinical manifestations and treatment of TB became much 
more complex 7,8. The highest number of HIV infected patients live in Sub-Saharan 
Africa and in 2012 the African region also accounted for an estimated 23% of all TB 
cases and 25% of TB-related mortality. In addition, African countries account for 
about 75% of TB cases among people living with HIV 3. TB is generally considered a 
Poverty Related Disease as 88% of the incident TB cases occur in 22 high-burden 
countries that are mostly low- or middle-income countries in Africa (n=g) or South- 
East Asia.
TB treatment is not only challenged by the increases in TB burden and the dual 
infection with HIV, but also by increasing resistance formation 9. Multidrug-resistant 
TB, defined as resistance to isoniazid and rifampicin, has emerged as a major and 
growing challenge to global TB control efforts 9-n. In 2012 there were an estimated
450,000 new cases of MDR-TB worldwide and approximately 170,000 MDR-TB cases 
died. More recently, extensively drug-resistant tuberculosis (XDR-TB) is being recognized 
which is defined as TB that has developed resistance to at least rifampicin and 
isoniazid as well as to any member of the fluoroquinolone family and at least one 
of the following second-line anti-TB injectable drugs: kanamycin, capreomycin, or 
amikacin 12-’5.
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The current treatment of drug susceptible TB comprises a six-month regimen whereby 
four first line drugs (isoniazid, rifampicin, pyrazinamide and ethambutol) are given 
for 2 months and dual therapy with isoniazid and rifampicin is given for another 4 
months thereafter. The World Health Organization (WHO) estimates that Standard 
TB treatment was successfully administered in 87% in 2011, while 2 %  treatment 
failure, 4 %  default, and 4 %  mortality were reported, and 4 %  of the cases were not 
evaluated 3. Treatment of MDR-TB is however more complex and lengthy, moreover, 
thesecond line drugs requiredtotreat MDR-TB are expensive and more toxicthan the 
Standard TB drugs. Additional recommended drugs for MDR-TB include amikacin/  
kanamycin/capreomycin, ofloxacin/levofloxacin/moxifloxacin, ethionamide/ prothio- 
namide, cycloserine/terizidone and para-aminosalicylic acid (PA5), amongst others. 
Treatment for XDR-TB is becoming more complex as the number of remaining drugs 
with proven efficacy against/l/l. tuberculosis is more limited for these patients'4.15.

TB management in Tanzania

Tanzania is among the 22 high TB burden countries. In 2012, it had an estimated 
incidence (all forms) of 169 per 100,000 inhabitants16. Because of HIV, the incidence 
has increased since the 1980S which is illustrated by the number of new TB cases that 
increased nearly 3 fold from 45,405 in 1990 to approximately 120,000 in 2007’7. 
Fortunately the incidence has started declining after 200018. On the other hand, drug 
resistance has been notified in Tanzania as well: a studyfrom 2010 reported a 8 .3 %  

adjusted prevalence of Mycobacterium tuberculosis strains resistant to any of the four 
first-line drugs in new patients while the prevalence of multidrug-resistant TB 
(MDR-TB) was i . i% ’9. In addition, approximately 1,000 new cases of MDR-TB were 
estimated to occur in Tanzania in 2012 3.

Tanzania adapted the WHO and IUATLD recommendations for TB treatment. in 
Tanzania, TB management is overseen by the Tanzanian National Tuberculosis and 
Leprosy Program (NTLP). Prior to the inception of the short-course chemotherapy 
regimen, Tanzania was using the long course (12 months) regimens with isoniazid, 
thiacetazone and streptomycin. The first short-course regimen of 8 months was 
introduced in Tanzania in 1987 for sputum smear positive PTB cases, consisting of two 
months intensive phase with rifampicin, isoniazid, pyrazinamide, and ethambutol 
followed by a six months continuation phase with isoniazid and ethambutol. In the 
year 2002, the national program introduced a new regimen to replace the Standard 
regimen for smear negative and EPTB patients for all regions in the country20. In 2006 
the six months short-course regimen was introduced for all new smear positive, 
smear negative and extra-pulmonary TB21. This six months regimen contains
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fstlmated TB loeiden ce rates, 2012

_ 1

The 22 High Burden Tuberculosis 
(T B )  Countries (H B Cs), 2011

Figure 1 Estimated TB incidence rates, 2012, and the 22 High burden TB countries, 2011 
(Source: WHO TB report 2013).

rifampicin throughout, and consists of rifampicin, isoniazid, pyrazinamide, and 
ethambutol administered daily in the first two months (intensive phase) and 
rifampicin and isoniazid daily in the nextfour months (continuation phase).
To ensure compliance and combat abandonment of therapy, directly observed 
therapy (DOT) has been widely endorsed since 1986. However due to constraints in 
human resource for health, an overloaded health system, and comparable efficacy, 
Tanzania switched from the facility based DOT to community based DOT (the so 
called Patiënt Centered TB treatment - PCT) in 200721'22.
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Analyses of TB treatment cohorts in Tanzania shows thattreatment success has been 
ranging between 77%  and 88.8% from 1985 to 2010. Mortality rates among new 
smear positive patients ranged from 8 %  in 2006 to 4.9% in 200922‘24.

The need for improving management of tuberculosis in 
the general population and in risk groups

The burden of TB in Tanzania is significant, despite the dedine in TB incidence as is 
recently seen together with the efforts to fight the TB and HIV epidemie. Also in 
Tanzania, HIV has complicated both the presentation and management of TB and 
from the 1980S through the 2000S the TB incidence has been increasing and the 
number of reported cases peaked around 2005. The increases in TB incidence has 
been linked to the spread of HIV18.

In Tanzania, the TB burden is especially high among certain groups such as children 
and in patients with co-pathology such as TB/HIV and TB/Diabetes Mellitus.
Based on case notifications reported to the National TB program, children below 15 
years contribute to the TB burden significantly by more than 6% 24. Diagnosis is 
difficult due to the nature of the disease in the pediatrie population, but also because 
appropriate specimens for microbiological analysis are difficult to obtain in 
ch ild re n 25-27. Apart from that, children have more often an unfavorable treatment 
outcome compared to adults4 . 2«, 29. Despite the higher TB burden and worse response 
to treatment, children are generally less often included in clinical research as policies 
and programs have been essentially adult focused4 . Management of TB in children 
remains therefore highly challenging.

Patients with diabetes mellitus (DM) are also known to have a higher risk of developing 
TB3°-32. DM is generally considered a disease of industrialized countries however 
recent evidence indicates that DM is now also increasing in the developing world33. 

Accordingtothe International Diabetes Foundation (IDF),the prevalence of diabetes 
in Tanzanian adults between 20-79 years of age was estimated 3.2% in 201034 but 
7.8% in 201333. A Tanzanian study reported that diabetes was stronglyassociated with 
incident TB, and a high prevalence of DM was found among Controls in a case-control 

study looking at diabetes as a risk factor for TB35. Studies have also shown that TB 
patients with DM have a less favorable treatment outcome36-38. So far it is unclear 
whether this is caused by the inherent nature of the disease of impairing host 
immunity or the effect of the disease on the pharmacokinetics of drugs39. Some 
studies have been performed outside the African setting, however with varying and 
conflicting results4° - 42.
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Years

— All forms -S -N e w S M +

Figure 2 Trends of TB notification ratesfrom 2005- 2011 forall-forms and newsmear 
positives. (Source: Tanzania NTLP Annual report 2011).
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Figure 3 Percentage of TB cases attributable to diabetes mellitus. 
Source:http/www.idf.org/site map 4.3

The interpretation of poortreatment outcomefor TB in Tanzania in vulnerable groups 
like children, patients with DM or a concurrent HIV infection is complicated by the 
fact that no data are available about exposure to TB drugs in Tanzanian pulmonary TB 
patients, or in relevant subgroups such as HlV-co-infected patients or patients with 
TB and DM. This is relevant considering that low plasma concentrations of TB drugs
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and interpersonal variability in these concentrations are recognized to contribute to 
suboptimal treatment responsena t ,  apart from poor adherence to treatment (no 
drug concentrations) which is a well-established reason for suboptimal response. A 
recent study is illustrative, showing that the total exposures to pyrazinamide, 
isoniazid and rifampicin in serum are the top 3 predictors of long-term outcome in 
South-African pulmonary TB patients5°. Such pharmacokinetic-pharmacodynamic 
(PK-PD) evaluations with existing TB drugs and similar studies in each of the phases 
of development of new TB drug regimensS' will hopefully allow for PK-PD optimized 
dosing of TB drugs in the future. Still most future patients will probably receive the 
same 'fixed' dose of TB drugs, albeit optimized for the population or subpopulation 
(eg DM patients) as a whole, considering the complex logistics involved in the 
programmatic treatment of the large number of TB patients worldwide. Some 
selected centers around the world, however, do apply the concept of Therapeutic 
Drug Monitoring (TDM) of TB drugs52-57. in contrast to administering the same dose 
to all patients, TDM is seekingto individualize drug doses, guided by measurement of 
serum (or plasma) drug concentrations.

Whereas serum drug level measurement with High-Performance Liquid Chroma- 
tography (HPLC) methods is not readilyfeasible in low income countries like Tanzania, 
we need to look into other tools that can be used to optimize treatment response and 
identify treatment failure. Plasma and whole-blood bactericidal/activity assays are 
possible alternative tools, as they are cheap and easy to perform in resource limited 
settings8. 59. In addition these assays are useful tools in optimization of TB regimens 
and therefore in studies of development of new TB drugs. With these methods, 
organismsfrom patients undergoing TB treatment are cultured in blood or plasma of 
the same patients and the amount of killing of the organism is determined, which will 
reflect the influence of both the drug taken and the body’s immune system and in 
this way predict the treatment outcome beforehand.

As outlined above, important knowledge gaps are still hampering TB treatment in 
Tanzania which formed the basis for the epidemiological and clinical studies in 
different groups of Tanzanian TB patients in this thesis. These studies generally aimed 
to contribute to the fight against TB in Tanzania, and to improve its management.
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Outline of the thesis

All epidemiological and clinical studies presented in this thesis were conducted in the 
Kilimanjaro region in Tanzania. The patients’ enrollment sites involved in these 
studies were the Tanzanian National Tuberculosis Hospital (KNTH) located in Siha 
district, and the Mawenzi regional hospital and its satellite district TB treating units 
in Kilimanjaro region. All studies were coordinated from the Kilimanjaro Clinical 
Research Institute (KCRI) located at the Kilimanjaro Christian Medical Center (KCMC) 
in Moshi, Kilimanjaro region.

Chapter i  describes the general introduction to the thesis. This chapter gives a brief 
general situational analysis (burden of disease) of TB and its management in Tanzania.

In chapter 2, the burden of TB is described for the pediatrie population in the Kilimanjaro 
region. The epidemiology of TB in this vulnerable and forgotten population is described, 
in contrast to the burden in adults.

Besides poor adherence to treatment, low blood levels of TB drugs is another possible 
causeforunfavorabletreatmentoutcome. Whereastheformerhas been wellstudied, 
the latter has not been investigated thoroughly in Tanzanian patients. In Chapter 3 
the pharmacokinetics of first line TB drugs are therefore described in Tanzanian 
patients.

Treatment response monitoring and diagnosis of unfavorable response are recognized 
problems in both the pediatrie and adult populations. Chapter 4 investigates whether 
saliva can be used as an alternative matrix in pharmacokinetic studies and for 
therapeutic drug monitoring. This may be particularly advantageous for children 
where venous blood sampling is challenging.

Furthermore, routine therapeutic drug levels monitoring with High-Performance 
Liquid Chromatography (HPLC) is not feasible in resource limited settings like 
Tanzania. In Chapter 5 we investigate and set up a blood and plasma culture assay for 
Mycobacterium tuberculosis to assess whether it can be an alternative to plasma drug 
measurement in assessing treatment response and early diagnosis of treatment 
failure.

Next, we focus on TB management in patients with co-morbidity. Chapter 6 analyses 
the pharmacokinetics of first line TB drugs in TB patients with diabetes mellitus. The 
study compares this vulnerable group to those with TB only, in an attempt to look into 
ways of improving drug dosing in TB/diabetes patients.
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Chapter 7 describes the management of TB/HIV co-infected patients as concomitant 
administration of drugs for TB and HIV is challenged by high pill loads, drug-drug 
interactions and increased toxicity. The study investigates the efficacy, tolerability, 
and pharmacokinetics of a fixed dose combination of emtricitabine/tenofovir/ 
efavirenz (Atripla) when co-administered with first line TB drugs.

Chapter 8 provides a summary of all findings of the studies, a general discussion and 
identification of future steps that need to be taken as well as recommendations to 
improve the management of TB in Tanzania.
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Summary

Objective. To determine the magnitude of childhood TB and treatment outcome in 
Kilimanjaro region.

Methods. Retrospective review of registration-based data on TB notifications in 
Kilimanjaro region were retrieved forthe period 2002-2006.

Results. Between 2002 and 2006, there were 1615 patients of childhood TB in 
Kilimanjaro region constituting 13% of total TB burden and the average case detection 
rate was 147/100 000 for urban and 41.8/100 000 for rural. Of them, 54.2% were men 
and 75.2% had pulmonary TB; 24.9% were tested for acid-fast bacilli (AFB) by 
Ziehl-Neelsen staining showing that 5.8% of all patients with TB were AFB smear 
positive. The remaining 94.2% were presumptively treated for TB. Treatment success 
rate was 79.9%, mortality 10.9%, and default rate was 7 % . Unfavourable outcome 
was more common among unconfirmed TB patients. HIV testing was very rare but 
increasing after 2004 (< 2 %  before 2005,11-16% afterwards).

Condusion. The rate of childhood TB in Kilimanjaro region is among the highest in the 
world. Microbiological diagnosis for TB and AFB smear positivity are very low. 
Treatment outcome in this region is poor. These findings argue for specific TB control 
strategies to be designed for children such as more AFB testing using new tools 
such as induced sputum and laryngeal swabs, active case finding, HIV testing of all 
suspected TB children, promoting and monitoring adherence. Regular epidemiological 
studies are also needed.
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Introduction

Tuberculosis (TB) remains the leading single infectious agent associated with high 
morbidity and mortality worldwide, with about two million deaths per year (WHO 
2006, 2008) and about nine million cases per year worldwide. The burden of TB is 
increasing especially in Sub Saharan Africa and the increase has been accelerated by 
the HIV pandemic (WHO 2006; Rekha & Swaminathan 2007).

Children (under 15 years of age) constitute about 11%  of all patients with TB. The 
reported percentage in children varies from 2 %  to 4 0 %, the rates being highest in low 
and middle income countries. The TB burden in children has not been sufficiently 
addressed. Policies and programmes have been essentially adult focused, leading to 
less attention to the childhood burden (Rekha & Swaminathan 2007). Recent, the 
contribution of childhood TB to the general burden of the disease has been 
recognitized and childhood TB is becoming a public health interest (Donald 2004; 
Donald et al. 2007).

In most high TB burden countries including Tanzania, studies presenting data on 
various aspects of childhood TB are rare, such as the contribution of childhood TB to 
the burden of the disease orthe influence of HIV on the burden. Treatment outcome 
based on HIV status has not been sufficiently described (Ministry of Health 2004; 
Ministry of Health and Social Welfare 2007). Because of the importance of childhood 
TB, we need to establish and document baseline data, which will then lay ground for 
planning and conducting TB studies in children.
In this study, we retrospectively analyzed 5-year data from Kilimanjaro region TB 
registry to determine the magnitude of the disease in children compared to adults. 
Kilimanjaro region TB registry is part of the Tanzanian National Tuberculosis and 
Leprosy Programme (NTLP).

Methods

We conducted a retrospective registration-based study and analyzed the data on TB 
notifications in Kilimanjaro region from the period 2002 to 2006. The region consists 
of six districts: Moshi Urban, Moshi rural, Hai, Mwanga, Same, and Rombo. Only 
Moshi urban district is urban, the rest have essentially rural populations. A child was 
defined as a person younger than 15 years. Children in Kilimanjaro region constitute 
43%ofthetotal population of 1381 ngandthepopulation hasan annual growth rate 
of 1.6% (The United Republic of Tanzania 2003). In Kilimanjaro region, the children 
treated for TB are diagnosed at the regional hospital, district hospitals, health centers
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or dispensaries either by laboratory confirmation or by clinical judgment. After 
diagnosis they are registered in TB registers at these health facilities and treatment is 
initiated there. The records and treatment are supervised by the respective District 
Tuberculosis and Leprosy Co-ordinator (DTLC) and Regional Tuberculosis and Leprosy 
Co-ordinator (RTLC).

The study was approved by the KCMC Research Ethics Committee. Data were retrieved 
from the archive at the RTLC’s office, and from the DTLC’s offices for all six districts.

All paediatric patients with TB registered and reported to the RTLC during the period 
2002-2006 were induded in the study. The records were retrieved, recorded in a 
specially designed Standard record form for this study and double entered in the 
computer program. To calculate the prevalence (or case detection rates), extra- 
polations of successive annual population for individual districts were made from 
the 1988 and 2002 population census data (The United Republic of Tanzania 2003). 
The number of adult TB cases and total cases were obtained from district TB registers 
and quarterly reports. Prevalence, proportion of pediatrie TB cases, demographic 
distribution, mode of diagnosis, type of TB, treatment outcome and proportion of 
reported HIV infection were determined and related to different other variables e.g. 
age, gender, location. Immunization (with BCG vaccine) records, which are recorded 
on patiënt and facility cards were not found on TB registers. Analysis was performed 
using SPSS version 14 for Windows (SPSS Inc., Chicago, USA).

Results

Proportion, prevalence and geographical distribution of childhood TB
In the period 2002-2006, childhood TB constituted 13% (1615/12614) of all TB burden in 
Kilimanjaro region. The contribution of childhood TB to the overall TB burden in the 
region was above 11%  throughout these years; ranging from 13.9% in 2002 to 11%  in 
2005. In 2003,2004, and 2006, the proportion of childhood TB was 12.4%, 13.1%, and 
13.6% respectively.

Given the number of inhabitants in the Kilimanjaro region, the prevalence of childhood TB 
in those 5 years ranged from 41 to 59 per 100,000 population per year (average: 52.8 
per year). It was highest in 2002 and lowest in 2005. There were declines in both 
proportion and prevalence of childhood TB in 2005, which were statistically significant 
(x2= 9.35 and 19.8, respectively, p value < 0.001 in both cases) (figure 1).
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-Adutts 

Children below 15 yrs

year

Figure i Trends in TB prevalence in Kilimanjaro region from 2002 to 2006.

Table 1 shows the distribution of childhood TB burden by districts. There were 
differences in the proportion of Childhood TB between the districts, with the highest 
being in Moshi Urban district and the lowest in the essentially rural, Same district. 
The difference between these two districts was statistically significant (x2=22.27, 
p<o.ooi).

Table 1 Proportion of childhood TB burden in Kilimanjaro Region by districts; 
2 0 0 2-20 0 6

No. of patients

District Children All patients %  of children

Moshi Urban 472 3175 14.9%

Moshi Rural 376 2742 13.7%
Hai 490 3976 12.3%

Rombo 123 1130 10.9%

Mwanga 49 464 10.6%

Same 105 1127 9.3%

Total 1615 12614 12.8%

Most of the districts showed a decreasing trend in prevalence of childhood TB towards 
2005 with a slight rise in 2006, except for Same district and neighbouring Mwanga 
district which showed fairly low and constant prevalences (Figure 2).
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The average annual prevalence was 147 in urban and 41.8 (per 100,000 population) 
in rural. The difference was statistically significant (x2=n8, p<o.ooi). Similarly the 
proportion of childhood TB was higher in urban than in rural populations (14 9 %
against 12.1%, respectively; x2=i6> p<o.ooi).

Cender and age distribution of TB in Children
Of 1615 childhood TB cases, 875 (54.2 % ) were men. Age distribution was positively 
skewed, with under-fives accounting for 49.3% (797/1615) of all childhood Tb cases. 
The median age was 5.0 years, with interquartile range 1.7 5 -9  years.

Figure 2 Childhood TB prevalence by district.

Type of TB
Pulmonary TB (PTB) was the most common type in this paediatric population with 
75.2% (1215/1615) of patients; the remaining 24.8% were extrapulmonary TB (EPTB). 
Diagnosis of both PTB and EPTB was in fact presumptive as the vast majority was not 
microbiologically confirmed. The specific types for EPTB were (n=i6is); 16.3% 
unclassifïed, 4.3% TB adenitis, 1.2%  Miliary, 0 .9% pleural effusion, 0.7% TB meningitis, 
andtheremainingtypes(TBspine, peritonitis,arthritis, pericarditis.braintuberculoma, 
and pericardial effusion) each comprised <0.5%. The proportion of EPTB for under-fives
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was 19.3% (154/797); in children aged 5 to 10, it was 30.5% (150/491) and in children 
aged 11-15, it was 29.4% (96/327). EPTB was more common in older children than in 
under-fives (x2=25.i9, p<o.ooi).

Acid fast Smear results
Of the 1615 children who were diagnosed to have TB and treated with anti tuberculosis 
drugs, only 24.9% (402/1615) had samples tested for acid-fast bacilli (AFB) by 
Ziehl-Neelsen (ZN) staining. All samples reported werefrom sputum. No other micro- 
biological tests such as cultures for TB were carried out. 47.8% (772/1615) had no 
smear performed as the children did not produce sputum and/or diagnosis was based 
on history and dinical features. The remaining 27.3% (441/1615) had no record on AFB 
results.

Of those who were tested for AFB, 23.4% (94/402) were AFB smear positive and the 
remaining 76.6% were smear negative. The AFB smear positive patients were 5.8% 
(94/1615) of all patients treated for TB. Sputum smear negative cases constituted 
19.1% (308/1615) of the all paediatric patients with TB.

Treatment outcome
Information on TB treatment outcome was obtained in 99.2% (1602/1615) of the 
children with TB. Among these, 72.9% (1168/1602) had treatment success i.e. were 
cured or completed treatment (3.6% or 69.4% respectively). Transfer out accounted 
for 9.2% and the default rate was 7.0% (112/1602). The overall casefatality rate during 
the course of TB treatment was 10.9% (table 2).
The highest case fatality rate was 13.3% in 2003; the lowest was 9.4% in 2004. 
Mortality generally showed a declining trend throughout the years although the 
trend was not perfectly linear (x2 for trend = 3.03, p=o.o8i7).

Table 2 Treatment outcome among childhood TB cases by TB type in Kilimanjaro 
region

Treatment Number (%)

All types PTB Smear + *PTB Smear-________EPTB

Died 175 (10.9%) 6 (6 -5%) 133 (11.9%) 36 (9.1%)

Completed/cured 1168 (72.9%) 67 (72.0%) 801 (72.0%) 300 (75-8%)
Transfer out 147 (9.2%) 13 (14.0%) 97 (8.7%) 37 (9 -3%)
Default 112 (7.0%) 7 (7-5% ) 82 (7.4%) 23 (5.8%)
Total 1602 (ioo%) 93 (100%) 1113 (100%) 396 (100%)

* by case definition, these induded sputum smear negative and no smear cases
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Outcome by type of TB, Smear results, age, and gender
Considering the outcomes of either treatment success or death, of the patients with 
PTB 13.8% (139/1007) died, and among EPTB, 10.7% (36/336) died. Of those with AFB 
smear positive TB, 8.2% (6/73) died, while 13.3% (169/1270) of microbiologically 
unconfirmed TB (i.e. smear negative or not done) died. Mortality for under-fïves was
14.4 %  (94/654) and 11.8% (81/689) 'n °*der children. Regarding gender, mortality was 
11.7% (102/869) and 10.0% (73/733) for men and women, respectively. In all these 
categories, the differences were not statistically significant.

Comparing the mortality of patients with PTB who were AFB smear negative and 
those not tested for AFB, we found that the mortality in AFB smear negatives was 
9.6% (21/219), while in those who were not tested, it was i5.8%(86/544). The death 
rate was statistically significantly higher in those not tested for AFB (x2=5 01, 
p=o.o25). However, when adjusted for age this relationship became statistically not 
significant (p= 0.308 logistic regression analysis).

Childhood TB and HIV infection
Only 91 children out of all 1615 (6%) were tested for HIV between 2002 and 2006 and 
82% (75/91) were positive. In 2002,2003 and 2004,4 out of 351,1 out of 335, and 6 out 
of 343, respectively, were tested and all were positive. In 2005 10.7% (27/253) were 
tested, of which all except one (96.3%) were HIV positive. In 2006,15.9% (53/333) of 
the children were tested for HIV and 38 (71.7%) were positive.

Regarding children of whom both HIV serostatus and AFB smear results were known: 
of the total 27 HIV seropositive children with TB, 7.4%(2/27) were smear positive. 
Among the HIV seronegative children 33.3% (2/6) were smear positive. The difference 
was not statistically significant (x2=3-1, p=o.i42).

HIV seropositivity rate was 78.9 96(30/38) for under-fïves and 85.596(47/55) in children 
aged 5-14 (OR= 0.67,95% Cl 0.23-1.97).

HIV status and Mortality
TB Treatment outcome was recorded in 89 % (81/91) of children whose HIV status was 
known. In the HIV seropositive group, 24.2% (16/66) died whereas 6.7% (1/15) died in 
the HIV seronegative group. However, the difference in mortality between these 
groups was not statistically significant (OR=4-48,9596CI 0.55-36.78).
Report on anti-retroviral drugs (ARV) use was available for only 4 %  (3/75) of the HIV 
positive children.
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Discussion

This study has shown that the burden of Childhood TB in the Kilimanjaro region is 
quite significant, contributing 13% of all patients with TB and with annual prevalence 
of 147 in urbanand 42 (per 100,000 population) in rural areas. Youngchildren <syears 
were affected more, and there were low rates of smear testing for AFB (only about a 
quarter of all children were tested) and low rates of smear positive patients (6% of all 
cases). Treatment outcome was not very favourable; treatment success was fairly low 
(72.9%), and mortality significant (10.9%). Few children were tested for HIV (6% on 
average).

In general, TB in Kilimanjaro region (in both children and adults) is a major public 
health problem. In the year 2006 for instance, the overall prevalence of 166.6 per
100,000 population in the region, was comparable to the estimated national case 
detection rate of 164 per 100,000 (Ministry of Health and Social Welfare 2007). The 
proportion of childhood TB in the same year was 13.6% (17% for urban and 12.1% for 
rural), which is higherthan the WHO estimatefor the average proportion of childhood 
TB of 11%  (WHO 2006; Rekha & Swaminathan 2007). This study describes the 
age-specific case notification rates in children and in adults thereby estimating the 
prevalence in children. The prevalence (average 52.8 per 100,000) is substantially 
higherthan other reports with rates perioo,ooo of 51 in Malawi (Harries et al. 2002), 
13-15 in Thailand (Lolekha et al. 2008) and 1.5 in the United States (Nelson et al. 2004). 
In this region the prevalence was much higher in urban compared to rural populations. 
This could possibly be due to lifestyle related to housing and congestion in urban 
areas, but also better access to care and better education and awareness of the 
parents in urban areas. Given this high prevalence in the region it is recommended 
that childhood TB should receive special consideration by the TB control programme, 
and regular such and prospective studies need to be conducted.

Both the prevalence and proportion of children with TB have shown a slight decline in 
2005. This happened just after ARVs started to be available free of charge to the 
general public in Tanzania in 2004. As the use of ARVs is known to reduce HIV 
transmission (Nunn & McAdam 1988), it is likely that this, coupled with improvement 
of the TB control programme, has led to the observed reduction in TB.

The prevalence of TB as well as smear positivity rate in children is lower than that of 
adults. The nature of the disease in children and the difficulty in making microbiolog- 
ical diagnosis (Hesselingef a/. 2002) may have contributed to the observed lower case 
detection rate and smear positivity rate. In this study, only 23.2% of all children 
treated for TB produced sputum for microbiological TB diagnosis. Yet the observed
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rate of smear positivity of 6 %  in Kilimanjaro region is higher than the WHO regional 
estimate for Africa which was 3.1% in 2004 (WHO 2006). Improving diagnosis by 
improving the existing diagnostic tools, introducing and evaluating new tools such as 
induced sputum, laryngeal swabs and nasopharyngeal aspiration and active case 
finding may improve case detection rates (Lighter & Rigaud 2009). This may also 
reduce the rate of presumptive treatment, overtreatment and overdiagnosis as 
studies have shown that many presumed smear negative TB are not TB cases at all 
(Dowdyetal.2008).

Our analysis has shown that children share a disproportionate burden of TB. The age 
group 0-5 years had the highest proportion of patients with TB. These findings 
are consistent with other reports (van et al. 1999; Nelson et al. 2004; Rekha & 
Swaminathan 2007). Children with this age can rarely produce sputum for 
examination compared to the older ones. This study did not obtain information on 
BCG vaccination status of the children as such information is not recorded in the 
TB registers but rather on individual patiënt treatment cards. We recommend BCG 
status to be recorded in TB registers so that the information is readily accessible for 
evaluation. Nevertheless records show that BCG immunization coverage is quite 
good in Tanzania, in 2002, the coverage was 88% and increased to 99% in 2006 
(WHO-UNICEF 2009). BCG is known to be protective against severe forms of 
tuberculosis in children e.g. miliary tuberculosis and tuberculous meningitis (Walker 
et al. 2006). Assuming the good immunization coverage in Kilimanjaro region, this 
may reflect the low occurrence of miliary tuberculosis (1.2%) and TB meningitis (0.7% 
of all cases) in this study.

The observed overall treatment success in children of 72.9% was below the figure for 
all ages for Tanzania in 2005 (82.9%) and globally (82%) for smear positive patients 
(WHO 2006). Although the figure for children was higher than that reported in 
Botswana and Malawi (Harries et al. 1998; Oeltmann et al. 2008), it is below the 
WHO’s global target of 85% (Veen et al. 1998). Apart from the relatively low success 
rate, the default rate (7%) was relatively high compared to the global estimate of 6 %  
(WHO 2007) and that of the general population for Kilimanjaro region of 4.1% 
(Ministry of Health and Social Welfare 2007). As TB treatment is provided in Tanzania 
freely, these findings suggest that adherence may be a serious problem in the 
pediatrics population. There is therefore a need to assess adherence to identify the 
determinants and ways to improve it.

There has been a gradual increase in HIV testing in children in this region. This reflects 
increased awareness by the community on the importance of testing, improved 
services to HIV patients like the availability of voluntary counseling and testing (VCT),
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ARVs, and prevention of motherto child transmission (PMTCT). Moreover, since 2004, 
theTanzanian Ministry of Health and Social welfare had put in place a policy of testing 
all patients with TB for HIV. In the study period, HIV testing was carried out to 
apparently highly HIV suspected patients; therefore, the proportion of children with 
HIV infection in this study cannot reflect the prevalence of HIV in children with TB. 
HIV testing needs to be further promoted by increasing awareness to parents and 
through sensitization and education. HIV treatment in both adults and children 
should also be promoted so as to reduce the rate of unfavorable outcome associated 
with HIV-TB co-infection (Jeena et al. 2002; Kiwanuka 2002; Lolekha et al. 2008).

Condusion

This study has documented important baseline data for childhood TB in the 
Kilimanjaro region. It has demonstrated a high burden of childhood TB, low level of 
definitive diagnosis and HIV testing, and poor treatment outcome. These findings 
argue for regular epidemiological studies like this one to be conducted, and also 
specific TB control strategies to be designed for children. These indude evaluation of 
new diagnostic tools and active case finding. Special attention is needed for 
promoting, supervising and monitoring adherence in children.
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Abstract

Introduction. East Africa has a high tuberculosis (TB) incidence and mortality, yet 
there is very limited data on exposure to TB drugs in patients from this region. We 
therefore determined the pharmacokinetic characteristics of first-line TB drugs in 
Tanzanian patients using intensive pharmacokinetic sampling.

Methods. in twenty adult TB patients, plasma concentrations were determined just 
before and at 1, 2, 3,4, 6, 8,10 and 24 hours after observed drug intake with food to 
estimate the area underthe curve (AUC0_24h) and peak plasma concentrations (Cmax) 
of isoniazid, rifampicin, pyrazinamide and ethambutol. Acetylator status for isoniazid 
was assessed phenotypically usingthe isoniazid elimination half-life and the acetylisoniazid/ 
isoniazid metabolic ratio at 3 hours post dose.

Results. The geometrie mean AUC0_24hS were as follows: isoniazid, 11.0 h*mg/liter; 
rifampicin 39.9 h’ mg/liter; pyrazinamide 344 h*mg/liter; and ethambutol 20.2 h*mg/ 
liter. The Cmax was below the reference range for isoniazid in 10/19 patients and for 
rifampicin in 7/20 patients. In none of the patients were the Cmaxs for pyrazinamide 
and ethambutol below the reference range. Elimination half-life and metabolic ratio 
of isoniazid gave discordant phenotyping results in only 2/19 patients.

Discussion. A substantial proportion of patients had an isoniazid and/or rifampicin 
Cmax below the reference range. Intake of drugs with food may partly explain these 
low drug levels, but such drug intake reflects common practice. The finding of low TB 
drug concentrations is concerning because low concentrations have been associated 
with worse treatment outcome in several other studies.
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Introduction

The pharmacokinetic properties of tuberculosis (TB) drugs are well described, 
especially in Caucasian populations [1,2]. Pharmacokinetic data from East Africa are 
limited, especially data that are based on intensive pharmacokinetic sampling during 
thefull dosing interval. Such intensive pharmacokinetic sampling enables an accurate 
assessment of the total exposure to TB drugs (area under the time versus plasma 
concentration curve from o to 24 h [AUC0_24h]) and the peak plasma concentration 
(Cmax)in individual patients. Large inter-patient variability in these key pharmacoki
netic parameters of TB drugs generally exists [1]. As a result, a proportion of patients 
achieve drug concentrationsthat are below the reference range for TB drugs. Several 
studies have shown that such lower exposures to TB drugs are associated with a 
suboptimal response [3-8]. A recent study showed that pharmacokinetic variability to 
just a single drug in the multidrug TB drug regimen is associated with treatment 
failure and acquired drug resistance [9,10].

On the other hand, unduly high exposures may cause toxicity and interruption of TB 
treatment. It is therefore important to have more knowledge on pharmacokinetic 
properties of TB treatment in populations from East Africa, as a high TB incidence and 
TB mortality are found in this region [11]. HIV infection [12-14] and malnutrition [15] 
have been associated with decreased plasma concentrations of TB drugs. Both are 
highly prevalent amongst East African TB patients, and therefore low TB drug levels 
areto be expected in this population [11].

The objective of this study was to describe the pharmacokinetic parameters of 
isoniazid, rifampicin, pyrazinamide and ethambutol using intensive sampling during 
thefull dosing interval in Tanzanian TB patients.

Materials and methods

Study design
We conducted an observational pharmacokinetic study at the Kilimanjaro Clinical 
Research institute at the Kilimanjaro Christian Medical Centre (KCMC) in Moshi, 
Tanzania, using the Standard two-stage approach. With this approach individual 
pharmacokinetic parameters are estimated in the fïrst stage. In the second stage, 
population characteristics of each parameter are derived by obtaining measures of 
central tendency and spread of all the subjects’ individual parameters.
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Study participants
Study participants were recruited from an outpatient tuberculosis treatment dinic at 
Mawenzi Hospital in Moshi. Adult TB patients who were in the intensive phase of 
treatment and who were not using medication that could interfere with TB drug 
plasma concentrations were eligible for participation. All participants gave written 
informed consent. The study was approved by the local Institutional Research Board 
at KCMC and by the Tanzanian National Institute of Medical Research.

Tuberculosis was treated with fixed-dose combination tablets (FDC tablets) that were 
manufactured by Sandoz, Mumbai India and are on the WHO List of Prequalified 
Medicinal Products. The drugs were donated by Novartis through the WHO Global 
Drug Facility (GDF), which only provides high quality drugs that meet stringent 
WHO standards. Patients with a body weight less than 50 kg use three FDC tablets 
per day (i.e., 225 mg isoniazid, 450 mg rifampicin, 1200 mg pyrazinamide and 875 mg 
ethambutol) and patients with a body weight>50 kg use four FDC tablets per day (i.e., 
300 mg isoniazid, 600 mg rifampicin, 1600 mg pyrazinamide and 1100 mg ethambutol) 
[16].

Data collection
Basic demographic and dinical information was collected from all participants, 
induding age, sex, body weight and height (to calculate body mass index [BMI]), 
co-morbidities (induding HIV infection and hepatitis B and C) and concomitant drug 
use. Malnutrition was defined as BMI < 18.5 kg/m2 [17].

Sample collection
Pharmacokinetic sampling took place at KCMC hospital. Patients had to be on TB 
treatment for at least ten days because of the expected steady state in the pharma- 
cokinetics of the TB drugs at that point. Patients had refrained from food at least 
eight hours before drug intake. On the sampling day, patients took their drugs under 
our supervision at 8 a.m. They then had a standardized breakfast within 30 minutes 
after drug intake, which reflected the usual drug intake procedures in this population. 
The standardized breakfast consisted of a cup (125 ml) of tea with whole milk and 
sugar and either a small bowl of porridge or maandazi, a typical East African fried 
pasty (analogous to doughnut) that is rather fat.

Serial venous blood samples were collected just before, and at i, 2 ,3 ,4 ,6 ,8 ,10  and 24 
hours after observed TB drug intake. Plasma was separated and stored at -8o°C 
immediately until transport on dry ice to The Netherlands for bio-analysis.
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Bio-analysis
The plasma concentrations of isoniazid, rifampicin, pyrazinamide and ethambutol 
were assessed by validated high-performance liquid chromatography (HPLC) as 
described before [18]. Isoniazid and acetylisoniazid were measured with liquid-liquid 
extraction followed by Ultra Performance Liquid Chromatography (UPLC) with 
ultraviolet (UV) detection. Accuracy was between 97.8% and 106.7% for isoniazid and 
between 98.0% and 108.9% for acetylisoniazid, dependent on the concentration 
level. The intra- and inter-assay coefficients of variation were less than 13.4 %  and less 
than 3.2%  (dependent on the concentration), respectively, over the range of 0.05 to 
15.1 mg/liter for isoniazid and less than 4 .2%  and less than 5.7%, respectively, over 
the range of 0.16 to i6.2mg/liter for acetylisoniazid. Lower limits of quantifïcation 
were 0.05 mg/liter for isoniazid and 0.16 mg/liter for acetylisoniazid. Isoniazid and 
acetylisoniazid-containing samples were stable (<5% loss) for at least 12 months at -8o°C.

Pharmacokinetic analysis
Pharmacokinetic evaluations were performed using non-compartmental methods in 
WinNonLin Version 5.3 (Pharsight Corp., Mountain View, California US). The highest 
observed plasma concentration was defined as Cmax with the corresponding sampling 
time as Tmax. The log-linear period (log C versus t) was based on the last data points 
(at least three). The absolute value of the slope ( /2.303, in which is the first order 
elimination rate constant) was calculated using linear regression analysis. The 
elimination half-life (T ) was calculated as 0.693/ • tf the concentration at 24 h (C24 )̂ 
was below the limit of quantification of the assay (which was often the case for 
isoniazid and rifampicin), it was estimated based on the last measurable concentration 
(C|ast) and using the formula C24h = C|ast*e-( '(24-Tlast). jh e  area under the plasma 
concentration-time curve from o to 24 h (AUC0_24h) was calculated using the linear/ 
log-trapezoidal rule from zero up to the last concentration at 24h. The apparent 
clearance of the drug (Cl/F; where F is bioavailability) was calculated as dose/ 
AUC0_24h and the apparent volume of distribution (Vj/F) was calculated as (Cl/F)/ . 
The reference ranges for Cmax were 3-5 mg/liter for isoniazid, 8-24 mg/ liter for 
rifampicin, 20-50 m g/liter for pyrazinamide and 2-6 mg/ liter for ethambutol [19].

These reference ranges represent the normal Cmaxs concentrations that can be 
expected in adults after the Standard doses of anti-TB drugs. They are based on data 
that were compiled from all available sources (both healthy volunteers and TB 
patients) by,amongstothers,Holdiness [i]and Peloquin [2]. Subsequently, the ranges 
were validated in a range of phase I studies in healthy volunteers (C. A. Peloquin, 
presented at the 5ist Intersci. Conf. Antimicrob. Agents Chemother., Chicago, IL, 17 to 
20 September 2011) [20].

43



C H A P T E R  3

Determination of acetylator status
We determined the acetylator status phenotypically by assessing the tVz of isoniazid. 
Participants with at1/> greaterthan 130 minutes were classified as slow metabolizers 
and those with a tVz of less than 130 minutes were classified as fast/intermediate 
metabolizers [21-23], As another means to assess acetylator phenotype, the metabolic 
ratio of acetylisoniazid concentration to isoniazid concentration at 3 hours post dose 
was calculated. Patients with a ratio above 1.5 were considered fast/intermediate 
metabolizers, and patients with a ratio below 1.5 were considered slow metabolizers 
[21]. In addition, we also explored a metabolic ratio of 0.55 at 3 hours post dose as a 
cut-off to distinguish fast/intermediate from slow metabolizers, as this evolved from 
a study in African patients [23].

Statistical analysis
Most pharmacokinetic parameters were presented as geometrie means. The sample 
size was considered too small to test for associations between patiënt characteristics 
and pharmacokinetic parameters. We tested the effect of acetylator status only on 
the pharmacokinetics of isoniazid. The correlations between Cmax and AUCq. ^  of 
each of the drugs were explored using Spearman’s Rho correlation.

To explore the potential of limited sampling for estimating the AUC0_24h based on 
sampling early in the pharmacokinetic curve, univariate linear regression was used to 
determine the association between the plasma concentration at 2, 3, 4 and 6 hours 
post dose and the AUC0_24t, for each of the drugs. The r2 value was presented as a 
measure of variance in the AUC0_24h that is explained by the variance in the 
concentration at that time point. Statistical analyses were performed in STATAversion 
i o . i  (Stata Corp LP, College Station, Texas, USA).

Results

Twenty tuberculosis patients were enrolled for this study. All were under community- 
based directly observed treatment. Their median age was 38 years (inter-quartile 
range [IOR] 30-42), 15 patients (75%) were male, seven (35%) were HIV positive and 
seven (35%) were considered malnourished based on their BMI (Table i).

Descriptive pharmacokinetics
Intensive pharmacokinetic sampling took place after a median of 19 days after start 
of TB treatment (range 11-49 days).The pharmacokinetic parameters for isoniazid, 
rifampicin, pyrazinamide and ethambutol are presented in Table 2. In 10 patients 
(53%), the isoniazid peak plasma concentration was below the reference range (3-5
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Table 1 Characteristics of 20 tuberculosis patients in northern Tanzania

Characteristic

Male sex, n(%) 15(75%)
Age, median years (IQR) 38 (30-42)
Body weight, mean kg (SD) 55-7 (6 -4)
BMI, mean (SD) 19.5 (2.4)

Malnutrition, n (%)a 7 (35%)
HIV positive, n (%) 7 (35%)
Type of tuberculosis, n (% )

Pulmonary 19 (95% )
Extra pulmonary 1(5%)
Concomitant drugs, n (%)

Amoxycillin i ( 5%)
ARVb 2 (10%)

Co-trimoxazole 3 05%)
Diclofenac 3 05%)
Vitamin B complex 2 (10%)

Dose (mg) per kg body weight, mean (SD)

Isoniazid 5.2 (0.46)

Rifampicin 10 4  (0.91)

Pyrazinamide 27.8 (2.4)

Ethambutol 19.1 (1.7)

Acetylator status based on INH t,/2, n (%)

Slow 12 (63%)

Fast/ intermediate 7 (37%)
Acetylator status based on ac-INH/INH ratio (cut-off 1.5), n (%)

Slow 10 (53%)
Fast/ intermediate 9 (47%)

Acetylator status based on ac-INH/INH ratio (cut-off 0.55), n (%)

Slow 8 (42%)

Fast/intermediate n (58%)

IQR = interquartile range; BMI = body mass in d e x ;a Malnutrition defined as BMI < 18.5 kg/m 2; b ARV = anti- 
retroviral treatment.

mg/liter). In seven patients (35%), the rifampicin Cmax was below the reference 
range (8-24 mg/ liter); in five of them isoniazid Cmax was also below the reference 
range. In none of the patients the Cmax of pyrazinamide or ethambutol was below 
the reference range.
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Isoniazid3 Rifampicin Pyrazinamide Ethambutol

PK parameters, 
geometrie mean (min-max)

AUC0_24, h*mg/liter 11 (3.7-22.7) 39-9 (27.4-68.3) 344 (209-610) 20.2 (13.4-32.0)

Cmax> mg/liter 2.8 (1.0-4.6) 8.9 (5.9-14-8) 38.2 (29.0-50.8) 3.3 (2.25.8)

tmax> ^ 1.2 (0.7-2.9) 1.3 (0.9-3.0) 1.2 (0.7-3.0) 1.5 (0.9-2.2)

CL/F, liters/h 25.8 (13.0-60.5) 14.4 (8.8-21.9) 4-5 (2.6-6.S) 52 (34-3-71-3)

Vd/F, liters 99 (69.6-173.4) 37.3 (22.7-56.5) 40.3 (29-5-98.3) 719 (491-965)

*i/2.h 2.9 0 -3-4 -2) 1.8 (1.1-3.8) 5.5 (4-1-15-7) 9-5 (6-9 -13-5)

Reference range Cmax2, mg/liter 3-5 8-24 20-50 2-6

Proportion with Cmax below 
reference range

10 (52%) 7 (35%) 0 (0%) 0 (0%)

alsoniazid plasma concentrations were only determined in 19 patients.
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There was a positive correlation between the AUC0_24h and Cmax of isoniazid 
(correlation coëfficiënt 0.68; P=o.ooi), pyrazinamide (correlation coëfficiënt 0.69; 
P=o.ooi) and ethambutol (correlation coëfficiënt 0.72; P=o.oc>3), but not between 
those of rifampicin (correlation coëfficiënt 0.35 (P=o .14).

Assessment of acetylator status
Based on the elimination half-life of isoniazid, 7 (37%) patients were fast or inter- 
mediate metabolizers and 12 (63%) were slow metabolizers. Based on the 3-hour 
acetyl-INH/INH ratio with a cut-off of 1.5, nine (47%) patients were fast/intermediate 
metabolizers and io patients (53%) were slow metabolizers (Fig. 1). Two patients had
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Figure 1 The relation between the acetylator status (slow versus fast/intermediate) 
based on two methods: the V/2 of isoniazid and the acetyl-INH/INH metabolic 
ratio in the 3h post-dose plasma sample. Patients with a tf/2  below 130 minutes 
(=below the horizontal dashed line) were considered fast/intermediate 
metabolizers[i7-i9]. Patients with anacetyl-INH/INH ratio greater than 0.55 
[19] or greater than 1.5 ^(«right of the first or second vertical dashed line, 
respectively) were considered fast/intermediate metabolizers based on 
metabolic ratio. Note that phenotyping by V/2 and metabolic ratio resulted 
in discordant results (in the upper right quadrant) in 4 patients when a 
metabolic ratio of 0.55 was used as cut-off com pa red to 2 patients when a 
metabolic ratio of 1.5 was used as cut-off.
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a discrepancy in acetylator phenotype determined by the two methods. With a 
cut-off of 0.55, n patients (58%) werefast/intermediate metabolizers and eight (42%) 
were slow metabolizers.

Acetylator status based on the half-life method was associated with the AUC0.24h 
and Cmax of isoniazid. In slow metabolizers, the geometrie mean AUC0_24h was 17.2 
h*mg/liter (range 9.5-22.7) and Cmax 3.4 mg/liter (range 2.0-4.6), and in intermediate/ 
fast metabolizers, the geometrie mean AUC0_24h was 5.2 h*mg/liter (range 3.7-8.1) 
and Cmax2.o mg/liter (range 1.0-3.3); (P<o.ooi and P=o.oi, respectively).

Association between the 2 ,3,4  and 6h concentration and AUC0.24h
The isoniazid concentrations at 2, 3, 4 and 6 hours post-dose were associated with 
AUC0_24h and the r2 value ranged from 0.91 to 0.96, meaning that 91-96% of the 
variance in the AUC0_24h is explained by the variance in the concentration at a 
particular sampling time point. For rifampicin the r2 value was highest for the 
concentration 4 hours post-dose (0.82). For pyrazinamidethe r2 value was highest for 
the concentrations 4 and 6 hours post dose (0.84 and 0.86, respectively). For the 
different ethambutol concentrations the r2 value was low, varyingfrom 0.40 to 0.71. 
This indicates that limited sampling to estimate the AUC0.24h may be feasible for 
isoniazid, rifampicin and pyrazinamide but less for ethambutol.

Discussion

This report provides important data on pharmacokinetic characteristics of isoniazid, 
rifampicin, pyrazinamide and ethambutol based on intensive 24-hour pharmacoki
netic sampling in East African TB patients.

Half of the patients from our study had an isoniazid peak plasma concentration 
(Cmax) below the reference range, and a third of patients had a rifampicin Cmax below 
the reference range. This may partly be explained by the breakfastthat patients took 
within half an hour after the intake of TB drugs. This approach was chosen to mimic 
the real-life situation for TB patients, as most TB patients take their pills just before or 
with their breakfast in order to prevent or alleviate gastro-intestinal adverse effects. 
Previous studies have shown that intake of a meal with a high fat or carbohydrate 
content just before drug intake decreases the rate of absorption and significantly 
reduces the isoniazid Cmax by 2 0 %  to 51% [24-27]. The rifampicin Cmax can be reduced 
up to 36 % when it is taken directly after a meal [24,28]. There is no significant effect 
of food on the Cmaxs of pyrazinamide and ethambutol [24,29,30]. Of note, in the 
current study the average Tmax values for the TB drugs were short (about 1 h for
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isoniazid, rifampicin and pyrazinamide) (table 2), indicating that the delay in 
absorption and a possible related decrease in Cmax were probably limited. 
Furthermore, it should be noted that pharmacokinetic studies from other African 
countries found even higher proportions of patients with Cmaxs below the reference 
range for isoniazid (30% in Botswana [8,31], 89% in Kenya [32]) and rifampicin (69% 
in South Africa [12], 78-84% in Botswana [27,28] and 9 0 %  in Kenya [32]), despite 
administration of drugs on an empty stomach in the studies from Botswana and 
Kenya. The relatively high Cmaxs of the TB drugs in our study among African patients 
may also relate to the average body weight of 55.7 kg (table 1), which isjust above 50 
kg above which 4 FDC tablets (rather than 3) are administered.

Values for total exposure (AUC0_24h) maY be even more relevant to the efficacy of 
first-line TB drugs than the Cmax [33]. AUC0_24h values can best be compared to those 
recorded in Indonesian TB patients [18] and in a racially mixed population of patients 
in The Netherlands who used similar doses on a mg/kg basis (Magis-Escurra, H. M. J. 
Later-Nijland, J. W. C. Alffenaar, J. Broeders, D. M. Burger, R. van Crevel, M. J. Boeree, A. 
R. T. Donders, R. van Altena, T. S. van der Werf, and R. E. Aarnoutse, submitted for 
publication), as the pharmacokinetics in these studies were assessed with the same 
analytical methodology. Average exposures to rifampicin were 39.9, 48.5 and 41.1 
h*mg/liter in the Tanzanian patients, the Indonesian patients and a mixed population, 
pyrazinamide AUC0_24h values were 344, 473 and 380 h*mg/liter, respectively, and 
exposures to ethambutol were 20.2, 14.4 and 23.5 h*mg/liter. Isoniazid was not 
measured in Indonesian TB patients, and we used another analytical method with the 
mixed population (average AUCq.j^  was 15.2 h*mg/liter compared to n.o in the 
current study). These comparisons show no drastically lower total exposure to TB 
drugs between Tanzanian patients and the Indonesian patients and the mixed 
population from the Netherlands.

Even though the exposure to TB drugs in Tanzanian patients may be high compared 
to exposure from other African studies and similar to those in other populations, a 
large number of patients had low plasma concentrations of isoniazid and rifampicin. 
Several clinical studies have pointed towards a possible association between low TB 
drug concentrations and poor treatment outcome [3-5]. A preclinical model showed 
that interindividual variability in pharmacokinetics is relevant to the emergence of 
resistance [7], and a recent meta-analysis revealed that variability in exposure to 
isoniazid is associated with failure of therapy and acquired drug resistance [io]. On 
the other hand, other studies have found no association between plasma 
concentrations and effect to first-line TB drugs [34,35].
We could not readily explain the observed low isoniazid and rifampicin AUC0.24hS 
and Cmaxs by patiënt characteristics, as the sample size was considered too small for

49



C H A P T E R  3

analysis of association between patiënt characteristics and pharmacokinetic 
parameters. However, we evaluated the effect of genetic polymorphisms in N-acetyl 
transferase 2 (NAT2), a phase II metabolic enzyme, on the pharmacokinetics of 
isoniazid. Slow acetylation of isoniazid into acetylisoniazid is a homozygous recessive 
trait. Genotypically, homozygous fast, heterozygous fast (or intermediate) and slow 
acetylators are distinguished [22,36]. In our study acetylator status was assessed 
phenotypically using the isoniazid elimination half-life and the acetylisoniazid/  
isoniazid ratio 3 hours post-dose with a cut-off of i.s.Based on these two methods, 
63% or 53% of patients in our study, respectively, were slow metabolizers. This is 
consistent with available data showingthat 50-60% percent of European (Caucasian), 
African, and Indian populations are slow metabolizers [37]. Clearly, assessment of the 
acetylator status by the metabolic ratio of acetylisoniazid/isoniazid at a single time 
point post dose is more convenient. There was good concordance between the two 
methods when 1.5 was used as the cut-off for the metabolic ratio (2 discordant 
patients). In the future, limited sampling may allow for an assessment of acetylator 
status as well as estimation of AUC values of TB drugs, considering the high correlation 
between concentrations measured in the early part of the pharmacokinetic curve and 
exposures to isoniazid, rifampicin and pyrazinamide. AUC0_24s and Cmaxs isoniazid, 
pyrazinamide and ethambutol were also correlated, but for rifampicin no such 
association was found. We have considered whether this may be explained by the 
nonlinear, saturable pharmacokinetics of rifampicin, but disproportional changes in 
exposure above certain concentrations are expected to affect both Cmaxand AUC0_24.

In summary, this study provides pharmacokinetic data of first-line TB drugs based on 
intensive 24h sampling in East African TB patients. Half of the patients had isoniazid 
peak plasma levels and a third had rifampicin peak plasma concentrations below the 
reference ranges. Although the pharmacodynamics of the currently used first line TB 
drugs is not entirely clear, low isoniazid and rifampicin concentrations have been 
associated with suboptimal treatment response. Exploring the effect, tolerability and 
pharmacokinetics of higher dose of isoniazid and rifampicin in African tuberculosis 
patients is therefore recommended.
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Abstract

Introduction. Plasma is the traditional biological sample for PK studies and Therapeutic 
Drug Monitoring (TDM) of the pivotal anti-tuberculosis (TB) drug rifampicin. Saliva 
may be an attractive alternative matrix, also considering that it may reflect pro- 
tein-unbound, active plasma concentrations. The objectives of this study were (i) to 
compare the PK of rifampicin in saliva and plasma and (2) to assess whether saliva 
could be an alternative matrix for PK studies and TDM with this drug.

Methods. Adescriptive PK study was performed among 15 adult Tanzanian TB patients 
who were in the intensive phase of TB treatment. Time-matched samples of 
stimulated saliva (obtained with a Salivette® device containing citric acid) and plasma 
were collected at predose and at 1, 2, 3, 4, 6, 8, 10 and 24 hours after intake of 
rifampicin. Salivary, total (protein-unbound plus bound) and unbound plasma 
concentrations of rifampicin were measured with validated HPLC methods. Salivary 
and plasma PK parameters were assessed, ratios of salivary to (total and unbound) 
plasma concentrations were calculatedandthe performance of salivary concentrations 
to predict plasma concentrations was evaluated using the jackknife method.

Results. The geometrie mean AUC0_24 of rifampicin in saliva (3.1 h*mg/L) was slightly 
but signifïcantly lower than the protein-unbound AUC0_24 in plasma (5.3 h*mg/L) and 
these were much lower than the plasma AUC0_24 based on total concentrations (32.7 
h*mg/L). Tmax and elimination half-lives of rifampicin based on salivary, protein- 
unbound and total plasma concentrations were similar. Geometrie mean concentration 
ratios for salivary versus total and unbound plasma concentrations were 0.099 and 
0.614 and these ratios were not dependent on time post dose or associated rifampicin 
plasma concentrations (repeated measures ANOVA). The prediction of total and 
unbound plasma concentrations based on salivary concentrations of rifampicin 
resulted in median percentage prediction errors (MPPE) of 13.4% and 6.0% and 
median absolute percentage prediction errors (MAPE) of 35.7% and 23.0%, 
respectively, which means that these predictions were sufficiently accurate (<15%) yet 
imprecise (>15%).

Condusions. AUC0.24 and Cmax of rifampicin in saliva were much lower than those in 
plasma based on total plasma concentrations. The AUC0_24 of rifampicin in saliva was 
of the same order of magnitude as the protein-unbound plasma AUC0_24, but was 
signifïcantly lower. It is not possible to predict total or protein-unbound plasma 
concentrations from salivary concentrations, due to inadequate precision associated 
with this prediction.
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Introduction

The global burden of tuberculosis (TB) remains immense, with an estimated 8.7 
million new cases of TB and 1.4 million people dying from this infectious disease in 
2011 [1]. Still too many patients do not respond adequately to treatment, experience a 
relapse of TB after treatment completion, or are confronted with the emergence of 
drug resistant strains of M. tuberculosis.
Inadequate exposure to TB drugs constitutes one of thefactors underlying suboptimal 
treatment response and development of resistance, as evidenced by results from the 
in vitro hollow fibre model [2], clinical studies on relationships between drug 
concentrations and response [3-7], andfindings of a recent meta-analysis [8]. In view 
of the relevance of exposure to TB drugs, drug dosing may be individualized based on 
measurement of drug concentrations (Therapeutic Drug Monitoring, TDM), a practice 
applied in a few centres around the world [9-13]. Yet in the long term it seems 
preferable to develop new TB regimens that are pharmacokinetically optimized, 
enabling^xec/ dosing for all patients. This requires multiple pharmacokinetic studies 
during development of such regimens.

Plasma is the traditional biological sample for pharmacokinetic studies and TDM, but 
saliva may be an attractive alternative matrix. Advantages of saliva indude the easy 
sample collection which can be standardized with specific saliva collection devices; 
and the painless collection of saliva which seems particularly advantageous for 
children [14,15]. Furthermore, salivary concentrations may reflect the protein-un- 
bound (free) fraction of drug in plasma, which is active and available to be transported 
to the sites of action, rather than the total (protein-unbound plus bound) plasma 
concentration [14], A dear prerequisitefor the use of saliva in pharmacokinetic studies 
and TDM is a strong relationship between the salivary concentrations and the 
(unbound or total) plasma concentrations of a drug.

The plasma pharmacokinetics of the TB drug rifampicin are well-characterized [16-18]. 
This pivotal TB drug is now being repurposed as a component of future TB drug 
regimens for adults, but at higher doses [19-20]. In addition, higher doses of rifampicin 
are currently advised for treatment of TB in children, requiring pharmacokinetic 
evaluations as well [21]. Therefore the objectives of this study were (1) to describe the 
pharmacokinetics of rifampicin in saliva and plasma (total and protein-unbound 
concentrations) and (2) to assess whether saliva could be an alternative matrix for 
pharmacokinetic studies and TDM with this essential TB drug.
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METHODS

Study design and population
We performed a descriptive pharmacokinetic study in Moshi, Tanzania. Adult TB 
patients who were in the intensive phase of TB treatment were eligible for 
participation. They had to be on TB treatment for at least two weeks because of the 
expected steady state of rifampicin at that time. Patients with a body weight less 
than 50 kg used three Fixed Dose Combination (FDC) tablets per day (i.e. 225 mg 
isoniazid, 450 mg rifampicin, 1200 mg pyrazinamide and 825 mg ethambutol) and 
patients with a body weight fflso kg used four FDC tablets per day (i.e. 300 mg 
isoniazid, 600 mg rifampicin, 1600 mg pyrazinamide and 1100 mg ethambutol). 
AH participants gave written informed consent. Intensive pharmacokinetic sampling 
for both plasma and saliva took place during 24 h.
This was an explorative study and no sample size calculation was performed. The 
study aimed to recruit 15 patients, providing for an expected number of circa 80 
time-matched detectable salivary, protein-unbound and total (protein-unbound plus 
bound) concentrations of rifampicin.
Study participants were recruited from the outpatient TB dinic at Mawenzi Hospital 
in Moshi and pharmacokinetic sampling was done at the patiënt unit of the 
Kilimanjaro Clinical Research Institute. The study was approved by the Research Ethics 
Committee at the Kilimanjaro Christian Medical Centre (KCMC) and by the Tanzanian 
National Institute for Medical Research.

Pharmacokinetic sampling
Patients were asked not to eat for at least six hours (i.e. overnight) before start of 
intensive pharmacokinetic sampling. On the sampling day, patients took their drugs 
under supervision of a nurse in the morning, and then had a standardized breakfast 
within 30 minutes after drug intake, which is the usual procedure in this population. 
The standardized breakfast consisted of a cup (250 ml) oftea with milk and sugarand 
two pancakes. Serial venous blood samples were collected just before, and at 1,2 ,3,4 , 
6,8,10 and 24 hours after TB drug intake. Plasma was centrifuged at 2800 rpm for 10 
minutes and stored at -8o°C immediately thereafter.
Stimulated saliva was collected immediately (i.e within 2 minutes) after every blood 
sample. The patients were asked to rinse their mouth with water. Then a Salivette® 
was provided, which is a plastic device containing a dental cotton roll impregnated 
with citric acid that stimulates the salivary flow (Sarstedt, Etten-Leur, The 
Netherlands). The patients were asked to chew on the cotton roll inside the Salivette®. 
After one minute, the patiënt was asked to put the cotton roll back in the insert of the 
Salivette® centrifuge vessel. The centrifuge vessel was centrifuged at 3000g for 5 
minutes, which allows saliva to be collected in the extended tip of the Salivette®
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tube. The saliva was put in polypropylene tubes and stored at -80 °C. The total process 
until storage in the freezer took a maximum of 45 minutes after sampling.
Both the plasma and saliva samples were transported on dry ice to The Netherlands, 
where bio-analysis took place.

Bio-analysis
Total (protein-bound plus unbound) plasma concentrations of rifampicin were 
measured with a validated HPLC method as described before [22].
For the analysis of rifampicin in saliva, liquid-liquid extractionfollowed by HPLC was used. 
Briefly, 250 |jL of saliva was mixed with 25 pL ascorbic acid (20 g/L), 25 pL 0.2 M acetate 
buffer pH5,25 |jL of internal Standard (sulindac) solution and 1 mi of iso-octane /  dichloro- 
methane (3:2 %v/v) and the mixture was centrifuged at 1910 g for 5 minutes. The water 
layer was frozen in a cryobath (-40°C), the organic layer was decanted and evaporated 
at 37°C under a N2 flow until the tube was dry. The residu was reconstituted in 200 jjL 
H20  /  CH3CN (70/30 %v/v) at 4°C by shaking it for 10 minutes. Immediately after 
centrifugation at 1910 g for 10 minutes at 4°C, 50 |jL was injected into the HPLC system. 
To measure protein-unbound rifampin, ultrafiltration followed by HPLC was used. 
Briefly, 0.5 ml of plasma was added into a Centrifree YM-30 tube (Millipore, 
Amsterdam, the Netherlands). The tube was centrifuged for 15 min at 1650 g at 25°C 
and 50 pL of the clear ultrafiltrate was injected into the HPLC system.
One HPLC system was developed for measurement of salivary and protein-unbound 
rifampicin concentrations. The analytical column was an OmniSpher 5 C18 column 
(250 4.6 mm ID; partiele size 5 (jm) protected by a Chromguard RP ss 10 x 3 mm 
column (Varian, Middelburg, The Netherlands). The mobile phase components were 
30 %  acetonitrile and 70 %  10 mM phosphate buffer with pH 5, run during a HPLC 
gradiënt with different flow rates. Total run time was 17 min. UV detection was set at 
334 nm. The autosampler liquid system was set at 4°C.
For measurement of rifampicin in saliva, accuracy and intra-day precision ranged 
from 98 to 105% and from 3.7 to 7.3 % ,  respectively, dependent on the concentration 
which ranged from 0.1 (limit of quantitation) to 10.4 mg/L. For measurement of 
unbound plasma concentrations of rifampicin, the average accuracy of ultrafiltrate 
spiked with rifampin was 107% and intraday precision in measurement of rifampicin 
in ultrafiltrate varied from 1.5 to 1.9% dependent on the concentration measured. The 
range of the method for unbound rifampicin plasma concentrations was from 0.06 
mg/L (limit of quantitation) to 13 mg/L.

Pharmacokinetic analysis
The area underthe plasma concentration-time curve (AUC0_24h), the highest observed 
concentration (Cmax) with the corresponding sampling time Tmax, apparent dearance 
(Cl/F; in which F is bioavailability), apparent volume of distribution (Vj/F) and
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elimination half-life (T ) were assessed by noncompartmental pharmacokinetic 
methods using WinNonLin Version 5.3 (Pharsight Corp., Mountain View, California 
US), as described before [22]. C24h was estimated based on the last measurable 
concentration (C|ast) taken at time T|ast and the elimination rate constant , using the 
formula C24h = C|ast*e- *(24-Tiast)

Statistical analysis
Differences in pharmacokinetic parameters of rifampicin based on salivary, protein- 
unbound and total plasma concentrations were assessed with repeated-measures 
(within-subject) analysis of variance (ANOVA) performed on log-transformed 
pharmacokinetic parameters, followed by three separate paired-samples T-tests 
performed at a Bonferroni-corrected significance level of 0.05/3. Tmax values of 
rifampicin were tested with the related-samples (within-subject) Friedman's analysis 
of variance by ranks. Correlation between pharmacokinetic parameters was 
performed on untransformed data using Spearman’s rho (rank correlation).
To assess whether saliva could be an alternative matrix for pharmacokinetic studies 
and TDM, the time-matched salivary concentrations, protein-unbound and total 
plasma concentrations of rifampicin were first correlated to eachother using 
Spearman’s rho. Subsequently ratios of salivary concentrations versus total and 
protein-unbound plasma concentrations of rifampicin were calculated for all 
time-matched samples. The effect of sampling time and the effect of the associated 
rifampicin plasma concentrations on the concentration ratios was assessed with 
repeated-measures (within-subject) ANOVA on log-transformed concentration 
ratios. Geometrie means were calculated for the saliva to plasma (total and unbound) 
concentration ratios; the reciprocal average concentration ratios were used as 
conversion factors to estimate total and unbound rifampicin plasma concentrations 
based on the measured salivary concentrations [23].
The predictive performance of these estimations was assessed by calculation of 
conversion factors based on datasets in which one out of the 15 patients was omitted, 
followed by use of these conversion factors to estimate the (total and unbound) 
plasma concentrations of the i5th patiënt (jackknife method [24]). Such predictions 
were performed for plasma concentrations of all 15 patients. Potential bias in the 
predictions was assessed using the median percentage prediction error (MPPE). This 
is the median of all percentage prediction errors, which were defïned as: 10 0 % * 
(predicted concentration -  measured concentration) /  measured concentration. 
Imprecision was assessed using the median absolute percentage prediction error 
(MAPE). This is the median of all absolute percentage prediction errors. The absolute 
percentage prediction error was defïned as: 10 0 %  * absolute ((predicted concentration 
-  measured concentration) /  measured concentration). For an acceptable predictive 
performance, both MPPE and MAPE had to be <15% [24,25].
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As an alternative means to estimate plasma concentrations and assess predictive 
performance, a linear regression analysis was performed on log-transformed salivary 
concentrations versus log-transformed plasma (total or protein-unbound) 
concentrations of rifampicin, yielding a least squares regression line with equation: 
log (plasma concentration) = a + b* log (salivary concentration), in which a is the 
intercept and b is the slope of the regression line [26]. This equation was derived in a 
randomly selected set of 8 patients (index set) and was used to estimate plasma 
concentrations in the remaining 7 patients (validation set) [24,26], This procedure 
was repeated three times. Again MPPE and MAPE were used as measures of bias and 
imprecision.
All statistical analyses were performed with SPSS for Windows version 20.0 (SPSS Inc, 
Chicago, IL).P values of below 0.05 were considered significant.

Results

Patients
Fifteen TB patients were enrolled in the study. Twelve patients were male (80%), their 
median age was 37 years (range 19-50 years), their median body weight was 49.5 kg 
(range 41.5-73.6 kg) and they received a median rifampicin dose of 10.2 mg/kg (range 
8.2-11.3 mg/kg).

Pharmacokinetics of rifampicin based on salivary, protein-unbound and 
total plasma concentrations
The geometrie mean AUC0_24 of rifampicin in saliva (3.1 h*mg/L) was slightly lower than 
the geometrie mean protein-unbound AUC0.24 in plasma (5.3 h*mg/.L) and these were 
much lower than the geometrie mean plasma AUC0_24 based on total concentrations 
(32.7 h*mg/L, table 1, figure 1). Repeated-measures ANOVA on log-transformed AUC0_24 
values showed a significant main effect based on type of concentration measured 
(<o.ooi) and paired t-tests with Bonferroni correction revealed significant differences 
between all three AUC0_24 values (p<o.ooi). For Cmax values of rifampicin, the 
difference in rifampicin Cmax in saliva and Cmax based on protein-unbound plasma 
concentrations was not significant, but both these Cmax values were significantly lower 
than the Cmax based on total plasma concentrations (pco.ooi).
Rifampicin AUC0_24 values based on salivary concentrations, protein-unbound 
plasma concentrations and total plasma concentrations were all strongly (Spearman’s 
rho at least 0.71) and significantly (pffi 0.003) correlated to eachother. Rifampicin 
Cmax values based on protein-unbound and total concentrations were also correlated 
(rho = 0.9, p<o.ooi) but these were not correlated with rifampicin Cmax values in 
saliva.
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0̂ro Table 1 Pharmacokinetics of rifampicin in saliva and plasma (n=is)1

PK parameter saliva2 Plasma, protein- 
unbound conc.2

Plasma, 
total conc.2'3

Ratio
saliva /  plasma 
protein-unbound*

Ratio
saliva /  plasma 
totaM

Ratio
plasma protein- 
unbound /  plasma
total3.4

AUC0_24 (h*mg/L) 3.1 (0.70-8.6) 5.3 (1.8-10.3) 32.7(11.7-73.6) 0.59 [0.50-0.71] 0.096 [0.077-0.119] 0.161 [0.146-0.178]

Cmax (mg/L) 0.64 (0.12-1.7) 1.0 (0.50-2.2) 6.8 (3.2-17.4) o.62[o.42-o.9i] 0.094 [0.063-0.140] 0.151 [0.136-0.167]

Tmax (I1) 3.0 (1.0-6.1) 2.1 (1.0-6.0) 2.i (1.0-6.0) - -

Cl/F (L/h) 164.1 (69.9-646.3) 97.6 (58.1-256.5) 15.7 (8.2-38.6) 1.68 [1.42-2.00] 10.4 [8.4-12.9] 6.21 [5.61-6.87]

Vd/F (L) 469.3 (223.3-1673.6) 318.8 (167.9-1022.4) 47.7 (24.4-139.5) 1.47 [1.26-1.72] 9.8 [8.1-11.9] 6.69 [5 69-7.85]

T,/2(h) 2.0 (1.3-2.7) 2.3 (1.6-4.9) 2.1 (1.4-3.9) 0.88 [0.76-1.01] 0.94 [0.84-1.06] 1.08 [0.96-1.21]

1. Abbreviations: AUC0.24: area under the concentration versus time curve, Cmax: peak plasma concentration, Tmax: time to peak plasma concentration, Cl/F: apparent 
clearance, Vd/F: apparent volume of distribution, T,/2: elimination half-life, conc.: concentration

2. Geometrie means and ranges, apart from Tmax (median and range)
3. Total plasma concentrations referto protein-unbound plus bound concentrations
4. Geometrie means and 9 5% confidence intervals
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-  ♦  -  plasma, total conc.

—■ — plasma, protein- 
unbound conc.

— a— sa II va

Figure i Geometrie mean steady-state concentrations of rifampicin versus time 
(N=15)\

i Concentrations of rifampicin (Y-axis) are displayed in mg/L. Time post dose (X-axis) is in hours.

Tmax of rifampicin in saliva appeared to be larger in saliva compared to plasma (3.0 h 
versus 2.1 h and 2.1 h, table 1), but this difference did not reach statistical significance 
(p=o.o8). Elimination half-lives of rifampicin based on salivary, protein-unbound and 
total plasma concentrations were similar (see table 1, p=o.io).

Evaluation of saliva as alternative sampling matrix: correlation analysis 
and tim e and concentration dependency of concentration ratios
As expected based on the short elimination half-life of rifampicin, loose concentrations 
of rifampicin were below the limits of quantitation at predose (T=oh) and at 24 h post 
dose for all salivary, protein-unbound and total plasma concentration measurements. 
Salivary and unbound plasma concentrations were still below the limit of quantitation 
at T=i (6 patients) and T=2h (1 patiënt) and they returned below the limit of 
quantitation atT=8h (2 patients) andT =ioh post dose (T=8 patients). A total of 88 
time-matched salivary and protein-unbound and total plasma concentrations were 
available based on concentrations measured above the limits of quantitation of the 
assays. In 100 time-matched samples, protein-unbound and total plasma concentrations 
were measurable.
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Salivary concentrations were significantly correlated with total plasma concentrations 
(rho = 0.777, p<o.ooi, n=88) and with protein-unbound plasma concentrations (rho = 
0.787, p<o.ooi, n=88, figure 2). Protein-unbound and total plasma concentrations 
showed a stronger correlation (rho = 0.960, p<o.ooi, n=ioo).
The geometrie mean concentration ratio for salivary versus total plasma concentrations 
was 0.099 (95%  Cl: 0.089-0.110, range 0.014-0.539) and that for salivary versus 
protein-unbound plasma concentrations was 0.614 (95% Cl: 0.553-0.682, range 
0.086-5.51). The concentration ratio of salivary versus total plasma concentrations of 
rifampicin did not seem to be dependent of time of sampling (table 2) and this was 
confïrmed by repeated-measures ANOVA performed over the sampling times ih to 
ioh (p=o.59, n=4), 2h toioh (p=o.gi, n=6) and 2h to 8h (p=o.43, n=i2) post dose; no 
trends over the sampling times were shown either. Concentration ratios for salivary 
versus unbound plasma concentrations were not dependent of sampling time either 
(ih to loh post dose: p=o.23, n=5; ih to 8 h: p=o.3i, n=g). However, concentrations of 
unbound versus total plasma concentrations showed an increase with sampling time 
accordingtoa significant lineartrend (samplingtimes ih toioh: p=o.oi, n=i2, table 2).

plasma_concentration

Figure 2 Scatter plot and regression line of log-transformed salivary and total 
(protein-bound plus unbound) plasma concentrations of rifampicin 
(R2 =0.608, P<o.ooi, n=88).
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Table 2 Effect of sampling time and associated concentrations on concentration ratios

Time 
post dose 
(h)1

Total plasma 
concentration 
(mg/L, geometrie 
mean)2

Concentration ratio 
of saliva to protein-unbound 
plasma concentrations 3

Concentration ratio 
of saliva to total plasma 
concentrations 2-3

Concentration ratio 
of protein-unbound to total 
plasma concentrations2̂

1 2.0 0.773 (0.301-5.511) N=9 o.rn (0.048-0.539) N=g 0.145 (0.098-0.197) N=12

2 4-2 0.575 (0.338-1.067) N=i4 0.091 (0.047-0.142) N=i4 0.154 (0.106-0.229) N=i i

3 5-6 0.528 (0.087-1.593) N=i5 0.082 (0.014-0.214) N=i5 0.155 (0.110-0.218) N=i5

4 4.2 0.658 (0.289-1.011) N=is 0.104 (0.045-0.168) N=i5 0.157 (0.113-0.229) N=i5

6 3.0 0.656 (0.313-1.072) N=15 0.107 (0.047-0.171) N=i5 0.163 (0.105-0.238) N=i5

8 i.6 0.581 (0.210-1.015) N=i3 0.098 (0.035-0.210) N=i3 0.169 (0.100-0.232) N=i4

10 0.79 0.593 (0.376-1.086) N=7 0.114 (0.061-0.182) N=7 0.184 (0.116-0.263) N=i4

1. Both salivary and protein-unbound plasma concentrations were below the limit of quantitation in all samples at T=o h and 1=24 h post dose.
2. Total plasma concentrations referto protein-unbound plus bound concentrations
3. Geometrie means and ranges
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Evaluation of saliva as alternative sampling matrix: predictive 
performance of salivary concentrations
The conversion factor to predict total (protein-bound plus unbound) rifampicin 
plasma concentrations from salivary concentrations was 10.14 (n=88, all 15 patients) 
and this factor varied slightly when derived from different sets of 14 patients (range: 
9.64 to 10.53). The jackknife method showed that the median percentage prediction 
error (MPPE) for estimation of total rifampicin plasma concentrations based on 
salivary concentrations was 13.4% and the median absolute percentage prediction 
error (MAPE) was 35.7%.
The conversion factor to predict protein-unbound rifampicin plasma concentrations 
from salivary concentrations was 1.63 (n=88, all 15 patients, varying from 1.56 to 1.70 
in the sets of 14 patients). The MPPE and MAPE for estimation of protein-unbound 
rifampicin plasma concentrations based on salivary concentrations were 6.0 and 
23.0%.
Use of a linear regression equation to predict total plasma concentrations in three index 
and validation sets resulted in MPPE values of 43.1,3.8 and -22.4%, and MAPE values 
were 43.3,37.5 and 34.6%. For prediction of protein-unbound plasma concentrations, 
MPPE and MAPE values were 23.5 and 28.1% for one index and validation set, data for 
the other two sets are pending.

Discussion

The first objective of this study was to describe the pharmacokinetics of rifampicin in 
saliva and compare these to plasma pharmacokinetics based on protein-unbound 
and total concentrations. It appeared that the salivary AUC0.24and Cmax of rifampicin 
were much lower than those in plasma as based on total (protein-bound plus 
unbound) concentrations (table 2). This was anticipated, as only the protein-unbound 
(free) fraction of a drug in plasma can pass into the salivary compartment [14,15,27,28]. 
In fact, saliva concentrations of most drugs are thought to reflect unbound drug 
concentrations in plasma [14,15,27,28]. In this study we actually measured the pro
tein-unbound rifampicin plasma concentrations by using a validated analytical 
method based on ultrafiltration.
The AUC0_24 of rifampicin in saliva was of the same order of magnitude as the 
protein-unbound plasma AUC0_24, yet it was significantly lower (table 1). This may be 
explained by one or several other factors that (apart from protein binding) determine 
the extent of diffusion of drugs into saliva, including lipid solubility, the degree of 
ionisation in blood and in saliva, and salivary flow [14,15]. The rifampicin molecule 
exhibits high lipid solubility [16]; its degree of ionisation is dependent on the pH of 
the solution in which it recides. In solution, rifampin behaves as a zwitterion. lts acidic
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function (pKa = 1.7) isassociated mainly to its hydroxyl groups, while its basicfunction 
(pKa = 7.9) is related to a piperazine-nitrogen functional group. In acidified saliva 
obtained with the Salivette® device (pH=3 [29]), the hydroxylgroup (pKa 1.7) will be 
largely unprotonated and charged negative, whereas the piperazine-nitrogen will be 
charged positive, resulting in a neutral molecule. The neutral molecule of rifampicin is 
not expected to be 'trapped’ in saliva (causing higher salivary than plasma concentrations) 
as is the case for many basic drugs that are charged positive in acidified saliva.
The appearance of rifampicin into saliva was rapid as reflected in a Tmax of 3.oh (table 1) 
and salivary to plasma concentration ratios were not dependent on sampling time or 
associated rifampicin concentrations. The rapid appearance of rifampicin in saliva 
and the absence of saturation of passage of rifampicin from blood into saliva suggest 
that this TB drug enters saliva by passive diffusion instead of active transport. 
Relatively few comparable studies are available on diffusion of rifampicin into saliva. 
Kenny and Strates have summarized the literature on rifampicin up to 1981 and stated 
that highest rifampicin levels in saliva and sputum are obtained up to 4 hr after peak 
serum levels and that these are only 17-25% of peak serum levels [16]. Gurumuthy et 
al showed that peak concentrations of rifampicin in saliva were 10.6% of those in 
plasma [30], very similar to data from our study. Contrary to the current study, 
Gurumuthy et al found a clear increase in the saliva to serum concentration ratio with 
the sampling time post dose. Orisakwe et al found a much higher saliva to plasma 
ratio for AUC0_24 (i.e. a ratio of 0.67) in their study with chewing gum stimulated 
saliva flow and intensive pharmacokinetic sampling in healthy volunteers [31].

This is one of very few studies that assessed protein-unbound concentrations of 
rifampicin in all samples of the recorded pharmacokinetic curves. The average protein 
binding of 84% as assessed in this study based on unbound/total plasma AUC0_24 
ratios (table i)  is very close to the 8 0 % protein binding which is often stated for 
rifampicin [17,18]. Of note, the ratio of protein-unbound versus total concentrations 
of rifampicin steadily increased with higher (total) rifampicin concentrations, which 
is relevant to rifampicin being repurposed at higher doses.

The second objective of this study was to assess whether saliva could be used as an 
alternative matrix for pharmacokinetic studies and TDM with rifampicin. Based on 
experience in the past [29,32] we deliberately chose to sample ‘stimulated’ saliva 
using a standardized, reproducible and convenient sampling technique with the 
Salivette® device. It was considered that stimulated collection results in less variation 
of salivary pH and possibly less variation in saliva to plasma ratios compared tosimple 
expectoration of saliva [14]. The patients were asked to rinse their mouth with water 
before sampling of saliva to avoid contamination of the oral cavity with drugs due to 
prior drug administration, which could lead to spurious findings [14]. As required for a
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good prediction, saliva to plasma concentration ratios were not dependent of sampling 
time and rifampicin plasma concentrations.
Prediction of total or unbound rifampicin plasma concentration based on salivary 
concentrations resulted in an acceptable median percentage prediction error (MPPE), 
which means that systematic bias was limited when many individual predictions 
(each with positive or negative bias) were considered. Unfortunately, the average 
absolute error as measured by the median absolute percentage prediction error 
(MAPE) was above the predefined criterium, which means that the overall predictive 
performance of salivary concentrations was insufficiënt. Use of a regression equation 
rather than a straightforward conversion factor resulted in a similarly imprecise 
prediction of (total or unbound) plasma concentrations based on salivary 
concentrations. Of note, the current study also showed that monitoring of saliva 
concentrations of rifampicin has limited value in evaluating adherencetothis drug, as 
salivary concentrations of rifampicin were belowthe limits of quantitation at predose 
(T=oh), at T=1 and starting from T=ioh post dose in many patients who took 
rifampicin under observation. This means that early or late sampling of saliva may 
incorrectly suggest nonadherence to rifampicin.

In summary, this study showed that total exposure (AUC0_24) and Cmax of rifampicin 
in saliva were much lower than those in plasma based on total (protein-unbound plus 
bound) plasma concentrations. The AUC0.24 of rifampicin in saliva was of the same 
order of magnitude as the protein-unbound plasma AUC0_24, but was significantly 
lower. Rifampicin appeared rapidly in saliva and probably enters saliva through 
passive diffusion. It appeared not to be possible to predict total or protein-unbound 
plasma concentrations from salivary concentrations, due to inadequate precision 
associated with this prediction.
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Abstract

Background. Low anti-tuberculosis (TB) drug levels are common, but their clinical 
significance remains unclear and methods of measurement are resource intensive.

Methods. Subjects initiating treatment for sputum smear positive pulmonary TB 
were enrolled from Kibong'oto National TB Hospital, Tanzania, and levels of isoniazid, 
rifampin, ethambutol and pyrazinamide were measured at time of typical peak 
plasma concentration (C2f,r). To evaluate the significance of the observed drug levels 
on Mycobacterium tuberculosis growth, a plasma TB drug activity (TDA) assay in the 
Bactec MGIT system was developed. Time-to-detection of plasma co-cultured M. 
tuberculosis versus time-to-detection of control growth was defined as a TDA ratio. 
TDA assays were later performed using the subject's own M. tuberculosis isolate and 
C2h plasma from the Tanzanian cohort and compared to drug levels and clinical 
outcomes.

Results. Sixteen subjects were enrolled with a mean age of 37.8 years ± 10.7. Fourteen 
(88%) had rifampin levels and 11 (69%) had isoniazid levels below 9 0 %  of the 
lower limit of the expected range. Plasma spiked with varying concentrations of anti- 
tuberculous medications found TDAto be unaffected by ethambutol or pyrazinamide. 
Yet with a range of isoniazid and rifampin concentrations, TDA exhibited a statistically 
significant correlation with drug level and drug MIC, and a TDA of ~i.o identified 
multidrug-resistant TB. In Tanzania, low (ffÏ2.o) TDA was signifïcantly associated with 
both lower isoniazid and rifampin C2h levels, and very low (ffii.s) TDA corresponded to 
a trend toward lack of cure.

Condusions. Study of TDA compared to additional clinical outcomes and as a therapeutic 
management tooi is warranted.
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Introduction

Tuberculosis (TB) is the leading cause of death from a curable infectious disease 
worldwide, and resource-limited settings bear a disproportionate burden of TB 
prevalence and poor treatment outcomes [30]. Even in TB patients receiving 
appropriate multidrug therapy, treatment outcomes can be poor dueto immunosup- 
pressive co-morbidities, delayed presentation to medical care, and impaired 
adherence to treatment requirements but can also be secondary to inadequate phar- 
macotherapy. Peak plasma levels (estimated Cmax) of anti-tuberculosis drugs below 
the expected range occur commonly in patients, yet the exact role of low drug levels 
in treatment outcome is not fully understood [2,3,11,13-15]. Given that the majority of 
patients with TB reside in resource-limited settings, widespread application of drug 
level monitoring is impractical and too costly [2,14]. Thus, alternative means of 
identification of patients possibly at risk of poor treatment outcome due to low drug 
levels, and strategies to optimize existing drug regimens, are of critical research 
importance [6,21,22].

We therefore developed an assay that could potentially determine the impact of low 
drug levels and serve as an accessible clinical tooi. The assay uses a patient’s plasma 
or serum collected during TB treatment and their own Mycobacterium tuberculosis 
isolate and measures time-to-detection in liquid cuiture. The principles of the assay 
are derived from prior study of serum bactericidal dilutions for the management of 
endocarditis [19]. Results are reported as a ratio of time-to-detection of plasma 
co-cultured M. tuberculosis to the time-to-detection of M. tuberculosis alone. We 
modeled the assay on the work by Wallis et al. in whole-blood culture studies [25-27] 
in which time-to-detection in the Bactec MGIT system (Becton Dickinson, Sparks, 
MD) is used in replacement of conventional colony counting. Others have found a 
i-log decrement in bacilli to be approximately equivalent to a 1.2 to 1.3-fold increase in 
time-to-detection [4,18]. We additionally pursued the MGIT system for its ease of 
reproducibility and current WHO-endorsed suitability for scaling up for use in inter- 
mediate-volume laboratories in resource-limited areas. Furthermore, we utilized 
plasma or serum without leukocytes to constrain analysis to drug effects.

Materials and methods

Tanzania
We first sought to describe the extent of low drug levels in a population of patients 
starting treatment in a setting of high TB prevalence and at relatively low risk of 
malabsorption. Subjects initiating TB treatment at Kibong’oto National TB Hospital
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(KNTH) in Kilimanjaro, Tanzania, were recruited for enrollment. Inclusion criteria 
specifïed subjects ffli8 years of age who had no prior TB treatment history, were 
HlV-negative, and had newly diagnosed sputum smear-positive pulmonary TB. Per 
KNTH protocol, all subjects received fixed dose combination tablets that induded 
isoniazid (INH) (75 mg), rifampin (RAAP) (150 mg), ethambutol (EMB) (275 mg), and 
pyrazinamide (PZA) (400 mg) based on weight: for patients who weighed <50 kg, 3 
tablets were administered; and for patients who weighed fflso kg, 4 tablets were 
administered. Subjects who had any recent history of nausea, vomiting or diarrhea 
were excluded. Specimen processing and analysis was performed at Kilimanjaro 
Christian Medical College (KCMC) in Moshi, Tanzania. Written consent was obtained 
from all subjects and protocols were approved by the Institutional Review Boards of 
Tumaini University at KCMC and the University of Virginia.

Prior to the initiation of TB treatment, sputum was collected for culture in the 
automated Bactec MCIT 960 system. Standard analyses of drug-susceptibilities to 
INH, RMP, EMB and streptomycin were performed with the Bactec SIRE kit to detect 
critical concentrations of INH of (0.4 ^g/ml), RMP (1.0), EMB (5.0), and streptomycin 
(1.0). Blood was collected at 14 days following TB treatment initiation and at 2 hours 
after observed administration of all anti-tuberculosis medications. Subjects were 
served a meal of porridge approximatelyi hour before medication administration per 
hospital routine. Blood was transported on ice to KCMC, where plasma was separated 
from the blood draw within 2 hours and stored at -8o°C for shipment to Radboud 
University, Nijmegen Medical Centre in the Netherlands, where high-performance 
liquid chromatography (HPLC) measurement for INH, RMP, EMB and PZA were 
performed by validated methods. For INH, measurement of the acetyl-INH level was 
also performed to determine the acetylator phenotype. A plasma acetyl-INH/INH 
ratio >i.o was categorized as representing a “fast” metabolizer of INH and a ratio 
ffii.o as representing a "slow" metabolizer [22]. An intermediate INH acetylator 
phenotype was not described, as, when the assay had been performed previously, it 
had required blood draws at additional time points following dose administration. 
Drug levels were compared against established C2h reference ranges and categorized 
as "low” if below 9 0 %  of the expected lower limit [12,15]. Subjects were re-evaluated 
at 2 months and 6 months for sputum smear conversion, change in weight, subjective 
improvement based on assessment of a local TB clinician blinded to study results, and 
mortality. TB drug activity (TDA) testing was later performed at KCMC with the 
patient’s own M. tuberculosis isolate and plasma.

TB Drug Activity (TDA) assay development
Concentrations within and below the expected C2h range for INH and RMP (Sigma- 
Aldrich, St. Louis, MO, USA) were spiked into plasma of a healthy, tuberculin skin
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test-negative, volunteer. Expected C2  ̂ concentrations of EMB (MP Biomedicals, 
Solon, OH, USA) and PZA (BD Diagnostic System, Sparks, MD, USA) were also added 
for further comparison. INH, EMB and PZA were dissolved in sterile distilled water; 
RMP in dimethyl sulfoxide.

The M. tuberculosis isolates were H37RV (ATCC 27294), two recent clinical isolates 
susceptible to INH, RMP, EMB and PZA, and two recent clinical isolates resistant to 
INH and RMP (referred to here as multidrug-resistant [MDR-TB] isolates). For 
susceptibility testing, a 1.0 McFarland suspension was made, and io  2 and io _4 were 
inoculated onto Middlebrook 7H10 agar with and without drug and incubated at 35°C. 
Conventional testing was carried out according to the i %  proportions method using 
established critical concentrations for INH, RMP and EMB [31], Serial dilutions of INH, 
RMP and EMB were used to establish the MIC, defined as the lowest concentration of 
drug that inhibited more than 9 9 %  of the bacterial population after 21 days from 
inoculation. PZA susceptibility testing was performed in PZA-specifïc Bactec MGIT 
media.

TDA assays were performed by adding a 500 pl suspension of a io -1 dilution of 0.5 
McFarland for each M. tuberculosis isolate to a 2 ml screw-top tube; the suspension 
was centrifuged at 12,000 rpm for 10 min at room temperature, the supernatant 
removed, and 300 pl of PBS added and followed by 300 pl of plasma. Tubes were 
incubated for 72 hours at 37°C and then centrifuged at 12,000 rpm for 5 minutes, and 
the supernatant removed. A i-m l volume of sterile distilled water was then added 
with repeat vortexing, prior to final centrifugation at 12,000 rpm for 10 minutes. The 
supernatant was discarded, 500 |jl of Middlebrook 7H9+ io%OADC was added, and 
the mixture was subjected to vortexing, transferred to a prefilled 7-ml MGIT tube, 
and incubated in the MGIT 320 machine until time to detection. For control tubes, 
identical 500 pl inocula were added for each of the isolates and incubated until the 
time to detection was determined. TDA was reported as the ratio of the time-to- 
detection of plasma co-cultured TB in hours to time-to-detection of control. All experiments 
were approved by the Institutional Biosafety Committee of the University of Virginia.

Statistics
For all analyses, means were compared using t test or medians by a Mann-Whitney 
test for nonparametric data. All M. tuberculosis TDA cultures were performed in 
duplicate or triplicate, except in Tanzania where they were performed once. The 
correlation between TDA ratios and Cmax /  MIC ratios for INH or RMP was calculated 
using the Pearson coëfficiënt. TDA ratios were compared to clinical characteristics 
and outcomes in the Tanzanian cohort by -square or Fisher’s exact testing when 
appropriate. All p-values were from two-tailed tests.
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Results

Tanzania: plasma drug levels
A total of 16 subjects with newly diagnosed smear-positive pulmonary TB were 
evaluated. All were inpatients and received directly observed medication administration. 
The mean age was 37.8 years ± 10.7, and 13 (81%) were male. The mean weight at the 
time of diagnosis was 48.8 kg ± 7.9. Eight (50%) of subjects were below 50 kg and 
hence were prescribed 3 fixed-dose combination tablets. Drug-susceptibility testing 
revealed 15 of the subject’s isolates to be susceptible to INH, RMP, EMB and 
streptomycin. One subject's isolate was resistant to EMB only.

HPLC testing demonstrated the majority of patient’s plasma to have very low levels of 
INH, RMP and EMB [Table 1]. Fourteen (88%) had low C2h levels of RMP (expected C2h 
range 8-24 |Jg/ml), with a mean of 2.5 ± 2.9 (Jg/ml. Two patients had trace RMP levels 
below the limit of quantification. Eleven (69%) patients had low C2hr levels of INH 
(expected C2hr range 3-5 (Jg/ml) with a mean of 1.85 |Jg/ml ± 1.3. Acetyl-INH testing 
revealed a fast acetylator phenotype in 6 (38%) patients. Of patients with low C2^r 
levels of INH, 3 (27%) were fast acetylators compared to 1 (20%) of those with levels in 
the expected range (p= not significant [NS]). An additional 12 (75%) patients had low 
C2h levels of EMB (expected C2  ̂ range 2-6 (Jg/ml) w'th a mean of 1.25 ± 0.8 (Jg/ml. 
Drug levels were not explained by the concentrations of medication administered. 
For instance, of the 8 patients with the highest RMP dose (fïln.o mg/kg), 5 (63%) had 
RMP C2h levels <i pg/ml.

Development of the TDA assay
Wepostulated that the TDA would predominantly reflecttheactivityof INH and RMP, 
since pyrazinamide (PZA) is inactive at the pH of Standard MGIT media and EMB is 
largely bacteriostatic [23]. To examine this supposition, we compared the mean TDA 
for plasma without drug to the mean TDA for plasma spiked with EMB at 5 (Jg/ml 
(expected C2h range 2-6 (Jg/ml) and plasma spiked with PZA at 30 (Jg/ml (expected 
C2h range 20-50 (Jg/ml) (see Fig.Si in the supplemental material). For the drug- 
susceptible clinical isolates (isolates 1 and 2) and H37RV, the EMB MICs were 2.5 (Jg/ml 

for each. Mean TDA values were 0.99 ± 0.05 for plasma across all isolates, 1.16 + 0.1 
with addition of EMB and 0.9 ± 0.16 with the addition of PZA (p=NS).

Given the finding of minim al to no activity of EMB and PZA, we sought to exam ine the  

effects of INH and RMP. Concentrations of INH (0-5 (Jg/ml) and RMP (0-16 (Jg/ml) 

starting from below the expected C2h range to the highest in the expected range 

were studied in checkerboard format (Fig. 1). A dose-response relationship was 

observed in which higher plasm a concentrations of drug resulted in a measurable
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Table i  C2hr levels of anti-tuberculosis drugs and dose received from fixed pill combination in Tanzanian subjects at 14 days of 
treatment for pulmonary TB

Study
number

Weight kg INH mg/kg C2hrINH INH acetylator RMP mg/kg C2hrRMP EMB mg/kg C2hrEMB PZA mg/kg C2hrPZA

1 52 5-8 2-5 slow 11.5 7-9 21.1 2-9 30.7 33
2 41 5-5 1-3 slow 11.0 0.19 20.1 0.70 29-3 ’ 7

3 45 5-0 2.8 fast 10.0 7-8 18.3 2-5 26.7 38

4 66 4-5 0.45 fast 9.1 0.17 16.6 0.53 24.2 17

5 49 4.6 3.6 slow 9-2 6.1 16.8 2.1 24-5 32
6 41 5-5 1.2 slow 11.0 0.17 20.1 0.66 29-3 20

7 40 5-6 0-5 fast 11.3 0.48 20.6 0.76 30.0 20

8 51 5-8 0.25 slow 11.8 trace 21.6 0.36 3i -3 7-7

9 60 5-0 1.6 slow 10.0 0.97 18.3 1.6 26.7 24
10 5i 5.8 1.2 slow 11.8 0.79 21.6 0.99 31.3 26

11 52 5-7 3.6 slow 11.5 3.8 21.2 1.2 30.8 30
12 5i 5-8 4-2 slow 11.8 4.0 21.6 1.0 31-3 34

13 58 5-2 0.23 fast 10.3 trace 19.0 0.55 27.6 8

14 42 5-4 1.9 slow 10.7 0.75 19.6 1.0 28.6 19

15 37 6.1 3-2 slow 12.1 6.2 22.3 2-5 32.4 36

16 45 5-0 1.1 slow 10.0 0.23 18.3 0.71 26.7 17

“ The fixed-dose tablets administered included isoniazid (INH) (75 mg), rifampin (RMP) (isomg), ethambutol (EMB) (275 mg), and pyrazinamide (PZA) (400 mg); for 
patients weighing <50 kg, 3 tablets were given, and forthose weighing fflso kg, 4 tablets were given. Values shown in bold are within 9 0 %  of the expected C2 h range 
(reported in micrograms per milliliter). Expected C2  ̂range for INH, 3 to s mg/ml; for RMP, 8 to 24 mg/ml; for EMB, 2to 6 mg/mi; for PZA, 20 to 50 mg/ml. INH acetylator 
phenotype values represent ratios of plasma levels of acetyl-isoniazid to those of isoniazid. Values greater than 1.0 were categorized as representing fast acetylation; 
values less than or equal to 1.0 were categorized as representing slow acetylation.
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increase in TDA. Keeping a single drug concentration constant at the lower range of 
normal but increasing the alternate drug produced a signifïcantly increased TDA. 
However, the response attributable to INH or RMP was more pronounced in the 
isolates for which the MICs of those agents were lower (Fig. i). For example, the mean 
change in TDA upon increasing INH from o to 5.0 (Jg/ml across fïxed RMP 
concentrations was 1.48 + 0.36 for isolate 1 (INH MIC <0.03 pg/ml; RMP MIC, 0.25 jjg /  
ml), but was only 0.95 ± 0.1 for isolate 2, which had a higher INH MIC (INH MIC, 0.06 
pg/ml, RMP MIC, 0.5 |Jg/ml) (p=o.o3). The effect of altering the RMP concentration 
was more pronounced; the mean change in TDA resulting from increasing RMP from 
o to 16.0 (Jg/ml across fixed INH concentrations was 1.95 ± 0.35 for isolate 1, but was 
only 0.53 + 0.15 for the isolate 2, for which the RMP MIC was higher (p<o.ooi). Indeed, 
combinations that included RMP at 8.0 pg/ml or greater were completely sterilizing 
for the laboratory isolate H37RV tha had the lowest RMP MIC (Fig. 1c). As predicted, 
there was no significant change in TDA for isolates 1 and 2 when EMB at 5 pg/ml was 
added to combinations of INH of 3 jjg/m l plus RMP of 8 pg/ml or INH of 5 Mg/ml plus 
RMP 16 |Jg/ml (data not shown).

4,5

3,5

3

60c
I t

■ Clinical isolate #1 

• Clinical isolate #2

■  H37RV

r ~ .
!
i ___ _____ _____

' 4  i - L  ■£■ 4 ..

! 1 ■

r
“F * r  ~ ............. "

! plasma EMB PZA plasma EMB PZA plasma EMB PZA

Supplem ental figure 1 TB drug activity (TDA) for ethambutol and pyrazinamide for 
drug-susceptible/W. tuberculosis isolates.
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H37RV [MICs: INH 0.125, RMP 0.125]

sterilizing

RMP 0
i-------------------------------- f----------------------

RMP 4 RMP 8 RMP 16

Rifampin (RMP) concentration pg/ml

Isoniazid (INH) 
concentration (Jg/ml

INHO 
INH 1 
INH 3 
INH 5

Figure ic

FIG. i. Comparison of anti-TB drug activities (TDA) of isoniazid and rifampin 
concentrations tested with the M. tuberculosis clinical isolates and laboratory strain 
H37RV presented in checkerboard format. TDA assays were performed using M. 
tuberculosis isolates and volunteer plasma alone or plasma spiked with various 
concentrations of isoniazid (INH) or rifampin (RMP), including concentrations betow 
the expected C2 range (INH, 1 mg/ml; RMP, 4 mg/ml), in the low-normal range (INH, 
3 mg/ml; RMP, 8 mg/ml), and in the high-normal range (INH, 5 mg/ml; RMP, 16 mg/ 
ml). The expected Cmax range for INH was 3 to 5 mg/ml and for RMP was 8 to 24 mg/ 
ml. TDA was reported as a ratio of time to positivity of plasma-cocultured M. 
tuberculosis versus time to detection of M. tuberculosis alone, where a TDA ratio of 1.0 
indicates stasis, a TDA ratio of >1.0 indicates killing, and a TDA ratio of <1.0 indicates 
growth. All isolates were susceptible to INH and RMP according to results determined 
by the 1 %  proportions method. For the combination of INH at 1 jjg/m l with RMP at 
8 pg/ml and INH at 5 [Jg/ml with RMP at 8 (Jg/ml, the mean TDA levels were 2.55 
6 0.06 and 4.11 6 0.18 for isolate 1 (P 5 0.008) (panel a) and 1.86 6 0.02 and 2.12 6 0.06 
for isolate 2 (P 5 0.03) (panel b). For H37RV, RMP concentrations of p8.o mg/ml were 
sterilizing.
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We then examined the extent to which TDA correlated with INH or RMP drug levels. 
Since both INH and RMP affect TDA, for this analysis we examined these drugs in 
isolation. While a statistically significant correlation between TDA and drug level for 
both INH and RMP was observed (Fig. 2a and c], the correlation was improved when 
TDA was analyzed against INH level/MIC or RMP level/MIC, respectively, and was 
highestforthe latter (Fig. 2b and d], Thus,theTDAassayyielded a metricof both drug 
level and MIC, particularlyfor RMP level/MIC.

0,5

0
2 3 4

Isoniazid (INH) concentration

Figure 2a
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FIG. 2. Comparison of TB drug activity (TDA) to isoniazid and rifampin drug concentrations 
and drug concentrations/MIC. TDA assays were performed using plasma spiked with 
isoniazid (INH) or rifampin (RMP) in isolation for clinical isolates. TDA was compared 
to INH concentration (a), INH concentration/MIC (b), RMP concentration (c), and 
RMP concentration/MIC (d). Correlation determinations were performed using the 
Pearson coëfficiënt

Tanzania: TDA assay and clinical outcomes
Wethen soughtto examine TDAforthe 16 subjects from Tanzania on4-drugtherapy. 
TDA assays were performed onsite in Tanzania where MIC testing was not available. 
The mean time-to-detection for control tubes among all isolates was 146.4 hours ± 
40.8, and the mean TDA ratiofor all isolates was 1.9 + 0.5 (range 1.1 to 3.2). No patient’s 
plasma was completely sterilizing and low values were common. For instance 5 (31%) 
subjects had a TDA of fïï 1.5, which was clearly at the lowest end of our in vitro results.

In subjects with low TDA (ffi2.o), statistically lower mean concentrations of INH, RMP 
and EMB were found compared to those with TDA >2.0 (Table 2). Furthermore, in

R*= 0.88

pco.ooi
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analyzing subjects with the lowest TDA (ffii.5), 3 (60%) converted to smear negative 
compared with 10 (91%) subjects with TDA>i-5 (p=o.i7); and 2 (40%) were cured 
(sputum smear negative at 5 months and 6 months of medication completed), and 10 
(91%) were cured (p=o.o6). Mean weight gain at 6 months was 5.6 kgs ± 4.4 versus
7.4 ± 4.5 in the two groups, respectively (p=o.i), and mortality was 0 %  in the cohort.

Table 2 TB drug activity (TDA) values and C2h drug levels at 14 days of TB treatment 
in Tanzanian patients3

C2hr drug levels pg/ml TDA flÏ2.o
N=9

TDA >2.0 
N= 7

p-value

Isoniazid mean level ± SD 1.31 ± 1.2 2.56 ±1.2 p=0.05

Rifampin mean level ± SD 0.77 ±1.3 4.65 ± 3-2 p=0.005

Ethambutol mean level ± SD 0.83 ± 0.37 1.68 ± 0.93 p=0.03

Pyrazinamide mean level ± SD 20.3 ± 7.3 28.0 ± 10.7 p=0.11

aPlasma used for C2h drug level and TDA measurement were from same blood draw. Comparison of C2j, 
levels for isoniazid and rifampin by ttest.

TDA performance in MDR-TB
Given that TDA assay yielded information on drug concentration/MIC, we predicted 
it should indicate MDR-TB, for which MICs are extremely high. In testing a range 
concentrations of INH and RMP in plasma against two MDR-TB isolates, TDA values 
were near 1.0 and were never observed above 1.19, even when EMB was added to 
EMB-susceptible MDR TB isolate 1 (Fig. 3). in Tanzania, two locally identified strains 
of MDR-TB were used for testing plasma from four of the previously enrolled patients 
on a drug-susceptible regimen (Fig. 4). Each strain was susceptible to EMB. Plasma 
from two patients (patients 10 and 11) was tested against MDR-TB isolate A and 
plasma from two other patients (patients 1 and 2) was tested against MDR-TB isolate 
B. These plasma samples exhibited a mean TDA of 0.92 ± 0.03 against the MDR-TB 
isolates, versus 2.0 ± 0.38 with their own susceptible isolates (p<o.ooi). The individual 
who produced MDR-TB isolate B was able to be subsequently enrolled while receiving 
ethambutol, pyrazinamide, amikacin, levofloxacin and cycloserine and his TDA on this 
regimen was 2.2 (Fig. 4).
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Figure 3 TB drug activity (TDA) with plasma alone compared to concentrations of 
isoniazid, rifampin, and ethambutol for multidrug-resistant (MDR)
M. tuberculosis isolates. TB drug activity (TDA) ratios were determined for 
volunteer plasma without drug versus plasma spiked with a various 
concentrations of isoniazid (INH), rifampin (RMP), and ethambutol (EMB) 
within the expected C2  ̂ range. The drug MICs for MDR isolate 1 were as 
follows: INH, 32 |Jg/ml (100% resistant as determined by the proportions 
method); RMP, 32 fjg/ml (100% resistant); EMB, 5 mg/ml (<1% susceptible). 
The drug MICs for MDR isolate 2 were as follows: INH, 16 pg/ml (63% 
resistant); RMP, 16 jJg/ml (77% resistant); EMB, 10 (Jg/ml (27% resistant).
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I
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Figure 4 Use of TB drug activity (TDA) determinations in MDR-TB treatment.
Plasma from subjects 1,2, io, and 11 under treatment for drug-susceptible 
TB with a regimen of isoniazid, rifampin, ethambutol, and pyrazinamide 
administration was tested using the TDA assay and recent MDR-TB isolates 
from Kibong’oto National TB Hospital in Tanzania. In addition to the initial 
16 subjects with drug-susceptible TB, subject B produced MDR-TB isolate B 
and had a TDA assay performed while on an MDR-TB regimen of 
ethambutol, pyrazinamide, amikacin, levofloxacin, and cycloserine.

Discussion

The major result of this work is the development of an assay that can provide 
individualized measure of INH and RMP activity in TB patients on treatment. 
Importantly, low circulating drug levels of INH and RMP confer a cost of less killing 
that that is quantifiable in vitro, particularly for isolates with higher MICs still 
considered susceptibie by conventional testing. Therefore, TDA may provide an 
adjunctive tooi to optimize TB therapy in certain patients.

The fact that TDA represents a metric whose determinations are largely constrained 
to INH and RMP activities in patients on a typical 4-drug regimen is in our view
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fortunate, since these are the medications most important in therapeutic outcome, 
most often continued throughout the entirety of the treatment course, and most 
likely to be dose adjusted. Indeed, in our experience, INH and RMP doses can be 
increased for low levels without toxicity and to within the expected range with a 
single adjustment, which may be of clinical benefit in patients with slow response to 
TB therapy [11]. A growing body of evidence suggests that RMP in particular may be at 
the lower end of the dose response curve, and reports are emerging that higher dose 
RMP may be able to inhibit strains with low-level resistance (MIC~i .o-2.o jJg/ml) 
[5,9,20,24]. Determinations of TDA provide some substantiation for dose adjustment 
through enhanced killing and increase in Cmax/MIC, especially for strains that are 
highly INH or RMP susceptible.

Interestingly, TDA was integrally dependent upon the M. tuberculosis isolate to INH 
and RMP MICs for M. tuberculosis isolate. While not surprising for conventionally 
"resistant" isolates, this result is not altogether obvious for isolates deemed 
"susceptible" as low drug levels remain above the MIC. Thus, this work suggests a 
possible role for MIC testing among susceptible isolates, particularly when dose 
adjustment is being considered. As regimens based on higher dose RMP are being 
studied in clinical trials [24], MIC testing may aid interpretation of results.

Overall, the TDA values observed in this Tanzanian cohort were surprisingly low. 
Values reached as low as 1.1, which in vitro was akin to having MDR-TB. The low TDA 
was presumably due to subjects having very low C2h INH and RMP levels and is 
particularly worrisome, consideringthat potential subjects who had HIV or gastroin- 
testinal symptoms that would have predisposed to malabsorption were excluded 
[15,30,31]. Few studies have examined drug levels in similar African settings, but in a 
cohort from Botswana that induded HIV infected patients, a similar 88% had low 
Cmax levels of RMP [3]. Unfortunately, determining which subjects have low INH or 
RMP levels is not readily predictable: in our study the fast acetylator phenotype did 
not account for the majority of those with low INH levels, and there was no association 
with initial dosing concentration for other medications based on Standard fixed-dose 
combination. These findings reinforce the need for individualized patiënt management 
tools such as TDA.

Additionally, we envision a role for TDA in the management of MDR-TB but that 
necessitates further study. As there are no randomized trials to guide the treatment 
of MDR-TB with currently available drugs [7] and as the optimal treatment duration is 
unknown [8], whether patients with favorable clinical improvement can be treated 
for a shorter course of drug administration has yet to be determined [1,17]. For a 
patiënt with known MDR-TB and limited therapeutic options, TDA may offer an
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indication of therapeutic activity. For instance, since MDR patiënt B had a respectable 
TDA of 2.2 on the 5-drug regimen and we understand EMB and PZA to have little 
effect, TDA may represent the activity of other second-line drugs with extracellular 
and concentration-dependent killing.

There are several limitations to this work. The Tanzanian cohort was not designed to 
discern a relationship between TDA and later clinical outcomes such as relapse and 
acquired drug resistance. While a trend toward lack of cure at 6 months was found in 
subjects with the lowest TDA values, we speculate that repeated measurements may 
be more informative than a single value. Despite recent in vitro models and animal 
studies that suggest the area under the concentration-time curve over 24 h in the 
steady state divided by the MIC (AUC/MIC) RATIO may be the best pharmacodynamic 
index to explain RMP and INH activity, Cmax and AUC do correlate well [10]. We also 
acknowledge that the use of C2h plasma may not identify patients with delayed 
absorption and therefore drug activity in some subjects may have been 
underestimated [15]. Food intake may have been further delayed Cmax for RMP and 
may explain why some subjects with very low C2  ̂drug levels were still able to convert 
their sputum smearto negative and improve symptomatically.

Furthermore, since TDA is particularly affected by certain drugs (INH, RMP), TDA 
determinations may underestimate the overall activity resulting from a treatment 
regimen and accordingly may not reveal intracellular killing levels as effectively as 
whole-blood culture [26]. That said, we feel that erring on the side of underestimation is 
safer than the alternative. Additionally, TDA levels are dependent upon circulating 
drug levels, which may not represent concentrations achieved at the predominant 
site of infection [32]. In the absence of data on MIC values, it may be difficult to 
determine the predominant effect of either INH or RMP within the assay for any given 
patiënt. Yet among the members of the current cohort, no subject with a TDA value of <2.0 
had an RMP level within the expected range, posingthe clinical issue of whether all of 
the members of this at-risk subset should have their RMP doses increased.
Finally, as in any study of M. tuberculosis culture, the populations of bacilli isolated 
may not have been representative of the entirety of populations within the host, and 
thus TDA may select for the measurement of killing of subpopulations only in 
rapid-growth phase.

Despite these caveats, there are precious few therapeutic management tools to bring 
to bear on treatment issues for individual TB patients; this is particularly so for those 
with poortreatment response. In this context TDAassaysareaccessibletolaboratories 
capable of liquid culture experiments and may offer a useful adjunct to Standard 
testing.
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Abstract

Introduction. Diabetes mellitus (DM) is a well-known risk factor for tuberculosis (TB) 
and is associated with poor TB treatment outcome and an increased risk of TB relapse. 
With the current global increase in cases of type 2 DM, attention needs to be increased 
on optimum treatment of TB in patients with diabetes. Previous studies examining 
the possible role of altered pharmacokinetic (PK) profiles of TB drugs in DM patients 
have met with different results, and no studies have been conducted in Africa. We 
performed a study to describe the PK of TB drugs in Tanzanian TB patients with and 
without diabetes mellitus.

Methods. We collected blood samples from 20 diabetic TB patients and a control group 
of 20 non-diabeticTB patients duringthe intensive phase of TB treatment at a Tanzanian 
out-patient TB clinic. A full pharmacokinetic profïle (0-24 hours) was determined for 
isoniazid, rifampicin, pyrazinamide and ethambutol, and plasma concentrations were 
measured using validated HPLC methods. PK parameters were calculated using 
non-compartmental methods and were compared using the independent samples 
T-test on log-transformed data. Multiple linear regression analysis was performed to 
assess the effect of other exploratory variables on the PK of TB drugs.

Results. The geometrie mean exposure (AUC0_24) to rifampicin and isoniazid were 
lower in diabetic than non-diabetic TB patients (39.9 versus 29.9 h*mg/Lfor rifampicin, 
p=0.052; 5.4 versus 10.6 h*mg/L for isoniazid, p=o.ois). Cmax of isoniazid was also 
lower in diabetic TB patients (1.7 versus 2.8 mg/L, p=o.oio). 47% versus 35% of 
patients had Cmax of rifampicin below the reference range in the diabetic TB group as 
compared to the non-diabetic TB group, and for isoniazid the proportions were 74% 
against 55%. Fast and slow acetylators for isoniazid were not statistically different in 
proportion between diabetic and non-diabetic TB patients. In a multiple linear 
regression analysis with age, sex, dose per kg, HIV status and acetylator status as 
additional explanatory variables, DM remained an independent predictor of the PK of 
isoniazid and rifampicin, next to acetylator status for isoniazid. Fasting blood glucose 
also predicted exposure to isoniazid and rifampicin. All PK parameters for 
pyrazinamide and ethambutol were not significantly different between diabetic and 
non-diabetic TB patients.

Condusion. Exposure to isoniazid is reduced in Tanzanian diabetic patients with TB 
and a dear trend to a reduction in the exposure to rifampicin was observed. These 
effects are most likely explained by the diabetes disease. Increasing the doses of TB 
drugs in treating diabetic TB patients may be considered in view of accumulating 
evidence that exposure to TB drugs is related to response.
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Introduction

Diabetes mellitus (DM) was a well-known risk factor for tuberculosis (TB) in the past, 
but this was largely forgotten during the second half of the 20th century, with the 
advent of widely available treatment for both diseases (i). With the current global 
increase in cases of type 2 DM, the association between TB and DM is re-emerging(2). 
The greatest increase in cases of type 2 DM will occur in developing countries, where 
TB is highly endemic (3). Patients with DM have a higher risk on developing TB(4;5). 
This is probably because of impaired immunity(6). On top of that, TB is more difficult 
to treat in diabetic patients. Recent studies have shown that TB patients with DM 
have a less favourable response to TB treatment as shown by higher failure, relapse, 
and death rates(7-9).

It has been shown that patients with DM have lower plasma concentrations of certain 
drugs(io;ii). Apparently, absorption, distribution, metabolism and/or excretion of 
drugs are changed in patients with DM. If this also applies to anti-TB drugs, this may 
at least partly explain the slower response to TB treatment in patients with DM, as 
lower plasma concentrations of anti-TB drugs have been associated with clinical 
failure and acquired drug resistance(i2-i6). Recently simulations also showed that in- 
terindividual variability in pharmacokinetics of TB drugs, ratherthan non-adherence, 
causes multidrug resistant TB(i7). In addition, a meta-analysis showed that variability 
in exposure to a single drug is associated with failure of TB therapy and acquired drug 
resistance(i8).

In one study in Indonesia, TB patients with DM had lower rifampicin concentrations 
than TB patients without DM(i9). In that study TB patients with diabetes and age- 
and sex-matched TB patients without DM were studied during the continuation 
phase of TB treatment. The exposure to rifampicin up to six hours post dose (area 
under the curve from 0-6 hours; AUC0_6 h) was 53% lower in patients with TB and 
DM, compared with patients with TB only; this was attributed to DM per se and to the 
higher weight of patients with DM. In a follow up study, Indonesian TB patients with 
and without DM in the intensive phase of treatment were matched for weight and all 
fourTB drugs (isoniazid, rifampicin, pyrazinamide and ethambutol) were analysed; in 
contrast to previous observations, no differences in drug exposure were found 
between the two groups of patients(2o). Another study in Peruvian patients also did 
not find a difference in pharmacokinetic parameters between DM and non DM 
patients taking TB medication(2i).

Clearly, these findings need more research. It needs to be explored whether DM 
affects TB drug concentrations in populations other than Asian and South-American.
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Pharmacokinetics can differ between different races and ethnic groups, because of 
genetic variation in the metabolic and transporter enzymes involved(22). It is 
important to study this subject also in African TB patients because the African 
continent has the highest TB incidence and mortality rates(3). Therefore, we designed 
a pharmacokinetic study in northern Tanzania where we studied the effect of type 2 
diabetes on the steady state pharmacokinetics of isoniazid, rifampicin, pyrazinamide 
and ethambutol. Tanzania is a high burden country for tuberculosis. In 2011, the 
incidence rate was approximately 169 per 100,000 population per year and there 
were about 82,000 tuberculosis cases(3). The diabetes prevalence in the Kilimanjaro 
Region is estimated 1-1.5%, ar)d the prevalence is estimated to be higher in urban 
Tanzania, namely around 5.5%, which can at least partly be explained by differences 
in overweight(23).

Methods

Study design
We conducted a prospective observational pharmacokinetic study in which the 
plasma concentrations of the anti-TB drugs isoniazid, rifampicin, pyrazinamide and 
ethambutol were compared between Tanzanian TB patients with and without 
diabetes. The plasma concentrations were measured during the intensive phase of TB 
treatment. The patients were using TB treatment for drug-sensitive Mycobacterium 
tuberculosis, as prescribed by the Tanzanian National Tuberculosis Guidelines.

Study subjects
Forty adult TB patients were included in this study; 20 TB patients without diabetes 
were recruited at Mawenzi Hospital, an outpatient TB treatment dinic in Moshi in 
northern Tanzania, and 20 TB patients with diabetes were recruited from Mawenzi 
hospital as well as other hospitals around the region which treat TB. TB was diagnosed 
by these hospitals according to the Tanzanian guideline and practice. The diagnosis 
was based on clinical symptoms and signs, chest x-ray examination, and sputum 
smear microscopy. Diabetic patients were included if they had a previously established 
diagnosis of DM and were attending a diabetic clinic. In addition DM was confirmed 
at the time of pharmacokinetic sampling using WHO criteria(24) where a fasting 
blood glucose concentration greater than 7 mmol/L(i26mg/dL) was considered to 
indicate diabetes.

Only patients above 18 years of age were eligible for participation. Participants gave 
written informed consent and the study was approved by the Tanzanian National 
Institute of Medical Research.
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Drug treatment
Tuberculosis was treated with fixed-dose combination tablets (FDC tablets) 
manufactured by Sandoz, Mumbai India and donated by Novartis through the WHO 
Global Drug Facility (GDF) which monitors the quality of TB drugs according to 
stringent WHO standards. Patients with a body weight above 50 kg daily received 
four FDC tablets daily (i.e. 300 mg isoniazid, 600 mg rifampicin, 1600 mg pyrazinamide 
and 900 mg ethambutol), those below 50 kg received three FDC tablets daily (i.e. 225 
mg isoniazid, 450 mg rifampicin, 1200 mg pyrazinamide and 675 mg ethambutol). 
Patients were all under community-based directly observed treatment. Diabetic 
patients were either on dietary management alone, or were treated with oral 
hypoglycaemic agents and/or injectable insulin.

Sample collection
The pharmacokinetic sampling took place when patients were on TB treatment for at 
least two weeks, given the expected steady state of the pharmacokinetic parameters 
at that point. On the sampling day, serial venous blood samples were collected just 
before, and at i, 2 ,3 ,4 ,6 , 8,10 and 24 hours after observed tuberculosis drug intake. 
Patients fasted at least eight hours (from the preceding dinner to the next morning 
dose) before drug intake and took a standardised breakfast within 30 minutes after 
drug intake, which reflected the usual drug intake procedures in this population. The 
standardized breakfast consisted of a cup (125 ml) of tea with milk and sugar and 
either a small bowl of porridge or maandazi, a typical east African doughnut-like 
pastythat is ratherfat. Plasma was separated immediately and keptfrozen at -8o°C 
until transport on dry ice to the Netherlands for bio-analysis.

Bio-analysis
The total (protein bound plus unbound) plasma concentrations of isoniazid, acetyl- 
isoniazid, rifampicin, desacetylrifampicin, pyrazinamide and ethambutol were assessed by 
validated high-performance liquid chromatography (HPLC) as described before(25;26).

Pharmacokinetic analysis
Pharmacokinetic evaluations were performed using non-compartimental methods in 
WinNonLin Version 4.1 (Pharsight Corp., Mountain View, California US). The highest 
observed plasma concentration was defined as Cmax with the corresponding sampling 
time as Tmax. The area under the plasma concentration-time curve (AUC0_24h) was 
calculated using the linear/log-trapezoidal rulefrom zero uptothe last concentration 
at 24h (C|ast). The terminal log-linear period (log C versus t) was based on the last data 
points (at least three). The absolute value of the slope (p /  2.303, in which |3 is the first 
order elimination rate constant) was calculated using linear regression analysis. The 
elimination half-life (t1/2) was calculated as 0.693/p. The apparent clearance of the
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drug (CL/F; in which F is bioavailability) was calculated as dose/AUC0_24h and the 
apparent volume of distribution (Vj/F) was calculated as (CL/F)/p.

Reference ranges for Cmax values were 3-5 mg/L for isoniazid, 8-24 mg/L for 
rifampicin, 20-50 mg/L for pyrazinamide and 2-6 mg/L for ethambutol(27).

The acetylator status for isoniazid was determined phenotypically by calculating the 
metabolic ratio of acetylisoniazid concentration over isoniazid concentration at 3 
hours post dose. Patients with a ratio above 1.5 were considered fast or intermediate 
metabolisers, patients with a ratio below 1.5 were slow metabolisers(28).

Statistical analysis
Demographic data were presented as mean plus Standard deviation when normally 
distributed and as median plus interquartile range when data were not normally 
distributed. Continuous variables were compared between diabetic and non-diabetic 
TB patients using a two-sample t-test or Mann-Whitney U test. Associations between 
numerical variables were determined using parametric correlation (Pearson’s 
correlation) when data were normally distributed, and non-parametric correlation 
(Spearman’s Rho correlation) when not normally distributed.

For pharmacokinetic parameters AUC0_24, Cmax, volume of distribution, clearance, 
and elimination half-life, analysis was performed on logarithm transformed data and 
geometrie means were presented. The differences in these parameters between 
diabetic and non-diabetic TB patients were calculated with an independent sample 
T-test on the transformed data.

Tmax values were not transformed and were compared with the Mann-Whitney U 
test. Pearson Chi-square test was used to determine the difference in proportions of 
patients who reached reference peak plasma concentrations of the TB drugs.

Univariate analyses were performed in the whole group to assess the effects of age, 
sex, body weight, dose in mg/kg, HIV status, acetylator status, fasting plasma glucose 
and HbAicon the AUC0_24h and Cmax of the four first-line TB drugs.

A multivariate analysis with multiple linear regression was used to assess the effects 
of the explanatory variables DM, age, sex, body weight, dose in m g/kg,, HIV status 
and acetylator status on the log-transformed AUC0_24h and Cmax of the TB drugs by 
using the stepwise method with Probability-of-F-to-enter ffi 0.05 and Probability-of- 
F-to-remove ffl 0.10. In addition, a second regression analysis was performed in which 
fasting blood glucose was assessed as independent variable for the log-transformed
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AUC0_24h and Cmax values. The presence of DM and fasting blood glucose cannot be 
assessed in one model simultaneously as these variables are highly correlated.

All statistical analyses were performed using SPSS version 20 (SPSS Inc, Chicago II).

Results

Demographics/ baseline characteristics
We enrolled 40 subjects, 20 diabetic and 20 non-diabetic TB patients. For pharmaco- 
kinetic (PK) analysis, the data of one subject (with DM) were excluded because the 
patiënt had high concentrations for all TB drugs at time zero hour, indicating that the 
patiënt had incorrectly taken the drugs at home prior to pharmacokinetic sampling. 
Patiënt characteristics of the remaining 39 patients are summarized in table i. Of 
these, 78.5% were male, 35% were HIV infected and the median age was 41 yrs. One 
patiënt had extrapulmonary TB (TB of the spine), all others had pulmonary TB.

There was no difference in body weight, body mass index (BMI), sex, and dose per kg 
of the TB drugs between diabetic and non-diabetic TB patients. Diabetic TB patients 
were older than non-diabetic TB patients (median age 49 versus 38 years). As 
expected, the median fasting blood glucose (FBG) was higher for diabetic TB patients 
than non-diabetic TB patients (15.9 versus 6.95 mmol/L). Common presenting 
symptoms are also shown in table. All diabetic patients had glycosylated haemoglobin 
(HbA,c; range, 65 to 147 mmol/mol) above the target limit of 53 mmol/mol for good 
control.

All but one of the diabetic patients knew they had DM, and were enrolled to a diabetic 
dinic. Three of the diabetic patients were not currently on antidiabetic medications, 
two were on insulin, n on metformin, 10 on chlorpropamide, and six on glibenclamide. 
Other co-administered drugs were not known to interact with anti-TB drugs (data not 
shown).

Pharmacokinetic parameters
Table 2 shows the average of PK parameters in diabetic and non-diabetic TB patients 
and figure 1 compares the plasma concentration-time curves of TB drugs between 
diabetic and non-diabetic TB patients.

The average AUCq.j^  for rifampicin was 25% (p=0.052) lower in diabetic TB patients. 
Rifampicin clearance showed a trend for an increase (p=o.o6) and its elimination 
half-life was significantly shorter in diabetic versus non-diabetic TB patients. In
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Table i Characteristics of 20 tuberculosis (TB) and 20 TB-diabetes (TB-DM) patients 
in northern Tanzania

Parameter Measure

TBDM TB p value

Sex (female, n[%]) 5U 5%] 4(20%] 0.705**

Age (years; median[IOR]) 49(40-56) 38(30-42) o.ooi*

Body weight (kg; mean[SD]) 58.7(12.3) 55-7(6 -4) 0.346

BMI(kg/m2 mean[SD]) 20.6(4.0) 19-5(2-4 ) 0.293

TB drugs

Number of FDC tablets, n[%]

3FDCS 5[25%]
4FDCS 17[85%] I5l75%] 0.695**

Dose per kg (mg/kg, mean[SD])

Rifampicin 9 -8 0 -4 ) 10.4(0.9) 0.118

Isoniazid 4 -9 (o-7) 5-2(o.5) 0.118

Pyrazinamide 25-5(3-8) 27.8(2.4) 0.029

Ethambutol 18(2.5) 19.1(1.7) 0.118

FBG(mmol/L, median(IOR)) 15.9(13.1-18) 6 -95(5-7-7-4) <0.001*

HIV positive, n(%) 7(35% ) 7(35%)
HBAic(mmol/mol; mean[SD]) 106.4[22.7]

Diabetes treatment

Dietaiy only 3(15%)
Metformin 11(55%)

Chlorpropamide 10(50%)

Glibendamide 6(30%)

Presenting symptoms, n(%)

Cough 14(70%) 15(75% )

Night sweats 14(70%) 17(85%)
Weight loss 17(85%) 20(100%)

Chest pain 2(10%) 2(10%)

Anorexia 2(10%) 4(20%)

Shortness of breath 2(10%) -

Fever 7(35%) 4(20%)

Hemoptysis 3(15% ) 1(5%)

‘ test performed is M ann-W hitney U 

" t e s t  performed is chi square
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addition, time to maximum concentration (Tmax) of rifampicin was longer in diabetic 
(2.ih; IOR1-3) than non-diabetic TB patients (i.o8h; IOR 0.98-2, p=0.027, table 2).

The average AUC0_24h for isoniazid was 4 9 %  (p=0.015) lower in diabetic TB patients. 
Compared to non-diabetics, diabetic TB patients also had significantly lower values of 
the isoniazid maximum concentration (Cmax p = 0.01). Both clearance and volume of 
distribution were increased in diabetics compared to non-diabetics (table 2).

AUC0.24h and Cmax of pyrazinamide showed a trend to lower exposure in diabetic 
versus non-diabetic TB patients, yet all PK parameters for pyrazinamide as well as for 
ethambutol were not significantly different between diabetic and non-diabetic TB 
patients.

With respect to metabolite desacetylrifampicin, there appeared to be no statistically 
significant difference in average AUC0_24h and Cmax values or corresponding 
desacetylrifampicin /  rifampicin ratios between diabetics and nondiabetics. Despite the 
lower exposure to isoniazid in diabetics, the AUC0_24h and Cmax values for metabolite 
acetylisoniazid were similar in diabetics and nondiabetics, resulting in nonsignificantly 
higher acetylisoniazid/isoniazid ratios in diabetics versus nondiabetics.
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Table 2 Pharmacokinetic parameters of tuberculosis drugs in Tanzanian diabetic and non-diabetic TB patients in northern Tanzania

Drug/PK parameter _____________ Value for group

TB-DM TB Ratio of TB-DM 
to TB value 

[95%CI]

p-value

Rifampicin3

AUC0.24, h’ mg/L 29.9 i[i-773 39.91(1.26] 0.75(0.56-1.03] 0.052

Cmax, mg/L 7-92[i-7i] 8.92(1.28] 0.89(0.67-1.17] 0.384

Proportion with Cmax below reference range, n[%]< 9Ï47-41 7(35-0 ] - 0.433

Tmax, h[IOR]b 2.12(1.03-3.30] 1.08(0.98-2.05] 0.027

T1/2,h 1.44(1.30] 1.80 [1.38] 0.80(0.66-0.97] 0.026

Vz, L 38.74f1.79] 37-30 [1.31] 1.04(0.77-1-40] 0.798

CL, L/h i 8.6o [i .74] 14.40 [1.24] 1.29(0.98-1.71] 0.072

Desacetylrifampin3

AUC0_j4, h*mg/L 3-97[i-8i] 4.90 [i.45] 0.81(0.57-1.16] 0.240

Cmax, mg/L 0 -73[i-97l 0.91(1.32] 0.80(0.56-1.14] 0.206

T1/2,h i.6i[i-44] 2.00(1.30] 0.81(0.64-1.01] 0.066

DesacetyIrifampin/rifampin ratiod 

AUC 0.125(0.057] 0.133(0.035] _ 0.672

Cmax 0.100 [0.039] 0.107(0.029] - 0.576

Isoniazid3

AUC0_24, h*mg/L 5.41(2.61] 10.61(1.94] 0.51(0.30-0.87] 0.015

Cmax, mg/L i .6s[2.15] 2.77[i-45] 0.60(0.40-0.89] 0.013

Proportion with Cmax below reference range, n[%]c 14 [73-7] 11 [55.0] 0.224

Tmax, h[IOR]b 1.03(0.97-2.08] 1.07(0.98-1.19] 0.855

T1/2,h 2.55(1.51] 2.54(1-61] 1.00(0.75-1.34] 0.985

Vz, L 188.78(2.26] 99.19(1.26] 1.90(1.27-2.85] 0.003

CL, L/h 51.31(2.78] 26.89(1.84] 1.91(1.09-3-32] 0.024



Acetylisoniazid9

AUC0-24. h*mg/L 21.70(2.00] 22.56I1.50]

Cmax, mg/L 2.2g[2.29] 2.i8[i.8o]

Ti/2,h 5 50 [1-76] 5 03[i.4 9 l 
Acetylisoniazid/isoniazid ratio

AUC 4.01 [3.6] 2.i25[2.75]

Cmax i.4o[3.36] 0.788(2.3]

Pyrazinamide3

AUC0_24, h*mg/L 289.63f1.41] 344.16t1.29]

Cmax, mg/L 34.47I1.23] 38.19h.17]

Proportion with Cmax below reference range, n[%]c o o

Tmax, h[IOR]b 1.12(1.00-3.00] i.07[0.97-i.76]

T1/2, h 5-35[i -36] 6.28(1.45]

Vz, L 39-54[i-37l 40 -35[i-33]

CL,L/h 5-12 [1-45] 4 -45h-27]

Ethambutol3

AUC0.24,h*mg/L 19.64I1.57] 20.24(1.22]

Cmax, mg/L 315(1-56] 3-3i[i-3i]
Proportion with Cmax below reference range, n[%]c o o

Tmax, h[IOR]b 2.oo[i.oo-3.oo] i.98[o.9g-2.09]

Ti/2,h 8.59(1.65] 9.58(1.20]

Vz, L 643.74(1.67] 719.03(1.24]

CL,L/h 51.92(1.62] 52.04(1.17]

0.96(0.67-1.39]

1.05(0.66-1.67]

1.10(0.80-1.50]

O.53 [0.25-1.12] 

0.57 [0.29-1.11]

0.84(0.69-1.02]

0.90(0.80-1.02]

0.85(0.68-1.07]

0.98(0.81-1.19]

I-15I.094-1.41]

o.97[o.77-i.22]

0.95(0.75-1.21]

0.90(0.70-1.16]

0.90(0.69-1.16]

i-ooto.78-1.27]

aData are presented as geometrie mean(standard deviation) unless stated otherwise 
bBy Mann-Whitney U test 
cBy Pearson’s chi-square test
dData are presented as mean (Standard deviation). An independent-samples T-test was used for testing.
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Figure i Geometrie mean steady-state plasma concentration-time profiles 
of rifampicin (A), isoniazid (B), pyrazinamide (C), and ethambutol 
(D) in TB-DM patients (solid line graph, n=ig) and TB only patients 
(dotted graph, n=2o)
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The proportion of patients with maximum concentrations (Cmax) of rifampicin and 
isoniazid below reference ranges was higher in diabetic than in non-diabetic TB 
patients, yet (table 2)the distribution of these proportions was not statistically 
different between diabetic and non-diabetic TB patients. For pyrazinamide and 
ethambutol all patients had Cmax within reference ranges.

Based on the metabolic ratio of acetylisoniazid concentration over isoniazid 
concentration at 3 hours post dose, acetylator status of 37 patients was determined. 
Nineteen (51.4%) patients were found to be fast acetylators. Breaking them down by 
diabetes group, 55.6% of the diabetic versus 47.4% of the non-diabetic TB patients 
were fast acetylators. The difference was not statistically significant (chi square =
0.248, pvalue 0.618).

Univariate analysis
Analysis of the association between PK parameters AUC0_24 and Cmax of the TB drugs 
and other possible explanatory variables (age, sex, body weight, dose per kilogram, 
HIV status, acetylator status, fasting blood glucose, HbAic) showed that age 
significantly correlated only with Cmax of isoniazid (Spearman's rho = -0.392, p = 0.014). 
Between men and women, rifampicin Cmax (geometrie means 7.8 versus 10.7 mg/L, 
p = 0.048) and pyrazinamide Cmax (35.1 versus 40.7 mg/L, p =0.036) were different. 
Body weight and dose per kilogram showed no correlations with AUC0_24and Cmax of 
the TB drugs. HIV positive and negative patients only differed with respect to the 
Cmax ° f  pyrazinamide (geometrie means 39.7 versus 34.7 mg/L, p = 0.033). Fast 
acetylators had significantly lower AUC0.24(geometrie means 4.1 versus 16.2 h*mg/L, 
p = <0.001) and Cmax (1.6 versus 3.1 mg/L, p = 0.001) values of isoniazid than slow 
acetylators.
Fasting blood glucose a significant correlation with AUC0.24of rifampicin (Spearman’s 
rho = -0.406, p =0.013) and with AUC0_24 (Spearman’s rho = -0.376, p =0.022) and 
Cmax (Spearman’s rho = -0.421, p =0.009) of isoniazid. For the diabetic group, HbA1c 
did not show a significant correlation with any of the PK parameters of rifampicin, 
isoniazid, pyrazinamide, and ethambutol.

Multivariate analysis
Multiple regression with the stepwise method and diabetes mellitus, age, sex, dose in 
mg/kg, HIV status and acetylator status as explanatory variables yielded significant 
models with regression equations that only contained diabetes mellitus as 
explanatory variable for log AUC0_24 and log Cmax of rifampicin, as well as for log 
AUC0.24 and log Cmax of pyrazinamide. Diabetes mellitus and acetylator status were 
the only variables that remained in regression equations for log AUC0_24 and log Cmax 
of isoniazid.
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Similarly, multiple regression analyses with fasting blood glucose instead of DM 
yielded fasting blood glucose as a significant predictor for log AUC0.24 and log Cmax 
of rifampicin, pyrazinamide and isoniazid as well as acetylator status for log AUC0_24 
and log Cmax of isniazd.
These results show that the effect of diabetes mellitus and the effect of fasting blood 
glucose on the pharmacokinetic parameters of TB drugs remained (or even became) 
significant when other explanatory variables were taken into consideration.

Discussion

This is the first report describingthe pharmacokinetic (PK) parameters of tuberculosis 
(TB) drugs in diabetic and non-diabetic TB patients using intensive PK sampling in an 
African population. We have found a clear, nearly significant trend for a decrease in 
AUC0.24 of rifampicin in diabetic versus nondiabetic TB patients. Similarly AUC0_24 
and Cmax of isoniazid were decreased in diabetic TB patients. The effect of DM 
correlated with a similar effect of fasting blood glucose on the exposure to these TB 
drugs. In multivariate analyses, the effects of DM and fasting blood glucose remained 
significant and acetylator status showed to be another predictor of the AUC0_24 and 
Cmaxof isoniazid.

Similar studies in Indonesia and Peru have shown contradicting results(i9-2i). The 
first Indonesian study(i9) conduded that DM was associated with a strong decrease 
in plasma concentrations of rifampicin whereas a follow up study in the same 
population(20), and a Peruvian study(2i) revealed no significant difference in 
exposure to TB drugs between diabetic and non-diabetic TB patients.

Our study was carried out in a distinctively different ethnic population (Africans) and 
involved intensive (9 sampling points over 24 hour interval) PK sampling. We analysed 
all four Standard TB drugs in 40 patients with validated methods. In the second 
Indonesian study the authors implicate the low levels of TB drugs seen in their first 
study to weight differences between diabetic and non-diabetic TB patients(2o). 
Although this is still a clinically relevant finding, they matched their patients for body 
weight in their follow-up study to disentangle the effects of weight and DM per se. 
Although we did not match our patients for body weight, the distribution of body 
weight (and therefore drug dose per kilogram weight) were the same between 
diabetic and non-diabetic TB patients (table i); and besides that body weight was no 
predictor of exposure to TB drugs in our multiple linear regression analyses. There is 
no evidence that antidiabetic drugs lower the concentration of TB drugs(2g). 
Therefore we believe the observed differences in PK parameters are due to diabetes
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mellitus. This is further substantiated by similar associations that we found between 
fasting blood glucose levels and exposure to rifampicin and isoniazid in our population 
of diabetic and non-diabetic patients.

Unlike these previous studies, we have for the first time performed the analysis of 
isoniazid in diabetic and non-diabetic TB patients and it is actually isoniazid that was 
found to be most adverseiy affected in its values for AUC0.24 and Cmax. Next to 
diabetes mellitus, acetylator status of isoniazid appeared to be a predictor of the 
AUC0.24 and Cmax of isoniazid. However we realize that we evaluated the effect of 
DM on the pharmacokinetics of isoniazid and at the same time used a phenotyping 
method (which is based on relative exposure to acetylisoniazid and isoniazid) to 
assess the acetylator status. Theoretically, an incidental overrepresentation of 
(genotypic) fast acetylators among the diabetic TB patients might explain the lower 
exposure to isoniazid in this group, and this might by concealed by an effect of DM on 
the phenotypic assessment of acetylator status. Therefore a genotypic assessment of 
the acetylator status of isoniazid is currently planned.

Although we cannot readily translate suggested diabetes-mediated changes in phar
macokinetics of particular drugs to TB drugs, documented mechanisms suggest that 
diabetes influences the pharmacokinetics of various drugs by affecting (i) absorption, 
due to changes in subcutaneous and muscle blood flow and delayed gastric emptying; 
(ii) distribution, due to non-enzymatic glycation of albumin; (iii) biotransformation, 
due to differential regulation of enzymes involved in drug biotransformation and 
drugtransporters; and (iv)excretion,duetonephropathy(io;ii;30;3i). As to rifampicin, 
the current study suggests that the clearance of rifampicin may be increased by DM, 
yet this appears not to be mediated by an effect on the metabolism of rifampicin into 
desacetylrifampicin (table 2). For isoniazid, both clearance and volume of distribution 
were increased in diabetic TB-patients, ultimately resulting in a relative increase in 
theformation of metabolite acetylisoniazd.

Evidence has shown that diabetic patients who get TB have poor treatment response 
to TB treatment and poor treatment outcomefr-g). Moreover accumulating evidence 
suggests thattotal exposure (AUC) and maximum concentration (Cmax) of TB drugs 
are very important for efficacy of the drugs(7;i2-i7;32). Since increasing the dose of TB 
drugs results in increased plasma concentration of the drugs and improved treatment 
outcome(33), individualization of the dosages and therapeutic drug monitoring in 
diabetic TB patients are necessary. However because therapeutic drug monitoring is 
not feasible in developing countries, increasing the doses of TB drugs (especially 
rifampicin and isoniazid) in the whole population of diabetic patients seems to be a 
better strategy so as attain average plasma concentrations that are associated with

110



THE EFFECT OF DIABETES MELLITUS ON EXPOSURE TO TUBERCULOSIS DRUGS IN TANZANIAN PATIENTS

good treatment outcome in the majority of patients(27;33). To this end, higher doses 
of TB drugs have been shown to be safe and tolerable(25;33-35). Besides our fïndings 
and condusions, further studies in African and other ethnic groups are required to 
confirm our hypothesis.

Our study fïndings may be limited by unequal age distribution between the groups, 
the diabetic TB group having on average older patients than the TB group. Age has 
been found not to be associated with pharmacokinetics of TB drugs in many 
studies(ig;20;25;36;37). Similarly we didn't match the groups for sex and weight; 
however the distribution of these parameters was the same in the two groups. in 
addition, age, gender and dose/kg were no significant predictors in multiple 
regression analyses. The number of patients (n=39) may be high for a PK study with 
intensive PK sampling,yet this number is relativelylowto perform multiple regression 
analyses with several possible explanatory variables.

In summary, we have shown a reduction in isoniazid plasma concentrations and a 
clear trend towards a reduction in exposure to rifampicin in Tanzanian diabetic 
patients with TB. We condude that diabetes disease is likely to be responsible for the 
observed effects. More African and other studies are needed to confirm our fïndings, 
and higher doses of the drugs need to be considered.
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CHAPTER 7

Abstract

Objective. To evaluate the effect of rifampicin-based tuberculosis (TB) treatment on 
the pharmacokinetics of efavirenz/tenofovir/emtricitabine in a fïxed-dose combination 
tablet, and vice versa, in Tanzanian TB-HIV-coinfected patients.

Method. This was a Phase II open-label multiple dose pharmacokinetic and safety 
study. This study was conducted in TB-HIV-coinfected Tanzanian patients who started 
TB treatment (rifampicin/isoniazid/pyrazinamide/ethambutol) at week i  to week 8 
and continued with rifampicin and isoniazid for another 16 weeks. Antiretroviral 
treatment (ART) of efavirenz/tenofovir/emtricitabine in a fïxed-dose combination 
tablet was started at week 4 after initiation of TB treatment. A 24-h pharmacokinetic 
sampling curve was recorded at week 8 (with TB treatment) and week 28 (ART alone). 
For TB drugs, blood samples at 2 and 5 h post-dose were taken at week 3 (TB treatment 
alone) and week 8 (with ART).

Results. A total of 25 patients (56% male) completed the study; 2̂  had evaluable 
pharmacokinetic profiles. The area under the concentration-time curve 0-24 h 
post-dose of efavirenz, tenofovir and emtricitabine were slightly higher when these 
drugs were coadministered with TB drugs; geometrie mean ratios (90% Cl) were 1.08 
(0.90,1.30), 1.13 (0.93,1.38) and 1.05 (0.85,1.29), respectively. For TB drugs, equivalence 
was suggested for peak plasma concentrations when administered with and without 
efavirenz/tenofovir/emtricitabine. Adverse events were mostly mild and no serious 
adverse events or drug discontinuations were reported.

Conclusion. Coadministration of efavirenz, tenofovir and emtricitabine with a Standard 
first-line TB treatment regimen did not significantly alter the pharmacokinetic parameters 
of these drugs and was tolerated well by Tanzanian TB patients who are coinfected 
with HIV.
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Introduction

Co-infection with tuberculosis (TB) and HIV is an important public health problem. 
Nearly 40 million people are living with HIV worldwide and one-third is co-infected 
with TB [1-3]. The majority of TB cases in people living with HIV/AIDS occur in Africa, 
where 39% of people who develop TB are HlV-positive. The continent accounts for 
82%ofnew TB cases living with HIV worldwide [i], Management of the dual infection 
requires combining TB treatment and antiretroviral treatment (ART) which markedly 
decrease the risk of morbidity and mortality to those patients [4].
Co-administering TB drugs with ART precipitates pharmacokinetic interactions, 
mostlycaused by rifampicin. Rifampicin is awell-knowninducer of manyiso-enzymes 
of the hepatic cytochrome P450 (CYP) enzyme system, which metabolizes a large 
number of drugs [5]. In addition, it stimulates the expression of the multi-drug 
resistance transporter, P-glycoprotein [6, 7]. Current guidelines for ART in patients 
also using rifampicin recommend the use of efavirenz plus two nucleoside reverse 
transcriptase inhibitors (NRTIs) [8, 9]. Although combined use of rifampicin and 
efavirenz leads to an average decrease of about 18 -  26 % in efavirenz exposure due to 
induction of the CYP2S6 enzyme[io, n], several studies have demonstrated adequate 
virological response in patients using both drugs[4,12].
A fixed-dose combination (FDC) tablet of efavirenz, tenofovir and emtricitabinehas 
been approved by the Food and Drug Administration in the USA in 2006. This 
combination tablet is widely used as it is highly effective and can be administered as 
a single tablet once-daily [13]. There are no data available on the combined use of a 
rifampicin-based TB regimen and this FDC in TB/HIV co-infected patients. The aim of 
this study was to evaluate the effect of rifampicin-based TB treatment on the 
pharmacokinetics (PK) and safety of the FDC of efavirenz, tenofovir and emtricitabine. 
The secondary objective was to evaluate the effect of this FDC on the PK of the TB 
medication.

Methods

Study design and population
This was a multiple-dose, open-label, three-period, phase II PK and safety study. The 
enrollment started on November 2008 and ended in February 2010. Patients included 
were 18-65 years and TB/HIV co-infected with CD4 counts of 50-350 cells/mm3 (later 
amended to 0-350 cells/mm3). Patients were excluded if they were already using ART, 
they were pregnant or breastfeeding, they had liver dysfunction (objectified by 
biochemistry results, and hepatitis B and C antigen tests) and if they were 
hypersensitive to either of the regimens. Another exclusion criterion was a Karnofsky
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score <40 based on the activities a patiënt could perform. The study protocol was 
approved by the institutional Review Board of the Kilimanjaro Christian Medical 
University Centre, Moshi, Tanzania, and the National Institute for Medical Research, 
Dar-es-salaam, Tanzania. Written informed consent was obtainedfrom each patiënt. 
Eligible patients were admitted at Kibong’oto National Tuberculosis Hospital, 
Kilimanjaro, Tanzania for the fïrst eight weeks of TB treatment (intensive phase). 
Patients <5okg were given TB treatment consisting of rifampicin 45omg, isoniazid 
225mg, pyrazinamide i2oomg and ethambutol 825mg, all administered once-daily for 
eight weeks. If patients were >5okg, they received rifampicin 6oomg, isoniazid 
300mg, pyrazinamide i6oomg and ethambutol noomg once-daily for eight weeks. 
After a negative sputum culture at week 8, TB treatment was continued with 
rifampicin and isoniazid for another 16 weeks. TB drugs were administered 30 minutes 
after a light breakfast. TB drugs were provided by the Tanzanian National TB program, 
and they were manufactured by Sandoz, Mumbai India and donated by Novartis. The 
ART regimen of once-daily one FDC tablet of efavirenz 6oomg, tenofovir 3oomg and 
emtricitabine 200mg (Atripla®, Merck & Co. Inc. USA) was initiated at week 4 after 
starting TB treatment and was administered together with the TB drugs. The study 
was divided in three phases (Figure 1): From weeki to the end of week 4 patients were 
exposed to TB drugs alone (phase I). From week 5 to the end of week 24 they were 
exposed to concomitant use of TB drugs and a FDC tablet containing efavirenz, 
tenofovir, and emtricitabine (phase II). After 24 weeks, when TB treatment was 
ended, patients were exposed to ART alone (phase III). Both TB and HIV treatment 
were administered under supervised care induding directly observed treatment for 8 
weeks. After 8 weeks, patients were discharged. A one month dose of efavirenz, 
tenofovir and emtricitabine and Standard TB treatment was dispensed and patients 
were asked to come for follow-up visits at the clinic every month.

PK day 2

Antiretroviral treatment

intensive phase continuation phase TB treatment
P h a s e  I, P h a s e  II,

TB d ru g s In com blnation with ART
P h a s e  III,

ART a lone

week 24  week 28week 1 week 4  week 8

Figure 1 Trial study design.
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Blood sampling and bio-analysis procedures
Eight weeks after starting TB treatment, a 24-hour PK sampling session was done. 
Samples were taken 5-20 minutes before directly observed intake of efavirenz, 
tenofovir and emtricitabine (t=o) and 1,2 ,3 ,4 ,6 ,8 ,10 ,12 ,16  and 24 hours later. At 28 
weeks, four weeks after cessation of TB treatment, intensive plasma PK sampling was 
repeated. In addition, for the determination of rifampicin, isoniazid, pyrazinamide 
and ethambutol plasma concentrations, blood samples were taken after initiation of 
TB treatment at three weeks (without ART) and eight weeks (with ART). These blood 
samples were drawn attwo and six hours after observed medication intake to be able 
to assess ('catch') peak plasma concentrations of TB drugs, which was taken as highest 
of the two. Breakfast (non-milky tea and/or porridge) was provided 5-20 minutes 
after pre-dose sampling, together with TB and/or HIV medication. Six mL of blood 
was collected per time point and centrifuged at 28oorpm for lomin. Within one hour 
plasma was stored at -20°C for one day and then shifted to a -8o°C freezer until 
transportation on dry-ice to Radboud University, The Netherlands, for bio-analysis. 
Plasma concentrations of all drugs except isoniazid were assayed by validated 
high-performance liquid chromatography methods [14-17].
Isoniazid was measured with liquid/liquid extraction followed by UPLC with 
ultraviolet (UV) detection. Accuracy was between 98 % and 10 7%, dependent on the 
concentration level. The intra- and interassay coefficients of variation were less than 
13% over the ranges of 0.051 to 15.1 mg/L. The lower limit of quantitation was 0.051 
mg/l. Isoniazid containing samples were stable (<5% loss) for at least 12 months at 
-8o°C.

Safety and tolerability monitoririg
Baseline clinical, hematology and biochemistry parameters were taken and, when 
applicable, a pregnancy test was done. Safety and tolerability of the trial treatment 
were assessed by a medical doctor on the basis of the occurrence of adverse events 
(AEs) about which patients were interviewed every two weeks during the first eight 
weeks, and every one month after hospital discharge. The onset, severity, and 
potential relationship of any AE tothe study medication were recorded. Severity was 
rated according to the Common Terminology Criteria for AEs (V4, 2009) and the 
Division of AIDS table for grading the severity of Adult and Paediatrics AEs (DAIDS, 
2004). In addition, the use of concomitant medication was reported, as were the 
results of a physical examination including measurement of vital signs. Clinical 
laboratory testing (hematology and biochemistry parameters) was performed at 
baseline, week 2,4,6,8,12,16,24and 28. Follow-up sputum collection, CD4 lymphocyte 
count and plasma HIV-i RNA quantification (using Abbott Real Time HIV-i assay) was 
done at baseline, week 4,8,16, and 28.
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PK and statistical analyses
PK parameters (area under the concentration-time curve 0-24 hours post-dose 
[AUC0_24h]> Cmjn, Cmax of efavirenz, tenofovir and emtricitabine were calculated by 
non-compartmental analysis using WinNonlin (version 5.2; Pharsight, CA). AUC0_24h 
was calculated using the linear-logtrapezoidal rule. PK parameters, geometrie means 
(CM) with Standard deviation (SD), geometrie mean ratios (GMRs)for AUC0.24h, Cmax 
and Cmin for the antiretroviral drugs with and without TB treatment and the 
corresponding 9 0 %  confïdence intervals (Cis) were calculated. PK parameters of the 
antiretroviral drugs with vs. without TB drugs were considered bioequivalent if the 
CMR and corresponding go%CI feil completely within the 0.80-1.25 range. Equivalence 
was ‘suggested’ in case the GMR is within the 0.80-1.25 range, but with one confïdence 
interval limit outside this range. Inequivalence was to be concluded if the CMR and 
corresponding go%CI feil completely outside the 0.80-1.25 range. Inequivalence was 
‘suggested’ if the CMR is outside the 0.80-1.25 range, with one confidence interval 
inside this range [18]. PK analysis induded only those patients with two evaluable PK 
curves (at week 8 and week 28). All statistical analyses were done in SPSS, version 
18.0. To ensure an evaluable PK dataset of at least 20 patients, a total of 30 patients 
were induded (based on an expected maximum drop-out of 33% during the trial after 
ART initiation).

Results

Study population
We screened 66 HlV-infected, patients with confirmed smear-positive pulmonary TB. 
Thirty-eight (58%) patients were not eligible: 19 had a CD4 count> 35ocells/mm3, 
eight had a CD4 count <50 cells/mm3 (before protocol amendment), fïve were already 
on ART, two had a positive hepatitis antigen test, three had a Karnofsky score <40 and 
one had relapse TB. Of the 28 patients (42%) enrolled in the trial three withdrew 
consent; the remaining 25 patients completed follow-up and were evaluable for 
analysis. For PK evaluation four patients were exduded due to non-adherence or 
incorrect dosing, as indicated by undetectable plasma concentrations for efavirenz, 
tenofovir and emtricitabine prior to observed intake during the intensive PK sampling 
day. Hence, 21 subjects were qualified for the PK evaluation. In the patients who 
completed follow-up, 14 patients (56%) were male, the median (interquartile range, 
IOR) baseline age and body weight were 32 (27.5-42.5) years and 48.4 (43.5-52.8) kg, 
respectively. in our study population body weight (mean+SD, kg) increased 
signifïcantly from 53.4 (8.0) at week 8 to 56.8 (6.5) at week 28. The median (IOR) CD4 
count at baseline was 155 (71-208) cells/mm3, the median (IOR) viral load (VL) was 
129,779 (71,214-310,141) copies/mL. Baseline characteristics are in Tablei.
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Table 1 Enrolment characteristics of the study participants (N=25)

Characteristics Total

Number of patients followed up 25
Male, n (%) 14 (56%)

Age.years 32 (27.5-42.5)
Weight, kg 48.4 (43-5-52.8)
C D4 co u nt, ce 11 s/m m3 155 (71-208)

HIV viral load, copies/ml 129.779(71.214-310.141)

Note: Values are N (%)for categorical variables and median ( IQR)forcontinuous variables.

PK of ART
Figure 2 illustrates the effect of the TB treatment on the geometrie mean concentration- 
time profïles of the ART. The average efavirenz AUC0_24h, Cmax and Cmin were slightly 
higher when efavirenz was co-administered with rifampicin-based TB treatment. The 
GM Rs lie within the range of 0.80-1.25 with the upper limit of the 9 0 %  Clsfor AUC0.24h 

and C24h just above 1.25 (Table 2). GMRs (go%CI) were 1.08 (0.90-1.30), 1.02 (0.8-1.23) 
and u i  (0.90-1.37) for AUC0_24h, Cmax and C24h, respectively, which means that 
equivalence was suggested (i.e. no effect of rifampicin on the efavirenz PK) Three of 
the 21 (14%) patients had subtherapeutic efavirenz plasma concentrations (<1.0 mg/L 
[19]) after observed intake at one or both PK sessions: one patiënt at week 8 only, one 
patiënt at week 28 only and one at both PK days. Potentially toxic plasma levels (>4.0 
mg/L [19]) after observed intake were found in ten (48%) of the patients. Eight of 
these patients had potentially toxic levels at both PK sessions. Two patients had a 
Cmin and Cmax both >iomg/ml. . The time to reach the maximum concentration 
Omax)was observed to be higher during co-administration with TB drugs.
Similarly, for tenofovir and emtricitabine the GMRs and 9 0 %  Cis of the PK parameters 
suggest a slightly higher exposure in combination with TB drugs. GMRs (go%Cls) of 
AUC0_24h, Cmax and C24h for tenofovir were 1.1 (0.93-1.4), 0.98 (0.78-1.4) and 1.09 
(0.86-1.4), respectively, whilefor emtricitabine they were 1.05 (0.85-1.3), 0.97 (0.75-1.3) 
and 1.3 (1.04-1.5), respectively. The PK parameters (AUC0.24h, Cmax, C24h, Tmax, 
elimination half-life (tl/2), volume of distribution (V/F) and dearance (CL/F)) for 
efavirenz, tenofovir and emtricitabine are summarized in Table 2.

PK of TB drugs
The plasma concentrations of all TB drugs tended to be slightly lower during co-ad
ministration in combination with ART. The bio-equivalence approach applied to the 
Cmax values for TB drugs suggested bioequivalence of the TB drugs when given alone 
versus in combination with ART (Table 3)
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Figure 2 Curves of mean plasma concentration versus time for efavirenz (A), 
emtricitabine (B) and tenofovir (C) (orderfrom above downwards) 
after observed intake of FDC tablet efavirenz/tenofovir/emtricitabine 
alone (grey curve) and in combination with TB treatment (black curve)
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Table 2 Pharmacokinetic parameters of efavirenz, tenofovir and emtricitabine 
alone and in combination with TB treatment

PK parameter Week 28 (ART 
alone; geometrie 
mean (95% Cl); 
mg/L)

Week 8 (ART with 
TB treatment; 
geometrie mean 
(95% Cl); mg/L)

GMR [go% Cl)

Efavirenz AUCo-24h. h.mg/L 81 (58-114) 88 (60-129) 1.08 (0.90-1.30)

^max’ mg/L 5-7 (4 -2-75) 5-7 (4 -3-7-7) 1.02 (0.80-1.23)

Crnin>mg/I- 2.4 (1.6-3.5) 2.6 (1.6-4.2) l.n (0.90-1.37)

Tmax> h 3.1 (1.0-10.1) 4.0 (1.1-8.0) -

*i/2,h 27 (25-35) 29 (20-47) 1.08 (0.77-1.41)

Cl/F, L/h 7.4 (5-3-10-4) 6.8 (4.6-10.1) 0.92 (0.77-1.11)

V/F, L 313 (232-421) 301 (236-383) 0.96 (0.72-1.29)

Tenofovir AUC0-24h. hmg/L 2.6 (2.1-3.2) 2-9 (2.4-3-5) 1.13(0.93-1.38)

Cmax> mg/L 0.33 (0.26-0.41) 0.32 (0.26-0.40) 0.98 (0.78-1.38)

*-min> mg/L 0.05 (0.04-0.06) 0.05 (0.04-0.07) 1.09 (0.86-1.38)

Tmax> h 1.0 (0.9-8.0) 2.1 (0.0-6.2) -

ti/2> h 14 (12-15) 11 (10-12) 0.81 (0.75-0.86)

Cl/F, L/h 94  (76-117) 83 (69-100) 0.88 (0.73-1.08)

V/F, L 1852 (1438-2385) 1319 (1099-1584) 0.71 (0.59-0.86)

Emtricitabine AUCo-24h. h.mg/L 14 (12-16) 15 (11-18) 1.05 (0.85-1.29)

Cmax> mg/L 2.1 (1.8-2.3) 2.0 (1.5-2.7) 0-97 (075-1-25)

0.10 (0.09-0.12) 0.12 (0.10-0.16) 1.26 (1.04-1.53)

^max" I1 2.0 (1.0-8.0) 3.0 (0.0-6.0) -

ti/2,h 6.6 (5 8-7.5) 7.3 (6.1-8.6) i.io (0.93-1.31)

Cl/F, L/h 18 (15-21) 17 (13-22) 0.96 (0.77-1.18)

V/F, L 171 (139-210) 180 (124-261) 1.05 (0 -75-1-48)

Note: Tmaxis presented as median (IQR)

Efficacy
Twenty-five patients completed follow-up to the end of week 28. At week 4 of the 
study (prior to ART) they had a median (IOR) VL of 134,204 (71,414-401,004) copies/mL. 
At week 28 (after starting ART), 17 (68%) patients had an undetectable VL (<40 copies/ 
ml). The remaining eight patients (32%) had a median (IOR) VL of 51(40-532) copies/ 
mL. From 23 of the patients (92%), CD4 counts were available both at baseline and at 
the end of the study. Their median (IOR) CD4 count increased from 119 (69-203) cells/ 
mm3to 238 (147-424) cells/mm3 (p<o.oi; Signed Rank).
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Table 3 Peak plasma concentrations (Cmax) of rifampicin, isoniazid, pyrazinamide 
and ethambutol alone and in combination with ART, based on sampling at 
2 h and 6 h post dose

Drug GM Week 2
(without HlVdrug; mg/L)

GM Week 8
(with HIV drug; mg/L)

GMR (90% Cl)

Rifampicin 4.60 3-97 1.16(0.88-1.53)

Isoniazid 1.24 1.18 1.06(0.85-1.31)

Pyrazinamide 31.64 35-95 0.88(0.78-0.99)

Ethambutol 2.09 2.11 0.99(0.78-1.26)

By the end of eight weeks of TB treatment, 19 of 25 patients (76%) had negative 
sputum smears (confirmed by negative sputum cultures) and continued with 
rifampicin and isoniazid for 16 weeks. Six patients (24%) had positive sputum smear 
results after 8 weeks of treatment, of which two had negative and four had a positive 
cultures for Mycobacterium tuberculosis (MTB). Drug susceptibility testing of the 
isolates obtained from these four patients showed normal susceptibility patterns and 
therefore, those four patients continued with intensive phase TB treatment for 
another four weeks. At week 12, sputum smear results of all four patients were 
negative. Of the four, two had an undetectable VL at week 16, the remaining two had 
had 659 copies/mL and 8,032 copies/mL each. All 25 patients had negative sputum 
culture results at the end of TB treatment.

Safety
Twelve patients (48%) developed elevated biochemistry parameters. These included 
elevated alkaline phosphatase in 11 patients (all grade 1 except for two patients who 
had grade 2), elevated creatinine in three patients (two of which were grade 2 and 
one was grade 3), and elevated pancreatic amylase and ALT in one patiënt each (both 
grade 1). The patiënt with grade 3 elevation of creatinine recovered spontaneously. 
Nineteen patients (76%) developed decreased hematological parameters. These were 
mostly leucopenia and neutropenia (12 subjects each), and were all grade i. Four 
patients had anemia, of which two were grade 1, one was grade 2 and the remaining 
one was grade 3. Two patients had thrombocytopenia (one grade i and the other 
grade 2). The laboratory abnormalities had all resolved at completion of the study.

Tolerability
Before administration of ART (Phase 1), 24 of 25 (96%) patients had experienced one 
or more dinical AEs; with a total of 99 events (65% grade 1,3 4 %  grade 2 ,1%  grade 3). 
After starting ART (Phase 2), 23 of the 25 (92%) subjects experienced one or more new
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or aggravated AEs at some time during follow-up. These were in total 95 AEs, mostly 
mild disturbances (64% grade 1,3 3%  grade 2 ,3 %  grade 3). There were no serious AEs 
reported and no modifications or discontinuations of treatment weredone. Thirteen 
percent of the clinical events were judged to have no relationship to the drugs, 83% 
had either a doubtful or possible relationship and 4 %  had a possible relationship. At 
the end of follow-up, all events were recovered exceptforfour patients who still had 
either loss of appetite, body rash, general body weakness or constipation.
Fifty percent oftheio patients who hadtoxic levels of efavirenz experienced a clinical 
AE compared to 4 0 %  among patients without toxic levels (p=o.7o) and 30% of the 
events were grade 2 forthe group with toxic levels versus 38.5% for the sub therapeutic 
group (p=o.23). Lab events were reported in 9 0 %  of the patients with toxic levels of 
efavirenz and 93% of patients without toxic levels. Two patients with efavirenz 
concentration above 10 mg/Lthroughout showed only mild (grade 1) AEs.

Discussion

This study is the first to report on the interactions of efavirenz, tenofovir emtricitabine 
with first line rifampicin-based TB treatment. No interactions were observed in the 
pharmacokinetic analysis. The observed slightly higher AUC0.24h, Cmax and C24(, of 
efavirenz when co-administered with the rifampicin-based TB treatment in our study 
is consistent with a recent study that showed the absence of an effect of rifampicin 
on efavirenz PK when patients are poor metabolizers of CYP2B6[2o], Our data are also 
in agreement with recent studies in South Africa, Tanzania and India showing that 
efavirenz concentrations do not decrease when it is co-administered with a rifampi
cin-based TB treatment regimen [21-23]. The metabolism of efavirenz is extensively 
influenced by pharmacogeneticfactors [21,24-26]. A single nucleotide polymorphism 
at position 516 on the CYP2fi6 gene has been widely reported to play an important 
role in the metabolism of efavirenz and nevirapine [27-29].Genetic polymorphisms 
with CYP266 occur in all populations, and this may affect the exposure to efavirenz 
and its susceptibility to rifampicin-based enzyme induction [30-32]. The slightly 
higher efavirenz levels during combined TB and HIV treatment in our study could be 
explained by genetic differences [20,23,25].

A once-daily dose of efavirenz 6oomg during TB therapy is reported to be adequate 
[22, 33, 34]. However, in our study potentially toxic plasma levels (>4.0 mg/L) were 
observed in 4 8 %  of the patients. Also sub-therapeutic levels of efavirenz (<i.omg/L) 
were found in 14 %  of the patients. The observed high intervariability of drug levels 
suggests inter-patient differences in the expression of the drug metabolizing 
enzymes [11]. For observed potentially toxic levels, no further action was taken as the
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patients were already discharged in a good condition. The levels occurred both before 
and during co-administration with TB treatment. Nevertheless the frequent presence 
of high levels in our African patiënt population may warrant the use of therapeutic 
drug monitoring of efavirenz plasma concentrations to improve the safe use of ART 
during TB treatment, and the need for individual dose adjustment [10].
Comparison of exposuretotenofovir with and without rifampicin-based TB treatment 
did not suggest any effect of rifampicin, although PK equivalence (lack of interaction) 
could not be concluded. Studies elsewhere have also shown no difference in tenofovir 
concentration while observing bioequivalence [15]. However, participants in these 
studies were healthy volunteer subjects who received tenofovir only shortly, which 
implicate that less potential factor may have affected the PK of tenofovir in those 
subjects. PK parameters may be different in patients as compared to healthy 
volunteers due to changes brought by both HIV and TB infection [35]. It is known that 
tenofovir is eliminated unchanged by glomerular filtration and active tubular 
secretion [36], while rifampicin is extensively metabolized in intestinal and hepatic 
metabolism [7] which minimizes the interactions. Emtricitabine has also been 
reported to have no PK drug-drug interactions with other antiretroviral drugs and 
rifampicin.

The time to reach maximum concentrations (Tmax) of emtricitabine, tenofovir and 
efavirenz was longer when co-administered with rifampicin than without rifampicin, 
although the median difference was only one hour for all three drugs. The reason for 
one of these drugs may be delayed absorption upon co-administration of rifampicin. 
Clearance of efavirenz could be affected in patients with genotype CYP2B6. We did 
not analyze genetic aspects of these patients, hence further studies are warranted. 
No large differences were found in clearance and volume of distribution.

This study showed a small decrease in levels of TB drugs with versus without co-ad
ministration of efavirenz, tenofovir and emtricitabine. We do not consider this to be 
dinically significant. Studies elsewhere have also found no statistically significant 
effect of efavirenz on rifampicin [5, 7, 22, 37]. In our study, rifampicin and isoniazid 
peak plasma concentrations were lower than the reference peak values (8-24 mg/L 
rifampicin; 3-5 mg/L isoniazid) [38]. One possible explanation could be that the values 
in this study, obtained from either two or six hours after intake, were not the actual 
peak values. Secondly, our patients took medications just after food intake which is 
known to lower concentrations of rifampicin and isoniazid[39].
All patients had a positive response to treatment in terms of sputum culture and 
decrease of VL. An important finding of our study is that we detected non-adherence 
in four patients induded in the trial when pre-dose samples were analyzed. This can 
be explained by the fact that the patients were discharged home after eight weeks,
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and subjects were asked to come for follow-up visits at the clinic every month. We 
recommend strong coordination between the national TB; community DOT system 
and the AIDS control programs.

The main shortcoming of this study is that we did not look into genetic factors of the 
patients, which could have provided an explanation of high efavirenz drug levels and 
for the extent of the interaction between efavirenz and rifampicin-based TB 
treatment. Also, the study did not examine the effect of anti-TB treatment on 
intracellular PK of tenofovir and emtricitabine, as intracellular diphosphate or 
triphosphate levels are associated with clinical effects. It is possible that rifamp- 
in-containing TB treatment may not influence plasma PK but could affect intracellular 
PKthrough induction or inhibition of drug transporters.

In condusion, our fïndings suggest that co-administration of the Standard first line TB 
treatment regimen with efavirenz, tenofovir, and emtricitabine does not alter phar
macokinetic parameters. The combination is tolerated well by Tanzanian TB/HIV 
co-infected patients. Hence, a combination of efavirenz, tenofovir and emtricitabine 
may be considered in managing HIV infection in African patients who are co-infected 
with TB.
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GENERAL DISCUSSfON

Introduction

Tuberculosis (TB) is a major public health problem worldwide, including in Sub-Sahara 
African countries like Tanzania where it causes a significant burden of disease1- 2. 
A number of knowledge gaps are still present that limit optimal TB management and 
hamper the fight against this disease.

In order to improve the management of TB in Tanzania, a number of studies were 
designed and subsequently executed. Our focus was to carefully describe the burden 
of disease in north-eastern Tanzania, as well as the clinical and pharmacological 
aspects of the disease so as to give insight on how to optimize its treatment. The 
results of these studies can be summarized as follows: i) the burden of TB among 
children in Tanzania is substantial; 2) a significant proportion of Tanzanian TB patients 
achieve low plasma drug levels of key TB agents; 3) saliva can only be used for a semi- 
quantitative assessment of rifampicin plasma concentrations; 4) a TB Drug activity 
Assay (TDA) may serve as a tooi for monitoring treatment response and early 
identification of treatment failure, in settings where more sophisticated tools are not 
available; 5) diabetes mellitus adversely alters the exposure to the key TB drugs 
rifampicin and isoniazid; and 6) concomitant treatment of TB/HIV co-infected 
patients with Standard TB drugs and combination anti-retroviral treatment using 
emtricitabine/tenofovir/efavirenz is tolerable and efficacious without dinically relevant 
changes in antiretroviral plasma drug concentrations induced by rifampicin.
An outline and discussion about our results can be found below as well as their 
implications.

Burden of TB in children

Chapter 2 provided evidencethat the burden of childhood TB in the Kilimanjaro region 
of Tanzania is significant, contributingi3% of all TB cases. Children (0-14 years) had an 
annual prevalence of 147 in urban and 42 (per 100,000 children's population) in rural 
areas, compared with 166.6/100,000 in the general Kilimanjaro population and 
164/100,000 for Tanzania in 20063. We also showed that children have a high 
mortality rate (10.9%) and relatively low treatment success rate (72.9%), which is 
worse than the WHO estimates4.5 and other reports from other countries like Malawi, 
Thailand, and the United States6 8. We also observed that younger children (0-4years) 
are more affected than older children, which is in line with previous studies4. 9, 10. 
Furthermore, it was found that 24.9% of the children that were treated for TB were tested 
for acid-fast bacilli (AFB) by Ziehl-Neelsen staining showing that only 5.8% of all patients 
with TB were AFB smear positive. This means that 94.2% were presumptively treated
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for TB. Our findings indicates that there is an urgent need to improve the diagnostic 
process, such as the introduction and evaluation of new tools such as induced sputum, 
laryngeal swabs and nasopharyngeal aspiration, molecular tests and active case 
finding. in line with the recommendations of the World Health Organization"-^, we 
also urge the Tanzanian TB program to give special consideration to TB in children and 
to take up the stipulated research agenda and pioneer regular studies together with 
otherstakeholders.
The formulated priorities in the research agenda11’ h . 15 are summarized in the table 
below:

Proposed research priorities regarding the epidemiology and clinical aspects of 
childhood TB

1. to prospectively evaluate the incidence of childhood TB and the program 
performance with regard to childhood TB

2. to study the criteria when to suspect and diagnose childhood TB using uniform 
criteria and to evaluate new methodologies for this purpose

3. to study the pharmacokinetics and toxicity of anti-tuberculosis drugs in children and 
the long-term outcome of the treatment of children

4. to determine how many childhood contacts of adult pulmonary TB qualify for 
chemoprophylaxis in different communities

5. to study chemoprophylaxis for drug-resistant TB and chemoprophylaxis among 
certain groups of adolescents

6. to document at what level children enter the National TB programs, the availability 
of qualified staff and their effectiveness in performing diagnostic investigations 
and ensuring quality care

7. to study the role of families as agents for DOTS, evaluate private sector participation in 
childhood TB management

8. to document Bacille Calmette-Guérin (BCG) immunization complications and 
study its management strategies

WHO has recently changed the dosing guidelines for children. The doses on a mg/kg 
base are increased in order to achieve that children have similar exposures to TB drugs 
as adults16. This recognizes that children especially those under the age of five have 
faster clearance and larger volumes of distribution for TB drugs1?.l8. Unfortunately, 
the drug exposures achieved with the new higher doses have not been validated yet. 
In addition, corresponding drug formulations are not available yet, hindering the 
implementation of the revised dosing guidelines in practice.
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Practical considerations to perform pharmacokinetic studies of TB drugs in children 
need to be considered as well. Blood sampling in young children may be challenging 
and patiënt unfriendly and the possibility of using saliva as opposed to plasma 
samples was therefore explored for the pivotal TB drug rifampicin (chapter 4). The 
prediction of rifampicin plasma concentrations based on salivary concentrations was 
sufficiently accurate, but precision was insufficiënt. This means that salivary 
concentrations of rifampicin in individual patients can only be used for a semi-quan- 
titative assessment of rifampicin plasma concentrations orto differentiate between 
low, intermediate or high rifampicin plasma concentrations. This is not useful in phar
macokinetic studies, but may be sufficiënt for treatment monitoring in patiënt care.

Vulnerable groups with increased risk of sub-optimal 
treatment response

Low plasma levels of TB drugs is an important cause of poor treatment outcome and 
a reason for development of resistance’9^7 which is caused by poor adherence to 
medication and large inter-individual variability in exposure to TB drugs25. 26. 
Furthermore, a suboptimal functioning of the immune system also predisposes to 
treatment failure. For instance, compared to adults, the innate pulmonary defenses 
are often impaired in neonates and young children, allowing mycobacteria to grow. 
Adults have an increased riskto develop active TB disease when a medical condition 
develops that weakens the immune system such as HIV infection, substance abuse, 
silicosis, diabetes mellitus, severe kidney disease, low body weight, cancer, or the use 
of immune suppressive treatments such as corticosteroids or specialized treatment 
for organ transplants or autoimmune diseases like rheumatoid arthritis or Crohn’s 
disease1.

The Tanzanian National Tuberculosis and Leprosy Control Program (NTLP) generally 
has been successful as high rates of adherence and successful treatment outcomes 
have been reported28̂ 1. In the present thesis, the focus is therefore on vulnerable 
groups that may profit from a better insight into different aspects of treatment. A 
comparison with data obtained from TB patients from the general populations was 
also done.

Chapter 2 focused on the childhood TB treatment whereby we have demonstrated a 
relatively low percentage (79.9%) of treatment success among the pediatrie 
population in the Kilimanjaro region in Tanzania. The WHO target of at least 85% 
needs to be strived through prioritizing pediatrie TB by the national TB program, 
active casefinding.evaluatingnewdiagnostictools and closelysupervising treatment.
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Moreover, WHO revised dosing guidelines for children16 should be followed which 
result in exposures to TB drugs in plasma similar to those in adults.

Chapter 6 focused on patients with TB and diabetes. Concomitant TB and diabetes 
mellitus is a growing and challenging co-morbidity in developing countries. The 
co-morbidity is of public health importance because i) diabetes mellitus is increasing 
in developing countries, 2) TB is endemic in these countries, and 3) diabetes strongly 
predisposes to TB32-b6. Having few studies in Africa that try to explain the increased 
risk of TB in diabetic patients and the consequent poor response to treatment among 
TB/diabetes co-morbid patients, we were prompted to design a study to assess 
whether diabetes disease affects the pharmacokinetics of TB drugs in African 
patients. We set up the first comparative pharmacokinetic study in Africans in this 
respect, involving intensive (24hr) sampling to evaluate the pharmacokinetics of 
rifampicin, isoniazid, pyrazinamide, and ethambutol in two TB groups, with and 
without diabetes mellitus.

We found that the total exposure to rifampicin and isoniazid was lower in diabetic 
versus non-diabetic TB patients. A large effect was seen for isoniazid for which the 
maximum concentration was also significantly decreased. Previous studies have 
indeed demonstrated that diabetes may reduce the absorption and distribution of 
drugs37-4o. Increasing the doses of the TB drugs is therefore advocated for diabetic 
patients, as well as treatment response monitoring. Although more studies in diabetic 
TB patients are needed, available evidence suggests higher doses of rifampicin and 
isoniazid have been shown to be safe and tolerable in TB patients^-45. The Kilimanjaro 
Clinical Research Institute is one of the trial sites for two studies that aimed to 
evaluate higher doses of rifampicin. In the first study, higher doses of goomg (circa 15 
mg/kg) and i2oomg (20 mg/kg) rifampicin were evaluatedforefficacyandtolerability. 
The second study evaluated 35 mg/kg of rifampicin in combination with other TB 
drugs. Preliminary data of these studies indicate the higher doses were well tolerated 
by Tanzanian patients.

It is equally important to optimize treatment of diabetes alongside that for TB. Drug 
interactions are known to occur between rifampicin and all sulphonylurea derivatives, 
which are widely used in treating diabetes patients worldwide. On the other hand the 
biguanide metformin was thought not to be affected by rifampicin as it is not 
metabolized by the hepatic cytochrome P450 system25.26 However, its exposure may 
still be influenced, as it is a substrate for human organic cation and other transporters. 
In healthy volunteers, rifampicin appeared to increase organic cation transporter 
(OCT1) expression and hepatic uptake of metformin, leading to an enhanced (rather 
than reduced) glucose lowering effect in healthy individuals46. Clearly, a follow-up
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study in actual TB patients is needed. Metformin is also widely used in Tanzania. In 
view of the strong effect of rifampicin on the exposure to sulphonylurea antidiabetics 
and pending more data on the combination with rifampicin, this drug is recommended 
in diabetic patients who are also undergoing TB treatment. Besides this, optimal 
glycemiccontrol need to beensured as it, in itself, enhances efficacy of TB treatment 
and prevents complications from diabetes disease.

In chapter 7, HIV-TB co-infected patients were studied. HIV is a well known risk factor 
for TB and it alters the clinical course of TB disease by lowering CD4+ T-lymphocytes 
that play an important role in the body's defense against tuberde bacilli1. The 
concomitant treatment of these two infections poses various challenges due to 
drug-drug interactions, immune reconstitution syndrome (IRIS) and high pill b u rd en 4 7 , 

48. This challenge has compelled dinicians to recommend the delay of HIV treatment 
until the TB has been controlled, or to even stopping or changing HIV medication if 
the person develops TB while already taking HIV drugs.
A fixed dose of emtricitabine/tenofovir/efavirenz (Atripla) that has been approved in 
the USA and EU is very effective, administered only once a day and thought to be 
potentially useful in TB infected HIV patients. We therefore carried out a clinical trial 
to evaluate its use in TB patients, in particular focus on drug-drug interactions and 
efficacy of its concomitant administration with first line TB drugs.

A number of observations were made during this clinical trial. At first, IRIS was not 
observed in any of our patients in the clinical setupofthat study and the combination 
of the first line TB drugs with emtricitabine/tenofovir/efavirenz was well tolerated. 
There were no excess adverse events attributed to the combined use of the two 
regimens, as the frequency of adverse events before and after anti-retroviral therapy 
(ART) were essentially the same (96% of patients experienced at least an adverse 
event before ART compared to 9 2% after) and these were mild to moderate. There 
were no serious adverse events and no modification or discontinuation of treatment 
was made. This makes it apparently safe to start TB/HIV patients on Atripla early on 
during the course of TB treatment.
Secondly, there were no relevant interactions observed in the pharmacokinetic 
analysis. Our study was the first to report on the interaction of first line TB drugs with 
the combination emtricitabine/tenofovir/efavirenz in the fixed dose combina- 
tion-Atripla. The pharmacokinetic parameters (AUC, Cmax, and Cmin) of emtricitabine, 
tenofovir, and efavirenz were not significantly altered upon co-administration with 
rifampicin and other TB drugs, as based on geometrie mean ratios. The other way 
around, the pharmacokinetic parameter Cmax of the TB drugs rifampicin, isoniazid, 
pyrazinamide, and ethambutol were not significantly altered too (Table 2 and 3, 
chapter 7). This is contrary to observations in other studies showing that exposure to
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TB drugs may be decreased in HIV infected patients49-5\ Interestingly, in our study, 
we observed slightly higher levels of efavirenz when co-administered with rifampicin 
based treatment, contrary to the expected induction by rifampicin27. Although we did 
not perform pharmacogenetic analysis in our study, we think genetic polymorphism 
of the cytochrome P450 (CYP) system would explain the observed slight increase in 
efavirenz concentration. CYP2B6, the main metabolic enzyme for efavirenz, is highly 
polymorphic. Certain CYP2B6 polymorphysms are known to be associated with 
reduced enzyme activity and hence elevated plasma levels of efavirenz52-57. Although 
we did not perform pharmacogenetic analysis in our study, we think genetic 
polymorphism of the cytochrome P450 (CYP) system would explain the observed 
slight increase in efavirenz concentration. CYP2B6, the main metabolic enzyme for 
efavirenz, is highly polymorphic. Certain CYP2B6 polymorphysms are known to be 
associated with reduced enzyme activity and hence elevated plasma levels of 
efavirenz52-57. Thus an increase in efavirenz dose during rifampicin containing therapy 
may not be necessary in individuals with this slower metabolizing genotype. In 
addition, the slower metabolizing genotype may be less susceptible to induction by 
rifampicin. Of note, the polymorphisms differ greatly among populations of different 
ethnic backgroundsss. 59. The incidence of the slow metabolizing genotype is about 
25% in African and Indian populations. Consequently, dosage increases of efavirenz 
during co-administration with rifampicin as based on studies in Caucasians are not 
directly applicable to African populations.
Thirdly, the efficacy of both antiretroviral therapy and anti-TB therapy was not 
compromised by the co-administration. As it would be expected with Atripla alone, 
there was a significant and acceptable increase in CD4 count among the patients 
after 28 weeks of ART. Similarly, for anti-TB efficacy, 76 %  of the patients had converted 
to smear negative by the end of eight weeks of TB treatment, and at 12 weeks all 
patients had converted to smear negative and culture negative at the end of TB 
treatment.

The general population of patients with pulmonary TB

Evaluating the pharmacokinetics of TB drugs in the general Tanzanian population 
(chapter 3), we found that the plasma levels of key TB drugs in the majority of these 
patients was low. More specifically, we found that half of study participants had 
isoniazid peak plasma (Cmax) levels and a third had rifampicin peak plasma 
concentrations below the reference ranges. A second group of TB patients from the 
general population was studied whereby a plasma drug assay (chapter 5) was 
evaluated. Also in that study, low mean peak levels (estimated by C2hr) of rifampicin 
and isoniazid (2.5 and 1.85 mg/L respectively) were recorded.
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These observed widespread low peak levels in our studies do not correspond directly 
to the recorded adverse treatment outcome in Tanzanian TB patients. As an 
explanation, it should be noted that the reference ranges for peak plasma 
concentrations of TB drugs represent the normal (average) concentrations that can 
be expected in adults with Standard doses of TB drugs60. These reference values may 
not necessarily represent the therapeutic range or optimal concentrations.
In line with this is the concept that the total exposure (AUC) is a more relevant 
predictor of efficacy than peak plasma concentrations for all first line TB drugs, as 
evidenced by preclinical studies23. 61-65. The relevance of AUC has also been 
demonstrated bya recent clinical study66, showingthat AUC values of pyrazinamide, 
rifampicin and isoniazid were the top 3 predictors of long-term response to TB drugs. 
This study described a cut-off therapeutic value for total exposure or AUC (to 
pyrazinamide of 363 h*mg/L. This exposure cut-off value is high and suggests that 
the dose of pyrazinamide should be increased to achieve maximum response, as even 
the average exposure to pyrazinamide in our study (344 h*mg/L) was below this 
cut-off value. Our patients also had slightly lower average values of pyrazinamide 
(344 h*mg/L) and rifampicin (39.9 h*mg/L) compared to an Indonesian (473 and 48.5 
respectively)4' and mixed population in the Netherlands (480 and 41.1 respectively)67. 
The dose and exposure to rifampicin can be strongly and safely increased based on 
studies performed at the Kilimanjaro Clinical Research Institute and other sites (see 
before) but the same may not apply to pyrazinamide. A large number of reports in the 
past have shown a significant relationship between pyrazinamide dose and 
hepatotoxicity. Based on this, the currently recommended dose (15-30 mg/kg daily) 
was proposed and it has signifïcantly less hepatotoxicity. A recent meta-analysis of 29 
studies (some dating back to 1952), however, did not show a significant relationship 
between pyrazinamide dose and hepatotoxicity although the data seemed to show a 
trend68.
We postulated that the simultaneous administration of TB drugs and food could 
partly explain the low plasma levels of key TB drugs in our studies. It is common 
practice in Tanzania that patients take TB treatment in the morning on an empty 
stomach but that breakfast is consumed soon thereafter. However, it is well known 
that fat or carbohydrate content of food decreases the rate of isoniazid absorption 
and therefore signifïcantly reduces the isoniazid Cmax with 20 %  to 5 i% 69-73. 
Furthermore, rifampicin Cmax can be reduced up to 36 %  when it is taken directly 
after a meal. We therefore recommend the following: at first, patients are advised to 
take the TB medication on empty stomach and consume their breakfast after at least 
2 hours of time. If nausea or vomiting develops, the TB medication can be taken 
together with a light meal. Similarly if such intake of drugs on an empty stomach is 
difficult in the patient’s daily life, the TB medication may be administered with 
breakfast as well as a somewhat lower exposure to TB drugs seems preferable than
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poor compliance. The low exposure to TB drugs may also be prevented by increasing 
the dose of rifampicin and isoniazid when administered with food, as evidence shows 
that increasing the dose of these TB drugs may result in increased plasma 
concentrations of the drugs and improved treatment outcome42, and higher doses of 
rifampicin and isoniazid have been shown to be safe and tolerable41-44. it has not 
been studied whether an increase in dose compensates for the effect of concurrent 
food intake on the exposure to rifampicin and isoniazid. This is a relevant topic to be 
addressed in a future pharmacokinetic study.

Improving management of TB

Successful management and control of TB relies on an appropriate diagnosis, 
adequate chemotherapy, and treatment monitoring so that treatment failure is 
rapidly diagnosed and managed.
In resource-limited settings, tuberculosis diagnosis relies mostly on sputum smear 
microscopy74,75. In Tanzania, all level laboratories perform smear microscopy to 
diagnose TB. Currently, diagnostic facilities are present in all regions, districts and 
other primary health care centres. Sputum microscopy has been improved by 
introducing LED fluorescent microscopy in all 26 regions and 133 districts29. Culture is 
performed in six intermediate laboratories (either public or private), and drug- 
susceptibility testing is available at the Central Tuberculosis/Leprosy Reference 
Laboratory in Dar-es-Salaam. Diagnosis in children is challenging due to the atypical 
nature of the disease in children and difficulty in obtaining adequate clinical samples 
such as sputum’5.76.77. In chapter 2 we reported that the sputum smear testing rate 
among children was very low (25%) and that nearly 95% of the children were treated 
empirically. We strongly recommend the NTLP that the improvement of TB diagnosis 
and treatment in Tanzanian children is prioritized.

Therapeutic drug monitoring (TDM) with measurements of serum TB drug levels can 
be used to monitor treatment and adherence6o> 78. Furthermore, microbiological 
techniques can be used to monitor treatment response; however, mycobacterial 
cultures often only become positive after weeks of culture while smear microscopy is 
inferior. However, TDM involves blood drawing while HPLC assays to analyze serum 
drug levels are expensive, laborious and logistically challenging in use and 
maintenance. To avoid blood drawing, we assessed whether saliva could be used as 
an alternative matrix for TDM and pharmacokinetic studies (Chapter 4) bycomparing 
the pharmacokinetics of rifampicin in saliva and plasma. This would be potentially 
advantageous for PK studies especially in children, where multiple blood drawing is 
unwanted. Other advantages of saliva specimen indude easy and inexpensive sample
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collection, reduction of infection risk and discomfort, and it may be used as a possible 
tooi to measure compliance. In addition, because only the free or unbound fraction of 
the drug diffuses in saliva, measuring saliva may reflect the active, free fraction of the 
drug in plasma, it should be noted that measuring drug concentration in serum yields 
thetotal concentration, i.e. combination of bound and free drug that are in equilibrium 
with each other; and that only the free or unbound fraction is active.
As expected, measurable rifampicin concentrations were not detected in all plasma 
and saliva samples, as rifampicin is having a short elimination half-life. Pharmaco- 
kinetic parameters of rifampicin both in plasma and saliva and their ratios are shown 
in chapter 4. Our main findings were that the exposure to salivary rifampicin was 
significantly lower than the protein -unbound exposure in plasma. Furthermore, it 
was evident from the study that the salivary rifampicin was able to predict total or 
protein-unbound plasma concentrations without bias, but imprecision was too large. 
We condude therefore that salivary concentrations of rifampicin cannot be used as a 
substitute for plasma or serum concentrations in therapeutic drug monitoring or 
pharmacokinetic studies. Saliva may however be used in patiënt care, as semi-quan- 
titative estimation can be made, e.g. whether a drug level is estimated low - 
intermediate - high.

Finally, because of the high cost of routine therapeutic drug monitoring with plasma 
drug measurement, we investigated the possibility of developing a less expensive but 
feasible approach with a plasma drugassay using patient’s own plasma and organisms 
(chapter 5). More specifically, plasma TB drug activity assay (TDA) measures the time 
to positivity of organisms cultured in plasma relative to control organisms cultured in 
plain media. Apart from its use in assessing treatment response, TDA is a possible 
biomarker of long term treatment outcome79-81. A TDA value of i  means no relative 
difference in killing and a TDA of more than 1, more killing in plasma than control. For 
this purpose, MTB was isolated from each patiënt from sputum collected prior to 
initiation of treatment. After two weeks of treatment, the previously isolated MTB 
was re-cultured with patients’ own plasma (which contains drugs taken by the 
patiënt) and the killing of the bacteria was subsequently assessed with the MGIT 960 
system. Calibration of the assay was done with known organisms and serial drug 
concentrations. The performance of the assay was compared to plasma drug 
measurement with HPLC. Wefound that TDA correlated with plasma levels, MIC and 
short-term treatment response. MDR-TB strains were also assessed using the assay, 
whereby TDA values close to i were documented. Interestingly, as mentioned before, 
HPLC analysis showed that the peak plasma levels of rifampicin and isoniazid were 
low in most of the patients, with 88 % and 6 9 % of patients respectively having 
concentrations below expected ranges.
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In general, whole-blood and plasma bactericidal assays, and other biomarkers are 
important for the evaluation of new drugs that can be used to shorten TB treatment, 
and in monitoring treatment response. Other biomarkers indude 2-month culture 
conversion, serial colony counts or time to culture positivity, measurement of 
mycobacterial RNA (mRNA and rRNA, the so called mycobacterial load assay (MBL) in 
sputum), and measurement of human cytokines responses8’-86. The only biomarker 
that has been shown to correlate with long-term treatment outcome is the 2-month 
culture conversion, however, the results of this assay are only available after a 
minimum of 2-3 months of treatment. Serial sputum colony forming unit (CFU) count 
measurement (SSCC) constitutes the Early Bactericidal Activity (EBA; a biomarker that 
evaluates the fall in CFUs during the first two days of treatment), or an extended-EBA 
(e.g. two weeks or two months). Actually, EBA probably does not detect the sterilizing 
activity of anti-TB drugs, while the performance to detect the sterilizing activity of an 
extended-EBA or a SSCC still needs to be established. mRNA and cytokine 
measurement may be done faster but unlike whole-blood and plasma bactericidal 
assays, they are complex, expensive and may need to wait until after two months of 
treatment85. 86. Whole-blood and plasma bactericidal assays have demonstrated the 
advantage of being relatively cheap, simple to perform, and can be carried out as 
early as two weeks after initiation of treatment. The results from our study suggest 
that, given further validation, whole-blood and plasma bactericidal assays may be 
useful adjunct tools to optimize TB therapy in resource-limited settings where plasma 
drug measurements with HPLC is notfeasible.

In condusion, Pediatrie TB is a public health concern in Tanzania, underscoring the 
national TB program and other stakeholders to prioritize interventions addressing 
this vulnerable group. A considerable proportion of the general population of TB 
patients achieve low plasma concentrations of TB drugs probably due to interpersonal 
variability or concurrent drug and food intake; moreover, diabetic TB patients achieve 
low plasma concentrations of TB drugs possibly due to the effect of the diabetes 
disease. These groups may need optimization of treatment and increasing the doses 
of key TB drugs such as rifampicin and isoniazid. HIV co-infected TB patients can 
safely be treated with the fixed dose combination of emtricitabine/tenofovir/ 
efavirenz early on the course of TB treatment.

WHO launched an ambitious “Stop TB” campaign to eliminate TB as a public health 
problem, defined as a global incidence of active TB of less than one case per 1 million 
population per year, by 20508?. The Millennium Development Goal for TB is to reverse 
TB incidence by 2015. WHO reports that the world is reaching that target, however 
incidence is falling very slowly. In addition, all regions, except Africa and Europe, are 
on track to achieve the Stop TB Partnership target of 50% decline in mortality by 2015.
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Many actions still need to be taken therefore which involves both public and private 
institutions. Steps that we need to execute indude commitment (professional, 
political and financial) by authorities, active surveillance and quest into the burden 
and into ways of improving diagnosis and rigorous treatment of TB.

Directions for future research

Our results have enlightened on the burden of TB and approaches to improving its 
management, but also stimulated areas of further research:
1. Optimization of TB diagnosis in children as diagnosis of TB in children is 

challenging due to the nature of the disease, investigating the best dinical criteria 
to diagnosing the disease, along with studying the novel laboratory diagnostic 
approaches is crucial.

2. Optimization of the dose of the currently available TB drugs in order to achieve 
higher exposures and improved efficacy. The dose of rifampicin is currently being 
investigated, also at the Kilimanjaro Clinical Research Institute, but the efficacy 
and toxicity of higher doses of pyrazinamide warrants more study as well. The 
dose of newly developed TB drugs should also be based upon pharmacokinet- 
ic-pharmacodynamic relationships assessed for these drugs.

3. Plasma TB drug activity assay (TDA) - from our study on the Plasma TB drug 
activity assay, TDA is shown to correlate with short-term treatment response 
that we were able to document. Further validation of this assay is required with 
larger number of patients and as capacity building to clinical laboratories in the 
general practice.

4. Optimization of diabetes and TB medication when prescribed concurrently.
5. Genetics and drug metabolism of efavirenz, as efavirenz has been demonstrated 

to be metabolized by CYP2B6. These enzymes exhibit ethnic and inter-individual 
differences in the expression or activity levels. Studies on genotyping of the gene 
variants associated with altered expression of CYP2B6 are recommended.
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SUMMARY

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis that 
affects mostly the lungs (pulmonary TB -PTB) but also other organs (extra-pulmonary 
TB) such as meninges, bone, pericardium, kidney, and iymphnodes. It is a global public 
health problem affecting approximately 9 million people every year. TB is a leading 
cause of death from a curable infectious disease despite availability of effïcacious 
treatment for decades. About 1.3 million people die from the disease every year. Apart 
from its direct health related effects, TB also causes a significant loss of productive 
workforce and the costs of treating it are very high. The burden of TB increased with 
the spread of HIV because of its negative effects of HIV on the immune system. TB is 
therefore also a major cause of morbidity and mortality in personswith HlVinfection. 
TB is generally considered a Poverty Related Disease as over 8 0 % of the incident TB 
cases occur in 22 high-burden countries that are mostly low- or middle-income 
countries in Africa or South-East Asia. Nine of these countries are in Africa and 
Tanzania is among them. In 2012 Tanzania had an estimated incidence of 169 per
100,000 inhabitants.

TB treatment is not only challenged by the increases in TB burden and the dual 
infection with HIV, but also by increasingly resistanceformation as well. Multidrug-re- 
sistantTB (MDR-TB), defined as resistanceto isoniazid and rifampicin has emerged as 
a major and growing challenge to global TB control efforts. In 2012 there were an 
estimated 450,000 new cases of MDR-TB worldwide and approximately 170,000 of 
them died. In that year 1.1% of TB cases in Tanzania were estimated to be MDR-TB. The 
current treatment of drug susceptible TB comprises a six-month regimen whereby 
fourfïrst line drugs (isoniazid, rifampicin, pyrazinamide, and ethambutol) are given 
for 2 months and dual therapy with isoniazid, rifampicin isgivenforanother4month 
thereafter. Treatment of MDR-TB is however much more complex and lengthy, 
moreover, the drugs required to treat MDR-TB are expensive and more toxic than the 
Standard TB drugs. Recommended drugs for MDR-TB indude Amikacin/Kanamycin, 
Ofloxacin/Levofloxacin, Pyrazinamide, Ethionamide, Cycloserine and Ethambutol.

A number of knowledge gaps are still present that limit optimal TB management and 
hamper the fight against this disease. These include aspects of management and 
epidemiology of TB in children, management of TB in the growing co-morbidities 
such as diabetes mellitus and HIV. In order to improve the management of TB in 
Tanzania, a number of studies were designed and subsequently executed. Our focus 
was tocarefullydescribe the burden of disease in North Tanzania as well as the clinical 
and pharmacological aspects of the disease that gives insight on howto optimize its 
treatment. All studies presented in this thesis were conducted in the Kilimanjaro 
region in Tanzania.
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In chapter 2, the burden of TB is described for the pediatrie population in the 
Kilimanjaro region. The epidemiology of TB in this vulnerable and forgotten 
population is described. We have shown that the burden of childhood TB in the 
Kilimanjaro region of Tanzania is significant; contributing 13% of all TB cases, and that 
children have a high mortality rate (10.9%) and relatively low treatment success rate 
(72.9%) which is worse than the WHO estimates and other reports from other 
countries like Malawi, Thailand and the United States. We also observed thatyounger 
children (o-4years) are more affected than older children and that testingforacid-fast 
bacilli (AFB) was very low as only a quarter of the children that were treated for TB 
were tested by Ziehl-Neelsen staining. We indicated an urgent need of improve the 
diagnostic process, such as the introduction and evaluation of new tools such as 
induced sputum, laryngeal swabs and nasopharyngeal aspiration, molecular tests 
and active case finding.

In Chapter 3 the pharmacokinetics of first line TB drugs is described in Tanzanian 
patients. Besides poor adherence to treatment, low blood levels of TB drugs are 
another possible cause for unfavorable treatment outcome and reason for 
development of resistance. In this study, we found that the plasma levels of key TB 
drugs in the majority of these patients was low. Specifically, half of study participants 
had isoniazid peak plasma levels and a third had rifampicin peak plasma concentrations 
below the reference ranges. Moreover exposure to the drugs were lower compared to 
other study populations studied outside Africa. We postulated that the simultaneous 
administration of TB drugs and food could partly explain the low plasma levels of key 
TB drugs in our studies and recommended further analysis of this association. We also 
recommended consideration of higher doses of the drugs in order to achieve higher 
exposures and peak plasma concentrations.

Chapter 4 investigates whether saliva can be used as an alternative matrix in phar
macokinetic studies and therapeutic drug monitoring. This would be potentially 
advantageous for PK studies especially in children, where extensive blood drawing is 
unwanted, and also because of the easy and inexpensive sample collection and of 
saliva specimen. We compared the pharmacokinetics of rifampicin in saliva and 
plasma. We found out the exposure to salivary rifampicin was significantly lower 
than the protein-unbound exposure in plasma. Furthermore, it was evident from the 
study that the salivary rifampicin was not able to predict total or protein-unbound 
plasma concentration. We conduded that salivary concentrations cannot be used as 
a substitute for plasma or serum concentrations in therapeutic drug monitoring or 
pharmacokinetic studies but saliva may however be used in patiënt care, as 
semi-quantitative estimation can be made, e.g. whether a drug level is estimated low 
- intermediate - high.
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In Chapter 5 we investigated and set up a plasma culture assay (plasma TB drug 
activity assay- TDA) for Mycobacterium tuberculosis to assess whether it can be an 
alternative to plasma drug measurement in assessing treatment response and early 
diagnosis of treatment failure. Therapeutic drug levels monitoring with High-Perfor- 
mance Liquid Chromatography (HPLC) is very expensive whereas blood and plasma 
drug assays are cheap and easy to perform. Blood/plasma TB drug activity assays 
measure the time to positivity of organisms cultured in plasma, relative to control 
(organism cultured in plain media). In the study, patients collected sputum prior to 
initiation of treatment and this was cultured to isolate the organisms for each patiënt. 
At two weeks of treatment, the isolated organisms were re-cultured with patients’ 
own plasma (which contain drugs taken by patiënt) and killing of the bacteria 
assessed with the MGIT 960 system. We found out that TDA correlated with plasma 
levels, MIC and short-term treatment response. From this study it we concluded that, 
plasma bactericidal assays may be promising tools for optimization of TB therapy in 
resource-limited settings where plasma drug measurements with HPLC is not 
feasible. It was recommended to conduct further studies to validate the tooi

In Chapter 6, the effect of type 2 diabetes on the pharmacokinetics of first line TB 
drugs was analyzed. Concomitant TB and diabetes mellitus is a growing co-morbidity 
in developing countries as diabetes mellitus is increasing in these countries, where TB 
is endemic. Diabetes predisposes to TB and diabetic TB patients have poor response 
to treatment.

We recruited 40 Tanzanian adult TB patients (20 TB only, 20 TB and diabetes) and took 
blood samples at pre-dose, 1,2 ,3 ,4 ,6 ,8 ,10 , and 24 hours after observed drug intake. 
We found out that both exposure and maximum concentration of rifampicin and 
isoniazid are lower in diabetic than non-diabetic TB patients. Much effect was seen in 
isoniazid in which dearance and volume of distribution were also adversely affected. 
The study concluded that these effects are likely explained by the diabetes disease. 
The recommendation was given to increase the doses of these drugs in treating 
TB-Diaetes patients as it results in improved exposure.

In chapter 7, HIV-TB co-infected patients were studied where the efficacy, tolerability, 
and pharmacokinetics of a fixed dose combination of emtricitabine/tenofovir/ 
efavirenz (Atripla) when co-administered with first line TB drugs were investigated. 
HIV is a well known risk for TB and it alters the clinical course of TB disease. The 
concomitant treatment of these two infections poses challenge due to drug-drug 
interactions, immune reconstitution syndrome (IRIS), and high pill burden. The 
drug-drug interactions are mainly due to the induction effect of the cytochrome P450 
enzymes by rifampicin.
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We conducted a phase II dinical trial to evaluate the efficacy, tolerability, and phar
macokinetics of a fixed dose combination of emtricitabine/tenofovir/efavirenz when 
co-administered with first line TB drugs. A number of observations were made during 
this dinical trial: IRIS was not observed and the combination of the first line TB drugs 
with emtricitabine/tenofovir/efavirenz was well tolerated. There were nointeractions 
observed. The pharmacokinetic parameters (AUC, C max, and Cmin) of emtricitabine, 
tenofovir, and efavirenz were not significantly altered although the levels of efavirenz 
were slightly higher when co-administered with rifampicin based treatment, contrary 
to the expected induction by rifampicin. Likewise the pharmacokinetic parameter 
Cmax of the TB drugs rifampicin, isoniazid, pyrazinamide, and ethambutol were not 
significantly altered. The efficacy of both antiretroviral therapy and anti-TB therapy 
were not compromised by this combination. We conduded that co-administration of 
the Standard fist line TB treatment regimen with emtricitabine, tenofovir, and 
efavirenz does not alter pharmacokinetic parameters of either drugs to a dinically 
relevant extent. We recommended future studies to look into patiënt genetic factors 
because the metabolism of efavirenz is known to be extensively influenced by phar- 
macogenetic factors.

In Chapter 8, findings of the all studies are discussed in summary and identification of 
future steps that need to be taken as well as recommendations to improve the 
management of TB in Tanzania are provided. It is made clear that the success of the 
fight needs the joining of forces between all parties; governments, institutions, 
programmes, organizations, and individuals.
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SAMENVATTING

Tuberculose (TBC) is een infectieziekte die veroorzaakt wordt door Mycobacterium 
tuberculosis en tast vooral de longen (pulmonale TBC) maar ook andere organen (ex- 
tra-pulmonale TBC) aan, zoals de hersenvliezen, botten, pericardium, nieren en 
lymfeklieren. Het is een wereldwijd volksgezondheidsprobleem met ongeveer 9 
miljoen nieuwe gevallen per jaar. TBC is de grootste oorzaak van overlijden door een 
te genezen ziekte, ondanks de beschikbaarheid van effectieve behandeling sinds 
decennia. Ongeveer 1.3 miljoen mensen per jaar overlijden door door TBC. Naast 
directe gezondheidseffecten veroorzaakt TBC ook een significant verlies in de 
productieve werksector en de kosten van behandeling zijn erg hoog. De ziektelast van 
TBC nam toe met de verspreiding van HIV vanwege de negatieve effecten van HIV op 
het immuunsysteem. Daarom is TBC een grote veroorzaker van morbiditeit en 
mortaliteit onder HlV-geïnfecteerde personen. TBC wordt over het algemeen 
gerelateerd aan armoede omdat 8 0 %  van de incidente TB gevallen zich bevindt in 22 
landen met een hoge ziektelast. Die landen zijn vooral laag of midden inkomen 
landen in Afrika of Zuid-Oost Azië. Negen van deze landen liggen in Afrika en Tanzania 
is een van hen. In 2012 had Tanzania een geschatte incidentie van 169 per 100.000 
inwoners.

TBC behandeling is niet alleen een uitdaging vanwege de toename in ziektelast en 
co-infectie met HIV, maar ook door de toenemende resistentie. Multidrug-resistente 
TBC (MDR-TBC), gedefinieerd als resistentie tegen isoniazide en rifampicine, is een 
grote en toenemende uitdaging binnen de wereldwijde TBC controlemaatregelen. In 
2012 werden globaal 450.000 nieuwe gevallen van MDR-TBC geschat en ongeveer
170.000 gevallen overleden daaraan. Datzelfde jaar werd geschat dat 1,1% van de TBC 
gevallen MDR-TBC patiënten in Tanzania waren.
De huidige behandeling van medicatie-gevoelige TBC omvat een zes maanden durend 
regime waarin de vier eerstelijns geneesmiddelen (isoniazide, rifampicine, pyrazinamide 
en ethambutol) twee maanden worden gegeven, waarna de behandeling wordt 
voortgezet met isoniazide en rifampicin gedurende vier maanden. Behandeling van 
MDR-TBC is echter complexer en duurt langer. Bovendien zijn de medicijnen voor 
behandeling van MDR-TB duurder en toxischer dan de standaard TBC medicijnen. 
Aanbevolen medicijnen voor MDR-TBC zijn onder andere Amikacine/Kanamycine, 
Ofloxacine/Levofloxacine, Pyrazinamide, Ethionamide, Cydoserine en Ethambutol.

Er zijn nog steeds hiaten in de kennis die een optimale behandeling van TBC beperken 
en de strijd ertegen belemmeren. Deze omvatten aspecten van behandeling en 
epidemiologie van TBC in kinderen en behandeling van TBC in steeds meer 
voorkomende co-morbiditeiten zoals diabetes mellitus en HlV-infectie. Om de 
behandeling van TBC in Tanzania te verbeteren, hebben we een aantal studies 
opgezet en vervolgens uitgevoerd. Onze focus lag op het zorgvuldig beschrijven van
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de ziektelast in Noord-Tanzania alsook de klinische en farmacologische aspecten van 
de ziekte die inzicht geven in hoe de behandeling kan worden geoptimaliseerd. Alle 
onderzoeken die in dit proefschrift worden gepresenteerd zijn uitgevoerd in de 
Kilimanjaro regio.

in hoofdstuk 2 wordt de ziektelast van TBC beschreven in de kinderpopulatie in de 
Kilimanjaro regio. De epidemiologie van TBC in deze kwetsbare en vergeten groep 
wordt beschreven. We hebben aangetoond dat de ziektelast van TBC in kinderen in 
Kilimanjaro in Tanzania significant is; zij bedraagt 13% van alle TBC gevallen, en 
kinderen hebben een hoge mortaliteit (10.9%) en een laag behandelingssucces 
(72.9%), hetgeen slechter is dan de WHO-schattingen en rapporten vanuit landen als 
Malawi, Thailand en de Verenigde Staten. We zagen ook dat jonge kinderen (0-4 jaar) 
vaker aangedaan zijn dan oudere kinderen en dat testen op zuurvaste bacillen (AFB) 
weinig plaatsvindt; een kwart van de behandelde kinderen werd getest met 
Ziehl-Neelsen kleuring. We stelden vast dat het diagnostisch proces met hoge 
urgentie moet worden verbeterd, zoals middels de introductie en evaluatie van 
nieuwe middelen zoals geïnduceerd sputum, laryngeale swabs en nasopharyngeale 
aspiratie, moleculaire testen en actieve bron en contactopsporing.

In hoofdstuk 3 wordt de farmacokinetiek van eerstelijns TBC medicatie beschreven in 
Tanzaniaanse patiënten. Naast slechte therapietrouw, zijn lage bloedwaarden van 
TBC medicatie een andere mogelijke oorzaak van slechte behandeluitkomsten en 
dragen zij bij aan het ontwikkelen van resistentie. In deze studie vonden we dat de 
plasmaconcentraties van de belangrijkste TBC middelen in de meeste patiënten laag 
zijn. Meer specifiek had de helft van de studiedeelnemers isoniazide ‘piek'plasmacon- 
centraties en één derde rifampicine piekplasma concentraties beneden de referen
tiewaarden. Bovendien was de blootstelling aan de medicatie lager dan in andere 
onderzochte populaties in Afrika. We denken dat de gelijktijdige toediening van TBC 
medicatie en voedsel deels de lage plasmawaarden van TBC medicatie verklaart en 
bevelen verder onderzoek van de relatie aan. We bevelen ook aan een hogere dosis te 
gebruiken om zo hogere blootstellingen piekplasmaconcentratieste kunnen behalen. 
Hoofdstuk 4 onderzoekt of speeksel gebruikt kan worden als een alternatieve matrix 
voor farmacokinetische studies en voor het meten van geneesmiddelconcentraties 
(therapeutische medicatie monitoring). Dit is potentieel voordelig voor farmacoki- 
netisch onderzoek, vooral in kinderen, waar bloedafname minder gewenst is. 
Daarnaast is speekselafname makkelijk en goedkoop. We vergeleken concentraties 
van rifampicine in speeksel en plasma. We vonden dat de blootstelling aan speeksel- 
rifampicine significant lager was dan de eiwit-ongebonden blootstelling in plasma. 
Bovendien was het evident in deze studie dat speekselrifampicine niet in staat is om 
de totale (eiwit-ongebonden plus gebonden) plasma-concentraties van rifampcinete
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voorspellen. We concludeerden dat speekselconcentraties niet gebruikt kunnen 
worden als vervanger van plasma of serumconcentraties in therapeutische medicatie 
monitoring of in farmacokinetische studies. Echter, speeksel kan gebruikt worden in 
de patiëntenzorg als semi-kwantitatieve schatting, bijvoorbeeld om na te gaan of de 
medicatie niveaus laag, middelmatig of hoog zijn.

In hoofdstuk 5 onderzochten en zetten we eenzogenaamde 'plasma TBC geneesmiddel 
activiteit test- TDA) op voor Mycobacterium tuberculosis om na te gaan of het een 
alternatief kan zijn voor plasma medicatiemetingen voor het nagaan van behandel
ingsresultaat en vroege diagnose van behandelingsfalen. Meting van geneesmiddel- 
concentraties met High Performance Vloeistof Chromatografie (HPLC) is erg duur 
terwijl bloed en plasma geneesmiddeltesten goedkoop zijn en makkelijk uit te voeren. 
Bloed/plasma TBC geneesmiddel activiteit testen meten de tijd tot positiviteit 
(zichtbare groei) van tuberculosebacteriën gecultiveerd in plasma, vergeleken met 
controles (bacteriënn gecultiveerd in gewone media). In deze studie verzamelden 
patiënten sputum voor start van behandelingen dat werd gecultiveerd om bacteriën 
te isoleren voor iedere patiënt. Na twee weken behandeling werden de geïsoleerde 
bacteriën gerecultiveerd met het eigen plasma van de patiënten (dat de medicatie 
bevat die de patiënt heeft genomen). Het doden van de bacteriën werd gemeten met 
het MGIT 960 systeem. We vonden dat TDA correleerde met plasmaconcentraties, 
MIC en korte termijns behandelingsresultaat. Op basis van deze studie concludeerden 
we dat plasma bactericidale testen een veelbelovend middel zijn voor optimalisatie 
van TBC behandeling in laag-inkomen landen waar plasma geneesmiddelmetingen 
met HPLC niet bruikbaar zijn. Het werd aanbevolen om verdere studies te doen om de 
testte valideren.

In hoofdstuk 6 werd het effect van type 2 diabetes op de farmacokinetiek van 
eerstelijns TBC medicatie geanalyseerd. Gelijktijdige TBC en diabetes mellitus is een 
toenemende co-morbiditeit in ontwikkelingslanden omdat diabetes mellitus 
toeneemt in deze landen waar TBC endemisch is. Diabetes maakt iemand vatbaar 
voor TBC en diabetische TBC patiënten reageren slechter op TB-behandeling. We 
recruteerden 40 Tanzaniaanse volwassen TBC patiënten (20 alleen TBC, 20 TBC en 
diabetes) en namen bloed af voor inname van de TBC-geneesmiddelen en op 1,2,3,4,
6, 8,10, en 24 uur na geobserveerde medicatie-inname. We vonden dat zowel de 
blootstelling als de maximale (piek) concentratie van rifampicine en isoniazide lager 
zijn in diabetische dan in non-diabetische TBC patiënten. Een groot effect werd met 
name gezien voor isoniazide. De studie concludeerde dat deze effecten waarschijnlijk 
verklaard worden door de diabetes ziekte. De aanbeveling werd gegeven om de dosis 
van deze medicatie te verhogen in de behandeling van TBC-diabetes patiënten omdat 
het resulteert in verbeterde blootstelling.
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In hoofdstuk 7 werden HIV-TBC co-geïnfecteerde patiënten bestudeerd. We 
onderzochten de werkzaamheid, verdraagbaarheid en farmacokinetiek van een 
vaste-dosis-combinatie van emtricitabine/tenofovir/efavirenz (Atripla) dat werd 
gegeven samen met eerstelijns TBC medicatie. HlV-infectie is een bekend risico voor 
TBC en het verandert het klinisch beloop van de TBC ziekte. De gelijktijdige 
behandeling van deze twee infecties is uitdagend door de wisselwerkingen tussen de 
HIV en TBC-geneesmiddelen, het ‘immuun reconstitutie syndroom’ (IRIS) en de grote 
pillenlast. De wisselwerkingen komen vooral door inductie van cytochroom P450 
enzymen door rifampicine. We voerden een fase II klinische trial uit om de werk
zaamheid, verdraagbaarheid en farmacokinetiek van een vaste-dosis-combinatie van 
emtricitabine/tenofovir/efavirenz in combinatie met eerstelijns TBC medicatie te 
onderzoeken. Een aantal observaties werden gedaan tijdens de klinische trial: IRIS 
werd niet gezien en de combinatie van eerstelijns TBC medicatie met emtricitabine/ 
tenofovir/efavirenz werd goed getolereerd. Er werden geen relevante wisselwerkingen 
waargenomen. De farmacokinetische parameters (AUC, Cmax, and Cmjn) van 
emtricitabine, tenofovir, en efavirenz waren niet significant veranderd, hoewel de 
niveaus van efavirenz iets hoger waren wanneer toegediend met rifam- 
picinebehandeling, in tegenstelling tot de verwachte inductie door rifampicine. 
Eveneens was de farmacokinetische parameter Cmax van de TBC-geneesmiddelen 
rifampicine, isoniazide, pyrazinamide en ethambutol niet significant veranderd door 
de geneesmiddelen tegen HlV-infectie. De werkzaamheid van zowel antiretrovirale 
therapie als anti-TBC therapie werd niet verminderd door het gecombineerd geven 
van deze middelen. We concludeerden dat gezamenlijke toepassing van het standaard 
eerstelijns anti-TB regime met de anti-HIV-combinatie emtricitabine, tenofovir, en 
efavirenz de farmacokinetische parameters van beide geneesmiddelcombinaties niet 
verandert tot een klinisch relevant niveau. We bevelen verder onderzoek aan naar de 
genetische factoren van de patiënt omdat het metabolisme van efavirenz sterk wordt 
beïnvloed door farmacogenetische factoren.

In hoofdstuk 8 worden de resultaten van alles studies samenvattend bediscussieerd 
en worden mogelijkheden voor vervolgonderzoek vastgesteld. Daarnaast worden 
aanbevelingen om TBC behandeling te verbeteren gegeven. Het wordt duidelijk 
gemaakt dat het succes in de strijd tegen TBC vraagt om samenwerking tussen alle 
betrokken partijen: overheden, instituten, programma's, organisaties en individuen.
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MUHTASARI

Ugonjwa wa kifua kikuu (TB) ni maradhiya kuambukizayanayosababishwa na vimelea 
aina ya bacteria viitwavyo Mycobacterium tuberculosis. Ugonjwa huu huathiri zaidi 
mapafu (huitwa kifua kikuu, au kifua kikuu cha mapafu), lakini pia unaweza kuathiri 
viungo vingine kama vile utando unaofunika ubongo, mifupa, utando unaofunika 
moyo, figo, na pia matezi. Kifua kikuu ni tatizo kubwa la afya ya jamii duniani kote, 
ambapo huathiri takriban watu milioni tisa kila mwaka. Ugonjwa wa kifua kikuu 
unaongoza kwa kusababisha vifo vitokanavyo na ugonjwa wa kuambukiza unaotibika, 
licha ya kuwepo kwa dawa zinazoutibu kwa miongo kadhaa. Takriban watu milioni 
1.3 hufa kila mwaka kutokana na ugonjwa huu. Mbali na madhara yake ya moja kwa 
moja kiafya, ugonjwa wa kifua kikuu pia husababisha hasara kubwa ya nguvukazi ya 
uzalishaji mali, na gharama za kuutibu ni kubwa mno. Tatizo la kifua kikuu liliongezeka 
kufuatia kusambaa kwa ugonjwa wa UKIMWI kwa sababu ya athari ya UKIMWI kwenye 
mfumo wa kinga wa mwili. Kwa hiyo, kifua kikuu pia ni sababu kuu ya maradhi na vifo 
kwa watu wenye maambukizi ya VVU. Kwa ujumla kifua kikuu unachukuliwa kuwa ni 
ugonjwa unaohusiana na umaskini kwa maana zaidi ya asilimia 80 ya wagonjwa 
wanatoka katika nchi 22 zilizoathirika zaidi, ambazo ni nchi za kipato cha chini au cha 
kati, zilizoko Afrika au Asia ya Kusini-Mashariki. Kati ya nchi hizo, tisa ziko Afrika, na 
Tanzania ni miongoni mwao. Mwaka 2012 Tanzania ilikuwa na kiwango cha kifua kikuu 
cha wastani wa matukio 169 kwa kila watu 100,000.

Tiba ya kifua kikuu inakabiliwa na changamoto si tu ya kuongezeka kwa ukubwa wa 
tatizo la ugonjwa huo na uwepo wa maambukizi ya kifua kikuu na VVU kwa pamoja, 
bali pia ongezeko kubwa la usugu dhidi ya tiba yake. Ugonjwa wa kifua kikuu sugu 
(MDR-TB), unaofafanuliwa kama usugu dhidi ya dawa za isoniazid na rifampicin, 
umeibuka kuwa changamoto kuu na inayokua, dhidi ya jitihada za kimataifa za 
kudhibiti kifua kikuu. Mwaka 2012 kulikuwa na wastani wa wagonjwa wapya 450,000 
wa kifua kikuu sugu duniani kote, na takriban 170,000 kati yao walifariki dunia. Katika 
mwaka huo huo, asilimia 1.1 ya wagonjwa wa kifua kikuu nchini Tanzania walikadiriwa 
kuwa na kifua kikuu sugu. Tiba ya sasa ya kifua kikuu kisicho sugu inahusisha 
matibabuya miezi sita, ambapo dawa nne za mstari wa kwanza (isoniazid, rifampicin, 
pyrazinamide, na ethambutol) hutolewa kwa miezi miwiliya kwanza. Baadaya hapo, 
dawa mbili za isoniazid na rifampicin, hutolewa kwa miezi minne iliyobaki. Matibabu 
ya kifua kikuu sugu ni magumu zaidi na huhitaji muda mrefu. Aidha, dawa za kutibu 
kifua kikuu sugu ni aghali na zina madhara ya pembeni makubwa kuliko zile za kifua 
kikuu cha kawaida. Dawa zinazopendekezwa kwa ajili ya kutibu kifua kikuu sugu ni 
pamoja na Amikacin /  Kanamycin, ofloxacin /  Levofloxacin, pyrazinamide, Ethionamide, 
Cycloserine na Ethambutol.

Bado kuna maeneo kadhaa ya uelewa duni, jambo linaloathiri tiba boraya kifua kikuu 
na kudhoofisha mapambano dhidi ya ugonjwa huu. Maeneo hayo ni pamoja na
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masuala ya tiba na epidemiolojia ya kifua kikuu kwa watoto, tiba ya kifua kiktiu katika 
magonjwa-ambatano kama vile kisukari na VVU. Ili kuboresha tiba ya kifua kikuu 
nchini Tanzania, tuliandaa na kufanya tafiti kadhaa. Lengo letu lilikuwa ni kupambanua 
kwa umakini: ukubwa wa tatizo la ugonjwa wa kifua kikuu kaskazini mwa Tanzania, 
pamoja na masuala ya kitabibu na kifamakolojia yatakayosaidia katika kuboresha 
tiba. Tafiti zote zilizowasilishwa katika kitabu hiki zilifanyika katika mkoa wa 
Kilimanjaro nchini Tanzania.

Katika sura ya 2, ukubwa wa tatizo la kifua kikuu kwa kundi la watoto mkoani 
Kilimanjaro umepambanuliwa. Picha kamili ya kiwango na mtawanyiko wa kifua 
kikuu katika kundi hili hatarishi na lililosahaulika imepambanuliwa. Tumeonesha 
kuwa tatizo la kifua kikuu kwa watoto mkoani Kilimanjaro nchini Tanzania ni kubwa; 
wakichangia asilimia 13 ya wagonjwa wote, na kwamba watoto wana kiwango cha 
juu cha vifo (10.9%) na pia kiwango duni cha mafanikioya tiba (72.9%). Kiwango hiki 
cha mafanikioya tiba kikochini ukilinganisha na makadirioya Shirika la Afya Duniani 
(WHO) na pia ukilinganisha na ripoti za tafiti toka nchi nyingine kama Malawi, 
Thailand na Marekani. Tulibaini pia kuwa watoto wadogo (miaka 0-4) wanaathirika 
zaidi kuliko watoto wakubwa, na kwamba upimaji wa vimelea vya kifua kikuu (AFB 
testing) ulikuwa wa kiwango cha chini sana; kwa maana ni robo tu ya watoto 
waliotibiwa na dawa za kifua kikuu ndio walikuwa wamepimwa kwa kipimo hicho. 
Tumeonesha na kusisitiza haja na uhitaji wa haraka wa kuboresha mchakato wa 
uchunguzi, kama vile kuanzisha na kutathmini mbinu mpya mfano usisimuaji wa 
makohozi (induced sputum), laryngeal swabs na nasopharyngeal aspiration, vipimo 
vya molecular na utafutaji wa wagonjwa.

Katika Sura ya 3 pharmacokinetics ya dawa za kifua kikuu za mstari wa kwanza 
imepambanuliwa kwa wagonjwa wa kitanzania. Mbali na uzingatiaji duni wa 
matibabu, viwango vya chini vya dawa za kifua kikuu kwenye damu ni sababu 
nyingine inayoweza kupelekea matokeo mabaya ya matibabu na pia kutokea kwa 
usugu. Katika utafiti huu, tuligundua kwamba kiwango cha dawa muhimu za kifua 
kikuu kwenye damu kilikuwa cha chini katika idadi kubwa ya wagonjwa. Nusu ya 
washiriki wa utafiti walikuwa na kiwango cha kilele (Cmax) kwenye damu cha dawa 
ya isoniazid kilicho chini ya kiwango kinachotakiwa, na theluthi moja walikuwa na 
kiwango cha dawa ya rifampicin kilicho chini. Aidha kiwango cha mjumuisho 
(exposure) cha dawa hizi kilikuwa chini ikilinganishwa na tafiti zingine nje ya Afrika. 
Tuliweka dhana kuwa unywaji wa dawa pamoja na chakula umechangia kwa kiasi 
fulani udogo wa kiwango cha dawa kwenye damu katika utafiti wetu. Tulipendekeza 
pia kuwa ifikiriwe kutoa dozi kubwa ya dawa hizo ili kupata kiwango kikubwa cha 
dawa kwenye damu.

168



ML'HTASARI

Sura ya 4 inachunguza iwapo mate yanaweza kutumika karna sampuli mbadala 
katika tafiti za pharmacokinetics (PK) na katika kufuatilia tiba kwa upimaji wa dawa. 
Hii yaweza kuwa na manufaa kwa ajili ya tafiti za PK hasa kwa watoto, ambapo utoaji 
wa sampuli nyingi za damu haufai, na pia kwa sababu ya urahisi na unafuu wa 
ukusanyaji wa sampuli za mate. Tulilinganisha PK za dawa ya rifampicin katika mate, 
na katika damu. Tuligundua kuwa kiwango cha rifampicin kwenye mate kilikuwa 
chini zaidi kuliko kwenye damu. Aidha, utafiti huo ulidhihirisha kwamba kiwango cha 
rifampicin kwenye mate hakiwezi kutabiri kwa usahihi kiwango cha dawa hiyo 
kwenye damu. Tulihitimisha kuwa upimaji wa viwango vya dawa kwenye mate 
hauwezi kutumika kama mbadala wa upimaji kwenye damu na katika kufuatilia tiba 
kwa upimaji wa dawa, au katika tafiti za pharmacokinetics, lakini mate yanaweza 
kutumika kama makadiriotu katika tibaya wagonjwa kliniki mfano kubashiri kama 
kiwango cha dawa kiko chini, kati, au juu.

Katika sura ya 5 tulichunguza na kuandaa kipimo cha kubaini ufanyaji kazi wa dawa 
kwa njia ya kuotesha vimelea vya kifua kikuu kwenye sampuli ya damu (plasma TB 
drug activity assay- TDA) na kutathmini kama TDA inaweza kuwa mbadala wa upimaji 
wa dawa kwenye damu katika kutathmini maendeleo ya matibabu na utambuzi wa 
mapema wa usugu kwenye matibabu. Ufuatiliaji wa tiba kwa kupima kiwango cha 
dawa kwenye damu kwa kutumia njia ya HPLC ni aghali sana, lakini kipimo cha TDA ni 
nafuu na ni rahisi kukiandaa. TDA hupima muda wa vimelea vilivyovundikwa kwenye 
damu au plasma kuota ikilinganishwa na control (vimelea vilivyovundikwa sehemu 
isiyokuwa na dawa). Katika utafiti huo, makohozi ya wagonjwa yalichukuliwa kwa 
ajili ya kuotesha na kuopoa vimelea kabla hawajaanza tiba. Katika wiki ya pili ya 
matibabu, vimelea vilivyoopolewa vilivundikwa tena kwenye damu (damu ambayo 
ina dawa inayotumiwa na mgonjwa) na maangamizi ya bakteriayalitathminiwa kwa 
kifaa cha MGIT 960. Tulibaini kwamba TDA inalandana na viwango vya dawa kwenye 
damu pamoja na matokeo ya muda mfupi ya matibabu. Kutokana na utafiti huu 
tulihitimisha kuwa, TDA inaweza kuwa zana na yenye matumaini kwa ajili ya 
kuboresha matibabu ya kifua kikuu katika mazingira ya rasilimali haba na ambapo 
upimaji wa kiwango cha dawa mwenye damu kwa kutumia HPLC hauwezi kufanyika. 
Ilipendekezwa kuwa tafiti zaidi zifanyike ili kuthibitisha zana hiyo.

Katika Sura ya 6, athari za ugonjwa wa kisukari kwenye PK za dawa za mstari wa 
kwanza za kifua kikuu zilichambuliwa. Kifua kikuu kilichoambatana na ugonjwa wa 
kisukari ni tatizo linaloongezeka kwa kasi katika nchi zinazoendelea kwa maana 
ugonjwa wa kisukari unaongeza katika nchi hizi, ambako pia ugonjwa wa kifua kikuu 
upo kwa wingi. Ugonjwa wa kisukari huongeza uwezekano wa kupata kifua kikuu, na 
wagonjwa wa kisukari wenye kifua kikuu wana matokeo duni ya matibabu ya kifua 
kikuu.
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Katika utafiti huu tulisajili watanzania 40 wenye kifua kikuu (20 kati yao walikuwa na 
kifua kikuu tu, na 20 walikuwa na kifua kikuu pamoja na kisukari). Tulichukua sampuli 
za damu kabla ya dozi, na katika dozi ya saa ya 1, 2, 3,4, 6, 8, 10, na 24. Tuligundua 
kwamba, kwa dawa za isoniazid na rifampicin, kiwango cha mjumuisho (exposure) 
na kiwango cha kilele (Cmax) kwenye damu vilikuwa chini katika wagonjwa wa kifua 
kikuu wenye kisukari kuliko wasiokuwa na kisukari. Athari kubwa zaidi ilionekana 
katika dawa ya isoniazid. Utafiti alihitimisha kuwa athari hizi kwa sehemu kubwa 
zinasababishwa na ugonjwa wa kisukari. Pendekezo lilitolewa kuwa dozi za dawa hizi 
ziongezwe kwa wagonjwa wa kifua kikuu wenye kisukari kwa maana kwa kufanya 
hivi kiwango cha dawa kwenye damu huongezeka.

Katika sura ya 7, wagonjwa wenye maambukizi ya VVU na kufua kikuu walifanyiwa 
utafiti ambapo ufanisi, ustahimilivu/madhara, pamoja na PK ya mchanganyiko wa 
emtricitabine/tenofovir /  efavirenz (Atripla) zikitumiwa kwa wakati mmoja na dawa 
za mstari wa kwanza madawa za kifua kikuu, zilichunguzwa. Inafahamika kuwa 
maambukizi ya VVU huhatarisha na kupelekea kifua kikuu, na hubadilisha tabia na 
mwenendo wa ugonjwa wa kifua kikuu. Matibabu ya sambamba ya magonjwa haya 
mawili huleta changamoto kutokana na mwingiliano wa madawa, immune 
reconstitution syndrome (IRIS), na idadi kubwa ya kidonge. Mwingiliano huo wa 
madawa husababishwa hasa na uchochewaji wa vimeng’enyo vya saitokromu P450 
unaofanywa na dawa ya rifampicin.

Hivyo tulifanya utafiti wa majaribio kutathmini ufanisi, ustahimilivu, na PK ya 
mchanganyiko wa emtricitabine /  tenofovir /  efavirenz zikitumiwa kwa wakati 
mmoja na dawa za mstari wa kwanza za kifua kikuu. Tuligundua mambo kadhaa 
kwenye utafiti huu: Hapakuwepo na tatizo la IRIS, na matumizi ya sambamba ya 
dawa hizo hayakuleta madhara yoyote kwa wagonjwa, wala muingiliano. Vipimo vya 
ki-pharmacokinetic (AUC, Cmax, na Cmin) vya emtricitabine, tenofovir, na efavirenz 
havikuathiriwa japokuwa viwango vya efavirenz vilikuwa juu kidogo tofauti na 
matarajio. Hali kadhalika kipimo cha ki-pharmacokinetic (Cmax) cha dawa za 
rifampicin, isoniazid, pyrazinamide, na ethambutol hakikuathiriwa. Ufanisi wa dawa 
za kurefusha maisha na dawa za kifua kikuu havikuathirika kutokana na mchanganyiko 
huu. Tulihitimisha kwamba utoaji sambamba wa dawa za kifua kikuu za mstari wa 
kwanza, na dawa za kurefusha maisha (emtricitabine, tenofovir, na efavirenz) 
hauathiri vigezo vya ki- pharmacokinetic vya dawa zote hizo. Tulipendekeza tafiti 
zaidi kwa baadaye kuangalia masuala ya kinasaba dhidi ya dawa ya efavirenz kwa 
maana metaboliya dawa hii hutegemeana na sababu za kinasaba.

Katika sura ya 8, matokeo ya tafiti zote yamejadiliwa kwa ufupi, pamoja na kubaini 
hatua stahiki zinazofuata, na mapendekezo: mambo ambayo yatasaidia kuboresha
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matibabuya kifua kikuu Tanzania. Ikawekwa wazi kuwa mafanikioya kupambana na 
kifua kikuu yanahitaji kuunganisha nguvu na juhudi baina ya wadau wote: serikali, 
taasisi, mipango, mashirika na watu binafsi.
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