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ABSTRACT
Rationale: 
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Methods: 
Results: 
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INTRODUCTION
Although mortality from HIV-associated tuberculosis (TB) has been falling worldwide in recent years, about one-third of the approximately one million patients diagnosed with HIV-TB still die each year.7
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 Nevertheless, it will be essential for the international TB control community to have such information to guide clinicians and policy makers in choosing among new diagnostic tools and strategies and implementing them in coming years.
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, little is known about the frequencies of under-treatment or of over-treatment, or about the clinical impact of such decisions on outcomes important to patients and health systems.4

 (Add additional citations) Although the possible adverse consequences of wrong treatment decisions have been well-catalogued3

, but studies suggest that clinicians’ estimates of the balance of these effects and their thresholds for initiating treatment vary widely, even among individuals practicing in the same setting.


2

 to reducing TB prevalence and mortality in this population, presumably by informing earlier and more accurate treatment decisions. Decision theory suggests that clinicians should weigh the relative risks and benefits of treatment based on available clinical and diagnostic evidence
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 Much attention has focused on the potential contribution of new and better diagnostics,8

To address this information gap in one important clinical setting, and to provide a generalizable approach to generating data on the clinical impact of diagnostic strategies, we performed a longitudinal cohort study to measure the incidence of mortality as a consequence of the diagnostic accuracy of the initial TB treatment decision among HIV-seropositive inpatients suspected of TB in a low-income country with a high-burden of TB and HIV. We hypothesized that the accuracy of the initial treatment decision would predict mortality, and that knowledge of the balance of treatment effects could help inform the ongoing international discussion over appropriate treatment thresholds.
 ADDIN EN.CITE 
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METHODS

Study population and clinical evaluation

Between September 2007 and March 2011, we prospectively enrolled a consecutive random sample of HIV-seropositive adults (age ≥18 years) newly admitted to the medical wards of Mulago Hospital (Kampala, Uganda) with productive cough ≥2 weeks but <6 months duration. We excluded patients with concurrent or previous tuberculosis (TB) treatment in the previous two years.

We collected demographic and clinical information from all patients using a standardized questionnaire. Standard diagnostic evaluation of each patient included chest radiography, collection of blood for HIV antibody testing and CD4+ T-lymphocyte counts, and collection of sputum samples over two consecutive days for acid-fast bacilli (AFB) smear microscopy and culture. Trained technicians at the Uganda National TB Reference Laboratory performed all mycobacterial studies according to standard protocols.13

 but ceded final responsibility for prescribing decisions to hospital clinicians. 12

 We encouraged prompt initiation of TB treatment in accordance with national and international guidelines11

 During the period from August 2009 through June 2010, we also performed automated nucleic acid testing (Cepheid GeneXpert MTB/RIF, Sunnyvale, CA, USA) on the first sputum sample collected, but we did not release the results for management purposes at that time because the test was still experimental. Clinicians referred all HIV-infected patients with negative sputum AFB smears for bronchoscopy with bronchoalveolar lavage (BAL) with staining and culture for mycobacteria and fungi as previously described.
We invited all patients to return for a follow-up clinical examination and assessment of vital status two months after admission. We made several attempts to reach those who failed to return and their close contacts, calling them by telephone or by visiting their last known place of residence.
Analytic approach


Our primary aim was to measure the impact of the accuracy of the initial diagnostic test on mortality within eight weeks of enrollment. Because local clinicians used a variety of diagnostic tests and approaches of varying diagnostic accuracy to make treatment decisions, we defined the index test as positive if clinicians initiated treatment prior to hospital discharge. We defined the TB reference standard based on all available microbiologic data, defining TB status as positive in each of the following scenarios: ≥1 sputum culture on liquid mycobacterial media with any Mycobacterium tuberculosis (Mtb) growth; ≥1 sputum or BAL culture on solid mycobacterial media with moderate-to-heavy Mtb growth (>20 colony-forming units); sputum GeneXpert test positive for Mtb; or scanty Mtb growth (≤20 colony-forming units) from solid culture accompanied by a positive result on sputum AFB microscopy (Online Supplement, Table S1).
Statistical analysis 

We performed bivariate analyses of associations between demographic and clinical variables and the primary outcome, mortality within eight weeks of enrollment. We compared categorical variables using chi-squared or Fisher’s exact tests and non-normally distributed continuous variables using the Mann–Whitney rank-sum test. We plotted the Kaplan-Meier cumulative incidence of mortality within eight weeks, comparing outcomes across the four diagnostic accuracy strata – true positives, false negatives, false positives, and true negatives – using the log-rank test. We calculated risk ratios and their 95% confidence intervals (CI) for mortality relative to true-positive patients in each of the other three categories, using a generalized linear regression model with a logistic link and robust standard errors. We also calculated the risk ratio for mortality among false positives compared to false negatives.

Next, using the same generalized linear model format, we constructed multivariate regression models examining the influence of the initial treatment decision on mortality among those with a reference standard diagnosis of TB and those without. We included age, gender, the presence and duration of respiratory symptoms, CD4+ T-cell count, co-trimoxazole prophylaxis, prior antiretroviral therapy, new initiation of antiretroviral therapy within two months, pulse, respiratory rate, and oxyhemoglobin saturation by pulse oximetry, if they were associated with mortality in bivariate analyses (p<0.2).
For all of the above analyses, we defined significance in reference to the probability of a two-tailed, type I error (p-value) less than 0.05. Sample size arose from convenience, so, in lieu of power calculations, we estimated the precision of all outcomes using 95% confidence intervals. We performed all statistical analyses using STATA version 11 (College Station, Texas).

Finally, we calculated the theoretical threshold for initiating treatment for TB in our population as the point at which the mortality benefits of empiric treatment would be expected to balance out the mortality costs, according to previously described methods.
 ADDIN EN.CITE 
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 Taking the perspective of a clinician weighing a treatment decision, we considered only the mortality costs and benefits of treatment, making the simplifying assumption that economic and morbidity costs are less important in a setting where mortality rates among patients suspected of TB are so high.
Human Subjects

All enrolled patients provided written informed consent to participate, in accordance with a protocol approved by the Mulago Hospital Institutional Review Board, the Makerere University School of Medicine Research and Ethics Committee, the University of California San Francisco Committee on Human Research, and the Uganda National Council for Science and Technology. Some of these patients have appeared in one or more previous publications (Online Supplement).
RESULTS


Among 1295 HIV-seropositive adult patients admitted to Mulago Hospital with suspected TB, we were able to assign a final TB status in 1173 (91%), including 665/1173 (57%) with TB. (Figure 1) Overall, patients were young, with median age 33 (interquartile range (IQR) 28-40), with a higher proportion of women (650, 55%) than men. Most patients had advanced AIDS, with median CD4+ T-cell count 48 (IQR 15-160). Most (810, 69%) had been diagnosed with HIV prior to admission; 611 (52%) were using co-trimoxazole prophylaxis and 200 (17%) were taking antiretroviral therapy. Six-hundred sixty-two patients (63% of those with available data) reported taking antibiotics for the current illness prior to admission. Almost half of all patients (573, 49%) had positive sputum AFB smears. TB treatment was initiated in 478 (83%) of smear-positive patients prior to hospital discharge, and 105/600 (18%) patients with negative AFB smears. Median length of stay was 5 days (IQR 3-8 days). At the eight-week visit, 218 (19%) had been lost to follow-up, and of the remaining 955 patients, 236 (25%) had died.


We stratified patients based on the diagnostic accuracy of the initial treatment decision relative to the reference standard, and plotted the cumulative incidence of mortality in each of these four strata as a Kaplan-Meier hazard function (Figure 2). Among the 955 patients in whom the initial clinical evaluation could be classified relative to the reference standard, TB patients in whom the decision to initiate TB treatment was correct (true positives) represented the largest group (415, 43%), followed in size (355, 37%) by non-TB patients in whom the initial decision to withhold TB treatment was correct (true negatives). In 185 patients (19%), the initial TB treatment decision was incorrect, affecting 126 patients (13%) with TB in whom clinicians chose to withhold TB treatment (false negatives) at the time of hospital discharge. Finally, clinicians incorrectly initiated TB treatment in 59 patients (6%) without TB (false positives), or about half as often as they under-treated patients. Patients experiencing these false-negative initial treatment decisions had the highest mortality (37%, 95% Confidence Interval (CI) 28-46), followed closely by patients who received false-positive initial treatment decisions (31%, 95% CI 19-44), Mortality was lower among patients who were correctly classified patients, with true negatives (26%, 95% CI 21-31) dying more frequently than true positives (20%, 95% CI 16-24).


To evaluate whether the observed differences in mortality by initial treatment classification represent independent clinical predictors of mortality, we constructed a multivariate logistic regression model (Table 2). After adjusting for age, gender, dyspnea, duration of cough, CD4+ T-cell count, tachycardia, tachypnea, and hypoxemia, patients in whom the initial treatment decision was falsely negative remained at the highest risk of death, proving to be twice as likely to die as TB patients in whom the initial treatment decision fell in the true positive category (adjusted Risk Ratio (aRR) 1.98, 95% CI 1.47 – 2.67, p <0.001). Among patients without TB, even after adjustment for the above potential confounding factors, patients with a false-positive initial-treatment decision were 81% more likely to die than patients with a true-positive initial-treatment decision (aRR 1.76, 95% CI 1.17 – 2.66, p=0.007), and but were similarly likely to die as non-TB patients with a true-negative initial-treatment decision (aRR 1.13, 95% CI 0.76-1.70, p=0.54). Finally, patients in whom the initial treatment decision classified them as true negatives had a 55% adjusted increase in the overall chance of death relative to patients with a true-positive treatment decision (aRR 1.55, 95% CI 1.19 – 2.03, p=0.001).


Among TB patients, early and accurate treatment (true-positive treatment decisions) provided the benefit of a 17% (95% CI 7.8 – 26, p=0.008) absolute decrease in mortality compared to false-negative initial treatment decisions. Among non-TB patients, the cost of early, inaccurate treatment (a false-positive initial treatment decision) was a 5% increase (95% CI -7.7 to +17, p=0.43) in mortality compared to patients in whom treatment was withheld. After weighting these effects by their relative frequency, we calculated a treatment threshold of 22%, the probability of TB above which the benefits of empiric treatment outweigh the risks.(Figure 3) Our confidence in this threshold is limited by the non-significant point estimate for harm among non-TB patients. Using the extreme possibilities for benefit and harm contained within the upper and lower bounds of the 95% CI for estimates of the benefit of treatment among TB patients and the harm of treatment among non-TB patients, we calculated treatment thresholds as low as 0% and as high as 68%.
DISCUSSION

In order to realize the potential of new diagnostic approaches to reduce TB mortality, the international TB control community needs better ways of quantifying the value of diagnostics, so that clinicians and public-health officials can make more informed choices for patients and communities. In this study of a large cohort of HIV-seropositive patients admitted to a national referral hospital in Kampala, Uganda, with suspected TB, we found substantial increases in short-term mortality among patients in whom the initial TB treatment decision was incorrect, compared to TB patients who were treated early and accurately. Importantly, these parameters allowed us to compare the relative consequences of under-treatment and over-treatment, and to estimate a rational threshold for treatment initiation for clinicians seeking to balance these risks. This information, and, more importantly, this approach to measuring the impact of new diagnostic tests should prove useful in guiding clinical reasoning and decision analyses for public policy to improved patient and public-health outcomes. 
Several recently emerging insights from the TB diagnostics literature highlight some potential applications of our findings. In an innovative mixed-methods study from Rwanda, Basinga and colleagues found that intuitive TB treatment thresholds put forth by clinicians and public health officials were far higher than the TB treatment thresholds estimated by a variety of mathematical models. The authors note that a dearth of data on the costs and benefits of treatment was a major limiting factor for their analysis, including data like that provided by our study. Importantly, both the intuitive and the modeled thresholds presented in the Rwanda study were dramatically lower than the 85% threshold that clinicians believed was expected by the national TB program, based on older more restrictive guidelines. In our study, we found calculated treatment thresholds similar to the intuitive thresholds provided by the Rwandan clinicians, and substantially higher than those predicted by the models.
Without high-quality data on the impact of TB diagnostics and treatments, such models can easily overestimate the effectiveness and cost-effectiveness of new treatments.
8

 It is extremely important that we consider these costs and benefits fully as we evaluate new treatment approaches, including empiric TB treatment of selected at-risk populations.
9,15
 A fundamental insight of decision analysis is that the treatment threshold is a simple function of the cost-benefit tradeoff, so measures of these patient and public-health important outcomes should be collected from a wide variety of settings. More sophisticated modeling approaches can also account for the contribution of novel diagnostics, and further define the need for empiric treatment.16

 
In recent years, clinical practice guidelines have appropriately placed a heavy emphasis on avoiding the adverse consequences of false-negative treatment decisions17

, with clinicians anchoring subsequent management decisions on the incorrect assumption that the patient has TB rather than looking for alternative explanations. Although the retrospective design and limited power of our study did not allow us to differentiate between these possibilities, drug toxicities have not been associated with increased mortality in controlled trials. Ideally, the initial treatment decision should not dictate a patient’s ultimate outcome, and greater vigilance is needed to avert the potential adverse consequences of early closure of the diagnostic process, so that over-treated patients are recognized earlier and the true cause of illness be treated. This would lower not only the mortality of over-treatment but also the threshold for initiating treatment, thereby helping improve TB case detection rates and treatment outcomes, and ultimately lowering TB prevalence.13

, including unchecked TB transmission and the excess early mortality quantified here. There are several reasons why false positive treatment decisions may also be of concern. First, unnecessary TB treatments may be toxic and lead to drug interactions, particularly among patients taking antiretroviral medications. Second, and perhaps more importantly, incorrectly treating a patient for TB who does not have TB may lead to premature closure of the diagnostic evaluation process
Our study had a number of strengths. First, our data was collected in a routine operational setting and reflects clinical dilemmas and patient outcomes frequently encountered in low-income countries where the prevalence of HIV and TB are high. Second, we collected information on other important predictors of mortality, including variables to account for delayed presentation (symptom duration), quality of previous treatment (antibiotic prescriptions and cotrimoxazole use), and severity of HIV (CD4 count and use of antiretroviral therapy). Finally, our overall approach was novel in linking carefully measured epidemiologic outcomes with decision theory in order to provide a paradigm for understanding the impact of diagnostics on patient-important outcomes, a policy need that has been highlighted by experts in the TB diagnostics18

 and evidence synthesis.
There were a few limitations to our study. First, a small proportion (19%) of patients was lost to follow-up. Although these patients were evenly distributed across the four initial-treatment categories, we cannot exclude the possibility that stratum-specific mortality rates differed among those who returned compared to those who did not. Second, we did not account for treatments for TB or other diseases that were initiated after hospital discharge. Nevertheless, empiric treatment for TB or other diseases is unusual in this setting4

, and is unlikely to have affected our estimates of mortality among non-TB patients. Treatment initiation after receipt of culture results could also have led us to underestimate mortality among TB patients not treated at hospital discharge, but any effect is likely to have been small, since culture results take several weeks. Third, we focused only on mortality and did not account for morbidities that may also be associated with initial treatment misclassification, including psychological distress, drug toxicities, and additional medical expenses borne by patients and families in seeking a correct diagnosis. These under-studied consequences of treatment misclassification are particularly important to consider in populations at a lower risk of death, such as outpatients and HIV-negative patients, where failure to address such factors could further reduce trust in the health system. Nevertheless, mortality represents the endpoint of greatest significance for HIV-infected patients, in whom TB remains the leading cause of death worldwide. 

In summary, eight-week mortality rates differed substantially based on the accuracy of the initial treatment classification, illustrating the value of measuring the impact of initial treatment decisions on outcomes important to patients and health systems. Furthermore, these measurements have facilitated accurate modeling of fundamental aspects of clinical reasoning8

 Future studies should apply and expand these methods to provide more high-quality data on the clinical and public health impact of new TB diagnostic and treatment strategies.16

 and may also prove useful for more sophisticated decision analysis for public policy.
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Figure 1. Patient enrollment diagram.
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Table 1. Demographic and baseline clinical characteristics of the study participants.
	Characteristics*
         N (%)*
	Died

(n=236)
	Survived
(n=719)
	p-Value

	Median age, years (IQR)
	32 (28-38)
	34 (28-40)
	0.040

	Women
	120 (51)
	406 (56)
	0.15

	Previously diagnosed with HIV
	171 (72)
	497 (69)
	0.37

	Median CD4+ T-cell count, cells/µL (IQR)
	30 (9-85)
	55 (19-171)
	<0.001

	Taking co-trimoxazole prophylaxis prior to admission
	128 (54)
	376 (52)
	0.65

	Taking antiretroviral therapy prior to admission
	44 (19)
	123 (17)
	0.62

	Taking antibiotics prior to admission
	125†(59)
	433‡(66)
	0.10

	Fever (Temperature ≥ 38.5°)
	57 (24)
	156 (21)
	0.47

	Tachycardia (Pulse >100 beats per minute)
	161 (68)
	443 (61)
	0.074

	Tachypnea (Respiratory rate >20 breaths per minute)
	207 (88)
	596 (83)
	0.082

	Hypoxemia (Oxyhemoglobin saturation <93%)
	92 (39)
	180 (25)
	<0.001

	TB treatment initiated prior to discharge
	99 (42)
	375 (52)
	0.007

	TB diagnosis according to reference standard
	127 (54)
	414 (58)
	0.33


Abbreviations: IQR, Interquartile range; N, number; TB, tuberculosis
Legend: *218 patients missing two-month vital status †25 patients missing data ‡61 patients missing data
Figure 2. Cumulative hazard for death within eight weeks of enrollment, stratified by the accuracy of the initial tuberculosis treatment classification
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Abbreviations: FN, False Negatives; FP, False Positives; TN, True Negatives; TP, True Positives
Table 2. Unadjusted and adjusted multivariate model of association between initial tuberculosis treatment classification and mortality eight weeks after enrollment.
	Characteristic
	Unadjusted

Risk Ratio
(95% CI)
	p-Value


	Adjusted*

Risk Ratios
(95% CI)
	p-Value



	TB treatment classification
	
	
	
	

	False negative
	1.87 (1.38 – 2.53)
	<0.001
	1.98 (1.47 – 2.67)
	<0.001

	False positive
	1.56 (1.01 – 2.41)
	0.043
	1.76 (1.16 – 2.66)
	0.007

	True negative
	1.31 (1.01 – 1.71)
	0.043
	1.55 (1.19 – 2.03)
	0.001

	True positive
	Reference
	--
	Reference
	--


Abbreviations: CI, confidence interval; IQR, Interquartile range; N, number; TB, tuberculosis
Legend: *Adjusted for age, gender, presence of dyspnea, duration of cough symptoms, CD4+ T-cell count, baseline antiretroviral use; tachycardia, tachypnea, and hypoxemia. 
Figure 3. A mathematical model of the threshold for TB treatment based on measured costs and benefits
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The treatment threshold represents the point at which the benefits (B) of TB treatment among TB patients equal the costs (C) of TB treatment among non-TB patients. This is shown above graphically where the lines of cost and benefit cross, and represents a point that is independent of the prevalence of disease in the population. Mathematically, the expression can be simplified to 1/ (1 + B/C), or the probability associated with the odds of benefit compared to harm.
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