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UBERCULOSIS, A SCOURGE SINCE PREHISTORIC TIMES, AFFECTS MORE

than 9 million people and causes the death of 1.5 million people each year.

Effective treatment has been available for 60 years, but such treatment takes
at least 6 months, and resistance to the drugs, which is increasing throughout the
world, threatens the effectiveness of treatment.! This review summarizes the
theoretical principles of tuberculosis treatment, current therapeutic approaches,
areas of uncertainty, and persistent challenges.

PRINCIPLES OF TUBERCULOSIS TREATMENT

A series of clinical trials conducted by the U.K. Medical Research Council and the
U.S. Public Health Services between 1948 and 1986 showed that completion of a
6-month course of multidrug therapy could lead to a cure of drug-susceptible tu-
berculosis, with less than a 5 to 8% chance of relapse.>* When relapse occurs, it
usually happens within 12 months after the completion of therapy, indicating that
the disease was incompletely treated.* These trials showed that use of rifampin
with isoniazid allowed treatment to be shortened from 18 months to 9 months,
and the addition of pyrazinamide for the initial 2 months allowed further shorten-
ing of treatment to 6 months. In four recent clinical trials, attempts to shorten
treatment to 4 months by adding a fluoroquinolone were unsuccessful, with re-
lapse rates of 13 to 20%.>® Thus, standard treatment now consists of a 2-month
induction phase with at least isoniazid, rifampin, and pyrazinamide, followed by
a 4-month consolidation phase with at least isoniazid and rifampin.

During the first 2 months of effective therapy, viable bacteria in sputum sam-
ples from patients show a characteristic biphasic kill curve (Fig. 1A).° This indi-
cates that there are at least two bacterial subpopulations that differ in their intrin-
sic drug susceptibility: one subpopulation is rapidly killed, and the other responds
more slowly. The bacilli in this second and slowly replicating or nonreplicating
subpopulation have been classified as persistent (Fig. 1B). Persistent bacteria are
thought to be in a metabolic state that renders them less susceptible to killing by
drugs because of either local variation in an environmental factor (e.g., oxygen
abundance or pH) or generation of phenotypic variants under host immune pres-
sure.’® The effectiveness of combination therapy with antimycobacterial agents in
contemporary short-course regimens has been theorized to be the result of the
differential effectiveness of the individual agents against these discrete bacterial
subpopulations.!! This paradigm was most clearly enunciated by Mitchison, who
identified some drugs as having “bactericidal” activity (i.e., the ability to kill rapidly
multiplying bacteria) and others as having “sterilizing” activity (i.e., the ability to
kill persistent, or nonreplicating, bacteria).’?

Despite the usefulness of this conceptual model, there are some important
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Panel A shows the time course of decline of viable Mycobacterium tubercu-
losis in a sputum sample from a patient being treated for tuberculosis. The
number of bacteria declines at a rapid rate during the early phase of thera-
py (blue curve), with a less rapid rate of decline during the later phase (red
curve). The biphasic pattern that is observed (black dashed curve) suggests
that there are bacterial subpopulations that differ in their drug susceptibility.
CFU denotes colony-forming units. Panel B shows two proposed explana-
tions for this differential response: persistent bacilli and persistent disease.
The first explanation is that bacteria in a replicating state (blue) are more
susceptible to drugs than are bacteria in a nonreplicating state (red), which
can persist despite drug treatment. The second explanation is that some
bacilli are sequestered in thick-walled granulomas, where antibiotics are
not able to reach them, resulting in persistent disease.

Figure 1. Biphasic Decline in Viable Bacteria during Treatment for Tuberculosis.
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unexplained observations. After the first 2 months
of combination drug therapy, most patients no
longer have bacilli in their sputum that can be
cultured, but many must still complete an addi-
tional 4 months of treatment to avoid relapse.
The 6-month standard course of therapy for
drug-susceptible disease is clearly longer than
is necessary for some patients.>® Unfortunately,
it has proved extremely challenging to identify
which patients can be successfully treated for a
shorter time. A clinical trial of shorter treat-
ment for patients without cavities on baseline
chest films and with negative sputum cultures at
2 months was unsuccessful.’® This highlights
one of the central compromises we accept in
standardized tuberculosis treatment: overtreat-
ment of many cases to ensure cure of the overall
population.

Recent studies suggest that in many patients,
Mycobacterium tuberculosis bacteria are sequestered
in compartments that are inaccessible to anti-
biotic action; this could explain the poor long-
term treatment response in some patients de-
spite clearance of bacteria from the sputum. The
leading candidates for these sequestered com-
partments are the interior of granulomas, ab-
scesses, and cavities.' Patients with extensive
and long-standing disease frequently have sub-
stantial numbers of bacilli in such compart-
ments (Fig. 1B and 2). Studies of tuberculosis in
higher-vertebrate models (monkeys and rabbits)
and in patients with tuberculosis have used a
specialized imaging mass spectrometer that pro-
vides spatial information about how well tuber-
culosis drugs penetrate lesions. The degree of
penetration varies among agents. For example,
rifampin and pyrazinamide, the two drugs that
have contributed most to our ability to shorten
treatment, penetrate well into caseous foci. Moxi-
floxacin has heterogeneous distribution across
the granuloma, concentrating in the cellular
periphery and only minimally penetrating the
caseous center”?; this may partially explain the
inability to shorten treatment in clinical trials of
moxifloxacin-containing regimens. Thus, the lack
of sterilization with moxifloxacin may be attrib-
utable to the characteristics of the disease or to
the drug’s inability to kill persistent bacteria, or
to both. The ability of drugs to penetrate lesions
may be important in determining the effect of
specific drugs on treatment duration, especially
for patients with long-standing disease and sub-
stantial tissue destruction in whom large numbers
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Figure 2. CT Scans of the Lung in a Patient with Pulmonary Tuberculosis.

CT scans with three-dimensional volumetric rendering were obtained before treatment (Panel A) and after 2 months
of treatment (Panel B) and show slow resolution of a radiodense lesion (black) around the interior air (white) of a
cavity. The airways are shown in green and the vasculature in red.

of caseating tissue foci, poor vascularization, or
both may result in reduced drug delivery into
tissues.

Another potential explanation for the poor
clinical responses in some patients is inadequate
serum antimycobacterial drug levels, since low
serum levels further impede the ability of drugs
to penetrate infectious foci. One cause of low
serum levels can be inadequate absorption. Iso-
niazid, rifampin, and pyrazinamide levels are
decreased when the drug is taken with food,
whereas rifapentine absorption is increased with
a high-fat meal; fluoroquinolone absorption is
decreased by antacids.”® In addition, transporter
gene products can influence drug absorption;
variations in rifampin absorption (and excretion)
have been attributed to such gene products.”
Genetically determined metabolic pathways can
also influence serum drug levels. N-acetyltrans-
ferase is an enzyme that is involved in isoniazid
clearance; human genetic variation in the gene
encoding N-acetyltransferase (NAT2) can lead to
underexposure (in “fast acetylators”) or to an
elevated risk of hepatotoxicity (in “slow acetyl-
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ators”)*; this slow-acetylator genotype is present
in more than 50% of white persons. Poor clini-
cal responses to tuberculosis therapy have been
associated with decreased serum levels of both
rifampin and pyrazinamide.?*?

Finally, it was recognized early in the course
of clinical trials that multidrug chemotherapy
was necessary to prevent the emergence of drug-
resistant disease during tuberculosis treatment.?
The concurrent administration of at least two
and preferably three drugs markedly reduces the
proportion of relapses attributable to the emer-
gence of drug resistance. Since M. tuberculosis
does not appear to acquire resistance mutations
through transposition or conjugation, resistance
has been attributed to random genetic muta-
tion.”? Random genetic variation is primarily due
to errors introduced during DNA replication,
and lineages of M. tuberculosis strains do not ap-
pear to vary substantially in the intrinsic fidelity
of DNA polymerase.* However, the role of anti-
biotics in promoting M. tuberculosis mutation dur-
ing treatment has not been extensively explored.
Fluoroquinolones have been shown to increase
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bacterial mutation in vitro,” and subtherapeutic
levels of antimycobacterial agents have been as-
sociated with the emergence of drug resistance
in vivo.”® With the exception of drug-resistance
mutations, M. tuberculosis genetic factors appear
to have little bearing on the outcome of tubercu-
losis treatment. Although epidemiologic associa-
tions between M. tuberculosis families and a num-
ber of clinical outcomes have been observed, no
specific bacterial genes or gene products medi-
ating such events have been identified.”?

CURRENT TREATMENT APPROACHES

Diagnosis of tuberculosis has undergone rapid
evolution in the past decade. Although culture
remains the standard for both diagnosis and
drug-susceptibility testing, molecular DNA-based
diagnostics have become widely available and
permit both rapid diagnosis and preliminary as-
sessment of drug susceptibility. These approach-
es facilitate prompt initiation of tuberculosis
treatment regimens that can be expected to be
effective for individual patients. Ideally, the ini-
tial isolate for each patient should be tested to
rule out baseline drug resistance; if resources
are limited, such testing should at least be per-
formed for all patients who have a history of
previous treatment or contact with a patient with
a drug-resistant isolate.

The standard treatment regimen for presum-
ably drug-susceptible tuberculosis includes an
induction phase consisting of rifampin, isonia-
zid, and pyrazinamide, to which ethambutol is
added as protection against unrecognized resis-
tance to one of the three core drugs. Once sus-
ceptibility to isoniazid, rifampin, and pyrazin-
amide has been confirmed, ethambutol can be
discontinued. In young children, this drug is
frequently omitted if the source of transmission
is known to have drug-susceptible tuberculosis,
because recognizing the toxic effects of etham-
butol is challenging in children. The induction
phase is followed by a consolidation phase con-
sisting of rifampin and isoniazid for an addi-
tional 4 months of treatment.

The standard 6-month treatment regimen for
drug-susceptible tuberculosis is an exceptionally
long course of treatment as compared with the
duration of treatment of other bacterial infec-
tious diseases.3**! The prolonged regimen poses
two major challenges to success: managing drug
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toxicity and ensuring that patients adhere to the
full course of treatment. Drug toxicity is sub-
stantial; a review of retrospective studies using
similar definitions estimates that 3 to 13% of
patients have hepatotoxic effects.?> A recent pro-
spective cohort study of patients with drug-sus-
ceptible disease who received standard tubercu-
losis therapy documented a 15% incidence of
adverse drug reactions resulting in interruption
or discontinuation of one or more of the drugs.®
Of these adverse reactions, 7.7% resulted in hos-
pitalization, disability, or death. A wide variety
of reactions were reported; the most common
were hepatotoxic effects, gastrointestinal disor-
ders, allergic reactions, and arthralgias.

Overall, 16 to 49% of patients do not com-
plete the regimen.** Reasons for failure to com-
plete treatment are varied and include adverse
drug reactions, cost of treatment, stigma, and
the patient’s belief that cure has been achieved
when symptoms have resolved and bacteria can
no longer be recovered from the sputum.® Treat-
ment support and direct-observation programs
are useful in improving adherence but have not
entirely overcome these factors.

There is less evidence to support recommen-
dations for treatment of drug-resistant disease
than there is to support treatment recommenda-
tions for drug-susceptible disease. Drugs with
proven or potential efficacy against M. tuberculo-
sis that can be considered for treatment of drug-
resistant disease are shown in Table 1, and in
Table S1 in the Supplementary Appendix and in
the interactive graphic, both available with the
full text of this article at NEJM.org. In the case
of resistance to isoniazid (or unacceptable toxic
effects associated with isoniazid) in the absence
of rifampin resistance, a standard 6-month regi-
men in which isoniazid is replaced by a later-
generation fluoroquinolone (levofloxacin or moxi-
floxacin) is likely to lead to a similar treatment
outcome, and a 6-month regimen containing
rifampin, moxifloxacin, pyrazinamide, and eth-
ambutol for 2 months, followed by rifapentine
and moxifloxacin for 4 months, was recently
shown to be effective.?

Multidrug-resistant (MDR) tuberculosis, de-
fined as disease caused by M. tuberculosis that is
resistant to both rifampin and isoniazid (and
frequently other drugs), is complicated, and treat-
ment should always be guided by an experienced
physician.>® Whenever possible, the initial treat-

NOVEMBER 26, 2015

The New England Journal of Medicine
Downloaded from negjm.org at UNIVERSITY OF VERMONT on July 24, 2017. For personal use only. No other uses without permission.
Copyright © 2015 Massachusetts Medical Society. All rights reserved.



TREATMENT OF TUBERCULOSIS

juasedde A[jeoiuld Suiodaq a10jaq |ellUEISqNS 9q Ued sso| Suleay ‘Sulieay pue
‘s914|04129|3 ‘uondUNy [BUAL JOJIUOW {|njuled aq ued suonaul | 9duls ‘3|qissod Ji
PapUIILLODAI UOIIBIISIUILIPE A| ‘oW 8 SI g1-YIA 40 Ade1ay) Jo uoleINp papuUSLULLIOIDY

PapUSLLILLIOD3. JOU UIDEXO}
-IXowW 10 aul|inbepaq yym asn juaiinduod ‘feasaiul 21 O ayi Suojoud 1eys s3nip sayio
Y3IM Pasn usym papuaiLiodas duliojiuow 3so|d {s3nJp Jayio Yyum pasn usym uoijed
-uojoid [easajul-2] O a1erualod Aew {suoiledIpaLL Y10 JO 1293 asIaApe 3|qeidadde
-UN 10 0} 3JUBJSISAU JO ISNEBI 3|qE|IBABUN S| USLWIZ3J JUSLIIESI] DAIIIRYS UB UdYM
91-4AWN 404 uswiBau uorreuiqiod arerdoisdde ue jo ped se asn 4oy YN T ay3 Aq panociddy

P3pUSLUILLIOIAI JOU UIDBXO[JIXOW JO
pIUBLUE[IP YHM 3SN JUa4INdU0D {[easdiul 21 O ay3 Suojoud jeys sSnup Jay1o yum pasn
uayM papuawiLIodal Julioyuow asod ‘s3nup Jay1o yum pasn uaym uolreduojoid
[eAI1UI-D] O 91e1juat0d Aew {SUOIIBDIPILU 4310 JO $123)43 3SI9APE 3|qeidaddeun o
0] 9DUB)SISAJ JO 9SNEII] 3|GE|IBABUN S| USLIIZDI JUSLIIEAI} SAIIDIYS UB Udym g1 -4dIN
4oy uswial uoieuiquiod arelidoidde ue jo ed se N7 pue yd4 ayi Aq panoiddy

PSpUILILLIOD3] JOU PIUELLE|SP JO dUljinbepaq yim asn
JUa.LINDU0D {[eAsdiul 3] Q) ay3 Buojoud 1eys S3nIp JaYI0 YHM Pash Uaym papuaLLLLIOdal
Suuonuow as0)d {s3nap Jay1o yum uanid usym uoneduojoid [easaiul-o | O a1enualod Aey

[easa3ul 21 Q) ay3 Suojoud 183 S3NIp J9YI0 YHM Pash UaYM papuILLLLIOD3
Sunonuow 3s0)d ‘s3nip Jay1o yum uanid usym uonesuojoid [easaiul-o | O alenualod Aey

suixopuAd yum aai3 Aq1d1xo101eday Joj JolUOW {patapisuod aq pjnoys 33/3w
07—9T Jo asop & pue ‘(1931]/3w T> ‘D[|N) 92UBISISAI PIZEIUOS! [9A3]-MO] J24U0D (DYT
‘16T *D/v8) suoneinwi sajowoad yyui ‘uoljeinw | GTES DILY e Jo adUasqe syl ul :g1-4aiN

(1yv “8°9) s8nup Sunoesayul
Buiaieda sjuaned ul Aiessadau aq Aew syuaisn(pe asop ‘A1dixojoreday Joy souow
‘aseyd uonepijosuod ays ul Apjaam paisisiulwipe aq ued pue 3ji|ey 3uo| K1an e se

(1L¥V “8-9) s3nup 3unoesayul uiaiedal syuanjed Ul Aiessadau
aq Aew sjuawisn(pe asop ‘A11d1x0101edaY J0J JOJIUOW (UOIDAUI A|H Ylim Sjudied
ul |nyasn aq Aew pue sjuade |B4IA0IIBAIIUE Y)IM 1DBISIUI O} uidwiesls uey) Aj9y1] SS9

(1L¥V “8°9) s3nup 3unoesayul Suiaiedas syuanzed ui Aressadau
aq Aew sjuawisn(pe asop ‘A1dixoloreday Joj Jojiuow {(uonesauad 45 moj) sind
-UlUSW g Ul 8Wod1INo JuaLueas) saroadwil (3m z 354y aya ut Al 83/8w ¢1) asop uaydiy v

sjuswwo)

(8 1 ‘os0p Ajiep
WINLWIXELW) UOISISAUOD 24N3|Nd Jaye
pasn aq ued jym/skep ¢ 3y/3wi GT Jo
asop e bim/sAep /=G Ajlep BY/Bw ST Al ‘NI upeyIWY
ejep Loedlyye
juaniyns yum sjuade ajqealu|

M 7 404 Kep e ad1m3 Sw 00T 1206) pluewe|sg
(Pooy yum axes)
AM T 1oy dim/saun ¢ Bwi 0oz
Aq pamojjof ym z 104 Ajiep Bw 00y [BIO auljinbepag

Koeoiye pajuawindop yim sSnip maN

Airep 8w ooy Al ‘[B40 UIDEXOIXON

Allep 3%/3w 10T Al ‘|eI0 UIDEXO[}0AST]

(8L-¥a 404 papusw
-wodal asop 4ay3iy) Alep 33/8w g Al ‘|BIO piZeluos|

sauojouinboiony
uoljesauas-iale| pue pizeluos|

Apjam aouo 3w 00ZT-009

:aseyd uonepijosuod ‘aseyd uondnp

-Ul 104 "S"M dY3 Ul papuUaWILLIOIaI JON 1206) aunuadeyry
(pasn sawnawos
Alrep 8w Gy 01 dn sasop) Ajlep B4/3wi g |eI0 unngeyry

mC_U\AEmu—C SAlleUlR}|Y

(2A1129y9 asow

aq Aew sasop say3iy) Ajiep 3y/3w o1 Al |BIO uidweyy
supAwejry
synpy ui asoq anoy 8nig

»'SIUBAZ 9SISAPY UOWIWO)) pue ‘sadesoq papusawiioday ‘s8niq sisojndiaqny “T a|qeL

2153

NOVEMBER 26, 2015

NEJM.ORG

N ENGL ) MED 373;22

The New England Journal of Medicine
Downloaded from negjm.org at UNIVERSITY OF VERMONT on July 24, 2017. For personal use only. No other uses without permission.

Copyright © 2015 Massachusetts Medical Society. All rights reserved.



The NEW ENGLAND JOURNAL of MEDICINE

3nup 9|3uls e Se 3|qe[IBAR J0U S| PIDE JIUB|NAE|D JI WaudoIaW Y1IM Ja1SIUILLpY

Ayo1xo101edaY J0) JOYIUOW ‘paduo|

-04d aq p|noys juswieal; ‘aseyd uondnpul syl ul uawi3as paepuels e jo ped jou i pa

-1e49]01 s1 uidwieju pue pizeluosi o} ainsodxaal Ji pa1saddns jou si ainsodxaal ‘sdojan
-ap Audixojoreday 41 ‘uawidal sull-1s4ly OHM Y1 Jo aseyd uondnpul ul Snip uoluedwod

auIxop
-11Ad yum an13 {sniels |ejusaLL JOHUOW (BULI3SO[IAD UBY] DIX0) SSI)| SI ‘apAyap|ejeyiyd
-219] JO 9|NJ3|OW U0 PUE BULIASO|IAD JO S3|ND3[OW OM] JO 19npoid uolsny Y] ‘suopIzua |

auixopuAd yum an1d tuoipuny
p1oJAY} pue JaAI| JOJUOL ‘pIDE DI|ADI[ESOUILUE YHM UOIEUIGLUOD Ul P3]ela|o) JoU USYQ

Ajuo J219Yy1ed Snouan |esjuad Aq (adoung ul s|qe
eAe) 3UISOP A| ‘9PIWIEBUOIYIS 0 SpIWEUOI10Id Y1IM UOITRUIGUIOD Ul PS1RJS|0} J0U USYO

suixopuAd yum aai3 Kiojepuew si Ayredounau |essydiiad jo ssauaieme pue Junod
poojq jo Suliojiuow 3502 ‘Adelay Wia3-3Uo| YIIM UOLILIOD 2B SJUIAS ISIDAPE 29SS

A11IN2E |BNSIA JOJIUOL {UOIIBUILILIDSIP US343—Pai JO $SO| Yyim uidaq ued
pue 13suo ul pideJ aq UeD Jey) 3dUeqINISIp [BNSIA 9dnpul Aew ‘pizejuos| pue uidwieju
ueyy AnAioe 3u1z1|1U91S $S3| Y1IM Inqg uawiIZas aull-1saly OHM dy1 ul Snip uoluedwod

upAwoidalys 03 Juelsisal ale sutesls g1-4dIN Auew ‘quasedde Ajjedtuid Suiiod
-9q 240J9q |elIUEBISqNS 9q U.D SSO| Sulieay ‘Bulieay pue ‘sa1k|04129|9 ‘UoNdUNy [BUI
Jojuow {nyuied aq ued suol}a(ul | dduls ‘9]qissod JI PAPUILLLLIODAI UOIIBIISIUILUPE A|

juasedde Ajjeoiurp 3uiwodaq a10jaq [enueisqns aq ued sso| Juuieay ‘Suleay
pue ‘s914|04129]3 ‘UoIIdUNy BRI JojuOW {njured aq ued suodaful || duls ‘3|qissod i
papuaWILLIODal UOIEIISILILIPE A] ‘OW g S g1-4dIN 10} Adeiay] JO UoIjeINp papuaLLLLIOIDY

juasedde Ajjeoiuld Suiwodaq 210)9q [eliuelsqns aq ued sso| Suleay Bulieay

pue $914]0129]3 JOIUOLU OS|E ‘A||NJaJeD paJoliuoL 3q pjnoys pue 3uiualealyl-ajl| pue

219A35 2q UED Sal}ijewIouqe 314|04103)3 {|njuted aq ued suoaful | aduls ‘ajqissod i
PapUSLILLIOD3I UOIBIISIUILUPE A] ‘OW § SI g]-4IN 0} Adesay) Jo Luoljeinp papuaLLLLOdDY

sjuswwo)

(kep/3w 000¢
‘asop winwixew) Aep/sawiy ¢ 10 g
3/8w oy :3usuodwiod uljjdIxowy

m/skep ¢ Arep

3%/8w og 01 dn :Buisop Juaniwiaul
{(8w 0Oz ‘@sop wnwixew) Ajiep
/3w g¢—67 :(paussayaud) Suisop A1

(sasop papialp g—z ul 4o asop Ajiep
9j3uis e se 3w g/ Ajlensn) 3y/8w 101

(sasop papinip g~ ul 4o asop A|iep
9|3urs e se 3w o5/ Ajlensn) 3y/3w 0z-ST

Arep 8 z1
:snouanejul ‘Aep/sawin ¢ 3 ¢ :|e1O

Ajrep 3w 009

Ajrep 33/3w gz—51

(8 1 osop Ajiep

WINWIXELU) UOISIBAUOD 2N} ND JaYyE

pasn aq ued ym/skep ¢ 3x/3w g1 Jo
asop e Hm/skep /—¢ Ajiep 3y/3wi g1

(8 1 osop Ajiep

WINWIXELU) UOISISAUOD 24N} ND JaYyE

pasn aq ued ym/skep ¢ 3x/3w g1 Jo
asop e “m/skep /—¢ Ajiep 3y/3wi g1

(3 1 ‘asop Ajiep

WINLWIXELW) UOISISAUOD 2n}jNnd Jaye

pasn aq ued ym/skep ¢ 3x/3w gT Jo
asop e Hm/skep /—g Ajiep 3x/3w 1

synpy u ssoq

Al ‘|10

[e10

[e10

210

Al ‘[810

Al ‘[BI0

Al ‘[B1IO

AN

AN

AL

anoy

9]EUB|NAE|D—UI||IDIXOWY

ejep Loedyyo
pauwi| yum sSnip uoiuedwod

aplweuizelkd

2ULI9SO0[2AD 10 BUOPIZIID |
9PIWEUOIYIS 10 SPILUEUOII0Id
p1oe J1jAd1jeSouIY

pljozaur]

[oInquieyig
Leyep £oeoiye uadiyns yum sSnap [e10

uAwoldails

uAweuey|

uAwoaide)

8nug

(‘penunuod) 1 3jqeL

NOVEMBER 26, 2015

NEJM.ORG

N ENGLJ MED 373;22

2154

The New England Journal of Medicine
Downloaded from negjm.org at UNIVERSITY OF VERMONT on July 24, 2017. For personal use only. No other uses without permission.

Copyright © 2015 Massachusetts Medical Society. All rights reserved.



TREATMENT OF TUBERCULOSIS

ment regimen should be individually tailored
according to the results of drug-susceptibility
testing of the M. tuberculosis isolate from the pa-
tient, with testing performed either by culture or
with the use of DNA-based methods. In the ab-
sence of this information, empirical regimens
can be used, but as soon as the results of drug-
susceptibility testing become available, the treat-
ment regimen should be adjusted.””

On the basis of a large retrospective meta-
analysis, the World Health Organization (WHO)
recommends that the initial regimen for the
treatment of MDR tuberculosis include four drugs
to which the patient’s isolate is susceptible (plus
pyrazinamide, for which susceptibility results
are not usually available) in the induction phase,
which should last 6 to 8 months.* Several obser-
vational studies have suggested that an induc-
tion phase with more drugs to which the pa-
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treatment for tuberculosis. If they are not already
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receiving ART when tuberculosis is diagnosed,
ART should be initiated within 2 weeks after
starting antituberculosis treatment for persons
with a CD4+ T-cell count of less than or equal to
50 per cubic millimeter and within 8 weeks for
persons with a count above 50 per cubic milli-
meter.** Interactions between tuberculosis
drugs and antiretroviral drugs are common and
may require dose adjustment or substitution of
another agent.” Patients receiving ART and tu-
berculosis treatment are at high risk for the im-
mune reconstitution inflammatory syndrome
(IRIS), a sudden systemic inflammation and cyto-
kine storm syndrome resulting from activation
of the recovering CD4+ T cells, often from an
unrecognized opportunistic infection; such pa-
tients should be observed carefully for this con-
dition.*

AREAS OF UNCERTAINTY

There are conflicting opinions about many as-
pects of tuberculosis treatment, largely because of
the paucity of strong evidence. Treatment guide-
lines have been prepared by the WHO, the Inter-
national Union against Tuberculosis and Lung
Disease (the Union), and a number of countries,
and these various guidelines reflect this diversity
(see Table S2 in the Supplementary Appen-
dix).3*# In this section, we address some of the
areas in which general consensus is lacking.

TREATMENT OF DRUG-SUSCEPTIBLE TUBERCULOSIS

All the guidelines recommend use of the same
regimen for the treatment of drug-susceptible
tuberculosis, but with some variation in dura-
tion. The Indian guidelines,” for example, recom-
mend continuation of ethambutol for the full
6-month course. Although overall treatment for
6 months is standard and the WHO does not
recommend extension of treatment for any pa-
tients,*® prolongation is recommended in various
circumstances by a number of the guidelines.
For example, U.S. guidelines suggest that per-
sons with a cavity on the baseline chest film and
a positive sputum culture at 2 months should
receive an additional 3 months of consolidation
therapy®®; German guidelines™ suggest extend-
ing therapy in the case of persistent bacteria in
a smear or extensive disease, and Canadian
guidelines® recommend extending treatment if

cultures remain positive or cavities persist. Most
guidelines also support intermittent dosing, either
twice or three times weekly, during the consoli-
dation phase of treatment for drug-susceptible
tuberculosis, and some recommend once-weekly
administration of rifapentine and isoniazid in
the consolidation phase for selected patients.
However, U.S. guidelines recommend daily ad-
ministration in the consolidation phase for HIV-
infected patients because of concern that twice-
weekly dosing may lead to the emergence of
resistance against rifampin.

TREATMENT OF DRUG-RESISTANT TUBERCULOSIS
Recommendations for the treatment of tubercu-
losis that is resistant only to isoniazid are varied
but similar. All guidelines recommend a regi-
men consisting of a rifamycin, ethambutol, and
pyrazinamide, with or without a fluoroquino-
lone, for 6 to 12 months. Rifampin resistance is
rare in the absence of isoniazid resistance, but a
9-month regimen of isoniazid, pyrazinamide,
and streptomycin has been shown to be effec-
tive®®; however, it can be difficult for patients to
complete 9 months of treatment with an inject-
able agent. Eighteen-month regimens comprising
isoniazid, pyrazinamide, and ethambutol, with or
without a fluoroquinolone, are also recom-
mended, on the basis of clinical experience. The
WHO and some countries” recommend a regi-
men for MDR tuberculosis even in cases of mono-
resistant (i.e., rifampin-resistant) tuberculosis,
because on the basis of testing with GeneXpert
(Cepheid), many cases of tuberculosis are rifampin-
resistant and companion susceptibilities are not
known. If the isolate is susceptible to isoniazid
and pyrazinamide, a shorter and less toxic regi-
men can be used. For MDR tuberculosis, all the
national guidelines surveyed recommend regi-
mens that are individualized on the basis of the
results of drug-susceptibility testing. The WHO*
and the Union* recommend the use of empirical
regimens (based on prevailing national drug-
susceptibility profiles) when susceptibility test-
ing is not available.

TREATMENT OF TUBERCULOUS MENINGITIS

Most guidelines recommend prolonging therapy
to 9 to 12 months and adding glucocorticoid
therapy for patients with tuberculous meningi-
tis. There is less agreement about the need to
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ensure adequate drug delivery at the site of in-
fection by either increasing the dose of rifampin
or including in the regimen agents that have
better penetration into cerebrospinal fluid.*!

TREATMENT MONITORING

All guidelines recommend consideration of di-
rectly observed therapy but allow for flexibility
in the application of this strategy. This is consis-
tent with the lack of clinical trial data support-
ing the use of directly observed therapy and the
lack of standardized methods for implementa-
tion.®> Recommended follow-up schedules for
assessment of the treatment response and moni-
toring for drug toxicity vary, but most guidelines
recommend at least a follow-up visit at 2 months
and a visit at or near the end of treatment to as-
sess the clinical and microbiologic response.

PERSISTENT CHALLENGES

IDENTIFICATION OF PATIENTS REQUIRING
PROLONGED TREATMENT

Clinical or laboratory algorithms that could pre-
dict which patients will have a response to a
shorter course of treatment and which patients
require a longer course would allow more ap-
propriate targeting of resources and in many
cases would reduce drug toxicity and lessen the
effect of nonadherence to the regimen. Although
clinical factors are inadequate for predicting re-
sponses in individual patients, new molecular
techniques have identified some promising po-
tential biomarkers.®

USE OF PHARMACOKINETIC DATA TO IMPROVE
REGIMEN COMPOSITION

We need to better understand not only where
drugs penetrate but also the dosing strategies
that will achieve desired drug levels in tissues. It
is clear that current dosing of rifampin and levo-
floxacin is suboptimal, and studies are in prog-
ress to identify doses that achieve the maximal
clinical effect with an acceptable rate of adverse
events.**% A clearer understanding of the pene-
tration into lung cavities and the overall phar-
macokinetic profile of new drugs and second-
line agents will facilitate more rational design
of treatment regimens. Drug monitoring could
potentially increase the ability to tailor regimens
to individual patients so that the best ratio of

N ENGL ) MED 373;22
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therapeutic to toxic effects is achieved for each
drug in the regimen.” In resource-limited set-
tings, the traditional approach of “one size fits
all” may still be necessary, but with better infor-
mation and new tools, individualization of drug
combinations, doses, and duration of treatment
could revolutionize the field.

MORE RAPID AND ACCURATE ASSESSMENT OF DRUG
RESISTANCE

Rapid progress is being made in molecular diag-
nostics for drug resistance. With improved ac-
curacy and wider availability of molecular drug-
susceptibility testing, the current 6-to-8-week
delay in implementing the appropriate treatment
regimen for patients with drug resistance could
be shrunk to 24 hours.®*% This would substan-
tially decrease the time spent on the administra-
tion of inadequate regimens.

DEVELOPMENT OF NEW ANTIMYCOBACTERIAL
AGENTS

Several new classes of antimycobacterial drugs
have been developed in the past 15 years™
(Fig. 3). Two of these agents, the diarylquinoline
bedaquiline and the nitroimidazooxazole dela-
manid, have received accelerated regulatory ap-
proval and are currently being confirmed in
phase 3 clinical trials.*>”* We hope that such
agents will lead to shorter and more effective
regimens for the treatment of MDR tuberculosis
and will allow clinicians to avoid the use of in-
jectable agents, which have unacceptably high
rates of ototoxicity and renal toxicity. At the
present time, the role of the new agents in the
treatment of drug-susceptible tuberculosis ap-
pears to be limited. Other new drug classes
(benzothiazinones and imidazopyridines) show
promise in preclinical studies but have not yet
progressed to clinical trials.”>”> Resources to
support such translational research are urgently
needed.

DEVELOPMENT OF TREATMENT REGIMENS FOR
PEDIATRIC TUBERCULOSIS

Our knowledge of how to diagnose and treat
tuberculosis in children is inadequate. The patho-
physiological manifestations of tuberculosis in
young children differ from those in adults, as do
immune responses; absorption, metabolism, and
excretion of drugs; and sensitivity to drug toxic-
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. tuberculosis

Figure 3. Sites and Mechanisms of Action of Antimycobacterial Agents.

Shown are the known targets of various agents that have been used clinically in tuberculosis treatment. Many antituberculosis agents
target the M. tuberculosis cell envelope. The box is a high-resolution representation showing the agents that act on each of the three
component polymers of the macromolecular outer cell envelope. Drugs such as aminosalicylic acid act like antimetabolites; they are incor-
porated into folate metabolism as substrates and inhibit downstream folate-dependent processes. The mode of action of pyrazinamide
remains enigmatic, and the drug appears to act at least partially by acidifying the cytoplasm of the cell.
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ity. All these factors combine to make general-
ization from adult to pediatric treatment a
highly speculative undertaking. Efforts to define
the most effective treatment approaches, includ-
ing individualization of regimens, doses, and
treatment duration, must be extended to this
important group of patients.

FUTURE PROSPECTS FOR
TUBERCULOSIS TREATMENT

Treatment of tuberculosis began in the mid-
1950s with the first curative combination regi-
mens of isoniazid, streptomycin, and aminosali-
cylic acid, administered for up to 2 years. The
development of new drugs, first pyrazinamide
and then rifampin, followed by a series of clini-
cal trials, led to the current 6-month regimen. A
resurgence of interest in tuberculosis drugs,
stimulated by the Declaration of Cape Town in

2000, has given rise to the hope that less toxic,
radically shorter regimens of curative treatment
can be found. This will require developing a bet-
ter understanding of effective ways to use the
drugs that we have and moving a number of
promising new compounds from the bench to
clinical studies. The pharmaceutical drug devel-
opment model translates poorly to the develop-
ment of tuberculosis drugs, so the burden has
fallen on foundations and publicly funded trial
networks. Fortunately, the response has been
robust, and many new studies are being planned
or are under way. The next decade in the treat-
ment of tuberculosis should be an exciting one.
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