
Univ
ers

ity
 of

 C
ap

e T
ow

n

 

!""#$%&'()*+$*+'(*,-%./$)-)*$0*)1(%#2/(.%+-3(*%/,*

)"4+412)&%#&(*56*-/*7$4+'*!0#-&%*

*

8$/%+'%/*9#%/+*:(+(#;*<6='6;*<<(,*><(,?;*@=:*>7!?!

!

5'()-)*"#()(/+(,*0$#*+'(*A(.#((*$0**

AB=5BC*B@*:DEFB7B:DG*

E/*+'(*A("%#+1(/+*$0*<(,-&-/(;*

@%&4H+I*$0*D(%H+'*7&-(/&()*

JKELMC7E5G*B@*=!:M*5BNK*

*

!4.4)+*OPQR**

*

74"(#3-)$#S*

:#$0())$#*T((#+%/*A'(,%*

! !



 

 

 

 

 

 

 

 

 

The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 

 

Published by the University of Cape Town (UCT) in terms 
of the non-exclusive license granted to UCT by the author. 
 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

!"#$%!&$'

"()*+,-./0'(/0'123-415656'

!"#$%&'(#)*+,-./#."#0!123"435,-#63'',"7/#'(3#8&+43"#%*#653.+2"37.',93#:$;<#."4#

6=&'&526-.+-3#:$$<#>?#,6#.#5.@%+#=&8A,-#(3.A'(#-.'.6'+%=(3B#C,.7"%6',-#43A.D#%+#*.,A&+3#

,6#.#E3D#8%''A3"3-EB#F3#(D=%'(36,634#'(.'#,<#.66,6'34#6=&'&5#6.5=A,"7#&6,"7#6=&'&5#

,"4&-',%"#:$!</#."4#,,<#'(3#&63#%*#'(3#"3G3+#4,.7"%6',-#'%%A6#:H=3+'#I>?JK!L#."4#&+,"3#

M)I#6'+,=</#-%&A4#,5=+%93#4,.7"%6,6#%*#$;#%+#$$>?#."4#,5=.-'#-A,",-.A#-.+3B#F3#

,"936',7.'34#'(3#.--&+.-D#."4#,5=.-'#%*#'(363#.==+%.-(36#.'#4,**3+3"'#A393A6#%*#'(3#

(3.A'(26D6'35B#

7541-06'

L%&+#-%(%+'6#G3+3#+3-+&,'34B#:,<#!"#'(3#*,+6'/#%93+.AA#$!#4,.7"%6',-#.--&+.-D#G.6#

39.A&.'34#,"#NON#=.',3"'6#G,'(#6&6=3-'34#$;2#%+#$$>?#+3*3++34#'%#.#(%6=,'.A28.634#

-A,",-B#:,,<#!"#'(3#63-%"4/#'(3#,5=.-'#%*#$!/#=3+*%+534#,"#=+,5.+D2-.+3/#%"#',532'%2

'+3.'53"'#G.6#-%5=.+34/#&6,"7#.#KP>#436,7"/#'%#."#.A'3+".',93#6,5=A3#53'(%4#%*#

(3.A'(-.+3#G%+E3+#:0PF<2=+%9,434#,"6'+&-',%"#'%#.66,6'#6=&'&5#6.5=A,"7#,"#QRS#

=.',3"'6B#>(3#&',A,'D#%*#H=3+'#I>?JK!L#G.6#39.A&.'34#,"#'(3#6.53#-%"'3T'B#:,,,<#!"#'(3#

'(,+4/#H=3+'#I>?JK!L#G.6#39.A&.'34#,"#UON#%&'=.',3"'6#G,'(#6&6=3-'34#>?B#:,9<#!"#'(3#

*%&+'(#-%(%+'#&+,"3#M)I#6'+,=#'36'#=3+*%+5."-3#."4#,"-+353"'.A#-A,",-.A#&',A,'D#G.6#

39.A&.'34#,"#UVW#(%6=,'.A,634#=.',3"'6#G,'(#6&6=3-'34#>?#0!1#-%2,"*3-',%"B#!"#

$%&'()%*+,-,#A,X&,4#-&A'&+32=%6,',9,'D#."4#."#3T=."434#-A,",-.A2-.63#43*,",',%"#63+934#.6#

'(3#=+,5.+D/#."4#G(3+3#.==A,-.8A3#63-%"4.+D/#+3*3+3"-3#6'."4.+46B#

%56.846'

'

:,<#!"#'(3#*,+6'#-%(%+'/#$!#=+%9,434#.#6=3-,53"#YR5A#,"#ZW[#%*#=.',3"'6/#."4#-&A'&+32

8.634#4,.7"%6',-#D,3A4#G.6#RQ[/#G,'(#(,7(3+#D,3A46#,"#0!12,"*3-'34#93+6&6#&","*3-'34#

=3+6%"6#:RS[96B#O[/#=\]B]V<B###

:,,<#!"#'(3#63-%"4#-%(%+'/#$!#73"3+.'34#5%+3#6=3-,53"6#YR5A#:ZO[#96B#SS[^#=_]B]]R<#

."4#(.4#.#(,7(3+#-&A'&+328.634#>?#4,.7"%6,6#:RO[#96#RR[^#=\]B]V<#'(."#(3.A'(-.+3#

G%+E3+#:0PF<2#=+%9,434#,"6'+&-',%"B#0%G393+/#6.5324.D#-.63#43'3-',%"#&6,"7#653.+2

5,-+%6-%=D#:."4#H=3+'#I>?JK!L<#G.6#6,5,A.+/#."4#35=,+,-#'+3.'53"'#+.'36#G3+3#



Univ
ers

ity
 of

 C
ap

e T
ow

n

(,7(3+#,"#,"6'+&-'34#93+6&6#,"4&-34#=.',3"'6#:N][#96B#WZ[/#=\]B]R<B#>(&6/#.#6,5,A.+#

=+%=%+',%"#,"#3.-(#7+%&=#,",',.'34#>?#'+3.'53"'#:VQ[#93+6&6##VS[/#=\]BO<#."4#'(3+3#

G.6#"%#4,**3+3"-3#,"#'(3#',532'%2'+3.'53"'#,",',.',%"B#0PF2=+%9,434#,"6'+&-',%"#G.6#

A366#-%6'AD#:`$aVBRU#96B#`$aSBZZ<#."4#(.4#*3G3+#6,4323**3-'6#:][#96B#RV[/#=_]B]]R<#

'(."#$!B##

:,,,.#!"#'(3#'(,+4#-%(%+'/#'(3#63"6,',9,'D#:OQ[#-%"*,43"-3#,"'3+9.A/#P!<#%*#'(3#H=3+'#

I>?JK!L#.66.D#G.6#QQ[#:WQ2SW<#,"#$;>?#=.',3"'6#&6,"7#3T=3-'%+.'34#6=&'&5#

6=3-,53"6B###

:,9<#!"#'(3#*%&+'(#-%(%+'/#'(3#63"6,',9,'D#:OQ[#P!<#%*#'(3#&+,"3#M)I#6'+,=#'36'#G.6#QR[#

:WW2NN<#,"#$;2#%+#$$>?#0!1#-%2,"*3-'34#=.',3"'6#G,'(#PCUbV]]-3AA6J5AB#>(3#KcP2-&+93#

63A3-'34#7+.432V/#."4#"%'#'(3#5."&*.-'&+3+d6#6&7736'34#7+.432R#-&'2=%,"'/#%=',5,634#

,"'3+2%863+93+#.7+3353"'#:=\]B]]V<#."4#'36'#6=3-,*,-,'D#e7+.432Vf#OO[#:OU2R]]<#96B#

7+.432Rf#O][#:ZV2OQ</#=\]B]]Og/#'(3+38D#5.T,5,6,"7#+&A32,"#&',A,'D#:7+.43#V#MKhf#

VNBR<B#`+,"3#M)I#43'3-'34#.#6,5,A.+#%93+.AA#=+%=%+',%"#%*#>?#-.636#'%#4,.7"%6,6#8.634#

%"#-A,",-.A#."4#PHK#*,"4,"76#.A%"3#:UQ[#96B#Q][/#=\]BU<B#0%G393+/#=.',3"'6#43'3-'34#

8D#&+,"3#M)I/#8&'#5,6634#8D#-A,",-.A#."4#PHK#6-+33","7/#(.4#(,7(3+#IiF$#,AA"366#

6393+,'D#6-%+36#:=\]B]]R<#."4#A%G3+#PCU#-3AA#-%&"'6#:=\]B]]Z<B##

&-/)8.69-/6'

$=&'&5#6.5=A,"7#&6,"7#$!#-."#.,4#$;2#."4#$$>?#4,.7"%6,6#G,'(#7+3.'36'#&',A,'D#,"#0!12

,"*3-'34#=.',3"'6B#!"#.#=+,5.+D#-.+3#63'',"7#(,7(#+.'36#%*#35=,+,-#'+3.'53"'#.''3"&.'3#

'(3#,5=.-'#%*#,5=+%934#$!#6.5=A,"7/#."4#-&A'&+328.634#>?#43'3-',%"/#%"#=.',3"'2

,5=%+'."'#'+3.'53"'#%&'-%536B#P%"63X&3"'AD/#6,5=A3#0PF2=+%9,434#,"6'+&-',%"#5.D#

83#'(3#=+3*3++34#,",',.A#6.5=A,"7#6'+.'37D#*%+#.4&A'6#G,'(#6&6=3-'34#$;2#."4#$$>?#,"#.#

+36%&+-32A,5,'34/#(,7(#8&+43"#=+,5.+D#-.+3#63'',"7B#I>?JK!L#'36',"7#%"#3T=3-'%+.'34#

6=&'&5#6=3-,53"6#G,AA#6&86'."',.AAD#43-+3.63#*+%"'A,"3#'36'#"37.',93#>?#8&'#G,AA#"%'#

.43X&.'3AD#.44+366#$$>?B#L%+#'(3#A.''3+/#&+,"328.634#M)I#6'+,=#'36',"7#5.D#83#.#&63*&A#

4,.7"%6',-#.4@&"-'#'%#7&,43#3.+AD#'+3.'53"'#,",',.',%"#8&'#A,E3AD#%"AD#,"#(%6=,'.A,j34#>?#

0!1#-%2,"*3-'34#=.',3"'6#G,'(#.49."-34#,55&"%6&==+366,%"B#c"7%,"7#,5=.-'#."4#

%=3+.',%".A#6'&4,36#.+3#"%G#+3X&,+34B##

'



Univ
ers

ity
 of

 C
ap

e T
ow

n

!&:;<=>?@A?7?;$#'

>(3!+363.+-(!+3=%+'34!,#!'(,6!'(36,6!G.6!5.43!=%66,8A3!'(+%&7(!*&#4,#7!6&==%+'!.6!

*%AA%G6f!,<!C,6-%93+D!03.A'(!)-.435,-!L3AA%G6(,=^!,,<!$%&'(!)*+,-.#!>?!0"1!'+.,#,#7!

:$)>?)><!+363.+-(!'+.,#,#7!.G.+4!*&#434!8D!L%7.+'D!"#'3+#.',%#.A!P3#'3+!.#4!;"0!

:;"0JL"P!R`VK>F]]SWSW!.#4!Q`VK>F]]SWS]<^!,,,<!L%7.+'D!"#'3+#.',%#.A!PA,#,-.A!

K363.+-(!$-(%A.+6JL3AA%G6(,=!'(.'!G.6!*&#434!'(+%&7(!;"0!7+.#'!KVU>F]]SOZZ^!.#4!

,9< P.+#37,3!P%+=%+.',%#!)-.435,-!L3AA%G6(,=/!.#4!9<!.#!iCP>k!>?;i)>!k(C

*3AA%G6(,=B!"#!.44,',%#/!'(3!G%+E!+3-3,934!8+%.43+!,#*+.6'+&-'&+.A!6&==%+'!'(+%&7(!5D!

6&=3+9,6%+/!k+%*366%+!l33+'.#!C(34.d6!7+.#'!*&#4,#7B!k+%*366%+!C(34.!,6!6&==%+'34!8D!

'(3!iCP>k!:>?!;i)>!.#4!>i$)!7+.#'6</!$)!C$>!.#4!'(3!;KL!:$)KP("<B!!

"!'(.#E!5D!6&=3+9,6%+/!k+%*366%+!l33+'.#!C(34./!*%+!(,6!-%#',#&34!5%',9.',%#/!

,#'3+36',#7!.#4!(3A=*&A!.-.435,-!4,6-&66,%#/!G,63!.49,-3/!.#4!43'.,A34!+39,3G!.#4!

-+,',X&3!%*!5.#&6-+,='6!.6!'(3D!G3+3!4393A%=34!'%G.+46!=&8A,-.',%#B!"!G%&A4!.A6%!A,E3!'%!

'(.#E!C+!m+.#'!>(3+%#/!.!=%6'24%-'%+.A!*3AA%G!.'!'(3!`P>!M&#7!"#*3-',%#!.#4!"55&#,'D!

&#,'/!G(%5!"!G%+E34!-A%63AD!G,'(!%#!5.#D!.6=3-'6!%*!'(,6!=+%@3-'/!.#4!G(%63!.-.435,-!

,#=&'!.#4!-+,',X&3!%*!5D!5.#&6-+,='6!(.93!3#(.#-34!5D!6-,3#',*,-!+,7%&+!.#4!.''3#',%#!

'%!43'.,AB!

"!'(.#E!.AA!'(3!=.',3#'6!G(%!=.+',-,=.'34!,#!'(363!6'&4,36!.#4!'(3!6'.**!.'!'(3!*.-,A,',36!

G(3+3!'(3!G%+E!G.6!-%#4&-'34!:m&7&A3'(&/!M.#7./!.#4!P(.=3A!$'+33'!=+,5.+D!-.+3!

-A,#,-6^!m+%%'3!$-(&&+/!1,-'%+,./!$%53+63'/!.#4!mL!n%%6'3!0%6=,'.A6<B!"!'(.#E!.AA!'(3!

434,-.'34!+363.+-(!6'.**!%*!'(3!`P>!M&#7!"#*3-',%#!.#4!"55&#,'D!&#,'/!=.+',-&A.+AD!'(3!

5.#D!6'&4D!+363.+-(!#&+636!*%+!'(3,+!434,-.',%#!.#4!-.+3!*%+!=.',3#'6/!'(3!4.'.!'3.5!*%+!

'(3,+!+,7%+%&6!X&.A,'D!-%#'+%A/!.#4!'(3!A.8%+.'%+D!6'.**!*%+!'+.,#,#7!53!,#!A.8%+.'%+D!

'3-(#,X&36!.#4!=+%-366,#7!.#4!=3+*%+5,#7!4,.7#%6',-!'36'6B!"!'(.#E!5D!-%AA3.7&36!G(%!

=.+',-,=.'34!,#!'(3!-A,#,-.A!5.#.7353#'!.#4!+39,3G!%*!6'&4D!=.',3#'6!:n%(#6%#!>(%5.6/!

I3AA,66.!k.6-%3/!)6(33#!0.+,=3+6.4/!$.+.(!l+.&6/!.#4!MD#3AA3!I%''.D<B!"!.A6%!G,6(!'%!

'(.#E!'(3!.45,#,6'+.',93!6'.**!%*!'(3!`P>!M&#7!"#*3-',%#!.#4!"55&#,'D!&#,'!*%+!(3A=!G,'(!

'(3!5.#D!(%&+6!%*!=.=3+G%+E!+3X&,+34!'%!-%#4&-'!+363.+-(!6'&4,36B!!

L,#.AAD/!"!'(.#E!5D!*.5,AD!*%+!'(3,+!%#7%,#7!A%93/!6&==%+'!.#4!3#-%&+.7353#'!4&+,#7!'(,6!

k(C!=+%-366!.#4!*%+!#&+'&+,#7!.#4!4393A%=,#7!5D!.-.435,-!,#'3+36'6!.#4!3#'(&6,.65B!

)#4!'%!5D!G,*3/!n%.##3/!"!7,93!'(.#E6!*%+!#%'!%#AD!6&==%+',#7!.#4!3#-%&+.7,#7!53!'%!7%!

'(3!4,6'.#-3!.5,46'!5.#D!-%5=3',#7!435.#46/!8&'!.A6%!*%+!34,'%+,.A!.66,6'.#-3!.#4!

A%9,#7!-+,',X&3B!!

n%#.'(.#!k3'3+/!R]!)&7&6'!V]RW!



Univ
ers

ity
 of

 C
ap

e T
ow

n

!""%?BC!$C<;#'

)L?! )-,42*.6'!8.-,AA,!

)7! )#',73#!

)"C$! )-X&,+34!,55&#%43*,-,3#-D!6D#4+%53!

)K1! )#',+3'+%9,+.A6!

?)M! ?+%#-%.A93%A.+!A.9.73!

?Pm! ?.-,AA3!P.A53''3!m&o+,#!

PL`! P%A%#D!*%+5,#7!&#,'!

P"! P%#*,43#-3!,#'3+9.A!

P$L! P3+38+%26=,#.A!*A&,4!

P>! PD-A3!'(+36(%A4!

C;)! C3%TD+,8%#&-A3,-!.-,4!

CK! C+&72+36,6'.#'!

C$>! C+&7!6&6-3=',8,A,'D!'36',#7!

P;$! P3#'+.A!#3+9%&6!6D6'35!

PHK! P(36'!T2+.D!

iM"$)! i#jD532A,#E34!,55&#%6%+83#'!.66.D!

ik>?! iT'+.=&A5%#.+D!'&83+-&A%6,6!

L;)?! L,#3!#334A3!.6=,+.'3!8,%=6D!

m">! m.6'+%2,#'36',#.A!'+.-'!

0))K>! 0,7(!.-',93!.#',2+3'+%9,+.A!'(3+.=D!

0?P! 0,7(!8&+43#!-%&#'+,36!

0"1! 0&5.#!,55&#%43*,-,3#-D!9,+&6!

"mK)! "#'3+*3+%#27.55.!+3A3.63!.66.D!

"k>! ,6%#,.j,4!=+393#',93!'(3+.=D!

M)I! M,=%.+.8,#%5.##.#!

M)Ik! M%%=!534,.'34!,6%'(3+5.A!.5=A,*,-.',%#!

MiC! M,7('!35,'',#7!4,%43!

McC! M,5,'!%*!43'3-',%#!

MKh! k%6,',93!A,E3A,(%%4!+.',%!

MK2! ;37.',93!A,E3A,(%%4!+.',%!

M>?"! M.'3#'!'&83+-&A%6,6!,#*3-',%#!

ICK!>?! I&A',4+&72+36,6'.#'!'&83+-&A%6,6!

IiF$! I%4,*,34!3.+AD!G.+#,#7!6-%+3!



Univ
ers

ity
 of

 C
ap

e T
ow

n

IcC$! ! I,-+%6-%=,-!%863+934!4+&7!6&6-3=',8,A,'D!

Im">! ! I,-+%6-%=,-!7+%G'(2,#2'&83!

I>?JK"L! m3#3T=3+'!I>?JK"L!.66.D!

!"#$&! ! !/)+&0)$'(-%1#$%&'()%*+,-,#

;))>6!!!!!!!!!!!!!!;&-A3,-!.-,4!.5=A,*,-.',%#!'36'6!

;k1! ! ;37.',93!=+34,-',93!9.A&3!

;>I! ! ;%#2'&83+-&A%&6!5D-%8.-'3+,.!

cC! ! c=',-.A!43#6,'D!

kPK! ! k%AD53+.63!-(.,#!+3.-',%#!

kkC! ! k&+,*,34!=+%'3,#!43+,9.',93!

kk1! ! k%6,',93!=+34,-',93!9.A&3!

kcP! ! k%,#'2%*2-.+3!

k>?! ! k&A5%#.+D!'&83+-&A%6,6!

K"L! ! K,*.5=,-,#!

KcP! ! K3-3,93+!%=3+.',#7!-(.+.-'3+,6',-!

+=%?! ! K;)!=%AD53+.63!p!

$kP! ! $.5=A3!=+%-366,#7!-%#'+%A!

$ck! ! $'.#4.+4!%=3+.',#7!=+%-34&+36!

$;>?! ! $=&'&5!#37.',93!>?!

$$>?! ! $=&'&5!6-.+-3!>?!:&#.8A3!'%!6=%#'.#3%&6AD!3T=3-'%+.'3!6=&'&5<! !

>$>! ! >&83+-&A,#!6E,#!'36'!

`P>! ! `#,93+6,'D!%*!P.=3!>%G#!

`$)!! ! `#,'34!$'.'36!%*!)53+,-.!

F0c! ! F%+A4!03.A'(!c+7.#,6.',%#!

HCK!>?! iT'+353AD!4+&7!+36,6'.#'!'&83+-&A%6,6!

q;! ! q,3(A2;33A63#!

!
! !



Univ
ers

ity
 of

 C
ap

e T
ow

n

!"#$%&'(&)'*+%*+,&

-./!0-)!&11111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111&2!

-)3456789:8;84!/&111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111&<!

)=">+%?&@1&11111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111&A!
B*+?'CDE+F'*!

)=">+%?&21&111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111&2G!
."EHI?'D*C&"*C&7F+%?"+D?%&?%JF%K!

)=">+%?&L1&111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111&AM!
/>D+DN&F*CDE+F'*&+'&"FC&+=%&CF"I*',F,&'(&,N%"?O*%I"+FJ%&'?&,>D+DNO,E"?E%&!.&F*&"CD$+,&

(?'N&"&PBQO%*C%NFE&,%++F*I!

)=">+%?&<1&1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111&@@G!
)'N>"?F,'*&'(&+K'&N%+='C,&('?&"ERDF,F+F'*&'(&,>D+DN&,"N>$%,&('?&CF"I*',F,&'(&

,D,>%E+%C&+D#%?ED$',F,&F*&,N%"?O*%I"+FJ%&'?&,>D+DNO,E"?E%&>%'>$%S&"&?"*C'NF,%C&

E'*+?'$$%C&+?F"$!

)=">+%?&G1&1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111&@2<!
8J"$D"+F'*&'(&+=%&T>%?+

U
&;!.V0BW&",,"X&('?&+=%&CF"I*',F,&'(&>D$N'*"?X&+D#%?ED$',F,&F*&"&

=FI=&PBQ&>?%J"$%*E%&,%++F*I!

)=">+%?&M1&1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111&@LG!
9F"I*',+FE&"EED?"EX&'(&"&D?F*%&7-;&,+?F>O+%,+&('?&!.&C%+%E+F'*&F*&PBQOF*(%E+%C&

=',>F+"$F,%C&>"+F%*+,!

)=">+%?&Y1&1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111&@<A!
!=%&CF"I*',+FE&"EED?"EX&'(&D?F*%O#",%C&T>%?+&;!.V0BW&F*&PBQOF*(%E+%C&=',>F+"$FZ%C&

>"+F%*+,&K='&"?%&,N%"?O*%I"+FJ%&'?&,>D+DN&,E"?E%[!

)=">+%?&A1&1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111&@GA!
!=%&?%$"+F'*,=F>&#%+K%%*&D?F*%&7-;&E'*E%*+?"+F'*&"*C&E'N>"?+N%*+O,>%EF(FE&!.&
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>(3!03+-&A3.#!8.''A3!.7.,#6'!'&83+-&A%6,6!:>?<!(.6!833#!&#43+G.D!6,#-3!r5%43+#s!

(&5.#6!3T=.#434!%&'!%*!)*+,-.!:W<B!0%G393+/!G,'(!'(3!-%AA,4,#7!3=,435,-!%*!0"1/!'(3!

3=,-3#'+3!%*!'(3!G.+!.7.,#6'!>?!(.6!6(,*'34B!"#!V]R]/!'(3+3!G3+3!ZBZ!5,AA,%#!#3G!-.636!%*!

>?!.#4!tRBQ!5,AA,%#!43.'(6!:U<B!$%&'(!)*+,-.!:$)<!+3=%+'34!'(3!'(,+4!(,7(36'!,#-,43#-3!%*!

>?!7A%8.AAD/!G,'(!%93+!N][!%*!#3G!-.636!-%2,#*3-'34!G,'(!0"1!:U<B!$)!,6!'(3!-%&#'+D!

G%+6'!.**3-'34!8D!'(3!-%23=,435,-6!%*!0"1!.#4!>?!u!G,'(!%#AD!]BS[!%*!'(3!G%+A4d6!

=%=&A.',%#!$)!(.6!.==+%T,5.'3AD!%#32X&.+'3+!%*!.AA!-.636!%*!>?!0"1!-%2,#*3-',%#!:Q<B!>?!

+35.,#6!'(3!A3.4,#7!-.&63!%*!43.'(!,#!=3+6%#6!G,'(!0"1!,#*3-',%#!:N<!:L,7&+3!R<B!

!

L,7&+3!RB!K326,j34!G%+A4!5.=6!'%!(,7(A,7('!'(3!-%2A%-.A,6.',%#!.#4!+3A.',93!7A%8.A!8&+43#!
%*!>?!.#4!0"1!,#!$&82$.(.+.#!)*+,-.!:=+%9,434!8D!F%+A45.==3+!G,'(!V]]U!F0c!
6'.',6',-6<B!

P%A%&+6!+3=+363#'!73%7+.=(,-.A!.+3.6!.--%+4,#7!'%!'(3!E3D!83A%Gf!

!

!"#$%&'"()$*+",&&&

'#-.*$-,/&01&2*3-3&

01&%-*/43&

'#-.*$-,/&567&2*3-3&

567&%-*/43&

i Central Africa
ii Southeastern Africa
iii Northern Africa
iv Southern Asia
v Asia Pacific
vi Middle East
vii Eastern Asia
viii South America
ix Eastern Europe
x North America
xi Western Europe
xii Japan
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)!E3D!8%''A3#3-E!%*!7A%8.A!>?!-%#'+%A!3**%+'6!,6!43A.D34!%+!G+%#7!4,.7#%6,6B!I%43A,#7!

6'&4,36!6&7736'!'(.'!'(3!.9.,A.8,A,'D!%*!5%+3!.--&+.'3!4,.7#%6',-!'%%A6/!36=3-,.AAD!3.6,AD!

.--366,8A3!=%,#'2%*2-.+3!'36'6/!-%&A4!43-+3.63!>?!=+39.A3#-3!.#4!.##&.A!>?2+3A.'34!

5%+'.A,'D!8D!.6!5&-(!.6!V]2WQ[!:S/!Z<B!"#!5%6'!%*!'(3!VV!(,7(!>?!8&+43#!-%&#'+,36/!

6=&'&5!653.+25,-+%6-%=D!+35.,#6!'(3!*+%#'A,#3!u!.#4!6%53',536!'(3!%#AD!u!>?!

4,.7#%6',-!'%%A!:O<B!0%G393+/!'(,6!-3#'&+D!%A4!'%%A!,6!6&82%=',5.A/!36=3-,.AAD!,#!(,7(!0"1!

=+39.A3#'!63'',#76/!G(3+3!63#6,',9,',36!-.#!83!.6!A%G!.6!V][!,#!'(3!-%#'3T'!%*!.49.#-34!

,55&#%6&==+366,%#!.#4!4,6635,#.'34!>?!G,'(!=.&-,8.-,AA.+D!=&A5%#.+D!4,63.63!:R]<B!

L&+'(3+5%+3/!&=!'%!.!'(,+4!%*!.4&A'!>?!0"1!-%2,#*3-'34!-.636!.+3!&#.8A3!'%!6=%#'.#3%&6AD!

=+%4&-3!6=&'&5!*%+!4,.7#%6',-!'36',#7!:RR/!RV<B!P%#63X&3#'AD/!,#!0"123#435,-!63'',#76!

'(3!5.@%+,'D!%*!,#-,43#'!>?!-.636!.+3!653.+2#37.',93/!.#4!,#!$)!,#!V]R]/!%93+!N][!%*!

#%',*,34!>?!-.636!G3+3!+37,6'3+34!.6!3,'(3+!653.+2#37.',93!%+!653.+!&#E#%G#!:U<B!>(3!

mA%8.A!M.8%+.'%+D!"#,',.',93/!'(3!+363.+-(!-%55&#,'D/!.#4!5.#D!#.',%#.A!>?!

=+%7+.5536!.+3!5.E,#7!%#7%,#7!3**%+'6!'%!.44+366!'(,6!8&+43#/!G,'(!,5=+%9353#'6!'%!

653.+!5,-+%6-%=D!.#4!,#-+3.634!.9.,A.8,A,'D!.#4!6,5=A,*,-.',%#!%*!-&A'&+328.634!>?!

4,.7#%6,6!.6!3T.5=A36!:O<B!0%G393+/!653.+25,-+%6-%=D!+35.,#6!6&82%=',5.A/!G(,A3!

-&A'&+328.634!4,.7#%6,6!+35.,#6!8%'(!&#.9.,A.8A3!.#4!&#.**%+4.8A3!,#!5.#D!0"12

3#435,-!-%&#'+,36B!L&+'(3+5%+3/!'(3!.8,A,'D!%*!-&A'&+328.634!4,.7#%6,6!'%!,5=.-'!

=.',3#'2,5=%+'.#'!%&'-%536!,6!&#-3+'.,#/!7,93#!'(3!A%#7!',53!43A.D!'%!+36&A'6!:&=!'%!

3,7('!G33E6<B!!>(&6/!'(3!#334!'%!4393A%=!#%93A!.==+%.-(36!'%!$;2!.#4!$$>?/!&6,#7!*,3A42

*+,3#4AD!+.=,4!4,.7#%6',-!'%%A6!.#4!6'+.'37,36/!-%#',#&36!'%!83!.#!,5=%+'.#'!=&8A,-!(3.A'(!

=+,%+,'D!,#!0"123#435,-!(,7(!8&+43#!63'',#76B!!

"#!'(3!=+320"1!3+./!$;>?!G.6!5%6'!-%55%#!,#!-(,A4+3#!.#4!'(3!3A43+AD/!.#4!G.6!

.66%-,.'34!G,'(!5,#,5.A!#%#2-.9,'.+D!4,63.63!:RW<B!?%'(!'(3!,#*3-',9,'D!.#4!5%+'.A,'D!

.66%-,.'34!G,'(!$;>?!G.6!-%#6,43+.8AD!A%G3+!'(.#!653.+2=%6,',93!4,63.63/!.#4!

-%#63X&3#'AD!,'!G.6!-%#6,43+34!'%!83!.!+3A.',93AD!83#,7#!*%+5!%*!>?!:RW<B!0%G393+/!'(3!

0"123=,435,-!(.6!.A'3+34!'(3!-A,#,-.A!3#','D!%*!$;>?!:RW<B!)A'(%&7(!'(3!,#*3-',9,'D!%*!
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$;>?!.==3.+6!'%!83!&#.**3-'34!8D!0"1!6'.'&6/!0"12=%6,',93!=.',3#'6!4,.7#%634!G,'(!

$;>?!(.93!.#!.==+%T,5.'3AD!*%&+*%A4!(,7(3+!5%+'.A,'D!+.'3!'(.#!0"12#37.',93!653.+2

=%6,',93!>?!-.636!:RW/!RU<B!>(3!=.&-,28.-,AA.+D!=&A5%#.+D!4,63.63!*%&#4!,#!$;>?!

=.',3#'6/!&#A,E3!'(3!-%#'.,#34/!83#,7#!4,63.63!*%&#4!,#!0"12#37.',93!=.',3#'6/!&6&.AAD!

,#4,-.'36!4,6635,#.'34!.#4J%+!3T'+.=&A5%#.+D!>?!4,63.63!,#!0"12=%6,',93!=.',3#'6!:RW<B!

>(&6/!+.=,4!.#4!5%+3!3**3-',93!4,.7#%6,6!%*!$;>?!.AA%G,#7!*%+!'(3!3.+AD!,#,',.',%#!%*!>?!

'+3.'53#'!-%&A4!#%'!%#AD!43-+3.63!'+.#65,66,%#!.#4!>?!,#-,43#-3/!8&'!.A6%!+34&-3!>?2

+3A.'34!5%+'.A,'DB!)!+3-3#'!(%6=,'.A28.634!6'&4D!%*!0"12,#*3-'34!=.',3#'6!,#!lG.2q&A&!

;.'.A/!$%&'(!)*+,-.!:RQ</!G(,-(!6(%G34!.!+34&-',%#!,#!Z2G33E!5%+'.A,'D!G,'(!'(3!3.+AD!

,#,',.',%#!%*!.#',2>?!'+3.'53#'!8.634!%#!'(3!F0c!653.+2#37.',93!-A,#,-.A!.A7%+,'(5/!

6&==%+'6!'(,6!(D=%'(36,6!:RN<B!!

>(3!6'&4,36!+3=%+'34!,#!'(,6!'(36,6!.,534!'%!39.A&.'3!'(+33!.==+%.-(36!'%!,5=+%93!$;2!

.#4!$$>?!4,.7#%6,6!,#!.!(,7(!0"1!=+39.A3#-3!$%&'(!)*+,-.#!63'',#7B!>(3!G%+E!(.6!

39%A934!83D%#4!.!6,5=A3!39.A&.',%#!%*!'(3!4,.7#%6',-!.--&+.-D!%*!'(363!#%93A!6'+.'37,36!

.#4!'%%A6!'%!,#936',7.'3f!,<!'(3!,#-+353#'.A!&',A,'D!%*!'(363!.==+%.-(36!G,'(,#!'(3!-A,#,-.A!

-%#'3T'!%*!(,7(!+.'36!%*!+%&',#3!35=,+,-!'+3.'53#'!8.634!%#!-A,#,-.A!.#4!PHK!6&6=,-,%#!

.A%#3^!.#4!,,<!'(3!,5=.-'!%#!=.',3#'2,5=%+'.#'!%&'-%536B!L,#.AAD/!'(3!&',A,'D!%*!'(363!

4,**3+3#'!4,.7#%6',-!.==+%.-(36!.+3!-%#6,43+!.'!6=3-,*,-!A393A6!%*!'(3!(3.A'(!6D6'35!,B3B!

=+,5.+D2-.+3!%+!(%6=,'.A28.634B'

'

'
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%565(,)1'G.5649-/6H'

>(3!E3D!+363.+-(!X&36',%#6!,#936',7.'34!,#!'(,6!'(36,6!*%-&634!%#!.44+366,#7!,5=%+'.#'!

+363.+-(!7.=6!,#!'(3!4,.7#%6,6!%*!.4&A'6!G,'(!6&6=3-'34!$;2!.#4!$$>?!,#!.!(,7(!0"1!>?!

=+39.A3#-3!63'',#7B!>(3D!,#-A&434f!

213(+4'5#,3%$%1#,013*'#0)6%-,-$-+7#

RB!F(.'!,6!'(3!+%&',#3!=3+*%+5.#-3!%*!6=&'&5!,#4&-',%#!:$"<!,#!.!(%6=,'.A28.634!

+36=,+.'%+D!-A,#,-!.#4!(%G!4%36!=3+*%+5.#-3!4,**3+!,#!0"12,#*3-'34!93+6&6!&#,#*3-'34/!%+!

%&'2!93+6&6!,#2=.',3#'6v!

VB!F(.'!,6!'(3!,5=.-'!%#!=.',3#'!,5=%+'.#'!%&'-%536!%*!&6,#7!$"!-%5=.+34!G,'(!6,5=A3!

(3.A'(-.+32G%+E3+!=+%9,434!,#6'+&-',%#!'%!,5=+%93!6=&'&5!6.5=A3!.-X&,6,',%#!,#!.4&A'6!

G,'(!$;2!.#4!$$>?!,#!.!=+,5.+D!-.+3!-A,#,-!63'',#7v!

8+4'*#5-097+,$-),#

:3'($#!;<=>2?#0,,0/##

WB!F(.'!,6!'(3!4,.7#%6',-!.--&+.-D!%*!I>?JK"L!,#!$;>?!.'!'(3!=+,5.+D!-.+3!-A,#,-!A393A!

.#4!-.#!I>?JK"L273#3+.'34!PD-A3!'(+36(%A4!:P><29.A&36!83!&634!.6!.!+.=,4!#%93A!

5.+E3+!%*!6=&'&5!8.-,AA.+D!A%.46v!

@(-7'A&0,'5#BC!#,$(-3#$',$-79#

UB!F(.'!,6!'(3!4,.7#%6',-!.--&+.-D!%*!'(3!=%,#'2%*2-.+3!&+,#3!A,=%.+.8,#%5.##.#!:M)I<!

6'+,=!'36'/!&634!.A%#3!%+!,#!-%58,#.',%#!G,'(!6=&'&5!653.+25,-+%6-%=D/!,#!(%6=,'.A,634!

0"12,#*3-'34!=.',3#'6!G,'(!.49.#-,#7!,55&#%6&==+366,%#v!

QB!F(.'!.+3!'(3!=+34,-'%+6!%*!&+,#3!M)I!=%6,',9,'D!.#4!-%&A4!&+,#3!M)I!-%#-3#'+.',%#!

:%+!6'+,=!7+.43<!83!&634!.6!.!+.=,4!#%93A!5.+E3+!%*!'%'.A!8.-,AA.+D!A%.46v!!

NB!C%36!&+,#3!M)I!6'+,=!'36',#7!%**3+!.#D!,#-+353#'.A!-A,#,-.A!&',A,'D!%93+!+%&',#3!3.+AD!

35=,+,-!'+3.'53#'!=+.-',-36!8.634!%#!-A,#,-.A!.#4!PHK!=.+.53'3+6!,#!(%6=,'.A,634!0"12

,#*3-'34!=.',3#'6!G,'(!.49.#-,#7!,55&#%6&==+366,%#v!
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>(,6!=+%@3-'!.+%63!%&'!%*!4,6-&66,%#6!G,'(!5D!6&=3+9,6%+/!k+%*366%+!l33+'.#!C(34.!*+%5!

'(3!C,9,6,%#!%*!k&A5%#%A%7D/!4&+,#7!5D!'+.,#,#7!.6!.!6=3-,.A,6'!=(D6,-,.#B!)6!.!'+.,#33!

=(D6,-,.#!"!G.6!*.-34!G,'(!'(3!4.,AD!-(.AA3#73!%*!4,.7#%6,#7!>?!,#!653.+2#37.',93!%+!

6=&'&526-.+-3!0"1!-%2,#*3-'34!=.',3#'6!G,'(!.49.#-34!,55&#%6&==+366,%#/!.#4!

5.#.7,#7!'(3!439.6'.',#7!-%#63X&3#-36!%*!43A.D34!%+!G+%#7!4,.7#%6,6B!>(363!

4,6-&66,%#6!A3.4!'%!'(3!4393A%=53#'!%*!+363.+-(!=+%'%-%A6!'%!'.-EA3!'(3!4,.7#%6,6!%*!$;2!

.#4!$$>?!&6,#7!'(+33!.==+%.-(36!6&,'.8A3!*%+!(,7(!>?!0"1!8&+43#!+36%&+-32A,5,'34!

63'',#76B!F,'(!*&#4,#7!6&==%+'!*+%5!'(3!C,6-%93+D!L%&#4.',%#!.#4!'(3!=+3A,5,#.+D!

+36&A'6!%*!'(3!$"!=+%6=3-',93!-%(%+'!6'&4D/!G3!4393A%=34!'(3!(D=%'(36,6!*%+!.!

+.#4%5,634!-%#'+%AA34!'+,.A!%*!$"!,#!=+,5.+D!-.+3B!L&+'(3+!*&#4,#7!6&==%+'!G.6!63-&+34!

*+%5!'(3!;"0!L%7.+'D!"#'3+#.',%#.A!P3#'+3!.#4!'(3!P.+#37,3!P%+=%+.',%#!6-(353B!)#!

%93+9,3G!%*!'(3!k(C!'(36,6!,6!=+%9,434!,#!L,7&+3!V!83A%G/!(,7(A,7(',#7!'(3!=+%@3-'!.,56/!

-(+%#%A%7D!.#4!53'(%4%A%7D!&634!'%!.44+366!'(363!.,56/!'%73'(3+!G,'(!'(3!E3D!6'&4D!
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!"#$%&'()'*&+,"-&.'/%01&2+',"345'26%070-0#8'09'4+$."&45'3&+60.0-0#85',7.':&8'+6&4"4'2072-$4"074'

'

!"  #$%&'()*(+&%+,&%-.$/&0*.()%120&3&4&/+15%
1(6-)278%&9/(/:5%1-&/26&7%;*()2+:5%
/*)+*.&3<(1&0%02(87$1=/%:2&)0%(70%16&(.3
62/.$1/$-:%02(87$1=/%(//*.(/:%27%>?%
1-&/26&71%+$%(20%#@%02(87$121%27%(0*)+1%
A2+,%>B%(70%>>#@%27%(%.&1-2.(+$.:%/)272/%

C"  #$%/$6-(.&%(70%;*(7=D:%+,&%02(87$1=/%
*=)2+:%$D%>?%<&+A&&7%E?F327D&/+&0%'&.1*1%
*7327D&/+&05%GHI%J%$.%K%CLL%/&))1MN)5%$*+3%
'&.1*1%273-(=&7+5%(70%>B%'&.1*1%>>%-(=&7+%
1*<38.$*-1%

O.$1-&/='&%/$,$.+%1+*0:%
P>E%.&1-2.(+$.:%/)272/

Q7RSTSU%
V&<%CLLW3%X(:%CLLT%

•  !MY%$D%())%>B%$.%>>#@%1*1-&/+1%*7(<)&%+$%-.$'20&%(%
1-*+*6%1-&/26&7%$D%Z!6)%D$))$A278%>?%

•  !Y[%$'&.())%/*)+*.&3<(1&0%02(87$1=/%:2&)0%
•  IT[%$'&.())%16&(.362/.$1/$-:%1&712='2+:%%
•  \C3D$)0%27/.&(1&0%/*)+*.&3<(1&0%:2&)0%27%E?F327D&/+&0%

'&.1*1%*727D&/+&0%(70%273%'&.1*1%$*+3-(=&7+1%
•  ]*+3-(=&7+1%Q.&-.&1&7+(='&%$D%-.26(.:%/(.&%/)272/%

-(=&7+1U%,(0%)$A&1+%/*)+*.&3<(1&0%02(87$1=/%:2&)0%
QT[U%(70%16&(.362/.$1/$-:%1&712='2+:%Q^C[U%%

X(7*1/.2-+%!_%G,(-+&.%^%

^"  #$%0&+&.627&%+,&%1(D&+:%(70%&9/(/:%$D%
1-*+*6%270*/=$7%27%(0*)+%>B%$.%>>#@%
1*1-&/+1%27%-.26(.:%/(.&%-.(/=/&%

%
I"  #$%/$6-(.&%+,&%26-(/+%$D%>?%(70%EG`3

-.$'20&.%271+.*/=$7%(1%+,&%272=()%1-*+*6%
1(6-)&%(/;*212=$7%1+.(+&8:%D$.%(0*)+1%>B%
$.%>>#@%1*1-&/+1%27%-.26(.:%/(.&%

%
Y"  #$%&'()*(+&%+,&%1&712='2+:%$D%X#@Ma?V%27%>?%

1-&/26&71%D.$6%(0*)+%>B%$.%>>#@%1*1-&/+1%
27%-.26(.:%/(.&%

%
S"  #$%&1=6(+&%+,&%-$+&7=()%26-(/+%$D%X#@M

a?V%$7%$*+/$6&1%27%(26%b%

a(70$621&0%/$7+.$))&0%+.2()%
^%-.26(.:%/(.&%/)272/1%

Q7RY!bU%
]/+%CLLW%c%X(:%CL!C%
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%./*-#5%.4!(),,)@%.4!IJK!-.&)*5-9-.1!#.&!%.!5)9-!/)0.1*%-5!.#1%).#,!*),,)01!%5!

0.&-*@#7:!D.!/).1*#51'!+)1>!5-*),)47!L#.1%+)&7H&-1-/1%).!1-515M!#.&!DF"N5!>#8-!+--.!

()0.&!1)!)((-*!,%11,-!&%#4.)51%/!01%,%17!()*!#/1%8-!23!&%#4.)5%5!#.&!>#8-!+--.!&%5/)0*#4-&!

+7!IJK:!K1>-*!.)8-,'!5%9$,-!1-/>.),)4%-5'!50/>!#5!1>-!OKP!0*%.-!QNA!51*%$!1-51!#.&!1>-!

8%50#,,7!*-#&!QNAO!RNN2'!#,1>)04>!)(!0./-*1#%.!#.&!*-51*%/1-&!/,%.%/#,!01%,%17'!>%4>,%4>1!

1>-!$*)4*-55%).!1)@#*&!#.!%.-S$-.5%8-'!%.51*09-.1H(*--'!,#+)*#1)*7H(*--!OKP!&%#4.)51%/!

1-/>.),)47'!@>%/>!@%,,!+-!-55-.1%#,!1)!1#/6,-!23!%.!1>-!(010*-:!!

!

! !
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N(()*&#+,-'!#//0*#1-!#.&!*#$%&!&%#4.)5%5!(),,)@-&!+7!-((-/1%8-!1>-*#$7!%5!1>-!/)*.-*51).-!

)(!10+-*/0,)5%5!L23M!/).1*),:!23!%5!/0*#+,-!%.!)8-*!TUV!)(!/#5-5!+01!1>-!5#9-!&%#4.)51%/!

51#.&#*&!*-9#%.5!-,05%8-!1)!9#.7!@>)!.--&!%1!9)51:!A0,1%$,-!5)/%#,'!>)51!#.&!$#1>)4-.!

(#/1)*5'!#5!&-$%/1-&!%.!E%40*-!W'!%.1-*5-/1!1)!$*)&0/-!#.&!@)*5-.!23!&%#4.)51%/!&-,#7!)*!

(#%,0*-:!G%51%./1!&%#4.)51%/!$*%)*%1%-5!#.&!*-=0%*-9-.15!-S%51!1)&#7!%.!5-8-*#,!&%((-*-.1!

>%4>!+0*&-.!5-11%.45:!N8#%,#+%,%17!)(!>-#,1>/#*-!*-5)0*/-5'!%.1-4*%17!)(!&%#4.)51%/!

5-*8%/-5'!#.&!JDX!/)H%.(-/1%).!%9$#/1!).!1>-!-((%/#/7!)(!1*#&%1%).#,!&%#4.)51%/!1)),5:!

?9-#*!9%/*)5/)$7'!9)*-!1>#.!#!/-.10*7!),&'!%5!5%9$,7!.)!,).4-*!#&-=0#1-!1)!9--1!1>-5-!

/>#,,-.4-5:!E)*10.#1-,7'!1>#.65!1)!*-.-@-&!4,)+#,!#@#*-.-55'!(%.#./%#,!%.8-519-.1!#.&!

%.1-*.#1%).#,!/),,#+)*#1%).'!5-8-*#,!.-@!&%#4.)51%/!)$1%).5!>#8-!+--.!&-8-,)$-&:!!K,&!

1)),5!/).1%.0-!1)!+-!)$1%9%<-&!#.&!5-8-*#,!.-@!1)),5!#*-!.)@!/)99-*/%#,,7!#8#%,#+,-!

#.&!+-%.4!0$H5/#,-&!+7!.#1%).#,!23!$*)4*#99-5:!!

!

HIV

POVERTY

HOST

Performance of 
traditional diagnostics

Variable humoral & 
cellular immune 
responses

Slow growth

Unique clinical presentation

Diffi cult sample aquisition

Poor laboratory services

Subclinical latent disease

Asymptomatic, EPTB & atypical disease

Limited healthcare access

PATHOGEN

Drug resistance strains

delayed/misdiagnosis
TB DIAGNOSIS

CHILDREN
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E%40*-!W:!2>-!90,1%$,-!%.1-*H*-,#1-&!(#/1)*5!&*%8%.4!9%5&%#4.)5%5!)*!&-,#7-&!&%#4.)5%5!)(!

23:!2>-!&%#9-1-*5!)(!1>-!,#*4-*!/%*/,-5!%.&%/#1-!1>-!*-,#1%8-!%9$#/15!).!

&-,#7-&C9%5&%#4.)5%5!)(!23!#.&!1>-!)8-*,#$$%.4!/%*/,-5!%.&%/#1-!*-,#1-&.-55:!;O23Y!

-S1*#$0,9).#*7!23'!G"Y!&*04H*-5%51#.1!ZK8-*,#$$%.4!/%*/,-5!*-$*-5-.1!

%.1-*/)..-/1-&.-55!+01!#*-!.)1!+#5-&!).!/)9$#*#1%8-!&#1#[:!

!

2>-!23!&%#4.)51%/!,#.&5/#$-!#.&!.--&!/).1%.0-5!1)!+-!5>#$-&!+7!1>-!%.1-*5-/1%).!)(!

#8#%,#+,-!&%#4.)51%/!1-/>.),)4%-5'!.#1%).#,!>-#,1>/#*-!*-5)0*/-5!#.&!&%((-*%.4!R#1%).#,!

23!$*)4*#95!#5!@-,,!#5!23!-$%&-9%),)47:!D.!>%4>!+0*&-.!/)0.1*%-5!LJ3PM!1>-!$*%)*%17!

*-9#%.5!1>-!&%#4.)5%5!)(!#/1%8-'!$*-&)9%.#.1,7!$0,9).#*7!23!#.&!&*04!505/-$1%+%,%17!

1-51%.4:!D.!/)0.1*%-5!@%1>!1>-!&0#,!-$%&-9%/!)(!JDX!1>%5!-S1-.&5!$#*1%/0,#*,7!1)!59-#*H

.-4#1%8-'!5$0109H5/#*/-!#.&C)*!-S1*#$0,9).#*7!()*95!)(!23!L;O23M'!1>-!+0*&-.!)(!

@>%/>!@#5!)01,%.-&!%.!P>#$1-*!W:!D.!J3P'!>-#,1>/#*-!*-5)0*/-5!#.&!,#+)*#1)*7!

%.(*#51*0/10*-!#*-!,%9%1-&'!#((-/1-&!$)$0,#1%).5!#*-!4-.-*#,,7!$))*'!(*-=0-.1,7!*0*#,!)*!

9#*4%.#,%<-&!@%1>!*-51*%/1-&!#//-55!1)!>-#,1>!5-*8%/-5:!2>05'!1>-!.--&!()*!#(()*&#+,-'!

,#+)*#1)*7H%.&-$-.&-.1'!$)%.1H)(H/#*-!1-/>.),)4%-5!%5!/*%1%/#,:!D.!/).1*#51'!1>-!&%#4.)51%/!

$*%)*%17!)(!,)@!+0*&-.!/)0.1*%-5'!%.!#&&%1%).!1)!#/1%8-!23'!%5!()/05-&!).!&-1-/1%.4!,#1-.1!

23!%.(-/1%).!#.&!$*-8-.1%.4!1>-!&-8-,)$9-.1!)(!#/1%8-!&%5-#5-:!!!

!

2>%5!+#/64*)0.&!*-8%-@!@%,,!&%5/055!1>-!)$1%9%<#1%).!)(!),&!1)),5!#.&!1>-!&-8-,)$9-.1!

#.&!%.1-4*#1%).!)(!.-@!&%#4.)51%/!1-/>.),)4%-5!()*!#/1%8-!23:!D.!$#*1%/0,#*'!&%#4.)51%/!

1-51!$-*()*9#./-!/>#*#/1-*%51%/5!%.!?R23!#.&!)$1%9#,!5-11%.45!()*!05-!@%,,!+-!&%5/055-&:!

N&&%1%).#,,7'!1@)!!"#$%&'(!5-/1%).5!L?#9$,-!#/=0%5%1%).!9-1>)&5!#.&!0*%.-H+#5-&!23!

&%#4.)5%5M!#*-!$*)8%&-&!1)!$*)8%&-!%.H&-$1>!+#/64*)0.&!*-,-8#.1!1)!1>-!510&%-5!)(!1>-!

O>G!1>-5%5!).!5$0109!%.&0/1%).!#.&!1>-!\*%.-!QNA!51*%$!1-51:!E%.#,,7!6-7!*-5-#*/>!]4#$5^!

#.&!).4)%.4!0.9-1!&%#4.)51%/!.--&5!@%,,!+-!-9$>#5%<-&:!!

!
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/01.02'#0*3+,+4+5&'

D!5-#*/>-&!-,-/1*).%/!&#1#+#5-5!()*!+)1>!*-,-8#.1!*-/-.1!*-8%-@!#*1%/,-5!#.&!$*%9#*7!

*-5-#*/>!510&%-5!()*!1>-!,#1-51!&#1#!$-*1#%.%.4!1)!23!&%#4.)5%5:!D!5-#*/>-&!O0+9-&'!

;9+#5-!#.&!I-+!)(!?/%-./-!&#1#+#5-5!#1!&%((-*-.1!1%9-H$)%.15!&0*%.4!97!O>G!1>-5%5!

$*-$#*#1%).'!@%1>!1>-!9)51!*-/-.1!5-#*/>-5!/).&0/1-&!#1!1>-!-.&!)(!_`W_:!"-,-8#.1!

5-#*/>!1-*95!()*!-#/>!)(!1>-!5$-/%(%/!&%#4.)51%/!1)$%/5!/)8-*-&!@-*-!05-&'!%./,0&%.4Y!%M!

E)*!1>-!()/05!%.!5-/1%).!).!5#9$,-!#/=0%5%1%).!9-1>)&5'!D!%./,0&-&!a10+-*/0,)5%5b'!

aA7/)+#/1-*%09!10+-*/0,)5%5b!NRG!a5$0109!%.&0/1%).b'!a%.&0/-&!5$0109b'!a5$0109!

5#9$,%.4b'!a5$0109!5#9$,-!#/=0%5%1%).b'!a#55%51-&!5$0109!5#9$,%.4b'!a&%#4.)51%/!5#9$,-!

#/=0%5%1%).b'!a$0,9).#*7!5#9$,%.4b'!a+*)./>)#,-8),#*!,#8#4-b'!a+*)./>)5/)$7b'!

a>-#,1>/#*-H@)*6-*!#55%51-&!5#9$,%.4b'!a$*)8%&-*H1*#%.%.4b'!a5$0109!50+9%55%).!

%.51*0/1%).b'!a/>-51!$>75%)1>-*#$7b'!a4#51*%/!@#5>%.4b'!#.&!a.#5)$>#*7.4-#,!#5$%*#1-b:!

2>-5-!5-#*/>-5!@-*-!.#**)@-&!&)@.!%.!$0+9-&!@%1>!1>-!05-!)(!1>-!a&%#4.)5%5Z+*)#&[b!

(%,1-*c!#.&!%%M!E)*!1>-!()/05!%.!5-/1%).!).!0*%.-H+#5-&!23!&%#4.)5%5'!D!%./,0&-&!

aa10+-*/0,)5%5b'!aA7/)+#/1-*%09!10+-*/0,)5%5b!NRG!a0*%.-b'!a0*%.#*7b'!a1*#.5H*-.#,!

GRNb'!a,%$)#*#+%.)9#..#.b'!aQNAb'!#.&!a0*%.-H+#5-&!&%#4.)5%5b:!D.!#&&%1%).'!D!%&-.1%(%-&!

#&&%1%).#,!510&%-5!+7!/).1#/1%.4!-S$-*15!%.!1>-!(%-,&'!#.&!+7!5-#*/>%.4!*-(-*-./-!,%515!

(*)9!$*%9#*7!510&%-5'!*-8%-@!#*1%/,-5'!#.&!1-S1+))6!/>#$1-*5:!E%.#,,7'!1>-!$0+,%5>-&!

*-8%-@5!()*9%.4!1>-!+#5%5!()*!1>%5!+#/64*)0.&!*-8%-@!/>#$1-*!>#&!#&&%1%).#,!*-,-8#.1!

510&%-5!1>#1!D!>#&!9%55-&!#&&-&!+7!)1>-*!/)H#01>)*5!#.&!-&%1)*5:!!

'
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!"#$%&'(&)*++%,-."$$/&"0".$"#$%&1."23*45.-4&6*,&"-5.0%&!7&"31&1,829484-%:5.#.$.5/&5%45.32&;<%6%,%3-%4&8:&5*&%31&*6&=>'=?&

!"#$%$&'"%()%
'*+$,()-% ."#/)0'$0(1%(,%$"#$% 23))"1$%4+*05+$"5%

/(--")/0+*%4")#0(1#%

60789:(;%#"1#0$040$&%
<=>'"/$"5?%1""5%$(%
/0$"%)",")"1/"#%,()%
+//3)+/&%"#$0-+$"#%

60789:(;%
#'"/0,0/0$&%
<=>'"/$"5?%

@6A%
"15()#
"-"1$%

2(--"1$#%

BC%."$"/$0(1%(,%B/$04"%!D%
@$8*,%4-%3-%&
+.-,*4-*:/&84.32&
ABC&&

D8,"+.3%9E&45".3%1&4+%",&,%"1&
#/&6$8*,%4-%35&+.-,*4-*:/&84.32&
ABC&$.2F5&4*8,-%&

G,.+*&H5",&.ABC!I&J)",$&
K%.44L&M%,+"3/N&
A8+.3!IJAO&4-.%35.6.-L&MDL&
PHDN&"31&*5F%,4&

QR9S>T&
J-*3-%35,"5%1L&1.,%-5&
4"+:$%4&-*+:",%1&5*&
-8$58,%N&J=U9=RN&

V=9VST&
J-*+:",%1&5*&
-8$58,%N&J=W9=RN& &&&&&&&&&&&&&&&

X%4&

D::,*Y.+"5%$/&'>T&2,%"5%,&
4%34.5.0.5/&04(&KZ&$.2F5&
+.-,*4-*:/&
Z*&,%18-5.*3&.3&:%,6*,+"3-%&.3&
[\]&-*9.36%-5.*3&J=UN&&
O[E&%31*,4%1&

H%+.9"85*+"5%1L&
3*3.35%2,"5%1&
ZDD!&

D+:$.6.-"5.*3&"31&1%5%-5.*3&*6&
+/-*#"-5%,."$&,<ZD&*,&CZD&
1.,%-5&6,*+&-$.3.-"$&4"+:$%4&

D+:$.6.%1&I!C!&JM%3G,*#%L&
H"3&C.%2*L&)DL&PHDN&
G,*#%&!%-&B!&
J7CL&@,"3^$.3&A"^%4L&Z_L&
PHDN`&)*#"4&!"a+"3&I!7&
J<*-F%&I*$%-8$",&
1."23*45.-4L&)DL&PHDN&

UR9'>>T&&
J:**$%1&"::,*Y(&RR9
VRTN&J=b9=VN&

QW9'>>T&J:**$%1&
SQ9VSTN&J=b9=VN&

Z*&

H%34.5.0.5/&.3&4+%",93%2"5.0%&
:"5.%354&Q>9S>T&J=SL&=VN&
E:%3&4/45%+&"5&,.4^&6*,&CZD&
-*35"+.3"5.*3&"31&H:%-.6.-.5/&
"66%-5%1&#/&$"#*,"5*,/&a8"$.5/&
-*35,*$&&

H.+:$.6.%1L&+"38"$&
ZDD!&

\4*5F%,+"$&"+:$.6.-"5.*3&c.5F&
0.48"$&,%"1*85&5*&1%5%-5&
+/-*#"-5%,."$&CZD&1.,%-5&6,*+&
-$.3.-"$&4"+:$%4&

B.^%3&ADIG&!&JB.^%3L&_":"3N&
&

E0%,"$$d&SUT&
H+%",&:*4.5.0%&
:"5.%354d&eVQT&
H+%",&3%2"5.0%d&W'9
Q=T&JU>N&J\P!AC&-*36(&
:,*-%%1.324N&

eVbT&JU>N&
&

Z*&

Z*5&/%5&"::,*0%1&#/&O[E&
%Y:%,5&2,*8:(&Dc".5.32&,%48$54&*6&
1%+*345,"5.*3&4581/&
&

H%,*$*2.-"$&
J"35.#*1/N&
1%5%-5.*3&5%45&

\++83*$*2.-"$&5%45d&1%5%-5.*3&*6&
"35.#*1.%4&5*&!7&"35.2%34&#/&
BA\HD&*,&,":.1&$"5%,"$&6$*c&
6*,+"5&

D$5F*82F&4%0%,"$&"44"/4&",%&
*3&5F%&+",^%5L&3*&-8,,%35$/&
"0".$"#$%&5%45&F"4&#%%3&
0"$.1"5%1&"31&:,*0%3&5*&#%&
-$.3.-"$$/&84%68$&

>9'>>T&JU'N&
D31"9!7&\2Md&
G**$%1&%45.+"5%4&.3&
4+%",&:*4.5.0%d&bRT&
4+%",&3%2"5.0%d&QVT&

U'9'>>T&JU'N&
D31"9!7&\2M&
G**$%1&%45.+"5%d&
V=T&

Z*&

O[E&+"1%&3%2"5.0%&
,%-*++%31"5.*3&.3&=>''&

D35.2%3&1%5%-5.*3&
5%45&

!7&"35.2%34&1%5%-5%1&#/&BA\HD&
*,&$"5%,"$&6$*c&5%45&6*,+"5&

D$%,%&!7&ADI&BA\HD&
JO"$5F"+L&IDL&PHDN&

E0%,"$$d&'S9QVT&
[\]&*3$/d&=>9RbT&JU=N&

SS9'>>T&JU=N&

Z*&

E3$/&*66%,4&-$.3.-"$&85.$.5/&.3&[\]9
.36%-5%1&:"5.%354&c.5F&"10"3-%1&
.++83*48::,%44.*3&
]"$.1"5.*3&*6&$"5%,"$&6$*c&45,.:&
5%45&JC%5%,+.3%&!7&!N&*32*.32&

DC%."$"/$0(1%(,%B/$04"%!D%+15%.E!%
@8$$/9"85*+"5%1L& @8$$/&"85*+"5%1L&4%$6&-*35".3%1& f:%,5&I!7g<\@&!&J)%:F%.1L& I!7&1%5%-5.*3d& I!7&1%5%-5.*3d& X%4& O[E&45,*32&,%-*++%31"5.*3&
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.35%2,"5%1&ZDD!& :$"56*,+&.35%2,"5.32&4:858+&
:,*-%44.32L&+/-*#"-5%,."$&CZD&
%Y5,"-5.*3&"31&"+:$.6.-"5.*3&

)DL&PHDN& E0%,"$$d&V>T&
H+%",&:*4.5.0%&
:"5.%354d&VW9'>>T&
H+%",&3%2"5.0%&
:"5.%354d&WR9SUT&
J:**$%1&4%34d&bQT&
<.6"+:.-.3&,%4.45"3-%d&
VS9VVT&JUU9URN&

eVST&
<.6"+:.-.3&
,%4.45"3-%d&eVST&
JUUN&

6*,&6,*35$.3%&!7&1."23*4.4&.3&
[\]9.36%-5%1&"31&IC<&!7&
484:%-54&
&

D85*+"5%1&$.a8.1&
-8$58,%&c.5F&
.31.,%-5&CH!&

D85*+"5%1&4/45%+&*6&6*,&
+/-*#"-5%,."$&$.a8.1&-8$58,%&"31&
48#4%a8%35&CH!&

7D)!B)&IM\!!&&VR>&J7C&
C."23*45.-4L&ICL&PHDNL&
7"-!gDAB<!!&&UC&
J#.*I%,.%8YL&@,"3-%N&

'>>T&.3&4+%",&
:*4.5.0%&-"4%4L&ebQT&
.3&4+%",&3%2"5.0%&
-"4%4&

eVVT&

X%4&

D::,*Y.+"5%$/&'>T&F.2F%,&
1."23*45.-&/.%$14&-*+:",%1&5*&
4*$.1&+%1."&-8$58,%&
)*35"+.3"5.*3&-"3&#%&'>9=>T&.3&
$"#*,"5*,.%4&c.5F&:**,&a8"$.5/&
"448,"3-%&
\31.,%-5&CH!&-"3&5"^%&U9W&
+*35F4&5*&:,*0.1%&,%48$54&

Z*39"85*+"5%1&
$.a8.1&-8$58,%&c.5F&
1.,%-5&CH!&

H.+:$.6.%1&4/45%+4&6*,&
+/-*#"-5%,."$&$.a8.1&-8$58,%&
c.5F&,%18-%1&$"#*,"5*,/&
%a8.:+%35&6*,&I!7&1%5%-5.*3&
"31&1.,%-5&CH!&

!7&IECH&h.5&!&J[",1/&
C."23*45.-4L&H"35"&I",."L&
)DL&PHDN&

VRT&J-*+:",%1&5*&
5,"1.5.*3"$&"85*+"5%1&
$.a8.1&-8$58,%N&JUbN&

VRT&J-*+:",%1&5*&
5,"1.5.*3"$&
"85*+"5%1&$.a8.1&
-8$58,%N&JUbN&
&

X%4&

A*c&%a8.:+%35&,%a8.,%+%354&
*664%5&#/&F.2F&$"#*8,&3%%14&
C.,%-5&CH!&:,*0.1%4&,%48$54&.3&
'>9'W&1"/4&
&

GF"2%9#"4%1&
1%5%-5.*3&

7"-5%,.*:F"2%&0.,84%4&.36%-5&"31&
1%5%-5&5F%&:,%4%3-%&*6&I!7&

@DH!G$"a8%&!I&J\:4c.-FL&
H866*$^L&PhN&

S'9'>>T&JUSL&UVN& bU9'>>T&JUSN&
& Z*&

U9URT&.31%5%,+.3"5%&,"5%&$.+.54&
84%`&Z*5&%31*,4%1&#/&O[E&

2C%.E!%+159()%#'"/0+$0(1%
I"38"$&
"+:$.6.-"5.*3&"31&
F/#,.1.i"5.*3&JA.3%&
:,*#%&"44"/N&

ZDD!&c.5F&F/#,.1.i"5.*3&*6&
"+:$.6.%1&:,*18-5&5*&45,.:&5%45&
"$$*c.32&6*,&.1%35.6.-"5.*3&*6&
I!7&"31&-*++*3&+85"5.*34&
-"84.32&,%4.45"3-%&5*&,.6"+:.-.3&
"31&\Z[&

M%3*!/:%I!7C<:$84!&
J[".3&A.6%H-.%3-%N&
\ZZE9A.GD<.6(!7!&&
J\33*2%3%5.-4N&

@*,&<.6"+:.-.3&
,%4.45"3-%d&eVST&
@*,&\Z[d&eSWT&
JW>L&W'N&

@*,&,.6"+:.-.3&
,%4.45"3-%d&eVSTL&
6*,&\Z[d&eVVT& X%4&

G,*0.1%4&CH!&,%48$54&*3&-8$58,%&
.4*$"5%4&"31&4+%",&:*4.5.0%&
-$.3.-"$&4:%-.+%34&.3&'9=&1"/4&
P31%,2*.32&c.1%4:,%"1&
8:4-"$.32&.3&Z!G4&c.5F&5F%&F%$:&
*6&5F%&BfGDZC&!7&:,*2,"+&

<":.1&4:%-."5.*3&
"44"/&

<":.1&.++83*-F,*+"5*2,":F.-&
J$"5%,"$&6$*cN&5%45&6*,&
.1%35.6.-"5.*3&I!7&-*+:$%Y&.3&
-8$58,%&.4*$"5%4&

)":.$$"&!79Z%*!&&J!"834NL&
!7-&\C!&&J7C&1."23*45.-4L&
ICL&PHDNL&HC&7.*$.3%&D2&
IG!RW&<":.1JjN&JH5"31",1&
C."23*45.-4&\3-L&h*,%"N&

eVST& eVVT&

X%4&

H.+:$%L&,%$."#$%&5%454&6*,&84%&
%4:%-."$$/&.3&4%55.324&c.5F&F.2F&
,"5%4&*6&Z!I4&

ABCd&$.2F5&%+.55.32&1.*1%`&ZDD!d&Z8-$%.-&"-.1&"+:$.6.-"5.*3&5%45`&I!7d&!"#$%&#'()*+,-'+%()#+.$/*/`&@\ZCd&@*831"5.*3&*6&.33*0"5.0%&"31&3*0%$&1."23*45.-4`&ADId&

$.:*","#.3*+"33"3`&IC<d&I8$5.91,82&,%4.45"35`&CH!d&C,82&484-%:5.#.$.5/&5%45.32`&Z!Id&3*3958#%,-8$*84&+/-*#"-5%,."L&Z!GkZ"5.*3"$&!7&G,*2,"+&
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!"#$%&'"'(&)(#*+",-(./01&%#23(45(#%6(62/$7'/'*-.+"8"0"+3(+-'+"%$!

(

"#$%!%&'($)*!')*%$+&,%!'-,,&*(!+$./*)%($'!0,.'($'&!.*+!())1%!2),!(#&!+$./*)%$%!)2!.'($3&!

0-14)*.,5!"6!.*+!+,-/7%-%'&0($8$1$(5!(&%($*/9!"#&!)0($4$%.($)*!)2!(,.+$($)*.1!+$./*)%($'!

4&(#)+)1)/5!.*+!())1%!$%!+$%'-%%&+!()/&(#&,!:$(#!(#&!+&3&1)04&*(!.*+!.00,)0,$.(&!-%&!

)2!*&:!+$./*)%($'!(&'#*)1)/$&%9!".81&!;!+&%',$8&%!'-,,&*(<!')44&,'$.115!.3.$1.81&!"6!

+$./*)%($'%!2),!.'($3&!"6!.*+!+,-/!%-%'&0($8$1$(5!%(,.($2$&+!85!(#&!(&%(=%!.8$1$(5!()!0,)3$+&!

+$./*)%($'!.*+!>?"!.1)*&!),!')48$*&+9!@*!.++$($)*<!()!8&((&,!')*(&A(-.1$B&!.3.$1.81&!)1+!

.*+!*&:!(&%(%<!2$/-,&!C!3$%-.115!')*(,.%(%!(#&!(&%(!0&,2),4.*'&!.*+!($4&7()7,&%-1(!)2!

')44&,'$.115!.3.$1.81&!+$./*)%($'%!2),!.'($3&!"6!.*+!>?"9!(

(

9:1.2&,"%$(+;-(&06<((((

!

!"#$#%&"'%&()'*)+#$#,#-$('&$*'(./0,-/'(%1))$#$2''

D)*/!8&2),&!E)'#=%!+$%')3&,5!)2!(#&!(-8&,'-1)%$%!8.'$11$<!0#5%$'$.*%!#.+!,&')/*$B&+!.*+!

'1$*$'.115!+&%',$8&+!"6!+$%&.%&9!F1$*$'.1!0,&%&*(.($)*%!)2!"6!+$%&.%&!.,&!*-4&,)-%G!"6!

'.*!$*2&'(!.14)%(!&3&,5!),/.*!.*+!4$4$'!*-4&,)-%!)(#&,!#-4.*!+$%&.%&%!H;IG!.*+!)-,!

&3)13$*/!-*+&,%(.*+$*/!)2!%-8'1$*$'.1!"6!$*2&'($)*!%-//&%(!.!')401&A!#)%(70.(#)/&*!

$*(&,.'($)*!.*+!.!'#.*/$*/!%0&'(,-4!)2!%-87'1$*$'.1!$*2&'($)*!HCI9!"#&%&!2.'(),%<!

')48$*&+!:$(#!(#&!.8%&*'&!)2!.''-,.(&!),!.22),+.81&!+$./*)%($'!())1%!&%0&'$.115!$*!J6F<!

4&.*%!(#.(!'1$*$'.1!%',&&*$*/<!+$./*)%$%!.*+!'.%&!+&2$*$($)*%!')*($*-&!()!/-$+&!(,&.(4&*(!

+&'$%$)*%!H$*'1-+$*/!2),!$%)*$.B$+!0,&3&*($3&!(#&,.05I<!2),4!0.,(!)2!')40)%$(&!+$./*)%($'!

,&2&,&*'&!%(.*+.,+%!H&%0&'$.115!$*!'#$1+,&*!.*+!J@K7$*2&'(&+!0.($&*(%I<!.*+!+$,&'(!

%-%0&'(&+!"6!0.($&*(%!2),!2-,(#&,!+$./*)%($'!(&%($*/9!?540()4!%',&&*$*/!.*+!'1$*$'.1!

'.%&!+&2$*$($)*%!()!/-$+&!(#&!-%&!)2!$%)*$.B$+!0,&3&*($3&!(#&,.05!H@L"I!.*+!&40$,$'!"6!

(,&.(4&*(!$*!0&,%)*%!1$3$*/!:$(#!J@K!.*+!%4&.,7*&/.($3&!"6!,&%0&'($3&15!.,&!.,&.%!)2!
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0.,($'-1.,!'1$*$'.1!.*+!0-81$'!#&.1(#!$40),(.*'&9!M!,&'&*(!4&(.7.*.15%$%<!$*'1-+$*/!NOCO!

0&)01&<!2)-*+!(#&!')48$*.($)*!)2!.*5!)*&!)2P!'-,,&*(!')-/#!H.*5!+-,.($)*I<!2&3&,<!*$/#(!

%:&.(%!),!:&$/#(!1)%%!()!#.3&!.!%&*%$($3$(5!.*+!%0&'$2$'$(5!)2!QNR!.*+!STR<!,&%0&'($3&15!

HUI9!M(!"6!0,&3.1&*'&!,.(&!)2!S!.*+!CTR<!(#&!.8%&*'&!)2!.*5!)2!(#&%&!%540()4%!')-1+!

,&1$.815!&A'1-+&!.'($3&!"6!$*!NVR!.*+!NTR!)2!0.($&*(%<!,&%0&'($3&15!HUI9!"#&!.++$($)*!)2!

'#&%(!A7,.5!HFWXI!()!%540()4!%',&&*$*/!$40,)3&+!%&*%$($3$(5!85!;CR<!8-(!,&+-'&+!

%0&'$2$'$(5!85!;;R!HUI9!!"#&!YJZ!#.3&!-%&+!(#&%&!2$*+$*/%!$*!(#&!,&'&*(15!0-81$%#&+!

$*(&*%$2$&+!'.%&!2$*+$*/!H@F[I!.*+!@L"!/-$+&1$*&!HYJZI!H\I9!]$3&*!(#&!:&117&%(.81$%#&+!

8-,+&*!)2!.%540()4.($'!.'($3&!"6!.4)*/%(!J@K!$*2&'(&+!0.($&*(%!:$(#!.+3.*'$*/!

$44-*)%-00,&%%$)*!HSI<!(#&!1$4$(.($)*%!)2!%540()4!%',&&*$*/!4&(#)+%!.,&!'1&.,!.*+!

.001$'.($)*!%#)-1+!8&!'.-($)-%<!.1(#)-/#!(#&$,!-%&!4.5!,&4.$*!*&'&%%.,5!2),!0-81$'!

#&.1(#!"6!%',&&*$*/<!@L"!.*+!@F[!%(,.(&/$&%9!!

!

@*!CTTO<!(#&!YJZ!+&3&1)0&+!(#&!%4&.,7*&/.($3&!"6!/-$+&1$*&%<!:$(#!&A0.*+&+!'.%&!

+&2$*$($)*%!2),!8)(#!0-14)*.,5!.*+!&A(,.0-14)*.,5!"6!HOI9!"#&%&!/-$+&1$*&%!.,&!:$+&15!

.3.$1.81&!.*+!#&10!/-$+&!(,&.(4&*(!+&'$%$)*%!$*!4.*5!%&(($*/%<!5&(!2&:!%(-+$&%!#.3&!

&3.1-.(&+!(#&$,!+$./*)%($'!.''-,.'5!.*+!$40.'(9!@*!.48-1.(),5!0.($&*(%!.((&*+$*/!.*!

)-(0.($&*(!'1$*$'<!(#&!+$./*)%($'!.''-,.'5!:.%!4)+&%(<!:$(#!.!%&*%$($3$(5!.*+!%0&'$2$'$(5!

)2!VTR!.*+!\\R!,&%0&'($3&15!HQI9!>&%0$(&!4)+&%(!+$./*)%($'!0&,2),4.*'&<!.*)(#&,!

?)-(#!M2,$'.*!%(-+5!$*!#)%0$(.1$B&+!0.($&*(%!#):&3&,<!%-//&%(&+!(#.(!(#&!%(,$'(!-%&!)2!

'1$*$'.1!/-$+&1$*&%!.*+!'.%&!+&2$*$($)*%!4$/#(!0)(&*($.115!$40.'(!0.($&*(!4),(.1$(5!.*+!

#)%0$(.1!1&*/(#!)2!%(.5!HVI9!?(-+$&%!.,&!)*/)$*/!()!$40,)3&!(#&!-%&!)2!'1$*$'.1!(,&.(4&*(!

.1/),$(#4%<!$*(&/,.(&!(#&4!:$(#!(#&!*&:&,!+$./*)%($'!())1%!%-'#!.%!^"6_X@[<!')*%$+&,!

(#&$,!$40.'(!H.*+!(#&!-%&!)2!*)*7.1/),$(#4!/-$+&+!&40$,$'!(,&.(4&*(I!)*!(#&!&3.1-.($)*!

)2!*)3&1!+$./*)%($'%!.*+!&3.1-.(&!(#&$,!$40.'(!)*!0.($&*(!$40),(.*(!)-(')4&%!%-'#!.%!

4),(.1$(5!$*!J@K!$*2&'(&+!0.($&*(%!:$(#!.+3.*'&+!$44-*)%-00,&%%$)*9!!
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'

[$/-,&!C9!F)40.,$%)*!)2!(#&!%&*%$($3$(5!H$*+$'.(&+!85!0&,'&*(./&%I!.*+!($4&7()7+$./*)%$%!

2),!.'($3&!0-14)*.,5!"6!.*+!+,-/!%-%'&0($8$1$(5!+$./*)%($'!())1%!$*+$'.($*/!.,&.%!)2!

,&+-'&+!0&,2),4.*'&!$*!J@K!"6!')7$*2&'(&+!0.($&*(%!.*+!'#$1+,&*9!Z*15!(&%(%!

')44&,'$.115!.3.$1.81&!.*+!:$(#!.!%0&'$2$'$(5!`NSR!2),!(#&!+$./*)%$%!)2!.'($3&!"6!.,&!

7-10 days
4 hours - 2 days 

2 hours
25 m

inutes
10-14 days

*Direct, non-commercial culture tools e.g. MODS

*Automated indirect liquid culture systems  
– MGIT Bactec 960

OLD TESTS

+Point-of-care antigen detection test 
e.g. LAM lateral flow assay

*Automated integrated NAATS – Xpert MTB/RIF assay

smear negative    70%

overall            75% 82% 90%

Simplified, manual NAAT – LAMP

smear negative    60%

*Manual amplification & hybridization (LPA) – Hain  
 Genotype MTBDRplus – main use DST 

smear negative     60%

smear positive                    98%

Automated non-integrated NAAT  
e.g. GenProbe AMTD

smear neg. & children 66%

overall                    85%

95%90%40%

80%90% 40%

20% 50%

SENSITIVITY KEY: HIV uninfected HIV Children Smear negative

NEW TESTS

Direct light microscopy

Fluorescence microscopy

20%40%70%

Optimisation

overall                    84%



Univ
ers

ity
 of

 C
ap

e T
ow

n

$*'1-+&+9!DM^P!D$0).,.8$*)4.**.*G!aMM"%P!a-'1&$'7.'$+!.401$2$'.($)*!(&%(%G!DM^LP!

D))0!$%)(#&,4.1!.401$2$'.($)*!LFXG!>?"P!+,-/7%-%'&0($8$1$(5!(&%($*/G!^Z>?P!^$',)%')0$'!

Z8%&,3&+!>,-/!?-%'&0($8$1$(5G!^]@"P!^$',)%')0$'!],):(#7$*7(-8&!

'

!3)(,'1&*#-"-2.'

X.+$)1)/5!$%!:$+&15!-($1$B&+!$*!8)(#!#$/#!.*+!1):!8-,+&*!%&(($*/%!2),!8)(#!"6!%',&&*$*/!

$*!.%540()4.($'!0.($&*(%!.*+!(#&!+$./*)%$%!)2!.'($3&!+$%&.%&!HNI9!b%&+!.1)*&<!'#&%(!A7,.5!

HFWXI!#.%!)*15!4)+&,.(&!%0&'$2$'$(5!.*+!$*!%&(($*/%!)2!#$/#!J@K70,&3.1&*'&!.1%)!

4)+&,.(&!%&*%$($3$(5!H;TI<!:$(#!8&(:&&*!;T7Q;R!)2!J@K!')7$*2&'(&+!"6!0.($&*(%!#.3$*/!

.*!&*($,&15!*),4.1!FWX!+&%0$(&!'-1(-,&70)%$($3&!+$%&.%&!HS<!;;7;UI9!J):&3&,<!:#&*!FWX!

$%!-%&+!$*!')*c-*'($)*!:$(#!)(#&,!%$401&!+$./*)%($'!())1%!%-'#!.%!%540()4!%',&&*$*/!

.*+_),!%4&.,!4$',)%')05<!$(!'.*!)22&,!8)(#!+$./*)%($'!-($1$(5!.*+!')%(7&22$'.'5!

0.,($'-1.,15!2),!,-1$*/7)-(!.'($3&!"6!+$%&.%&!H;\7;OI9!":)!?)-(#!M2,$'.*!%(-+$&%!2)-*+!

(#.(!(#&!')48$*.($)*!)2!%540()4%!:$(#_:$(#)-(!%0-(-4!%4&.,!4$',)%')05!2)11):&+!85!

FWX!)22&,&+!.!*&/.($3&!0,&+$'($3&!3.1-&!)2!4),&!(#.*!NSR!2),!.'($3&!"6!$*!.!#$/#!8-,+&*!

%&(($*/!H;Q7;NI9!!b*2),(-*.(&15<!)0($4.1!FWX!-($1$(5!,&d-$,&%!$*(&,0,&(.($)*!85!(,.$*&+<!

%e$11&+!)8%&,3&,%<!:#$'#!.,&!*)(!.1:.5%!.3.$1.81&9!@*(&,7)8%&,3&,!3.,$.8$1$(5!)2!FWX!#.%!

8&&*!%#):*!()!8&!0)),!$,,&%0&'($3&!)2!,&.+&,!%e$11!H;T<!CT<!C;I9!")!)3&,')4&!(#$%!

+,.:8.'e<!%&3&,.1!,.+$)1)/$'.1!%'),$*/!%5%(&4%<!%-'#!.%!(#&!F#&%(!X.+$)/,.0#!X&.+$*/!

%5%(&4!HFXX?I<!#.3&!8&&*!+&3&1)0&+!()!$40,)3&!$*(&,7)8%&,3&,!3.,$.8$1$(5!H;UI9!

[-,(#&,4),&<!.-()4.(&+!')40-(&,!%5%(&4%!()!$*(&,0,&(!.*+!,&0),(!+$/$(.1!FWX%!.,&!

'-,,&*(15!$*7+&3&1)04&*(!HCCI9!!

! !
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='+(>?@AB(:C(BD@4:?CE(

(4;-(#*F/"'"+"&%(&)('#1.0-'()&2(6"#$%&'+"*(+-'+"%$(

!

>&2$*$($3&!"6!+$./*)%$%!,&1$&%!)*!(#&!+&4)*%(,.($)*!)2!45',67)1%6"-(#(!8.'$11$<!"67%0&'$2$'!

.*($/&*%!),!/&*&($'!4.(&,$.1!HLFXI9![),!(#$%<!.*!.00,)0,$.(&!.*+!%-22$'$&*(!8$)1)/$'.1!

%.401&!$%!&%%&*($.19!J):&3&,<!.((.$*$*/!.*!.+&d-.(&!%.401&!'.*!8&!'#.11&*/$*/!.*+!'.*!

,&%-1(!$*!&$(#&,!*)!')*2$,4&+!"6!+$./*)%$%!),!.!%-8%(.*($.1!+&1.5!$*!+$./*)%$%9!@*!J6F<!

&%0&'$.115!$*!')-*(,$&%!:$(#!#$/#!J@K!')7$*2&'($)*!.*+!'#$1+#))+!"6!0,&3.1&*'&<!.!

%$/*$2$'.*(!0,)0),($)*!)2!0.($&*(%!.,&!-*.81&!()!%0)*(.*&)-%15!0,)+-'&!%0-(-4!H\C<!\UI9!

L.($&*(%!.,&!-*2.4$1$.,!:$(#!(&'#*$d-&%!()!)0($4.115!&A0&'(),.(&!%0-(-4!),!2&&1!

-*')42),(.81&!.8)-(!0,)+-'$*/!%0-(-4!H\\<!\SI9!@(!#.%!8&&*!3&,5!&1&/.*(15!%#):*!(#.(!

%0-(-4!0,)+-'($)*!$%!*)(!&d-$3.1&*(!$*!4&*!.*+!:)4&*<!:$(#!,&+-'&+!%4&.,!

4$',)%')05!%&*%$($3$(5!8&$*/!%&&*!$*!2&4.1&%!2,)4!.!*-48&,!)2!')-*(,$&%!H\\<!\SI9!M!

*-48&,!)2!%(,.(&/$&%!.*+!(&'#*$d-&%!#.3&!8&&*!&3.1-.(&+!()!$40,)3&!%0-(-4!

&A0&'(),.($)*<!()!$*+-'&!%0-(-4!),!.((.$*!.*!.1(&,*.($3&!0-14)*.,5!%.401&!%-$(.81&!2),!

1.8),.(),5!"6!+$./*)%$%9!"#&%&!%(,.(&/$&%!.*+!(&'#*$d-&%!2),!%.401&!.'d-$%$($)*!.*+!

(#&$,!.+3.*(./&%!.*+!+$%.+3.*(./&%!.,&!)-(1$*&+!$*!".81&!C9!!

'

806,6/'#$*6%,#-$'

Z2!(#&!(&'#*$d-&%!)-(1$*&+!$*!".81&!C!8&1):<!%0-(-4!$*+-'($)*!$%!&4&,/$*/!.%!(#&!

0,&2&,,&+!%.401$*/!%(,.(&/5!2),!-%&!$*!,&%)-,'&!1$4$(&+!%&(($*/%9!?0-(-4!$*+-'($)*!#.%!

8&&*!2)-*+!()!8&!%.2&!.*+!()1&,.81&!$*!'#$1+,&*<!.+)1&%'&*(%!.*+!.+-1(%!$,,&%0&'($3&!)2!

J@K!')7$*2&'($)*!H\O<!\QI9!@(!'.*!8&!0&,2),4&+!:$(#!4$*$4.1!$*2,.%(,-'(-,&!.*+!1):7')%(!

$*2&'($)*!')*(,)1!8))(#%!#.3&!8&&*!+&3&1)0&+!2),!-%&!$*!-,8.*!.*+!,-,.1<!.*+!&3&*!

4)8$1&!'1$*$'!%&(($*/%9!"#&!$*2&'($)*!')*(,)1!8))(#!0$'(-,&+!8&1):!:.%!8-$1(!2),!(#$%!

0,)c&'(!.(!D.*/.!0,$4.,5!'.,&!'1$*$'9!
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L#)()/,.0#%!)2!2.'$1$($&%!-%&+!2),!%0-(-4!$*+-'($)*!$*!,&%)-,'&71$4$(&+!%&(($*/%!

$*'1-+$*/!$I!.!')44-*$(5!'1$*$'!1):7')%(!$*2&'($)*!')*(,)1!%0-(-4!8))(#<!$$I!.!,-,.1!

()8.'')!01.*(.($)*!'1$*$'!:$(#!8.((&,570):&,&+!*&8-1$%&,<!.*+!$$$I!.!4)8$1&!(&*(!$*2&'($)*!

')*(,)1!8))(#!H%(.,($*/!()0!1&2(!.*+!4)3$*/!'1)'e:$%&I!
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!"#$%&'(&&)*+"*%,-%./!%012-34%.&56+&*1%&-78+69%:&"034-.-*-62&65&84$762"+;&."78$%.&56+&!<&:-",26.-.&&

!"#$%&'(") *&+,%-./&#)0"12-13+%#")
1+%,".4) 567+%/+,".) *&.+67+%/+,".) 8%-9:"6,");,+0.<)

=>0"#/-1+/"6).0(/(3)+..&./+%#")/"#$%&'(".)

=+69-:%+>*+"-2-2,&

"2:&6#.%+9%:&

.84*47&06$$%0*-62&

?@"$"A-"2&)B>!<&.4.8%0*.&

?CDEE&&

FG/CH&?DIJE&:%5-2-*%>!<&0".%.&

:%*%0*%:&&

@-2-7"$&.*"55&*+"-2-2,&

+%34-+%7%2*.&

K2%L8%2.-9%&

M-:%$;&"88$-0"#$%&-2&"$$&.%**-2,.&

!-7%>062.47-2,&&

K25%0*-62&062*+6$&+-.N&&

B6*&"88$-0"#$%&56+&01-$:+%2&

=+6,+"77"*-0&+%.%"+01&62&
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-.#&#/+$0*')0&$01&1#2#3)+"#04&)5&(6346%#&7$*#1&4#(.0'86#*&&
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"-*01*&'0&#$%*1(&'1((16'<IYL@A'K51.&831(&#'+&*52#('517&'"2*'3&&"'SDT8&"#20(&#'#$&'*2'
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/13201*206'%2"#-*-2"(,'*5&(&'"2"8%2++&0%-1/'%$/*$0&'+&*52#('10&'-"&W)&"(-7&'1"#'%1"')027-#&'

%$/*$0&'1"#'VH9'0&($/*('-"'>8OU'#16('<>=,'>?@A'[1%\'24'(*1"#10#-R1*-2"'1"#'/2%1/'710-1*-2"('-"'

+&*52#2/2.6'0&+1-"')02.01++1*-%'%2"%&0"('1"#'517&'*5$('410'/-+-*&#'(%1/&8$)A'
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J-.$0&'PA'K02.0&(('-"'2)*-+-(-".'1"#'(*0&1+/-"-".'L@'()$*$+'(+&10'+-%02(%2)6'1"#':@'

*$3&0%$/2(-('<9:@'%$/*$0&A'JX]'J/$20&(%&"%&'+-%02(%2)6^'[X]'[-.5*'+-%02(%2)6^'[_V]'[-.5*'

B

A

• Solid culture method 
(Lowenstein-Jensen or 
Ogawa media) stand-
ard technique taking 
4-8 weeks

• Agar proportion and 
indirect method used 
for DST (Middlebrook 
7H10 media recom-
mended)

• Sputum processing 
methods (e.g. bleach 
and centrifugation 
improves sensitivity by 
avg. 18%

• FM 10% better sensi-
tivity cf. LM

• 3rd sputum  yield 
2-5% only

• Liquid TB culture 
(manual or automated) 
 10% improved 

diagnostic yield and  
time-to-diagnosis by 
10-15 days

• Indirect methods for 
DST using automated 
liquid culture (e.g. 
MGIT SIRE)

• Simple sputum submis-
sion instructions  
diagnostic yields

• LED microscopy non-
inferior to MVLP FM 
even in HIV

• Liquid media for 
culture and DST in 
middle and lower 
income countries 

• Laboratory capac-
ity building initiative 
(FIND/WHO)

• Use of non-commer-
cial culture techniques 
(MODS, NRA or CRI) 
for rapid direct DST

• Development and 
evaluation studies 
of alternative non-
commercial culture 
techniques allowing 
for direct DST

• MODS
• NRA

WHO policy 
endorsements

WHO policy 
endorsements

• Front-loaded smear 
microscopy (spot-spot 
vs. spot-morning) 
offers equivalent 
diagnostic yield

• RCT demonstrates 
non-inferiority of spot-
spot vs. spot-morning 
with signifi cantly less 
diagnostic drop-out

• 2 smears from single 
sample equivalent to 2 
smears on 2 samples

• Revised case defi ni-
tion for TB

•   no. of smears 
required for diagnosis 
from 3 to only 2

• LED microscopy for FM

• Improved diagnosis
• Decreased diagnostic 

drop-out
• Reduced workloads for 

microscopy centres

• High variability in 
smear microscopy 
sensitivity between 
primary clinics and 
reference laboratories

• Limited uptake of LED 
microscopy by NTPs 
in HBC

• More sensitive & rapid 
culture tools available

• Improved time-to-DST
• Alternative culture 

techniques developed, 
tested & endorsed for 
HBC with limited labo-
ratory infrastructure

• Good MGIT uptake 
with WHO endores-
ment

• Laboratory capacity-
building making slow 
progress

• High contamination 
rates in poor labora-
tories

• Best culture time-to-
diagnosis 4-7 days 
with consequent 
diagnostic delay

Systematic 
review/clini-
cal trial data

Systematic 
review/clini-
cal trial data
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0&;$-0&('$0.&"*'%/10-4-%1*-2"A'J-"1//6,'1'"$+3&0'24'2)&01*-2"1/'%51//&".&('1"#'0&(&10%5';$&(*-2"('
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71. High cost (both machine and cartridge) of MTB/RIF,  
aggravated by supplier monopoly.

2. Limited evidence around use in special patient groups, e.g. HIV+, children.
3. Limited evidence around use at point-of-treatment.
4. No single test fulfills all requirements of TB management, e.g. diagnosis and treatment monitoring.
5. Ethical concerns around diagnosing drug-resistant TB without available second-line therapeutics.
6. Lack of clear government regulation to prevent unproven tests from gaining market share.
7. Rapid technical innovation flooding the market with new tests with competing evidence.



Univ
ers

ity
 of

 C
ap

e T
ow

n

J-.$0&'UA'95&'%51//&".&('24'$)8(%1/&'1"#'-+)/&+&"*1*-2"'24'X9:dY!J'1"#'2*5&0'"27&/'9:'

#-1."2(*-%'*&%5"2/2.-&('

&

F'0#&+%)7#&$**$,*'

L('1'01)-#'1/*&0"1*-7&'*2')5&"2*6)-%'VH9,'()&%-1/-(&#'ILL9(,'$(-".'+1"$1/'1+)/-4-%1*-2"'1"#'

5630-#-R1*-2"'*&%5"-;$&(,'\"2C"'1('/-"&')023&'1((16('<[KL@'<*13/&'O@'244&0'947'()&%-1*-2"'1"#'

.&"2*6)-%'VH9'C-*5'0&($/*('-"'O8M'#16(A'[KL('0&%&-7&#'SDT'&"#20(&+&"*'-"'MGG?'1('*5&'*&(*'24'

%52-%&'420'01)-#'.&"2*6)-%'0-41+)-%-"'1"#'-(2"-1R-#'VH9'<?=@A'[KL('244&0'(&"(-*-7-*-&('hF?N'420'

0-41+)-%-"'0&(-(*1"%&,'3$*'2"/6'a?QN'420'!ID'0&(-(*1"%&'#$&'*2'*5&')0&(&"%&'24'0&(-(*1"%&'%2#-".'

+$*1*-2"('2$*(-#&'*5&'0&.-2"('24'*5&''0.?'1"#'G$4H&.&"&('#&*&%*&#'36'*5&'1((16('<UG,'?>@A'[KL('

10&'"2C'02$*-"&/6'171-/13/&'1"#'3&-".'(%1/&#8$)'-"'%&0*1-"'"1*-2"1/'9:')02.01++&('&A.A'H2$*5'

L40-%1'1"#'!"#-1'36'*5&'_iKLIV89:')02k&%*'420'XVY89:'($()&%*('C-*5'(+&108'20'%$/*$0&8)2(-*-7&'

(1+)/&(A'Y&%&"*/6,'1'`&"2*6)&'X9:VY(/'<D1-"'[-4&(%-&"%&'`+3D,'I&50&",'`&0+1"6@'51('3&&"'

#&7&/2)&#'1"#'-('"2C'171-/13/&'420'01)-#'.&"2*6)-%'M"#'/-"&'VH9'1"#'iVY89:'#-1."2(-(A'

H&"(-*-7-*-&('7106'1%02(('-"-*-1/'(*$#-&('#&)&"#-".'2"'*5&'()&%-4-%'#0$.'*&(*&#'<??8FG@'1"#'%/-"-%1/'

$*-/-*6'-('0&(*0-%*&#'*2'01)-#/6'j0$/-".8-"c'iVY89:'1*'*5-('(*1.&A'

&

>""60)1'$<0)*'*&5)%&$(4'2#&-B&

I$+&02$('(&02/2.-%1/'*&(*('*2'#&*&%*'9:8()&%-4-%'1"*-32#-&('10&'171-/13/&'-"'+1"6'#&7&/2)-".'

%2$"*0-&('<FO@A'Z)#1*&#'+&*181"1/6(&('(52C'%$00&"*'(&02/2.-%1/'1((16('10&'24'"2'%/-"-%1/'71/$&'

C-*5'5-.5'710-13-/-*6'-"'32*5'(&"(-*-7-*6'1"#'()&%-4-%-*6'<PO@,'1"#')220'%2(*8&44&%*-7&"&(('<FM@A'

V&()-*&'*5&'#&+2"(*01*&#'/1%\'24'&-*5&0'1%%$01%6'20'%2(*8&44-%1%6,'*5&(&'*&(*('%2"*-"$&'*2'3&'(2/#'

-"'O>'24'MM'5-.5'3$0#&"'(&**-".('<FO@A'!"'!"#-1'1/2"&,'1"'&(*-+1*&#'ZHlOQ'+-//-2"')&0'1""$+'-('

()&"*'2"')&0420+-".'(&02/2.-%1/'*&(*('420'9:'-"'*5&')0-71*&'(&%*20'<FO@A'!"'MGOO,'-"'0&()2"(&'*2'

*5-(,'*5&'SDT'-(($&#'1'"&.1*-7&')2/-%6'1#7-(-".'1.1-"(*'*5&'$(&'24'1"6'24'*5&'"$+&02$('171-/13/&'



Univ
ers

ity
 of

 C
ap

e T
ow

n

3/22#'(&02/2.-%1/'1((16('420'*5&'#-1."2(-('24'9:'<FP@,'1"#'%2$"*0-&('($%5'1('!"#-1'517&'31""&#'

*5&'%/-"-%1/'$(&'24'*5&(&'*&(*(A'D2C&7&0,'*5-(')2/-%6'#2&('"2*'#-(%2$01.&'2".2-".'0&(&10%5'-"*2'

(&02/2.-%1/'*&(*('420'9:'#-1."2(-(A''

'

:/22#831(&#'-"*&04&02"8.1++1'0&/&1(&'1((16('<!`YL(@'-"'5-.5'3$0#&"'(&**-".('517&'1/(2'3&&"'

&W*&"(-7&/6'&71/$1*&#'1"#'42$"#'*2'244&0'/-**/&,'-4'1"6,'%/-"-%1/'$*-/-*6'1('1'402"*/-"&'#-1."2(*-%'420'

1%*-7&'9:'-"'&-*5&0'D!E8-"4&%*&#'20'$"-"4&%*&#')1*-&"*('<OF,'FU8F=@A'L'0&%&"*'SDT')2/-%6'<MGOO@'

#-(%2$01.&('$(&'24'!`YL('420'1%*-7&'9:'#-1."2(-('-"'/2C'1"#'+-##/&'-"%2+&'%2$"*0-&('<F>@A'9H9'

0&+1-"('1'$(&4$/'*22/'420'*5&'#-1."2(-('24'1%*-7&'9:'-"'62$".'%5-/#0&"'1"#'!`YL('244&0'&;$-71/&"*,'

3$*'"2*'($)&0-20')&0420+1"%&'<F?,'FF@A'!*'-('%/&10'*51*'-++$"2#-1."2(-('-('"2*'1'($3(*-*$*&'420'

+2/&%$/10'20'+-%023-2/2.-%1/'(-*&8248#-(&1(&'#-1."2(-(,'1/*52$.5'-*('$(&'420'-"7&(*-.1*-".'/1*&"*'

9:'-"4&%*-2"'0&+1-"('-+)20*1"*'1"#'-('#-(%$((&#'3&/2CA'

'

! !



Univ
ers

ity
 of

 C
ap

e T
ow

n

:*0!;<=6>!#?!>@=A#<?!

6&)*.BC87.0!0)8+*'7)7!'D!83,)(.!AE!

'

95&'$(&'24'3-2/2.-%1/'(1+)/&('2*5&0'*51"'()$*$+'($%5'1('$0-"&,'&W51/&#'30&1*5,'1"#'3/22#'420'*5&'

#-1."2(-('24'9:'-(')10*-%$/10/6'1))&1/-".'.-7&"'*5&'%51//&".&'24'1**1-"-".'()$*$+'20'&;$-71/&"*'

)$/+2"106'(1+)/&('420'#-1."2(*-%'*&(*-".A'T4'*5&(&,'$0-"&'-(')10*-%$/10/6'1))&1/-".'3&%1$(&'24'-*('

171-/13-/-*6,'&1(&'24'1%%&(('<&1(-/6'23*1-"&#'402+'%5-/#0&"'1"#'1#$/*(@,')02%&((-".'1"#'(*201.&,'

1"#'*5&'/2C'-"4&%*-2"'0-(\'*2'5&1/*58%10&'C20\&0('#$0-".'(1+)/&'%2//&%*-2"A''

'

I)02#04')0$3&",()7$(4#%'$3&*"#$%&$01&(6346%#&6*'0<&6%'0#&*+#('"#0*&&

L('&10/6'1('*5&'OF=Gc('-*'C1(')2(*$/1*&#'*51*'9J&467#%(63)*'*'31%-//-'%2$/#'3&'42$"#'-"'*5&'$0-"&'24'

)1*-&"*('C-*5'1%*-7&')$/+2"106'*$3&0%$/2(-(,'1"#'420'+1"6'6&10('-*'C1(')10*'24'*5&'

+-%023-2/2.-%1/'C20\8$)'24')1*-&"*('C-*5'($()&%*&#'9:A'B$00&"*/6,'-*'-('"2*'0&%2++&"#&#'420'*5&'

02$*-"&'#-1."2(-('24')$/+2"106'9:'1('*C2'/10.&'0&*02()&%*-7&'0&7-&C('-"#-%1*&#'*51*'*5&'6-&/#'24'

$0-"&'(+&10'1"#'%$/*$0&'C1('/&(('*51"'MN'<OGG,'OGO@A'D2C&7&0,'-"'D!E8-"4&%*&#')1*-&"*('C-*5'

1#71"%&#'-++$"2($))0&((-2"'*5&'6-&/#'24'$0-"&'%$/*$0&'-('-+)027&#'<>>N'-"'2"&'D!E8-"4&%*&#'

%2520*'<OGM@@A'D2C&7&0,'&7&"'-"'*5-('($3.02$)'*5&'(&"(-*-7-*6'24'$0-"&'(+&108+-%02(%2)6'

0&+1-"(')220'1('#2&('*5&'-"%0&+&"*1/'6-&/#'<a'QN@'24'$0-"&'9J&467#%(63)*'*'%$/*$0&'27&0'()$*$+'

20'/6+)5'"2#&'(+&108+-%02(%2)6'20'%$/*$0&'<OGP@A'95$(,'%2"7&"*-2"1/'9:'#-1."2(*-%('1))/-&#'*2'

$0-"&'()&%-+&"('51('/-+-*&#'%/-"-%1/'$(&4$/"&((A'!

!

!

!

!

!



Univ
ers

ity
 of

 C
ap

e T
ow

n

!"#$%"&'()*'+,"'-./'0#%1$,2#2',+'34'

'

95&'#&*&%*-2"'24'+6%231%*&0-1/'1"*-.&"('-"'$0-"&'420'#-1."2(*-%')$0)2(&('51('3&&"'($..&(*&#'

(-"%&'*5&'OFPG('<OGU@A'95&'O>AQ'\V'./6%2/-)-#,'/-)21013-"2+1""1"'<[LX@,'42$"#'-"'*5&'2$*&0'%&//8

C1//'24'+6%231%*&0-1/'()&%-&('51('3&&"'-"7&(*-.1*&#'1('1'#-1."2(*-%'1"*-.&"A'[LX,'1"'

-++$"2.&"-%'7-0$/&"%&'41%*20,'-('0&/&1(&#'402+'+&*132/-%1//6'1%*-7&'20'#&.01#-".'31%*&0-1/'%&//('

<OGQ@'#$0-".'9:'-"4&%*-2"'<OG=@A'[LX'-('5&1*'(*13/&,'4-/*&0&#'36'*5&'\-#"&6'1"#'#&*&%*13/&'-"'*5&'

$0-"&'<OG>8OOG@'<J-.$0&'Q@A'K$3/-(5&#'#1*1'($..&(*'*51*'[LX'-('()&%-4-%'420'+6%231%*&0-1/'()&%-&('

<OOO,'OOM@A'D2C&7&0,'[LX8/-\&'./6%2/-)-#('10&'42$"#'-"'(&7&01/'()&%-&('24'4$".-'1"#'31%*&0-1'

-"%/$#-".'I)%,0#7$(4#%'6"&1'+.4.#%'$&<OOP@A''S&'517&'#&(%0-3&#'*51*'1"*-8[LX')2/6%/2"1/'

1"*-32#-&('%02((80&1%*'C-*5'710-2$('L%*-"231%*&0-1,'-"%/$#-".'#-44&0&"*'(*01-"('24'I2%10#-1'1"#'

H*0&)*2+6%&(,'1"#'IJ&$37'($0*,'1"#'-J&+$6%)"#4$7)36"&42$"#'-"'"20+1/'+2$*5'4/201'<OOU@A'''

'

J-.$0&'QA'L""2*1*&#'#-1.01+'

-//$(*01*-".'*5&')1((1.&'24'

+6%231%*&0-1/'VIL'1"#'[LX'1"*-.&"'

402+'-"4&%*-2"'(-*&'*2'$0-"&'

'

'

'

'

D1+1($0'1"#'%28C20\&0('#&7&/2)&#'

1"'_[!HL'1"#'#-)(*-%\'*&(*'420'*5&'

#&*&%*-2"'24'[LX'1"*-.&"'-"'$0-"&'

<OG>@A'95&(&'&10/6'#&7&/2)+&"*1/'



Univ
ers

ity
 of

 C
ap

e T
ow

n

(*$#-&('C&0&'42//2C&#'36'*5&'%0&1*-2"'24'1'O(*'.&"&01*-2"')0&8%2++&0%-1/')02*2*6)&'mX9:'[LX'

_[!HLn'<B5&+2.&",'K20*/1"#,'ZHL@o,'C5-%5'C1('%/-"-%1//6'*0-1//&#'-"'MGGQ'-"'91"R1"-1'<OGF@A''L'

(&%2"#'.&"&01*-2"')02*2*6)&'$(-".'1'#-44&0&"*'31*%5'24')2/6%/2"1/'1"*-32#6'C1('*5&"'#&7&/2)&#A''

95-('C1('0&%&"*/6'($)&0%&#&#'36'1'%2++&0%-1//6'171-/13/&')02*2*6)&,'*5&'B/&107-&C!'9:'_[!HL'

<L/&0&,'ZHL@,'C5-%5'$(&('*5&'(1+&')2/6%/2"1/'1"*-32#6'$(&#'-"'*5&'M"#'.&"&01*-2"'B5&+2.&"'

1((16A'!"*&.01*&#'%2++&0%-1/'#-)(*-%\')02*2*6)&('517&'3&&"'#&7&/2)&#'$(-".'*5&'(1+&'

)2/6%/2"%1/'1"*-32#6'1"#'10&'%$00&"*/6'$"#&0.2-".'71/-#1*-2"'(*$#-&('1(')2*&"*-1/'$(&0840-&"#/6'

1"#'01)-#')2-"*8248%10&'#-1."2(*-%'*&(*('<-"%/$#-".'*5&'71/-#1*-2"'(*$#6')0&(&"*&#'-"'*5-('*5&(-(@A''

'

I3'0'($3&64'3'4,&)5&6%'0#&F?9&'0&60*#3#(4#1&+$4'#04*&K'4.&*6*+#(4#1&-B&5%)"&$&+%'"$%,&($%#&*#44'0<&

9&((&+1'&*'1/,'0&)20*&#'1'(&"(-*-7-*6'1"#'()&%-4-%-*6'<FQN'B!@'24'>UAGN'<=>8?G@'1"#'?=AFN'<?U8

?F@,'0&()&%*-7&/6'<OG?@'-"'1"'_*5-2)-1"'%2520*'C5&0&'*5&'D!E'(*1*$('C1('"2*'#&*&0+-"&#A'

:2&5+&'#4&$3,'$(-".'*5&'O(*''.&"&01*-2"'X9:'[LX'_[!HLn')02*2*6)&'<B5&+2.&",'K20*/1"#,'ZHL@'

0&)20*&#'1'(&"(-*-7-*6'1"#'()&%-4-%-*6'24'?GAPN'1"#'FFN,'0&()&%*-7&/6,'-"'1'91"R1"-1"'%2520*'C-*5'

1'D!E'(&02)0&71/&"%&'24'=FN'<OGF@A'Z"420*$"1*&/6,'*5&'-"-*-1/')02+-(&'24'*5&(&'&10/6'(*$#-&('C1('

"2*'($(*1-"&#A'J-7&')$3/-(5&#'(*$#-&('"2C'(52C'%2"(-(*&"*/6')220'27&01//'*&(*')&0420+1"%&'C-*5'

(&"(-*-7-*-&('01".-".'3&*C&&"'OP'*2'QON'<OOU8OO?@<913/&'P@A'95&(&'#-(1))2-"*-".'0&($/*('

($..&(*'*51*'*5&0&'-('/-**/&'%/-"-%1/'$*-/-*6'420'*5&'$0-"&'[LX'1((16'-"'$"(&/&%*&#'2$*)1*-&"*('C-*5'

($()&%*&#'9:A'I&7&0*5&/&((,'1%02(('(*$#-&('-"'5-.5'9:'1"#'D!E')0&71/&"*'(&**-".('*&(*'(&"(-*-7-*6'

C1('5-.5&0'<MO'*2'=MN@''-"'*5&'D!E8-"4&%*&#')1*-&"*('<OOU,'OO=,'OO>@A'D2C&7&0,'C5-%5'D!E8

-"4&%*&#'2$*)1*-&"*('10&'+2(*'/-\&/6'*2'3&"&4-*'402+'*5&'$0-"&'[LX'1((16'-('$"%/&10'3&%1$(&'24'*5&'

/1%\'24'(*01*-4-%1*-2"'36'BVU'%2$"*('-"')0&7-2$('(*$#-&('<OOQ8OO>@A'

&

&

&



Univ
ers

ity
 of

 C
ap

e T
ow

n

L%'0$%,&F?9&$01&K)%*#0'0<&'""60)*6++%#**')0&&

!"*&0&(*-"./6,'1'%0$#&'-"7&0(&'0&/1*-2"(5-)'%1"'3&'#&+2"(*01*&#'3&*C&&"'-+)027&#'$0-"&'[LX'

(&"(-*-7-*6'1"#'#&%/-"-".'BVU'%2$"*A'95$(,'C5&"'(&7&01/'(&**-".('10&'%2"(-#&0&#','*5&'*&(*'

)&0420+('3&(*'-"')1*-&"*('C-*5'1#71"%&#'-++$"2($))0&((-2"'-A&A'BVU'f'MGG'%&//(d++P'<OOU,'

OOF8OMO@A''S56'-('*5&0&'1"'-"%0&1(&'-"'[LX')2(-*-7-*6'-"'*52(&'C-*5'1#71"%&#'

-++$"2($))0&((-2"p''95&'0&1(2"('10&'"2*'&"*-0&/6'%/&10A'D!E8-"4&%*&#')1*-&"*('C-*5'1#71"%&#'

-++$"2($))0&((-2"'517&'+20&'(&7&0&'#-(&1(&'1"#'1'/-\&/6'5-.5&0'1"*-.&"'3$0#&"'<OMM@A'

:2&5+&'#4&$3J'42$"#'1'%200&/1*-2"'3&*C&&"'#&.0&&('24'(+&10')2(-*-7-*6'<Oe,'Me'&*%A@'1"#'[LX'

)2(-*-7-*6,'($..&(*-".'*51*'3$0#&"'24'#-(&1(&'-('0&/1*&#'*2'*5&'#&.0&&'24'$0-"&'[LX')2(-*-7-*6'

<OGF@A'S&'56)2*5&(-(&'*51*'%51".&('-"'./2+&0$/10'4-/*01*-2"'(&%2"#106'*2'D!E80&/1*&#')2#2%6*&'

#6(4$"%*-2"'<OMP@,'%2++2"&0'-"'1#71"%&#'D!E,'+16'1%%2$"*'420'*5&'23(&07&#'-"%0&1(&'-"'$0-"106'

[LX'1('+16'*5&')0&(&"%&'24'+6%231%*&0-$0-1'<OMU@A'!"'1##-*-2",'1'#&%0&1(&'-"'*5&'%2+)/&W-".'24'

[LX'*2'%-0%$/1*-".'1"*-32#-&('-"'*5&'#6(0&.$/1*&#'-++$"&'0&()2"(&'1((2%-1*&#'C-*5'D!E8

-"4&%*-2"'+16'1/(2')/16'1'02/&'<OMQ@A'

'



Univ
ers

ity
 of

 C
ap

e T
ow

n

!"#$%! &'! (%)*+),"-.%/ +*/ 01"-2")234%2/ 5)3-%/ $36+")"#3-+,"--"-/ "00"70/ 3-/ 23**%)%-1/ .$3-3."$/ 05#8)+560/ +*/ 6"13%-10/ 931:/ 0506%.1%2/
15#%).5$+030/01)"13*3%2/#7/;<=/01"150/"-2>/9:%)%/"?"3$"#$%>/@AB/!/.%$$/.+5-1//
///

C/D+%:,%/%1/"$/50%2/1:%/E01/?%)03+-/+*/1:%/F!D/GHF/IG<JH/6)+1+176%/K@:%,+8%->/(+)1$"-2>/LJHM/"-2/1:%/+1:%)/*+5)/01523%0/KCM/50%2/"/N-2/?%)03+-/K23**%)%-1/6+$7.$+-"$/
"-13#+27M/+*/1:%/F!D/GHF/IG<JH/6)+1+176%/K@:%,+8%->/(+)1$"-2>/LJHMO/PE/1:%0%/01523%0/50%2/1:%/.+,,%).3"$$7/"?"3$"#$%/@$%")?3%9Q/!D/IG<JH/"00"7/K<-?%)-%00/
F%23."$/<--+?"13+-0>/R"$1:",>/FHM'/STHU/S+1/"66$3."#$%O/STV/W/-+1/)%6+)1%2/3-/01527/,"-50.)361/

"#$%&!
'()*)+,(!-$./01$2!

,*%!+1$*#0&!

34,($,.(5!

2#-!#5-#5%6!

71#,(!

*$8.50!

05+0$)#5%!

9:;!!

<=21->?!!

@450,((!-5*-)#)4)#&<':?A!

9:;!21->!2#-A!!

9:;!21->!2#-!B)#C!!

'DEF!GHHI(68(!

@450,((!

-25+)J)+)#&<':?A!

9:;!21->!2#-A!

9:;!21->!2#-!B)#C!

'DEF!GHHI(68(!

@450,((!KK;<':?A!

9:;!21->!2#-A!

9:;!21->!2#-!B)#C!

'DEF!GHHI(68(!

@450,((!LK;<':?A!

9:;!21->!2#-A!

9:;!21->!2#-!B)#C!

'DEF!GHHI(68(!

"5*-)#)4)#&!<':?!!!!!

!)*!-85,0<"?!*5/>!

+$(#$05<'?!21->!

7M!+,-5-!<*?!!

<*N!"O45A!'P45?!

D+%:,%/%1/"$'/KEXYM/
Z516"13%-1/.$3-3./"-2/
:%"$1:7/LJHT$+."$/
.+-1)+$0/K!"-4"-3"M/

N&[T&&&/ \Y'X]/
Z=IVHGG//////////^X/
;<=_//////////////////^E/
@AB`NXX//////////STV/

YY/KSTVM/
STV/
STV/

EXXK/STV/M/
STV/
STV/

^XK/STV/M/
STV/
STV/

K-W[XM/////a\/KSTVM/
STV/
STV/

A"$%7/%1/"$'CK/EE[M/ Z516"13%-1/.$3-3.//
K<-23"M/ NXXTNXX/ ^'[]/

Z=IVHGG/////////E^KYb&&M/
;<=_/////////////////NXKEbaaM/
@AB`NXX//////////STV/

^^K^EbYNM/
^&K[EbYaM/

STV/

&XKE[b[XM/
&&KNb^^M/
STV/

aYKaNb^BM/
aEKBNbYXM/

STV/

K-WENM/////N[/KBb\BM///////////
STV/
STV/

V%31:%)/%1/"$'CK/EEaM/ Z516"13%-1/.$3-3./
K!"-4"-3"M/ E[ETNYE/ [Y'E]/

Z=IVHGG/////////[EK&^b\&M/
;<=_/////////////////\NKBaba[M/
@AB`NXX//////////STV/

^^KaYbYBM/
^BK\^bYBM/

STV/

a^K\&b^YM/
^BK\^bYBM/

STV/

\^K[^baaM/
\NKBaba[M/

STV/

K-WNEM//////&^/KSTVM/
BN/KSTVM/
STV/

F51%19"/%1/"$'C///////////////////
KEE\M/

Z516"13%-1/.$3-3./
Kc3,#"#9%M/ N\ET&Ya/ aa]/

Z=IVHGG/////////BBK&\b[BM/
;<=_/////////////////[NKB&b\NM/
@AB`NXX//////////STV/

^YK^EbYBM/
^\Ka&bY&M/

STV/

^BKaBbYEM/
^BKa&bYNM/

STV/

[BKB\b\EM/
[aKB^b\\M/

STV/

K-WBXM///N^/KE&b
B&M/
STV/
STV/

A:%2"/%1/"$'PE/K/EEBM/ Z516"13%-1/.$3-3.//
KJ+51:/H*)3."M// BNaT[XX/ &E]/

Z=IVHGG/////////E&K^bEYM/
;<=_/////////////////NEKEEb&[M/
@AB`NXX//////////&aKEYb[YM/////////

YYKYabEXXM/
EXXKYEbEXXM/
EXXK^BbEXXM/

YBKaBbYYM/
EXXKaXbEXXM/
a^KB[bYBM/

[YK[&b\BM/
[[KB&b\[M/
a\K\&b^\M/

K-WaXM//////&/KSTVM/
E^/KSTVM/
N[/KSTVM/

G"9-/%1/"$'C/KEN\M/

HV=/.$3-3.>/
"07,61+,"13./;<=/
6"13%-10/KJ+51:/

H*)3."M/

N&[TN&[/ EXX]/

Z=IVHGG/////////&^/KNab[EM/
;<=/_////////////////&^/KNab[EM/
@AB/[XbEXX/////BEKNNb\BM/
@AB`/[X///////////\aKBBb^BM/

EXX/KSTVM/
EXX/KSTVM/

STV/
STV/

EXXK^NbEXXM/
EXXK^NbEXXM/

STV/
STV/

^&Kaab^^M/
^&Kaab^^M/

STV/
STV/

K-W[XM/////&\!/
KSTVM/

&\!/KSTVM/
&[!/KSTV/
[\!/KSTVM/

J:":/%1/"$'/PEKEEYM/ <-b6"13%-10/
KJ+51:/H*)3."M/ &E[TBYY/ ^[]/

Z=IVHGG/////////[Y/K[Nb\\M/
;<=_/////////////////\a/K[YbaBM/
@AB/[XbEXX////aE/K[Eb^aM/
@AB/`[X//////////^[/Ka&bY&M/

Y\KYEbYYM/
YBK^abY^M/

STV/
STV/

a&K\[b^XM/
a[K\ab^NM/

STV/
STV/

&BKNYb&YM/
&XKN[b&\M/

STV/
STV/

K-WEEEM///[\/KSTVM/
STV/
STV/
STV/

d+5-2%)/%1/"$'PE/KEE^M/ Z516"13%-1/.$3-3.//
KJ+51:/H*)3."M/ BNNTBN&/ EXX]/

Z=IVHGG////////////////STH/
;<=_/////////////////&N/KE\b[NM/
@AB/`NXX////////&[/KE\b[aM/
@AB/`[X//////////[\/KNEb^\M/

STH//
Y^KY\bYYM/
Y\/KYNbYYM/
YX/Ka\bYaM/

STH/
[&/KN^baaM/
[a/KNYb^NM/
[\/KNEb^\M/

STH//
Y[/KY&bYa/
YN/K^abY[M/
YX/Ka\bYaM/

STH/
K-WE\M///E\/KBbBXM/

STV/
STV/

!"$#+1/%1/"$'PEKENEM/ <-b6"13%-10/
K!"-4"-3"M/ NENTNa^/ EXX]/

Z=IVHGG////////////////STH/
;<=_/////////////////\[/K[&ba\M/
@AB/[XbNXX////\a/KB&b^[M/
@AB/`[X//////////aa/K[^b^YM/

STH//
^\/KaYbYEM/
YB/KaYbYYM/
aN/K[\b^BM/

STH//
\Y/K[\b^XM/
^^/K\XbY^M/
\a/KBYb^EM/

STH//
^B/Ka\b^YM/
^N/K\\bYNM/
^N/K\[bYNM/

STH//
K-WNBM/STV/

STV/
STV/



Univ
ers

ity
 of

 C
ap

e T
ow

n

!"#$#%&"'()#"#)*'+,'(-#$.'/01'#$'2+34#)&"#5.6'78'3(34.%)3'9#)2'&6:&$%.6'#;;($+3(44-.33#+$'

!"#$%&'()*#+$+%,-.)/0%1$'#(2)(&,.1#$3%0"$3)(/#.%.-$%&&4.)/4''(#//%).$&#,.0$0",0$

4(%.#$567$0#/0%.-$&,8$)22#($0"#$-(#,0#/0$+%,-.)/0%1$40%9%08$%.$")/'%0,9%/#+$!:$;<=$1)>

%.2#10#+$',0%#.0/$3%0"$&)(#$,+*,.1#+$%&&4.)/4''(#//%).$,.+$,$-(#,0#($/#*#(%08$)2$!:$

+%/#,/#?$@","$.)'&"$%.$,$.#/0#+$1)")(0$/04+8$)2$ABB$@)40"$62(%1,.$%.>',0%#.0/$3%0"$/4/'#10#+$

!:$CDEF$;<=>%.2#10#+G$2)4.+$0"#$)*#(,99$/#./%0%*%08$CBEF$H<G$)2$0"#$H9#,(*%#3!$567$I5<@6$

,&).-/0$1).2%(&#+$!:$1,/#/$0)$J#$EBF$CEK>LLG$CMMBG?$!"%/$/#./%0%*%08$%&'()*#+$0)$NMF$

CEM>DNFG$%.$',0%#.0/$3%0"$,$HOA$EP>MPP$1#99/Q&&RS$,.+$DEF$CNR>BRG$%.$',0%#.0/$3%0"$HOA$

T$EP$1#99/Q&&R$$CMMBG?$<0$%/$/%-.%2%1,.0$0",0$0"#$4(%.#$567$/#./%0%*%08$%.$/&#,($.#-,0%*#$!:$

',0%#.0$-()4'$3,/$ELF$CMMBG?$6$&)(#$(#1#.0$")/'%0,9$/04+8$%.$!,.U,.%,.$%.>',0%#.0/$2)4.+$

,$/%&%9,($/#./%0%*%08$%.$',0%#.0/$3%0"$/#*#(#$%&&4.)/4''(#//%).$CMKMG?$

$

!"#$#%&"'()#"#)*'+,'(-#$.'/01',+-'78'3%-..$#$<'#$'=00>7?$&@:.'&;A("&)+-*'=BC'4+3#)#:.'

4&)#.$)3'

$

;66V!$",/$/4J/0,.0%,998$(#+41#+$0"#$(%/W$)2$;<=>%.2#10#+$%.+%*%+4,9/$,1X4%(%.-$!:$CMKNS$

MKDG$,.+$&)(0,9%08$%.$',0%#.0/$3%0"$,10%*#$!:$CMKDS$MKBG?$;)3#*#(S$;<=>%.2#10#+$',0%#.0/$

1)&&#.1%.-$;66V!S$J#1,4/#$)2$/#*#(,9$1)./%+#(,0%)./$%.194+%.-$4.&,/W%.-$!:><V<@S$&4/0$

2%(/0$J#$/1(##.#+$2)($,10%*#$!:$CMRPS$MRMG?$<.$62(%1,$Y$KEF$)2$',0%#.0/$3%0")40$,$W.)3.$!:$

+%,-.)/%/$,.+$(#2#((#+$2)($;66V!$3#(#$2)4.+$0)$",*#$14904(#>')/%0%*#$!:$3"#.$

%.*#/0%-,0#+$24(0"#(Z$0"#$&,[)(%08$)2$',0%#.0/$",+$/&#,(>.#-,0%*#$!:$CMKLS$MRKS$MRRG?$5,3.$

.)'&"S$%.$,$@)40"$62(%1,.$/04+8$#*,94,0%.-$KRE$;66V!>.,\*#$',0%#.0/$3%0"$,$&#+%,.$HOA$

1)4.0$)2$MKE$1#99/Q&9$+#&)./0(,0#+$,$4(%.#$567$/#./%0%*%08$CBEF$H<G$)2$RRF$CKK>ALG$4/%.-$

4.1).1#.0(,0#+$4(%.#$CMKLG?$<.$0"%/$/04+8$/0,.+,(+$+%,-.)/0%1$0))9/$/41"$,/$!:$/8&'0)&$

/1(##.%.-$,.+$1"#/0$]>(,8$/")3#+$,$/#./%0%*%08$)2$LAFS$J40$,$/'#1%2%1%08$)2$[4/0$RBFS$3"%9/0$

/&#,(>&%1()/1)'8$/")3#+$,$/#./%0%*%08$)2$).98$MAF$CMKLG?$H)&J%.#+$/#./%0%*%08$)2$4(%.#$



Univ
ers

ity
 of

 C
ap

e T
ow

n

567$,.+$/'404&$/&#,(>&%1()/1)'8$3,/$AEF$J40$0"%/$%.1(#,/#+$0)$LNF$%2$1).2%.#+$0)$

',0%#.0/$3%0"$,$HOA$1)4.0$TEP$1#99/Q&&R?$^%*#.$0"#$9%&%0#+$+,0,$%0$%/$.)0$')//%J9#$0)$&,W#$

19%.%1,9$(#1)&&#.+,0%)./$J40$0"#/#$'(#9%&%.,(8$(#/490/$/4--#/0$0",0$4(%.#$567$&,8$J#$,$

4/#249$,+[4.10%*#$+%,-.)/0%1$0))9$2)($!:$/1(##.%.-$%.$6V=$()99>)40$19%.%1/$%.$"%-"$!:$J4(+#.$

1)4.0(%#/$3"#(#$',0%#.0/$)20#.$'(#/#.0$3%0"$,+*,.1#+$%&&4.)/4''(#//%).?$_4(0"#($

/04+%#/$,(#$.)3$.##+#+$0)$19,(%28$0"#/#$2%.+%.-/?$

$

!"#$#%&"'()#"#)*'+,'/01'D/BE0'(3#$<'A#+"+<#%&"'3&;4".3'+)2.-')2&$'(-#$.'

690")4-"$0"#$&,[)(%08$)2$/04+%#/$",*#$#*,94,0#+$0"#$+%,-.)/0%1$40%9%08$)2$0"#$567$I5<@6$

4/%.-$4(%.#$%.$+%22#(#.0$19%.%1$/#00%.-/S$0"#$+#0#10%).$)2$567$,.0%-#.$",/$.)3$J##.$#]'9)(#+$

%.$/#*#(,9$/04+%#/$4/%.-$*,(%)4/$J%)9)-%1,9$/,&'9#/$%.194+%.-$/#(4&$CMRAS$MREGS$/'404&$

CMRLGS$1#(#J()/'%.,9$294%+$CMRNG$,.+$'9#4(,9$294%+$CMRDG?$<.$/#(4&S$+#0#10%).$)2$567$%/$

1)&'9%1,0#+$J8$%&&4.#$1)&'9#]$2)(&,0%).$CMRAGS$3"%9#$40%9%08$%.$J)0"$/'404&$,.+$

%.+41#+$/'404&$+#0#10%).$%/$1)&'9%1,0#+$J8$1()//>(#,10%*%08$3%0"$&)40"$29)(,$#?-?$!&$6#6&'

/''?$CMMAS$MRBG?$<.$'9#4(,9$294%+$%0$",/$J##.$/")3.$0)$J#$+%,-.)/0%1,998$4."#9'249$CMRDG$J40$,$

(#1#.0$'())2>)2>1).1#'0$/04+8$/")3#+$0",0S$3"#.$4/#+$).$1#(#J()/'%.,9$294%+S$%0$&,8$J#$,$

'()&%/%.-$,+[4.10$0))9$2)($0"#$+%,-.)/%/$)2$!:$&#.%.-%0%/$CMRNG?$$

$

$!+$%.-$3'&A+()'(-#$.'/01'34.%#,#%#)*''

6$&,[)($1).1#(.$3"#.$1)./%+#(%.-$0"#$,''9%1,0%).$)2$4(%.#$567$0)$()40%.#$19%.%1,9$'(,10%1#$

%/$0"#$'))($0#/0$/'#1%2%1%08$CDR$0)$DBFG$2)4.+$%.$2)4($19%.%1,9$/04+%#/$3%0"$*,(8%.-$;<=$

'(#*,9#.1#$CMME>MMNS$MKMG?$!"%/$1).0(,/0#+$3%0"$0"#$#]1#99#.0$0#/0$/'#1%2%1%08$CBB$0)$MPPFG$

2)4.+$%.$0"(##$)0"#($(#1#.0$0(%,9/$CMMAS$MMBS$MKPG?$!"#$'))(#($/'#1%2%1%08$%.$/)&#$/04+%#/$

&,8$')//%J98$J#$#]'9,%.#+$J8$4.+%,-.)/#+$)11490$!:$+%/#,/#S$+#0#10%).$)2$,.0%-#.$2()&$

9,0#.098>%.2#10#+$/4J[#10/$C4.9%W#98$-%*#.$0"#$/4J)'0%&,9$0#/0$/#./%0%*%08GS$1).0,&%.,0%).$)2$

0"#$/,&'9#$J8$#.*%().&#.0,9$&81)J,10#(%,$)($)0"#($J,10#(%,$C',(0%149,(98$%2$0"#$/,&'9#$



Univ
ers

ity
 of

 C
ap

e T
ow

n

3,/$1)99#10#+$,0$")&#$,.+$J()4-"0$0)$0"#$19%.%1GS$)($1).0,&%.,0%).$J8$.).>J,10#(%,9$/'#1%#/$

#?-?$!&$6#6&S$3"%1"$%/$'(#*,9#.0$%.$;<=>%.2#10#+$')'49,0%)./?$!"#/#$')//%J%9%0%#/$,(#$0#.,J9#$

-%*#.$)4($2%.+%.-/$0",0$/#*#(,9$)(-,.%/&/S$%.194+%.-$!&$6#6&$/'#1%#/S$1()//>(#,10$3%0"$0"#$

')9819).,9$567$,.0%J)+%#/$3%0"%.$0"#$,//,8$CMMAG?$!"#/#$%//4#$,(#$%&')(0,.0$0)$1)./%+#($%.$

2404(#$/04+%#/?$$

$

F+#$)?+,?%&-.'#;;($+%2-+;+<-&42#%'3)-#4',+-;&)'+,')2.'(-#$.'/01'&33&*'

$

690")4-"$0"#$+%,-.)/0%1$,114(,18$)2$4(%.,(8$567$&#,./$0",0$19%.%1,9$40%9%08$%/$9%&%0#+$0)$!:$

;<=$1)>%.2#10#+$',0%#.0/$3%0"$,+*,.1#+$%&&4.)/4''(#//%).S$J)0"$0"#$',(0%149,($+%,-.)/0%1$

+%22%1490%#/$3%0"$0"%/$*49.#(,J9#$',0%#.0$-()4'$0)-#0"#($3%0"$0"#$(#1#.0$+#*#9)'&#.0$)2$,$

')%.0>)2$1,(#$+%'/0%1W$4(%.#$567$'()0)08'#$CO#0#(&%.#$!:`$567$6-$/0(%'$0#/0S$69#(#S$a@6G$$

&,W#/$0"%/$0#/0$%+#,998$/4%0#+$2)($4/#$%.$(#/)4(1#>9%&%0#+$"%-"$;<=$'(#*,9#.0$/#00%.-?$!"#$

4(%.#$567$/0(%'$0#/0$%/$,.$%./0(4&#.0>2(##S$9,J)(,0)(8>2(##S$,22)(+,J9#$CTa@bR?EG$cdH$0#/0$

'()+41%.-$(#/490/$3%0"%.$KE$&%.40#/$,.+$4/%.-$,.$#,/%98$)J0,%.,J9#$4(%.#$/,&'9#$3%0"$9)3$

%.2#10%)4/$(%/W$CMAPG?$!"#$#*,94,0%).$)2$0"%/$.)*#9$')%.0>)2>1,(#$0#/0$%/$).#$)2$0"#$&,%.$

2)14/#/$)2$0"%/$c"O$3)(W$,.+$24(0"#($0#/0$+#0,%9/$,(#$+#/1(%J#+$%.$/4J/#X4#.0$1",'0#(/$

C&,.4/1(%'0/G?$$

$

!

"#$%&!'()!*+#!,-&!.$/0%+1$1!+*!,23&#425+1$1!!

!

69).-/%+#$0"#$1#99$3,99$1)&').#.0/$)2$1G')(A.-%("+3#3S$.419#%1$,1%+$2(,-&#.0/$",*#$,9/)$

'()*%+#+$,$0,(-#0$2)($+#0#10%).$%.$0"#$+%,-.)/%/$)2$'49&).,(8$,.+$#]0(,'49&).,(8$!:?$

<.%0%,9$(#')(0/$)2$+#0#10%.-$1G')(A.-%("+3#3$Oe6$%.$0"#$4(%.#$)2$',0%#.0/$3%0")40$+#0#10%.-$

3")9#$1G')(A.-%("+3#3$J,1%99%$2%(/0$(#,1"#+$0"#$9%0#(,04(#$%.$MBBN$CMAMGS$,.+$/%.1#$0"#.$,$



Univ
ers

ity
 of

 C
ap

e T
ow

n
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Fluorescence 
LED microscopy

Multiplex assays
for associated disease

in simple format
Immunochromato-

graphic strip test
Immunochromato-

Automated, 
intergrated NAAT

Handheld PCR 
assays for robust 
point-of-care use
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/&#,(>.#-,0%*#$)($/'404&$/1,(1#$!:S$Ic!:S$!:$;<=$1)>%.2#10%).$,.+$1"%9+"))+$!:S$,/$3#99$
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1,4/#$&)(0,9%08$%2$4.0(#,0#+$
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• 5,1W$)2$19,(%08$,J)40$0#/0$/'#1%2%1%08S$140>')%.0$
/#9#10%).$,.+$0#/0$',0%#.0$%&',10$
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9,0#.098$%.2#10#+$'#)'9#$9%W#98$0)$
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Articles

Comparison of two methods for acquisition of sputum samples 
for diagnosis of suspected tuberculosis in smear-negative or 
sputum-scarce people: a randomised controlled trial
Jonathan G Peter, Grant Theron, Anil Pooran, Johnson Thomas, Mellissa Pascoe, Keertan Dheda

Summary
Background Sputum obtained either under instruction from a health-care worker or through induction can improve 
case detection of active tuberculosis. However, the best initial sputum sampling strategy for adults with suspected 
smear-negative or sputum-scarce tuberculosis in primary care is unclear. We compared these two methods of sample 
acquisition in such patients.

Methods In this randomised controlled trial, we enrolled adults (age ≥18 years) with sputum-scarce or smear-negative 
suspected tuberculosis from three primary care clinics in Cape Town, South Africa. Patients were randomly assigned 
(1:1) to receive either health-care worker instruction or induction to obtain sputum samples. Neither patients nor 
investigators were masked to allocation. The primary outcome was the proportion of patients who had started 
treatment after 8 weeks in a modifi ed intention-to-treat population. Secondary outcomes were proportions starting 
treatment within diff erent time periods, proportion of patients producing sputum for diagnosis, adverse eff ect s, 
sputum samples’ quality, and case detection by diagnostic method. This study is registered with ClinicalTrials.gov, 
number NCT01545661.

Findings We enrolled 481 patients, of whom 213 were assigned to health-care worker instruction versus 268 assigned to 
induction. The proportion of patients who started treatment in the 8 weeks after enrolment did not diff er signifi cantly 
between groups (53/213 [25%] vs 73/268 [27%]; OR 0·88, 95% CI 0·57–1·36; p=0·56). A higher proportion of instructed 
versus induced patients initiated empiric treatment based on clinical and radiography fi ndings (32/53 [60%] 
vs 28/73 [38%]; p=0·015). An adequate sputum sample ≥1 mL was acquired in a lower proportion of instructed versus 
induced patients (164/213 [77%] vs 238/268 [89%]; p<0·0001), and culture-based diagnostic yield was lower in instructed 
versus induced patients (24/213 [11%] vs 51/268 [19%]; p=0·020). However, same-day tuberculosis case detection was 
similar in both groups using either smear microscopy (13/213 [6%] vs 22/268 [8%]; p=0·38) or Xpert-MTB/RIF assay 
(13/89 [15%] vs 20/138 [14%]; p=0·98). No serious adverse events occurred in either group; side-eff ects related to sample 
acquisition were reported in 32 of 268 (12%) patients who had sputum induction and none who had instruction. Cost 
per procedure was lower for instructed than for induced patients (US$2·14 vs US$7·88).

Interpretation Although induction provides an adequate sample and a bacteriological diagnosis more frequently than 
instruction by a health-care worker, it is more costly, does not result in a higher proportion of same-day diagnoses, 
and—because of widespread empiric treatment—may not result in more patients starting treatment. Thus, health-
care worker instruction might be the preferred strategy for initial collection of sputum samples in adults with 
suspected sputum-scarce or smear-negative tuberculosis in a high burden primary care setting.

Funding South African National Research Foundation, European Commission, National Institutes of Health, 
European and Developing Countries Clinical Trials Partnership, Discovery Foundation. 

Introduction
Tuberculosis kills more than 1 million people in Africa 
every year.1 Several hurdles hamper eff ective control of 
tuberculosis, but an inability to access new and accurate 
diagnostic instruments is a major unmet need that is 
crucial to achieving the Millennium Development Goals.2 
Confi rmation of tuberculosis requires not only an 
eff ective diagnostic test, but also acquisition of a 
biological sample of adequate volume and quality. 
Thus, obtaining such a sample is as important as having 
access to an accurate diagnostic device, especially in 
regions with high HIV prevalence, where most notifi ed 
cases of tuberculosis are smear-negative or sputum-

scarce (patient is unable to produce sputum),1 use of 
empiric tuberculosis treatment is common, and 
tuberculosis-related mortality is high.3 Moreover, people 
with a negative smear are more likely to be admitted to 
hospital and have delays in diagnosis than are people 
with a positive smear.3 WHO has recommended the 
Xpert MTB/RIF assay (Cepheid; CA, USA) for the 
frontline diagnosis of active tuberculosis in people with 
HIV.4 However, around one in fi ve people with both HIV 
and tuberculosis will have a negative result,5–7 and this 
assay can only be used in patients who are able to provide 
a sputum sample. Thus, despite the advent of new 
diagnostic techniques, interventions to improve sample 
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acquisition are urgently needed in primary care, where 
early diagnosis will have the greatest eff ect.8

Sputum can be safely acquired from sputum-scarce or 
smear-negative patients through induction using ultrasonic 
nebulisation with hypertonic saline.9–11 Low cost, outdoor 
sputum induction booths with adequate infection control 
could help to make induction more feasible in resource-
limited, HIV-prevalent primary care settings, and several 
already operate in South African primary care clinics. 
An alternative eff ective sputum-sampling method is 
instruction by a health-care worker,12,13 in which a health-
care worker provides simple training to the patient in 
sputum expectoration. However, which of these strategies 
is best for people with sputum-scarce or smear-negative 
tuberculosis in primary care is unclear. Furthermore, the 
eff ects of either technique on patient-oriented outcomes—
eg, treatment initiation and time to treatment—in settings 
where empiric treatment is common, are unknown. Assess-
ment of diagnostic strategies using patient-centred 
outcomes as primary endpoints is recognised by WHO 
advisory groups as essential for endorsement and scale-up.14 
Therefore, we did a randomised controlled trial to compare 
these two sampling strategies for adults with smear-negative 
or sputum-scarce tuberculosis in primary care.

Methods
Study design and participants
We did this open-label pragmatic randomised controlled 
trial in three primary care clinics in Cape Town, South 
Africa. The fi rst patient was enrolled on Aug 7, 2009, and 
follow-up was completed on May 5, 2012. The study was 
approved by the University of Cape Town Human 
Research Ethics Committee.

Eligibility criteria were: age at least 18 years, ongoing 
symptoms suggestive of tuberculosis, and either an 
inability to self-expectorate a sputum sample or two 
negative sputum smear-microscopy samples (self-
expectorated within the preceeding 4 weeks). We 
included both HIV-positive and HIV-negative patients. 
Patients were excluded if their initial spontaneous 
sputum samples were assessed with MTB/RIF assay 
rather than smear microscopy. Patients were 
compensated 50 rand for transport and absence from 
work when attending follow-up, non-routine, study clinic 
visits. Written informed consent was obtained from all 
patients and the standard of care was not altered by study 
participation.

Randomisation and masking
Patients were referred for study screening by the 
designated nursing staff  at each primary care clinic, after 
which they were assessed by a study research nurse. 
We used a simple randomisation strategy without 
stratifi cation or masking. 600 unmarked, opaque 
envelopes each containing an intervention group 
assignment (in a 1:1 ratio) were made by personnel not 
involved in patient enrolment. The unmarked envelopes 

were shuffl  ed by hand and distributed to each clinic in 
batches of 100. At the clinic, enrolment was done by the 
study nurse before either a doctor’s assessment or a chest 
radiograph. After providing informed consent and 
completing a detailed clinical record form, patients 
selected an envelope to determine their allocation. 
Intervention group cards were then stored with patient 
clinical record forms and frequent unannounced checks 
were made by the researcher to confi rm adherence to the 
randomisation protocol.

Procedures
Patients allocated to receive health-care worker 
instruction were individually instructed in their native 
language by the study nurse. Sputum induction was 
done by a trained study nurse using ultrasonically 
nebulised 5% hypertonic saline in an outdoor, open-air 
ventilated booth. Both instruction and induction occurred 
only once after enrolment. The appendix shows full step-
by-step details of both procedures, as well as sample 
processing and laboratory methods.

All patients were asked to provide two spot sputum 
samples. Samples of at least 1 mL, irrespective of visual 
quality, were sent for processing at the National Health 
Laboratory (Cape Town, South Africa). Results for smear 
microscopy were available within 24 h. If a patient provided 
two samples they were randomly labelled sputum 1 and 
sputum 2. Sputum 1 was processed with N-acetyl-L-cysteine 
and sodium hydroxide, centrifuged, and resuspended 
in 1·5 mL phosphate buff er. The sample was subjected to 
auramine O staining and fl uorescence microscopy; 0·5 mL 
of the sediment was inoculated into a Mycobacterial 
Growth Indicator Tube (Becton Dickinson Diagnostics; 
Franklin Lakes, NJ, USA) and incubated for no more 
than 8 weeks. Sputum 2 was unprocessed and frozen at 
–20°C within 6 h of acquisition. Xpert MTB/RIF testing 
was unavailable at enrolment. After the study was 
completed, available sputum 2 specimens were thawed and 
tested with the Xpert MTB/RIF assay.15 If patients provided 
only a single sputum sample, this was processed as 
sputum 1.

As per standard clinic guidelines, patients had chest 
radiography after enrolment and sputum sampling, and 
were scheduled to return to the clinic for a doctor’s 
assessment. All patients—except those who were lost to 
follow-up or who had a positive sputum smear—were 
assessed by a doctor at least once, but usually twice; fi rst, 
as soon as possible after enrolment (usually within 7 days), 
and second, at the 8 week follow-up visit (unless 
otherwise specifi ed). Chest radiographs, treatment 
regimens, and culture results of all sputum smear-
positive patients referred directly for treatment were 
reviewed by the study doctor. If extrapulmonary tuber-
culosis was suspected, additional non-sputum samples 
were taken at the doctor’s discretion. The timing and 
initiation of treatment was decided by the attending 
doctor, and the basis for starting treatment (smear 

See Online for appendix



Univ
ers

ity
 of

 C
ap

e T
ow

n

Articles

www.thelancet.com/respiratory   Published online July 19, 2013   http://dx.doi.org/10.1016/S2213-2600(13)70120-6 3

microscopy, clinical or chest radiography [empiric], or 
culture) was recorded. Throughout the study, a specialist 
physician or pulmonologist reviewed the medical fi les of 
all patients who were treated, any patient of concern to 
the attending doctor, and a random selection of 
remaining, untreated patients. We calculated the cost of 
each sputum sampling strategy by an ingredients 
approach (total expenditure is presented as a sum of the 
components).16 Costs are expressed in 2012 $US at an 
exchange rate of $1=ZAR8·20 based on the UN rate of 
exchange in September, 2012 (appendix).

The primary outcome was the proportion of patients 
who started treatment for tuberculosis during the 8 week 
study period. Secondary outcomes were: time-specifi c pro-
portions of patients starting treatment within 3, 
5, 7, 10, 14, 21, and 56 days from enrolment, the proportion 
of patients producing sputum for diagnostic testing, 
adverse eff ects related to sampling procedures, the quality 
of sputum samples as measured by the Bartlett score,17 
and tuberculosis case detection by diagnostic method 
(smear microscopy, MTB/RIF assay, or culture).

Statistical analysis
Published9 and unpublished data suggested that 
15–20% of the study population would have a positive 
culture. Thus, we chose a target sample size of 
500 patients, which would provide at least 80% power to 

detect a 10% diff erence in the proportion of patients 
starting treatment (overall and at prespecifi ed points), 
assuming roughly 15% treatment initiation in the 
instructed group and 25% in the induction group, 
with 5% type 1 error. We used STATA IC (version 10) for 
all statistical anlayses. We did a modifi ed intention-to-
treat analysis with the χ² and Wilcoxon rank-sum tests to 
compare groups, with no corrections for mulitple testing 
made for secondary outcomes. We calculated point 
estimates and odds ratios (ORs) with 95% CIs together 
with p values, all of which were two-sided.

The study is registered with ClinicalTrials.gov, number 
NCT01545661.

Role of the funding source
The sponsor of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report. The corresponding author had 
full access to all the data in the study and had 
fi nal responsibility for the decision to submit for 
publication.

Results
Figure 1 shows the trial profi le. We screened 517 patients 
and included 481 in the analysis (213 assigned to health-
care worker instruction, 268 assigned to sputum 
induction). Table 1 shows baseline characteristics. 

517 patients screened and enrolled

213 assigned to health-care worker-provided instruction 268 assigned to sputum induction

481 included
 237 sputum scarce
 244 two negative smears

49 no sample* 

213 analysed 268 analysed

164 provided 
 sputum 1 
 sample

132 culture negative
 6 culture contaminated
 51 no sample or no result

24 culture positive
13 smear positive

89 provided sputum 
 2 sample
 13 MTB/RIF 
  positive
 76 MTB/RIF 
  negative

36 excluded after doctor’s assessment
 26 had Xpert MTB/RIF testing on 
  initial sputum sample
 9 ineligible
 1 data form lost

30 no sample* 238 provided 
 sputum 1 
 sample

138 provided sputum 
 2 sample
 20 MTB/RIF 
  positive
 118 MTB/RIF 
  negative

174 culture negative
 13 culture contaminated
 30 no sputum sample 

51 culture positive
22 smear positive

Figure 1: Trial profi le
*Unable to provide a sputum sample for diagnostic testing.
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262 patients were male and 171 were HIV positive. In 
patients who were HIV positive at enrolment, median 
CD4 cell count was 242 cells per mL (IQR 146–358) 
and 37 of 171 (22%) were receiving antiretroviral therapy. 
Baseline charac teristics did not diff er substantially 
between groups. Cough duration and phlegm 

production were the only diff erences between patients 
producing one and two sputum samples (appendix).

53 of 213 (25%) patients who had health-care worker 
instruction versus 73 of 268 (27%) who had induction 
started treatment by week 8 (OR 0·88, 95% CI 0·57–1·36; 
p=0·56; table 2, fi gure 2A). At 3, 5, 7, 14, 21, and 56 days 
after enrolment the proportion of patients in each group 
who had started treatment did not diff er signifi cantly 
(fi gure 2B). At 10 days—the median time of the doctor’s 
fi rst visit—40 (75%) of 53 instructed patients compared 
with 43 (59%) of 73 induced patients had started 
treatment (p=0·053). The median time to start of 
treatment was shorter for instructed versus induced 
patients (4 days, IQR 2–9 vs 7 days, IQR 2–27; p=0·029). 
However, neither the proportion of patients who started 
treatment by a specifi c time nor median times to 
treatment diff ered signifi cantly between groups if the 
analysis included only patients in whom a sputum 
sample was acquired for diagnostic testing (appendix).

Irrespective of intervention group, patients unable to 
produce a sputum sample, and thus not waiting for a 
diagnostic test result, received a doctor’s assessment and 
empiric treatment quicker than did those who could 
produce a sample (median 3 days, IQR 1–7 vs 
6 days, 2–8 days; p=0·004). Furthermore, if the analysis 
was restricted to sputum-scarce or HIV-positive patients, 
or repeated with a random sample that had balanced 
patient numbers from each study group (n=200; appendix) 
time-specifi c proportions of patients starting treatment did 
not diff er between groups. We also did a secondary time-
to-event analysis, comparing the time to start of treatment 
between groups (appendix). Overall (p=0·4), and when the 
analysis was restricted to patients who defi nitely had 
tuberculosis (p=0·7), the groups did not diff er signifi cantly.

In our analysis by reason for starting treatment, a 
similar proportion of patients started treatment in the 
instructed group versus the induced group, whether 
treatment initiation was based on positive sputum smear 
microscopy or positive culture (table 2). By contrast, 
more instructed patients compared with induced patients 
received treatment empirically based on clinical and 
radiological fi ndings (table 2). 60% of empirically treated 
patients were HIV positive and treatment was started in 
accordance with the 2007 WHO guidelines.18

A smaller proportion of instructed patients compared 
with induced patients successfully produced a sputum 
sample of at least 1 mL for diagnostic testing (164/213 
[77%] vs 238/268 [89%]; p<0·0001; fi gure 2). However, the 
proportion of samples that were of good quality—as 
assessed by the Bartlett score—was much the same 
between groups (table 3).

27 induced patients (10%) and 31 (15%) instructed 
patients who provided a sputum specimen did not 
return for an initial doctor’s assessment or to collect 
their diagnostic test results (p=0·1). After 2 months, 12 of 
the initial 27 induced patients (4/12 were culture positive) 
and 13 of the 31 instructed patients (3/13 were culture 

Health-care worker 
instruction (n=213)

Induction 
(n=268)

Age (years) 40 (31–49) 38 (29–49)

Men 122 (57%) 140 (52%)

HIV-positive 75 (35%) 96 (36%)

CD4 cell count (cells per mL) 239 (136–345) 247 (149–379)

Taking antiretrovirals 15 (20%) 22 (23%)

History of tuberculosis 82 (38%) 98 (37%)

Diagnostic categorisation

Two negative sputum smears 117 (55%) 127 (47%)

Unable to produce sputum 96 (45%) 141 (53%)

Cough >2 weeks 189 (89%) 241 (90%)

Productive cough 141 (66%) 170 (63%)

Night sweats 152 (71%) 192 (72%)

Weight loss 145 (68%) 190 (71%)

Appetite loss 114 (54%) 139 (52%)

Bodyweight (kg) 62 (54–72) 63 (55–72)

Chest radiography compatible 
with tuberculosis

85 (40%) 94 (35%)

Data are median (IQR) or n (%).

Table 1: Baseline characteristics

Health-care 
worker 
instruction

Induction OR (95% CI) p value

Total patients starting treatment 53/213 (25%) 73/268 (27%) 0·88 (0·57–1·36) 0·56

Diagnosis and treatment initiation based on smear microscopy

Patients treated 13/53 (25%) 22/73 (30%) 0·75 (0·31–1·80) 0·49

Median time to treatment (days) 2 (2–6) 3 (2–6) 0·03 (0·00–27·15) 0·68

Diagnosis based on clinical and radiological presentation with empiric treatment initiation

Patients treated 32/53 (60%) 28/73 (38%) 2·45 (1·12–5·40) 0·015

Patients with HIV* 18/32 (56%) 17/28 (61%) 0.83 (0·26–2·57) 0·73

Patients without HIV 14/32 (44%) 11/28 (39%) 1·20 (0·38–3·83) 0·73

Median time to treatment (days) 4 (1–9) 7 (3–10) 0·01 (0·00–4·01) 0·15

Diagnosis and treatment initiation based on culture

Patients treated based on sputum 1 
culture result

6/53 (11%) 18/73 (25%) 0·39 (0·12–1·14) 0·060

Patients treated based on other 
(sputum 2 or non-sputum) culture 
results

1/53 (2%) 2/73 (3%) 0·68 (0·01–13·47) 0·76

Median time to treatment (days) 34 (29–48) 42 (20–56) 0·26 (0·00–5·48) 0·90

Culture-positive patients not given 
any tuberculosis treatment during 
study

3/213 (1%) 4/268 (2%) 0·94 (0·14–5·61) 0·93

One patient in the health-care worker instruction group and three in the sputum induction group were missing data 
for reason for treatment initiation. *Initiation of tuberculosis treatment was based on the 2007 WHO smear-negative 
diagnostic and treatment algorithm for HIV-positive ambulatory patients. 

Table 2: Outcomes stratifi ed by method of diagnosis
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positive) were still lost to follow-up (p=0·8). Diagnostic 
yield from smear microscopy was similar in instructed 
and induced patients (table 3), as was diagnostic yield 
from MTB/RIF assay (table 3). In view of the overall 
similarities between patients producing one and two 
sputum samples (appendix), we calculated an estimated 
MTB/RIF diagnostic yield for sputum 1 (ie, adjusting for 
the success of sample acquisition), which provided 
much the same diagnostic yield in instructed patients 
(24/213 [11%]) versus induced patients (43/268 [16%]; 
p=0·1). By contrast, culture-based diagnostic yield was 
lower in instructed patients compared with induced 
patients (table 3), although culture-based diagnostic 
yield did not diff er signifi cantly if analysis was restricted 
to patients providing a sputum sample for diagnostic 
testing (23/164 [14%] vs 51/238 [21%]; p=0·060). Among 

culture-positive patients, median time to culture 
positivity was similar in instructed and induced patients 
(table 3).

Side-eff ects related to sample acquisition were reported 
in 32 of 268 (12%) patients who had sputum induction 
and none who had health-care worker instruction 
(table 3). The most common side-eff ects were: shortness 
of breath (n=11), dizziness (n=9), headache (n=8), and 
nausea or vomiting (n=7). Sputum induction was stopped 
if patients had side-eff ects and all side-eff ects resolved 
without the need for review by a doctor.

Health-care worker-provided instruction cost $2·14 per 
sampling procedure versus $7·88 for sputum induction. 
The higher cost of sputum induction is a result of the 
additional consumables used and staff  time needed for 
nebulisation (appendix).

Sample
acquired

Smear MTB/RIF Culture Treatment
Proportion of patients starting treatment (%)
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Health-care worker provided instruction
Sputum inductionp<0·0001

p=0·38
p=0·98

p=0·02

p=0·56

p=0·13

p=0·13

p=0·098

p=0·053

p=0·088

p=0·21

p=0·11

Figure 2: Proportions of patients receiving tuberculosis diagnosis and treatment and time to treatment initiation
(A) shows proportions of samples acquired, diagnosis by smear microscopy, Xpert MTB/RIF assay, and culture, and proportions of patients given treatment. 
(B) shows time to start of treatment. Groups were compared with χ². 

Instruction by 
health-care worker 
(n=213)

Sputum induction 
(n=268)

p value

Sample volume and quality

Patients providing at least one sputum sample of ≥1 mL for laboratory testing* 164 (77%) 238 (89%) <0·0001

Sputum samples considered to be adequate quality 117/136 (86%) 181/216 (84%) 0·57

Side-eff ects from sampling procedure 0 (0%) 32 (12%)† <0·0001

Diagnostic yield and accuracy

Smear microscopy yield 13 (6%) 22 (8%) 0·38

Tuberculosis culture yield 24 (11%) 51 (19%) 0·020

Median time to positivity for tuberculosis culture (IQR; days) 14 (11–18) 13 (9–18) 0·54

MTB/RIF assay diagnostic yield (sputum sample 2) 13/89 (15%) 20/138 (14%) 0·98

MTB/RIF assay sensitivity‡

All culture positive sensitivity (n/N; %; 95% CI) 9/12 (75%; 51–99) 16/25 (64%; 45–83) 0·50

Sputum culture positive sensitivity (n/N; %; 95% CI) 4/7 (57%; 20–94) 8/16 (50%; 26–75) 0·75

*19 sputum specimens undergoing liquid culture were contaminated: six in the health-care worker-provided instruction group and 13 in the sputum induction group. 
†Includes nausea or vomiting, headache, dizziness, and shortness of breath. ‡Calculated using liquid tuberculosis culture from a paired sample as the reference standard.  

Table 3: Diagnostic outcomes



Univ
ers

ity
 of

 C
ap

e T
ow

n

Articles

6 www.thelancet.com/respiratory   Published online July 19, 2013   http://dx.doi.org/10.1016/S2213-2600(13)70120-6

Discussion
To our knowledge, this study is the fi rst pragmatic 
randomised controlled trial to compare health-care 
worker instruction with induction for sputum sampling 
in adults with suspected tuberculosis who are smear-
negative or sputum-scarce in a primary care practice 
(panel). Our fi ndings have important clinical and public 
health policy implications. In regions where HIV is 
common, smear-negative and sputum-scarce tuber-
culosis presents a diagnostic challenge. Our study 
supports the use of health-care worker instruction as the 
initial sputum sampling strategy. Nurses should instruct 
patients how to take a sample before patients are 
empirically treated or given sputum induction. Although 
sputum sampling by induction provided an adequate 
specimen volume and microbiological diagnosis in a 
higher proportion of patients than did health-care worker 
instruction, it was more costly and did not result in more 
patients starting treatment. Notably, sputum induction 
did not result in a higher proportion of case detection 
using same-day diagnostic methods (smear microscopy 
and Xpert MTB/RIF), probably because of the 
paucibacillary nature of induced sputum. This result, 
combined with the high rates of empiric treatment 
initiation based on clinical and radiological fi ndings, 

meant that the benefi ts of sputum induction failed to 
aff ect either the proportion of patients starting treatment 
or the time to start of treatment. Thus, health-care worker 
instruction had an equivalent eff ect on treatment 
initiation compared with induction, at a substantially 
lower cost and with fewer adverse events.

In previous studies, health-care worker instruction12,13 
and nurse-specifi c educational outreach improved rates 
of tuberculosis case detection with smear microscopy in 
people with persistent cough in primary care.26,27 In HIV-
positive Malawian patients thought to have tuberculosis, 
health-care worker instruction off ered better diagnostic 
yield for smear microscopy and culture than did 
alternative acquisition methods.22 However, before this 
study, no comparative randomised controlled studies of 
sampling strategies were available and despite its 
simplicity, health-care worker instruction is neither 
routinely used nor is it a formalised step in smear-
negative tuberculosis diagnostic procedures. Our study 
fi ndings suggest that national tuberculosis programmes 
should include health-care worker instruction as the fi rst 
strategy for smear-negative or sputum-scarce patients 
and thus, they should urgently provide widespread 
training to health-care workers and nurses about this 
sputum sampling strategy.

Other studies9,11,20 have shown sputum induction to be 
an excellent and safe sampling method for culture-based 
diagnosis. Although our study does not change this 
conclusion, we have found that sputum induction does 
not necessarily aff ect treatment initiation because of the 
long delays associated with culture-based diagnosis. 
Furthermore, because Xpert MTB/RIF assay performs 
suboptimally when using induced sputum specimens, 
the use of Xpert MTB/RIF assay as a replacement for 
smear microscopy would probably not have aff ected the 
primary outcome. Thus, sputum induction has 
limitations for adults with smear-negative and sputum-
scarce tuberculosis, particularly in settings where other 
investigations—eg, chest radiography and high empiric 
treatment use—are routinely done.

Although not assessed in this study, a step-wise 
approach might be best for diagnosis of smear-negative 
or sputum-scarce patients, with routine use of sputum 
induction reserved for when instruction has been 
unsuccessful or when a culture-based diagnosis is 
essential—eg, in a suspected case of multidrug-resistant 
tuberculosis.28,29 More studies are needed to assess such 
an approach. In addition, sputum induction is still an 
important sampling strategy for children and 
asymptomatic HIV-positive patients who are being 
screened for tuberculosis before starting antiretroviral 
therapy.21,30

Our study has some limitations. An open-label design 
can be prone to bias but this was chosen for its simplicity 
because of the location and infrastructure of the clinics 
and the nature of the intervention. However, we did 
regular unannounced checks—to ensure that the 

Panel: Research in context

Systematic review
We searched PubMed for studies about either sputum induction or health-care worker 
instruction published in English up to March 13, 2013. We combined search terms that could 
indicate sputum induction or health-care worker instruction (“sputum induction, induced 
sputum, sputum expect*, sputum sampl*, sputum/*microbiology”) with “TB”. We identifi ed 
two systematic reviews of sputum induction9,11 and a large study19 of adult patients with 
suspected smear-negative and sputum-scarce tuberculosis. We identifi ed four studies12,13,20,21 
involving health-care worker supervision or instruction during sputum sampling.

Interpretation
To our knowledge, our study is the only randomised controlled trial to assess the role of 
sputum induction in the diagnosis of tuberculosis, and is the fi rst study to directly 
compare two sputum sampling strategies with treatment uptake as the primary outcome. 
Previous studies of sputum induction in adults with suspected smear-negative and 
sputum-scarce tuberculosis from settings with high HIV and tuberculosis prevalence are 
heterogeneous, with varying estimates of culture-based diagnostic yield (8–66%) and 
smear microscopy sensitivity (32–60%).19,22–25 Two studies of health-care-provided 
instruction show increased diagnosis of tuberculosis by smear for adults with suspected 
pulmonary tuberculosis,12,13 but two studies using sequential combinations of instruction 
and induction provided confl icting results.20,22 Our study confi rms that sputum induction—
although more costly—off ers better sputum sampling and increased culture-based 
diagnosis compared with simple instruction. However, use of sputum induction did not 
result in more patients being treated. Health-care worker-provided instruction should 
be the preferred initial sputum sampling strategy for adults with suspected smear-
negative and sputum-scarce tuberculosis, especially where sputum induction facilities 
are unavailable or where culture-based diagnosis is unlikely to alter treatment 
decision making. Advocacy to improve the training of health-care workers in sputum 
sampling instruction and the incorporation of simple instruction into diagnostic 
algorithms of primary care clinics is warranted. 
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protocol was adhered to—and patient characteristics did 
not diff er between groups, suggesting no bias. The 
diff erent number of patients randomly assigned to each 
group—although statistically plausible given the simple 
randomisation method—might have introduced 
selection bias. However, baseline characteristics were 
similar and the main conclusions were the same when 
we analysed a random sample of 200 patients with 
balanced groups. The exclusion of 36 patients from the 
primary analysis is another important limitation, with 
most excluded because of programmatic implementation 
of Xpert MTB/RIF instead of smear microscopy for 
testing pre-enrolment sputum specimens at some study 
sites in the fi nal few months of enrolment. Sensitivity 
analyses showed no diff erences between excluded and 
included patients, and power calculations suggest that 
the analysis had a greater than 80% power to detect a 12% 
diff erence between study groups for the primary outcome 
taking exclusions into account.

No validated sputum quality scoring system exists for 
induced sputum samples. Thus, Bartlett scoring is not 
ideal and conclusions about diff erences in sample quality 
between groups should be interpreted with caution. 
Empiric treatment was more common among instructed 
patients and whether this constituted appropriate 
treatment or over-treatment is diffi  cult to ascertain. The 
exact specifi city of empiric treatment is unknown, and 
estimates from studies of WHO algorithms for smear-
negative tuberculosis in high tuberculosis and HIV 
settings range from 44% to 95%.31–34 In our study, 60% of 
empirically treated patients were HIV-positive and 
qualifi ed for treatment in accordance with the WHO 
smear-negative tuberculosis algorithm.22 Xpert MTB/RIF 
assay was used on stored sputum samples when available 
and not for treatment decisions. Because many patients 
did not have a second sputum specimen these fi ndings 
should be interpreted cautiously. Our fi ndings are 
applicable to settings in which HIV is common and 
further studies are needed to assess their usefulness 
elsewhere.

Our data support the use of nurse-driven health-care 
worker instruction as the initial sputum sampling 
method for adults with suspected smear-negative or 
sputum-scarce tuberculosis in a high-burden primary 
care setting. Sputum induction is an important sampling 
strategy when the need for a microbiologically confi rmed 
diagnosis of tuberculosis is essential. More eff ort should 
be made to formalise and incorporate sputum instruction 
and supervision in the education of primary clinic health-
care workers in regions where HIV and tuberculosis are 
common.
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Evaluationof theXpertMTB/RIFAssay for theDiagnosis of
Pulmonary Tuberculosis in a High HIV Prevalence Setting
Grant Theron1*, Jonny Peter1,*, Richard van Zyl-Smit1, Hridesh Mishra2, Elizabeth Streicher3,
Samuel Murray1, Rodney Dawson1, Andrew Whitelaw4, Michael Hoelscher5, Surendra Sharma2,
Madhukar Pai6, Robin Warren3, and Keertan Dheda1,7,8

1Lung Infection and Immunity Unit, Division of Pulmonology and UCT Lung Institute, Department of Medicine, 4Division of Medical Microbiology,
and 7Institute of Infectious Diseases and Molecular Medicine, University of Cape Town, Cape Town, South Africa; 2Department of Medicine, All India
Institute of Medical Sciences, New Delhi, India; 3DST/NRF Centre of Excellence for Biomedical TB Research/MRC Centre for Molecular and Cellular
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Rationale: XpertMTB/RIF is a novel automatedmolecular diagnostic
recently endorsed by the World Health Organization. However,
performance-relateddata fromhighHIVprevalence settingsare lim-
ited.
Objectives: The impact of sample-related factors onperformance and
the significance of Xpert MTB/RIF-positive culture-negative discor-
dance remain unclear.
Methods: Xpert MTB/RIF was evaluated using single archived spot-
sputum samples from496 South African patients with suspected TB.
Mycobacterium tuberculosis culture positivity and phenotypic resis-
tance to rifampicin served as reference standards.
Measurements and Main Results: Overall, Xpert MTB/RIF detected
95% (95% confidence interval [CI], 88–98%; 89 of 94) of smear-
positive culture-positive cases and the specificity was 94% (91–
96%; 320 of 339). The sensitivity in smear-negative cases was 55%
(35–73%; 12 of 22) when the analysis was restricted to 1 ml of un-
processed sputumandculture time-to-positivity of less thanor equal
to 28 days. Compared with smear microscopy (n ¼ 94), Xpert MTB/
RIF detected an additional 17 cases (n ¼ 111) representing an 18%
(11–27%; 111 vs. 94) relative increase in the rapid TB case detection
rate. Moreover, compared with smear microscopy, the inclusion of
Xpert MTB/RIF-positive culture-negative TB cases (ruled-in by an
alternative diagnosticmethod) resulted in the detection of a further
16 cases (n ¼ 127), thus significantly increasing the rapid TB case
detection rate to 35% (95%CI, 26–45%; 94 to 111 vs. 94 to 127; P,
0.01), the overall specificity to 99.1% (97–100%; 320 of 323; P ,
0.001), and sensitivity in smear-negative TB to 60% (P ¼ 0.12).
Performance strongly correlated with smear status and culture
time-to-positivity. In patients infected with HIV compared with
patients uninfected with HIV Xpert MTB/RIF showed a trend to re-
duced sensitivity (P ¼ 0.09) and significantly reduced negative pre-
dictive value (P¼ 0.01). The negative predictive value for rifampicin
resistance was 99.4%.

Conclusions: XpertMTB/RIF outperformed smear microscopy, estab-
lished a diagnosis in a significant proportion of patients with smear-
negative TB, detectedmany highly likely TB casesmissed by culture,
andaccurately ruledout rifampicin-resistantTB. Sample-specific fac-
tors had limited impact on performance. Performance in patients
infected with HIV, especially those with advanced immunosuppres-
sion, warrants further study.

Keywords: smear-negative tuberculosis; tuberculosis; diagnostics; HIV;
PCR

Tuberculosis (TB) is a major global health priority and kills ap-
proximately 1.7 million people annually (1). The incidence
of multidrug resistant (MDR) TB is increasing with almost
0.5 million estimated new cases in 2008 (2). Although smear
microscopy is widely used for the rapid diagnosis of TB, it does
not detect drug resistance and sensitivity in individuals coin-
fected with HIV varies between 20% and 50% (3). Results of
mycobacterial culture often only become available after 2–8
weeks (4). This creates a diagnostic delay that hampers disease
control, enhances transmission, and increases healthcare costs
(5).

Xpert MTB/RIF (Cepheid, Sunnyvale, CA) is an automated
user-friendly real-time polymerase chain reaction (PCR) assay
designed for the rapid and simultaneous detection of Mycobac-
terium tuberculosis and rifampicin resistance (6–8). The assay
amplifies a M. tuberculosis complex-specific region of the rpoB
gene, which is probed with molecular beacons to detect the
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Xpert MTB/RIF is an accurate rapid diagnostic tool for
tuberculosis (TB) and rifampicin resistance. Although it has
been recently endorsed by the World Health Organization,
there are limited data about the impact of HIV coinfection
and sample-related factors on test performance. The sig-
nificance of Xpert MTB/RIF-positive culture-negative
samples remains unclear.

What This Study Adds to the Field

HIV coinfection, but likely not sputum volume and pro-
cessing methods, may impact on assay performance. Almost
all Xpert MTB/RIF-positive culture-negative samples are
likely true positives and this approximately doubles the
number of detected TB cases over and above that of smear
microscopy.
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presence of rifampicin resistance-determining mutations (9). In
December 2010, the World Health Organization (WHO) en-
dorsed the scale-up of Xpert MTB/RIF and recommended its
use as the initial test in patients coinfected with HIV and TB
and patients with suspected MDR TB (10, 11). The perfor-
mance of the test with the first-generation software using both
NALC-NaOH decontaminated and unprocessed sputum from
1,730 patients with suspected TB was recently assessed as part
of a large multicentre study (7). Using a single assay on a single
unprocessed sputum sample M. tuberculosis complex-specific
DNA was detected in 98% of smear-positive cases and in 72%
of smear-negative cases using culture positivity as a reference
standard. However, only 67 (39%) of all smear-negative cases
were from a high HIV prevalence setting. Moreover, there is no
information regarding Xpert MTB/RIF performance stratified
by CD4 count. Thus, data about performance in patients in-
fected with HIV, particularly those with smear-negative TB,
are limited.

There are several other gaps in the knowledge. (1) There are
limited data about the effects of an alteration in sample volume
(using the recommended 1 ml vs. ,1 ml) or processing methods
(raw vs. liquefied sputum) on assay performance. Additionally,
the relationship between bacterial load (measured using smear
grade and culture time-to-positivity [TTP]) and assay perfor-
mance is unclear. These factors have important implications
for data interpretation in sputum-scarce patients, the integra-
tion of the assay into existing laboratory work flows, and the
design of future clinical trials. (2) What additional yield Xpert
MTB/RIF can offer, if any, over culture is unknown. Thus, the
significance of Xpert MTB/RIF-positive, culture-negative sam-
ples remains unclear. (3) The impact, given resource con-
straints, of combining smear microscopy and Xpert MTB/RIF
requires clarification. (4) Finally, we evaluated, hitherto untested,
the specificity of a recently released second-generation software
algorithm for the simultaneous detection of M. tuberculosis and
rifampicin resistance.

The goal was to validate test performance further using a sin-
gle cartridge in the context of high HIV prevalence and to assess
the impact of the previously mentioned factors on assay perfor-
mance. These issues gain importance as countries prepare to roll-
out and scale-up the Xpert MTB/RIF assay (10).

METHODS

Study Sites and Population

Sputa were collected from 496 consecutively recruited ambulant patients
with suspected TB ($ 18 yr of age) between February 2007 andApril 2010
at two primary care clinics in Cape Town, SouthAfrica. Informed consent
was obtained from all participants and the studywas approved by theUni-
versity of Cape Town, Faculty of Health Sciences Research Ethics Com-
mittee.Detailed patient and laboratory-specific informationwere recorded
on a standardized case record form and captured using double data entry.
An HIV test was performed after appropriate counseling. All chest radio-
graphs were independently scored by two trained readers using the Chest
Radiographic Reading and Reporting System (12, 13). Chest radiographs
were scored as compatible or unlikely to be compatible with active TB.
Discrepant results were adjudicated by a third senior reader.

TB Case Definitions

Each patient was allocated to one of three diagnostic categories: (1)
definite TB: a clinical presentation compatible with TB with at least
one spot sputum sample culture-positive for M. tuberculosis; (2) prob-
able TB: a clinical–radiologic picture highly suggestive of TB or anti-
TB treatment was initiated by an attending clinician based on clinical
suspicion but the patient did not meet the criteria for definite TB (no
culture-based evidence of M. tuberculosis); or (3) non-TB: no evidence

of TB based on smear microscopy and culture, no anti-TB treatment
initiated with response to alternative treatment where appropriate, and
when available no radiologic evidence to support the diagnosis of TB.

Microbiology

At the first visit two paired spot sputa were concurrently collected from
each patient. One arbitrarily selected sample was decontaminated in
NALC-NaOH, submitted for routine concentrated fluorescence smear
microscopy, and cultured forM. tuberculosis using the BACTECMGIT
960 system (BD Diagnostics, Franklin Lakes, NJ) (14). The second
sputum sample was stored (liquefied immediately or as raw sputum)
at 2208C for later analysis using the Xpert MTB/RIF assay. Patients
who returned for postenrolment follow-up provided additional sputum
samples at each visit. Smear grading according to the WHO/
International Union Against Tuberculosis and Lung Disease method
was performed (15). Culture-positive isolates underwent phenotypic
drug susceptibility testing for rifampicin and isoniazid using the MGIT
960 SIRE kit (BD Diagnostics) (16). Cultures with a TTP of more than
28 days and only one out of four positive follow-up cultures (when
available) were considered to be possible cross-contaminants (also an-
alyzed separately) (7). Unless otherwise stated, all Xpert MTB/RIF
and culture results were generated from paired samples taken at the
same visit, and patients accordingly classified.

Sample Processing and Storage for Later Analysis

The second sputa from the first 101 patients were liquefied using a 2:1 vol
of 0.1% dithiothreitol (17) before storage at 2208C. The remaining 395
samples were unprocessed and stored at 2208C on collection.

Sample Preparation and XpertMTB/RIF Procedure

Sputum sample preparation was performed as described previously (6,
18, 19) by a trained operator masked to clinical information. Briefly, the
sample reagent (Cepheid) was mixed at a 2:1 ratio with 1 ml of sputum
(either liquefied or unprocessed) and homogenized. If the sample vol-
ume was less than 1 ml, sterile phosphate buffer (Merck, Darmstadt,
Germany) was added to bring the final volume to 1 ml. Two milliliters
of homogenized mixture was transferred into an Xpert MTB/RIF assay
cartridge and inserted into the GeneXpert instrument (6).

Resolution of Discordant Results

For all Xpert MTB/RIF and culture discordant results, the cartridge-
generated amplicon was extracted, amplified, and sequenced as pre-
viously described (6). In addition, a GenoTypeMTBDRplus test
(HainLifescience, Nehren, Germany) or a PCR (using primers and
conditions described previously) (6) followed by sequencing of the
reaction products was performed on the stored sputum sediment or
stored sample (18). Postenrolment sputum cultures were also ana-
lyzed and chest radiographs scored for likelihood of TB. Thus, per-
formance was evaluated based on culture alone (Tables 1–4) or
a combination of culture and these additional diagnostic investiga-
tions (Table 5). For the resolution of discordance in rifampicin resistance
(phenotypic MGIT culture vs. Xpert MTB/RIF) a GenoTypeMTBDR-
plus test was performed on the culture isolate. When appropriate, the
rpoB gene from the sample sediment or the culture isolate was amplified
and sequenced (6).

Test Performance Assessment and Statistical Analysis

For the analysis of assay sensitivity, culture positivity and phenotypic
susceptibility to rifampicin using simultaneously obtained paired sam-
ples (Xpert MTB/RIF vs. culture) were the reference standards. Spec-
ificity calculations were based on paired culture-negative samples from
both culture-negative groups (probable and non-TB). Comparative
specificity using the non-TB group only was also obtained. Test perfor-
mance assessment and chi-square analyses were performed usingOpenEpi
(version 2.3.1; www.openepi.com) (20). Graphpad Prism (version 5.0;
GraphPad Software, San Diego, CA) was used for the analysis of linear
regression.
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RESULTS

Patient Population

After the exclusion of samples from 16 patients (Figure 1), 480
patients with suspected TB were eligible for inclusion into the
analysis. Figure 1 depicts how samples were processed and ar-
chived, and patients categorized by diagnostic subgroup. Patient
demographic and clinical characteristics are shown in Table 1.

A total of 141 (29%) of 480 patients had definite TB. Of these,
94 (67%) of 141 patients had smear-positive, culture-positive TB,

whereas 47 (33%) of 141 had smear-negative, culture-positive

TB. A total of 182 (38%) patients were classified as probable

TB, whereas 157 (33%) patients were classified as non-TB. Of
the 141 patients with positive cultures from their first sputum, 2
(1%) were found by phenotypic drug susceptibility testing to have
MDR isolates (resistance to rifampicin and isoniazid), and 21
(15%) were found to have isoniazid monoresistant isolates.

Overall Xpert MTB/RIF Performance

The performance of Xpert MTB/RIF versus liquid culture per-
formed on a simultaneously obtained paired spot sputum sample
supplied at enrolment is shown in Table 2. The overall sensitivity
of the assay was 78.7% (95% confidence interval [CI], 71.3–84.7;

TABLE 1. DEMOGRAPHIC INFORMATION AND CLINICAL CHARACTERISTICS STRATIFIED
BY SMEAR STATUS

Demographic or
Clinical Characteristic Study Cohort (%)

Smear-positive,
Culture-positive (%)

Smear-negative,
Culture-positive (%) P Value

No. of TB suspects 480 94 (20) 47 (10)
Median age (range) 36 (18–83) 35 (19–64) 37 (19–71) 0.56
Male 325 (68) 70 (22) 29 (9) 0.13
Female 155 (32) 24 (15) 18 (12) 0.13
Race
Black 340 (71) 73 (21) 37 (12) 0.89
Mixed ancestry (colored) 132 (27) 19 (14) 10 (8) 0.88
White 9 (2) 2 (2) 0 (0) 0.44

Smoker (past or current)* 330 (73) 65 (20) 36 (11) 0.37
HIV positive† 130 (31) 23 (27) 23 (51) ,0.01
Median CD4 count (cells/ml)

if HIV positive (range)‡
182 (0–935) 213 (0–439) 162 (10–465) 0.65

Previous TBx 158 (34) 24 (15) 16 (10) 0.30

Definition of abbreviation: TB ¼ tuberculosis.
* Excludes 26 patients with no smoking-related data.
y Excludes 59 patients who refused testing and 5 patients who had no data.
z Excludes seven patients who were HIV positive with no CD4 count data.
x Excludes 19 patients with no data about previous TB history.

TABLE 2. PERFORMANCE OUTCOMES OF XPERT MTB/RIF FOR THE DETECTION OF MYCOBACTERIUM TUBERCULOSIS COMPARED
TO SMEAR MICROSCOPY, AND STRATIFIED BY HIV STATUS

All Patients (n ¼ 480) Patients Uninfected with HIV (n ¼ 286)* Patients Infected with HIV (n ¼ 130)*

Sens. (95% CI )† Spec. (95% CI )‡ Sens. (95% CI ) Spec. (95% CI )‡ Sens. (95% CI )x Spec. (95% CI )‡

Sputum smear 66.7 (58.5–73.9)
94 of 141

99.7 (98.4–100)
338 of 339

73.2 (62.7–81.6)
60 of 82

100 (98.2–100)
204 of 204

50 (36.1–63.9)
23 of 46 (P ¼ 0.01)

98.8 (94.6–99.8)
83 of 84

Xpert MTB/RIF 78.7 (71.3–84.7)
111 of 141 (P ¼ 0.02)

94.4 (91.4–96.4)
320 of 339

82.9 (73.4–89.6)
68 of 82

95.6 (91.8–97.7)
195 of 204

69.6 (55.2–80.1)
32 of 46 (P ¼ 0.09)

91.7 (83.8–95.9)
77 of 84

Sputum smear or
Xpert MTB/RIF

82.3 (75.1–87.7)
116 of 141 (P , 0.01)

94.1 (91.1–96.2)
319 of 339

85.4 (76.1–91.4)
70 of 82

95.6 (91.8–97.7)
195 of 204

73.9 (59.7–84.4)
34 of 46

87.5 (75.3–94.1)
76 of 84

Xpert MTB/RIF in
smear-negative,
culture-positive cases

46.8 (33.3–60.8)
22 of 47

N/A 45.5 (26.9–65.3)
10 of 22

N/A 47.3 (29.2–67)
11 of 23

N/A

PPV (95% CI) NPV (95%CI)† PPV (95% CI) NPV (95% CI) PPV (95% CI) NPV (95% CI)x

Sputum smear 99 (94.3–99.8)
94 of 95

87.8 (84.1–90.7)
338 of 385

100 (93.4–100)
60 of 60

90.3 (85.7–93.5)
204 of 226

95.8 (79.8–99.3)
23 of 24

78.3 (69.5–85.1)
83 of 106 (P , 0.01)

Xpert MTB/RIF 85.4 (78.3–90.4)
111 of 130

91.4 (88–93.9)
320 of 350

88.3 (79.3–93.4)
68 of 77

93.3 (89.1–96)
195 of 209

82.1 (67.3–91)
32 of 39

84.6 (75.8–90.6)
77 of 91 (P ¼ 0.02)

Sputum smear or
Xpert MTB/RIF

85.3 (78.4–90.3)
116 of 136

92.7 (89.5–95)
319 of 344 (P ¼ 0.03)

88.6 (79.8–93.9)
70 of 79

94.2 (90.1–96.7)
195 of 207

85 (70.1–93)
34 of 42

77.8 (65.1–86)
76 of 88 (P , 0.001)

Xpert MTB/RIF in
smear-negative,
culture-positive cases

53.4 (38.8–68)
22 of 41

92.7 (89.5–95)
319 of 344

52.6 (31.7–72.3)
10 of 19

94.2 (90.1–96.7)
195 of 207

61.1 (38.6–79.7)
11 of 18

86.4 (77.7–92)
76 of 88 (P ¼ 0.03)

Definition of abbreviations: CI ¼ confidence interval; NPV ¼ negative predictive value; PPV ¼ positive predictive value.
* Excludes 59 patients who refused testing and 5 patients who had no data.
y P values , 0.10 in the “all patients” category are shown for comparisons between assays (microscopy vs. Xpert MTB-RIF, or microscopy vs. a combination of both).
z Specificity calculations were based on culture-negative samples obtained from both culture-negative groups (probable and non-TB)
x Assay-specific (microscopy or Xpert MTB-RIF or a combination of both) P values , 0.10 comparing patients infected versus patients uninfected with HIV.
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111 of 141). In smear-positive culture-positive cases the sensitiv-
ity was 94.7% (88.2–97.7; 89 of 94), whereas in smear-negative
culture-positive cases it was 46.8% (33.3–60.8; 22 of 47).

The overall specificity for the diagnosis of TB using both
culture-negative groups (probable and non-TB) was 94%
(91.4–96.4; 320 of 339). Using only the non-TB group, Xpert
MTB/RIF specificity was 95% (91.7–98.4; 132 of 137; P ¼
0.39). The assay was negative in all eight cases that were
culture-positive for non-TB mycobacteria (Figure 1), and neg-
ative in 14 of 15 cases with sputum isolates that were contam-
inated by bacterial overgrowth. Only 1 (0.2%) of 496 evaluated
samples yielded an indeterminate Xpert MTB/RIF result.

A single Xpert MTB/RIF assay outperformed smear micros-
copy and showed an 18% relative increase in the rapid (poten-
tially within 24 h) TB case-detection rate (17 additional cases)
compared with 94 smear-positive cases and thus detected signif-
icantly more patients than smear microscopy (111 [78.7%] of 141
vs. 94 [66.7%] of 141; P ¼ 0.02).

When a positive smear microscopy or Xpert MTB/RIF result
were combined, the sensitivity improved further to 82.2% (75.1–
87.7; 116 of 141) compared with smear microscopy alone (66.7%
[68.5–73.4; 94 of 141]; P , 0.01) (Table 2).

Performance of Xpert MTB/RIF in Patients Infected
with HIV

Smear microscopy was significantly less sensitive in subjects
infected with HIV versus subjects uninfected with HIV (23
[50%] of 46 vs. 60 [73.2%] of 82; P ¼ 0.01) (Table 2). Although
the sensitivity of Xpert MTB/RIF was lower in the HIV-
infected group, this did not reach significance (32 [69.6%] of
46 vs. 68 [82.9%] of 82; P ¼ 0.09). The same pattern was seen
in those with a CD4 count above or equal to versus below
200 cells/ml. Sensitivity of Xpert MTB/RIF in the smear-
negative group was unaffected by HIV status or CD4 count

(Tables 2 and 3). By contrast, the negative predictive value
(NPV) of Xpert MTB/RIF decreased significantly in patients
infected with HIV versus patients uninfected with HIV (195
[93.3%] of 209 vs. 77 [84.6%] of 91; P ¼ 0.02), and was lower
in those with a CD4 count less than 200 cells/ml versus those with
a CD4 count greater than or equal to 200 cells/ml (40 [83.3%] of
48 vs. 34 [87.5%] of 40; P ¼ 0.60). The same pattern was seen for
smear microscopy.

When the assays were directly compared within patient sub-
groups, the sensitivity of Xpert MTB/RIF was higher than smear
microscopy in persons infected and uninfected with HIV, and in
those with a CD4 count less than 200 cells/ml, but this difference
was not significant for all three groups (Tables 2 and 3). The
NPV for Xpert MTB/RIF did not differ significantly from that
of smear microscopy in any of these groups.

The combination of smear microscopy and Xpert MTB/RIF
had a significantly better sensitivity than smear microscopy alone
in patients infected withHIV (34 [73.9%] of 46 vs. 23 [50%] of 46;
P ¼ 0.02) and in those with a CD4 count less than 200 cells/ml
(16 [69.6%] of 23 vs. 9 [39.1] of 23; P , 0.05). Likelihood ratios
stratified by smear status, HIV status, and CD4 count are in-
cluded in the online supplement.

Sample Processing and Volume, and Impact
of Bacterial Burden

Sensitivity (77.9% vs. 81.1%; P ¼ 0.70) and specificity (94.3%
vs. 94.7%; P . 0.99) was similar in 386 unprocessed compared
with 94 liquefied samples (Table 4). Similarly, sputum sample
volume had limited impact on sensitivity (71.2% in samples less
than the recommended 1 ml [median 575 ml; interquartile range
{IQR} 300–700 ml] vs. 83.2% in samples of 1 ml [P ¼ 0.10];
40.9% in smear-negative culture-positive samples ,1 ml [me-
dian 500 ml; IQR 300–600 ml] vs. 52% in samples of 1 ml [P ¼
0.47]). Restricting the analysis to include only unprocessed

TABLE 3. PERFORMANCE OUTCOMES OF XPERT MTB/RIF FOR THE DETECTION OF MYCOBACTERIUM TUBERCULOSIS COMPARED
WITH SMEAR MICROSCOPY IN PERSONS INFECTED WITH HIV, AND STRATIFIED BY CD4 COUNT

Patients Infected
with HIV (n ¼ 130)*

Patients Infected with HIV with CD4
count > 200 cells/ml† (n ¼ 57)

Patients Infected with HIV with CD4 count
,200 cells/ml (n ¼ 66)

Sens. (95% CI) Spec. (95% CI)‡ Sens. (95% CI) Spec. (95% CI)‡ Sens. (95% CI)x Spec. (95% CI)

Sputum smear 50 (36.1–63.9)
23 of 46

98.8 (94.6–99.8)
83 of 84

61.9 (40.1–79.3)
13 of 21

97.2 (85.8–99.5)
35 of 36

39.1 (22.2–59.2)
9 of 23 (P , 0.01)

100 (91.8–100)
43 of 43

Xpert MTB/RIF 69.6 (55.2–80.1)
32 of 46

91.7 (83.8–95.9)
77 of 84

76.2 (54.9–89.4)
16 of 21

97.2 (85.8–99.5)
35 of 36

65.2 (44.9–81.2)
15 of 23

93 (81.4–97.6)
40 of 43

Sputum smear or Xpert MTB/RIF 73.9 (59.7–84.4)
34 of 46

87.5 (75.3–94.1)
76 of 84

81 (60–92.3)
17 of 21

4.3 (81.4–98.4)
33 of 35

69.6 (49.3–84.4)
16 of 23

93 (81.4–97.6)
40 of 43

Xpert MTB/RIF in smear-negative,
culture-positive cases

47.3 (29.2–67)
11 of 23

N/A 50 (21.5–78.5)
4 of 8

N/A 50 (26.8–73.2)
7 of 14

N/A

PPV (95% CI) NPV (95% CI) PPV (95% CI) NPV (95% CI) PPV (95% CI) NPV (95% CI)x

Sputum smear 95.8 (79.8–99.3)
23 of 24

78.3 (69.5–85.1)
83 of 106

92.9 (68.5–98.7)
13 of 14

81.4 (67.4–90.3)
35 of 43

100 (70–100)
9 of 9

75.4 (62.9–84.8)
43 of 57 (P , 0.01)

Xpert MTB/RIF 82.1 (67.3–91)
32 of 39

84.6 (75.8–90.6)
77 of 91

94.1 (73–99)
16 of 17

87.5 (73.9–94.5)
35 of 40

83.3 (60.8–94.2)
15 of 18

83.3 (70.4–91.3)
40 of 48 (P ¼ 0.04)

Sputum smear or Xpert MTB/RIF 85 (70.1–93)
34 of 42

77.8 (65.1–86)
76 of 88

89.5 (68.8–97.1)
17 of 19

89.2 (75.3–95.7)
33 of 37

84.2 (71–96)
16 of 19

85.1 (72.3–92.6)
40 of 47 (P . 0.05)

Xpert MTB/RIF in smear-negative,
culture-positive cases

61.1 (38.6–79.7)
11 of 18

86.4 (77.7–92)
76 of 88

80 (37.6–96.4)
4 of 5

89.5 (75.9–95.8)
34 of 38

70 (39.7–89.2)
7 of 10

85.1 (72.3–92.6)
40 of 47 (P . 0.05)

Definition of abbreviations: CI ¼ confidence interval; NPV ¼ negative predictive value; PPV ¼ positive predictive value
* Excludes seven HIV-positive patients with no CD4 count data.
y Assay-specific performance in the patients infected with HIV with a CD4 count greater than 200 cells/ml group did not differ significantly compared with any other group.
z Specificity calculations were based on culture-negative samples obtained from both culture-negative groups (probable and non-TB).
x Assay-specific P values (microscopy or Xpert or a combination of both) less than 0.10 comparing patients infected with HIV with a CD4 count less than 200 cells/ml

versus patients uninfected with HIV.
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samples with 1 ml of available sputum and those with a cul-
ture TTP less than or equal to 28 days (provided no posten-
rolment samples gave a positive culture) (21) did not
significantly improve assay sensitivity (46.8%–54.6%; P ¼
0.56) for smear-negative TB.

Higher bacterial loads, as determined by both smear grade
and MGIT TTP, were associated with earlier detection by assay

and more frequent positive results (Figure 2). The average cycle
threshold value was significantly lower in smear-positive com-
pared with smear-negative cases (22 6 0.5 vs. 32 6 0.9; P ,
0.0001). A similar relationship was seen using smear grade and
culture TTP as markers of bacterial load (Figure 2). Using
spiked sputum samples the limit of detection of the MTB/
RIF assay was found to be 100 cfu/ml and freeze thaw

TABLE 4. IMPACT OF SAMPLE PROCESSING, SAMPLE VOLUME, AND CULTURE TIME TO POSITIVITY CUT-OFF ON XPERT
MTB/RIF PERFORMANCE

Sensitivity (95% CI)* Number of Patients

Sample Type Culture-positive
Culture-positive,
Smear-positive

Culture-positive,
Smear-negative

Specificity (95% CI )
Number of Patients

All All samples (n ¼ 480) 78.7 (71.3–84.7)
111 of 141

94.7 (88.2–97.7)
89 of 94

46.8 (33.3–60.8)
22 of 47

94.4 (91.4–96.4)
320 of 339

Sample processing Unprocessed (n ¼ 386) 77.9 (69–84.8)
81 of 104

93 (84.6–97)
66 of 71

45.5 (29.9–96)
15 of 33

94.3 (91–96.5)
266 of 282

Liquefied (n ¼ 94) 81.1 (65.8–90.5)
30 of 37

100 (85.7–100)
23 of 23

50 (26.8–73.2)
7 of 14

94.7 (85.6–98.2)
54 of 57

P value† 0.70 0.24 0.78 0.95

1 ml (n ¼ 294) 83.2 (74–89.5)
74 of 89

95.3 (87.1–98.4)
61 of 64

52 (33.5–70)
13 of 25

95.1 (91.2–97.3)
195 of 205

Sample volume ,1 ml (n ¼ 186) Median
volume (IQR) ¼ 575 ml
(300–700)

71.2 (57.7–81.7)
37 of 52

93.3 (78.7–98.2)
28 of 30

40.9 (23.3–61.3)
9 of 22

93.3 (87.7–96.4)
125 of 134

P value† 0.10 0.70 0.47 0.48

Culture time to
positivity

Samples with a TTP .28 d
excluded (n ¼ 1)‡

79.3 (71.3–85.2)
111 of 140

94.7 (88.2–97.7)
89 of 94

47.8 (34.1–61.9)
22 of 46

94.4 (91.4–96.4)
320 of 339

All of the
above filters

Unprocessed samples only
with 1 ml of sputum
available
for the assay, and a culture
TTP not .28 d with all
subsequent sputum
samples culture-negative
(n ¼ 241)

81.7 (71.2–90)
58 of 71

93.9 (83.5–97.9)
46 of 49

54.6 (34.7–73.1)
12 of 22

94.7 (71.2–90)
162 of 171

P value† 0.62 0.83 0.56 0.89

Definition of abbreviations: CI ¼ confidence interval; IQR ¼ interquartile range; TTP ¼ time-to-positivity.
* Culture positivity for M. tuberculosis using a sputum sample obtained at enrolment was used as the reference standard.
y P values (two-tailed Mid-P chi-square test) comparing sputum processing method, sample volume, and samples with a TTP greater than 28 days excluded versus

samples with a volume of 1 ml and a culture TTP not greater than 28 days (provided no subsequent cultures were positive).
z Three patients had a first spot sputum sample culture TTP greater than 28 days. One patient gave a later sample that was culture-positive. One patient was lost to

follow-up. For the remaining patients all three subsequent samples were culture-negative, indicating probable cross-contamination.

TABLE 5. XPERT MTB/RIF PERFORMANCE OUTCOMES IN PATIENTS WITH DEFINITE TB (ALL CULTURE-POSITIVE CASES)
VERSUS A GROUP CONTAINING CULTURE-POSITIVE AND HIGHLY LIKELY TB CASES*

Sens. (95% CI) Spec. (95% CI) PPV (95% CI) NPV (95% CI)

Relative Increase in no. of
Xpert MTB/RIF Diagnosed

Cases Versus Smear Microscopy

All TB cases Definite TB
(culture-positive)

78.7 (71.3–84.7)
111 of 141

94.4 (91.4–96.4)
320 of 339

85.4 (78.3–90.4)
111 of 130

91.4 (88–93.9)
320 of 350

94–111† (18%)

Definite TB 1
highly likely group‡

80.9 (74–86.3)
127 of 157

99.1 (97.3–99.7)
320 of 323

97.7 (93.4–99.2)
127 of 130

91.4 (88–93.9)
320 of 350

94–126 (35%)

P value 0.64 ,0.001 ,0.001 .0.99 ,0.01
Smear-negative TB Definite TB

(culture-positive)
46.8 (33.3–60.8)

22 of 47†
94.4 (91.4–96.4)

319 of 338
53.4 (38.8–68)

22 of 41
92.7 (89.5–95)
319 of 344

N/A

Definite TB 1
highly likely group*

60.3 (48–71.5)
38 of 63

99.1 (97.3–99.7)
319 of 322

92.7 (80.6–97.5)
38 of 41

92.7 (89.5–95)
319 of 344

N/A

P value 0.12 ,0.001 ,0.001 .0.99 N/A

Definition of abbreviations: CI ¼ confidence interval; NPV ¼ negative predictive value; PPV ¼ positive predictive value; TB ¼ tuberculosis.
* P values indicate a comparison between groups. The same analysis for patients with smear-negative TB is also shown.
y Xpert MTB/RIF did not detect five smear-positive, culture-positive samples.
z Sixteen culture-negative, Xpert MTB/RIF-positive patients are included here (five patients were found to be culture-positive by a second sputum obtained within 2

weeks from enrolment, five had Mycobacterium tuberculosis DNA in their sputum by sequencing, and six patients had typical radiologic evidence of active TB). All Xpert
MTB/RIF amplicons were confirmed to contain M. tuberculosis DNA.
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experiments showed no decrease in assay sensitivity (data not
shown).

Performance of Xpert MTB/RIF for the Detection
of Rifampicin Resistance Using the
Second-generation Software

XpertMTB/RIF identified six samples as rifampicin resistant. By
contrast, MGIT DST identified five of these isolates as sensitive
to rifampicin. Five out of the six samples where confirmed to be
genotypically resistant by sequencing of DNAextracted from the

isolate or a GenoTypeMTBDRplus test. We were unable re-
liably to compute sensitivity given the small number of drug-
resistant cases but Xpert MTB/RIF correctly determined sus-
ceptibility to rifampicin in 151 of 152 cases, and hence the spec-
ificity was 99.4% and the NPV was 98.7%.

Discordance Between Xpert MTB/RIF and Culture
(discrepant analysis)

Xpert MTB/RIF-positive results in the probable group. As shown
in Figure 1, there were 19 Xpert MTB/RIF-positive patients

Figure 1. Flow diagram outlining patient enrolment,
sample processing, and outcomes stratified by diagnostic
category. TB ¼ tuberculosis; MGIT= mycobacterial growth
indicator tube.

Figure 2. Correlation of the average cycle
threshold (CT) value with smear grade (A) and
liquid culture time to positivity (B).
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who were culture-negative based on their simultaneously
obtained paired sputum sample. Of these, five (26%) were
found to be culture-positive on a second sputum obtained
within 2 weeks of enrolment. A further 10 (53%) had M. tuber-
culosis DNA detected in their archived sputum using sequenc-
ing or a GenoTypeMTBDRplus test. In one (1%) additional
patient the chest radiograph was compatible with and suggestive
of active TB. Furthermore, in all 16 cases diagnosed with TB
using either culture, sequencing of DNA from sputum or sam-
ple sediment, a GenoTypeMTBDRplus test, or chest radiogra-
phy, the sequencing of the Xpert MTB/RIF cartridge amplicon
confirmed M. tuberculosis. Thus, 16 of the 19 Xpert MTB/RIF-
positive culture-negative patients were deemed likely to be true
positives and designated as “highly likely TB.” In the remaining
three patients a chest radiograph was unavailable precluding
meaningful classification, although they were placed on treat-
ment by the attending clinician based on clinical suspicion.

When the 16 of 19 patients were combined with the definite
TB group and the data were reanalyzed (Table 5), there was no
significant change in sensitivity (111 [78.7%] of 141 to 127
[80.9%] of 157; P ¼ 0.64) (Table 5). However, specificity (320
[94.4%] of 339 increased to 320 [99.1%] of 323; P , 0.001) and
the positive predictive value improved significantly (111
[85.4%] of 130 to 127 [97.7%] of 130; P , 0.001), and the
relative increase in the proportion of patients diagnosed com-
pared with smear microscopy improved significantly (94–111
[18%] vs. 94–127 [35%]; P , 0.01). The positive predictive value
in individuals with smear-negative TB improved significantly
(22 [53.4%] of 41 to 38 [92.7%] of 41; P , 0.001) and the
sensitivity increased to 60.3%. Patients in the culture-negative
Xpert MTB/RIF-positive patient group had a higher mean aver-
age cycle threshold value compared with those who were
culture-positive, Xpert MTB/RIF-positive (29.3 [23.9–34] vs.
23.6 [19.6–27.3]; P , 0.001).
XpertMTB/RIF-negative culture-positive results. Thirty patients

were culture-positive but Xpert MTB/RIF-negative. There was
a higher proportion of smear-negative individuals in this group
comparedwith culture-positive, XpertMTB/RIF-positive individ-
uals (83% vs. 20%; P , 0.001). The median TTP (IQR) was
significantly longer in this group (18 [13–25] vs. 7 [6–12] d; P ,
0.001). There was no significant difference in median sample
volume across these groups (0.9 vs. 1 ml; P ¼ 0.13).

DISCUSSION

The WHO recently endorsed Xpert MTB/RIF (11); however,
there are limited data about performance outcomes in high HIV
prevalence settings where smear-negative TB is a formidable
diagnostic challenge. The key findings of this preliminary study
using archived samples were: (1) Xpert MTB/RIF outperformed
smear microscopy because it diagnosed a significant proportion
of smear-negative TB cases, and increased the relative propor-
tion of potentially rapidly diagnosed cases by 18%; (2) HIV
coinfection was associated with a significantly reduced assay
NPV and there was a trend to reduced sensitivity; (3) taking
into account Xpert MTB/RIF-positive culture-negative samples
obtained from highly likely patients with TB the proportion of
potentially rapidly diagnosed cases relative to smear microscopy
significantly improved from 18–35%; (4) sputum volume and
processing methods had a nonsignificant impact on assay per-
formance, but by contrast bacterial load correlated strongly
with performance; and (5) the specificity and NPV of the
second-generation software for rifampicin resistance was almost
100%. Thus, Xpert MTB/RIF outperformed smear microscopy
and simultaneously ruled out rifampicin resistance with great
accuracy.

There are limited data about XpertMTB/RIF performance in
persons infected with HIV and none stratified by CD4 count.
Our preliminary data indicate that the NPV is significantly re-
duced in this group (z 15% of those with negative results have
TB). The effects are most marked in those with advanced im-
munosuppression. Thus, in persons infected with HIV Xpert
MTB/RIF is a good rule-in test but may have limited rule-out
value compared with persons uninfected with HIV. This may be
caused by the lower concentration of mycobacteria in the spu-
tum of persons infected with HIV and possibly reduced speci-
ficity caused by occult or subclinical disease. Our data add to the
limited existing knowledge base about the impact of HIV on
Xpert MTB/RIF performance. However, there are several im-
portant limitations regarding our data (discussed in detail later)
and thus further studies are required to clarify these findings.
The added rule-out value of a second test in persons infected
with HIV who are smear- and Xpert MTB/RIF-negative
remains to be determined.

The key advantage of Xpert MTB/RIF is that it diagnosed
47% (95% CI, 33–61%) of smear-negative TB cases in a high
HIV prevalence setting and 55% (35–73%) when a restricted
analysis was performed. A recent multicenter study showed
a sensitivity in the smear-negative group when using a single
cartridge of 73% (65–79%) (7). The differing sensitivities likely
reflect differences in study design or represent a chance finding
given that the CI overlap in both the studies (P ¼ 0.10 vs. the
restricted samples). Our results may reflect the effect of using
frozen samples; however, preliminary experiments showed no
significant effect of repeated freeze–thaw cycles on assay per-
formance and similar observations have been reported by Helb
and colleagues (6). That early morning sputum samples (known
to have a higher diagnostic yield relative to spot sputum sam-
ples) (22, 23) were included in the study by Boehme and col-
leagues (7) and classification using at least one of four culture
results per individual (which would decrease the number of
culture-negative, Xpert MTB/RIF-positive cases) are other pos-
sible reasons for this discrepancy. Nevertheless, even with our
detected sensitivity in the smear-negative group, there was an
almost 20% increase in TB case detection compared with smear
microscopy alone. This increase is dependent on local HIV
prevalence rates.

Previous studies have not evaluated the significance of
culture-negative Xpert MTB/RIF-positive samples. Are these
true or false-positive results? When the significance of these
results was clarified using short-term follow-up cultures, se-
quencing, and a suggestive radiologic picture using a standard-
ized scoring system there was a 35% relative increase in the
number of detected cases. Given the well-known limitations
of post hoc discrepancy analyses (24), larger studies are now
required in different settings to evaluate better discordant cases
with long-term follow-up.

Our data suggest that sensitivity in smear-negative TB was
limited by bacterial load. Studies correlating Xpert MTB/RIF
Ct values with bacterial load are important because they inform
contact tracing policies, treatment monitoring, and definition of
a benchmarking threshold against which competitor assays can
be measured. The limit of detection in our hands using spiked
sputum samples was 100 CFU/ml. This is in keepingwith the find-
ings of Helb and colleagues (6), who report a limit of detection
of 132 cfu/ml. Nevertheless, published studies confirm that those
with smear-negative TB often have bacterial loads substantially
below 100 cfu/ml (25). Future studies are required to examine if
sample concentration can improve sensitivity.

A key advantage of Xpert MTB/RIF over smear microscopy
is the simultaneous assessment for rifampicin resistance. We are
unable to comment on sensitivity for rifampicin resistance given
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the limited number of cases in this category, but we can confirm,
similar to the findings of Boehme and colleagues (7) using the
first-generation software, that the specificity and NPV are high
(7). Thus, the assay using the second-generation software can
reliably rule out rifampicin resistance in a high HIV prevalence
setting. This is crucial given the increasing burden of MDR-TB
and XDR-TB in Africa (26–28).

A major hurdle to widespread implementation of the Xpert
MTB/RIF assay in resource-poor settings is cost (29). Thus,
a possible interim strategy to enhance uptake might be to per-
form the assay only in smear-negative rather than smear-
positive patients suspected of having TB (8, 28). Our data lend
credence to this strategy because a combination of the two di-
agnostic methods showed the best sensitivity and specificity.
However, the downside is that information about drug suscep-
tibility is unavailable in smear-positive patients.

There are no existing published data on the effect of sputum
volume on Xpert MTB/RIF performance. This is an important
consideration in Africa, where HIV coinfection may result in
a higher proportion of sputum-scarce patients who produce sub-
optimal sputum volumes. Our data indicate that volumes below
the recommended limit of 1 ml (median volume, 575 ml) do have
some impact on performance, although not significant, and thus
could still be used for Xpert MTB/RIF in sputum-scarce pa-
tients. However, further studies are required to confirm these
findings and to accurately determine the minimum volume of
sputum that can be reliably used in sputum-scarce or pauciba-
cillary individuals. It is possible that using volumes greater than
1 ml improves detection in smear-negative TB. That an approx-
imately twofold reduction in volume has minimal impact on
performance is not surprising given that PCR amplifies its
DNA target by over a billionfold (30). Similarly, liquefied spu-
tum had a minimal effect on performance. These data are im-
portant because in cases where the Xpert MTB/RIF assay is
indeterminate or if an additional test is required then the decon-
taminated stored sample can be used to clarify the status of the
donor.

There are several limitations of our study findings. First, our
results may reflect the bias of sample storage and freeze–thaw,
which may impact on DNA integrity or sputum viscosity. How-
ever, this is not supported by our preliminary freeze–thaw data
or the data of Helb and colleagues (6), which suggest that pro-
longed storage and freeze–thaw have limited impact on sensitiv-
ity. Nevertheless, even under less rigorous and well-controlled
study conditions compared with published data (7) we show that
Xpert MTB/RIF comprehensively outperforms smear micros-
copy. We only performed one paired sputum-Xpert MTB/RIF
culture per patient and used only a single liquid culture as a ref-
erence standard. Thus, we may have erroneously estimated out-
comes given that a MGIT culture on a second specimen,
compared with a MGIT culture on a single specimen from per-
sons infected with HIV, may detect an additional 17% of cases
(31). Our study findings may have limited relevance to low HIV
prevalence settings where TB prevalence rates are lower (in
patients infected with HIV and patients uninfected with HIV).
The conclusiveness of our findings is especially limited by the
small number of patients, particularly in the smear-negative
and HIV-infected subgroups, which is a consequence of the study
design. Prospective studies in these patient subgroups are now
urgently needed. However, we establish a firm rationale and pro-
vide a foundation for the design of larger and more comprehen-
sive studies to evaluate Xpert MTB/RIF in populations infected
with HIV. Finally, our data do not inform on how Xpert MTB/
RIF tests perform at the point-of-treatment, where the assay can
have the greatest impact on patient care. Thus, controlled studies

evaluating outcomes at point-of-treatment in high HIV prevalent
settings are urgently required.

In summary, the Xpert MTB/RIF assay is an accurate rapid
rule-in test for pulmonary TB. It outperformed smear micros-
copy given that it established a diagnosis in a significant propor-
tion of patients who are smear-negative. It may also detect
additional culture-negative patients and has excellent rule-out
value for MDR TB. However, because sample size, volume,
and use of frozen samples were important limitations of this
study, further studies are required to clarify test rule-out value
in persons infected with HIV and the role of this assay in current
TB treatment algorithms in high HIV prevalence settings.
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Diagnostic accuracy of a urine
lipoarabinomannan strip-test for TB
detection in HIV-infected hospitalised
patients
Jonathan G. Peter*, Grant Theron*, Richard van Zyl-Smit*,
Asheen Haripersad*, Lynelle Mottay*, Sarah Kraus*, Anke Binder*,
Richard Meldau*, Anneli Hardy# and Keertan Dheda*,",+

ABSTRACT: Lack of point-of-care tests for tuberculosis (TB) result in diagnostic delay, and
increased mortality and healthcare-related costs.
The urine DetermineTM TB-LAM point-of-care strip-test was evaluated in 335 prospectively-

recruited hospitalised patients with suspected TB-HIV co-infection (group 1) and from 88 HIV-
infected hospitalised patients with non-TB diagnoses (group 2). Cut-off point-specific analyses
were performed using: 1) a microbiological reference standard (culture positive versus negative);
and 2) a composite reference standard (exclusion of patients with clinical-TB from the culture-
negative group).
Using the microbiological reference and the manufacturer-recommended grade-1 cut-off point,

LAM sensitivity and specificity was 66% (95% CI 57–74%). By contrast, using the composite
reference sensitivity was 60% (95% CI 53–67%) and specificity improved to 96% (95% CI 89–100%)
(p50.001). The same pattern was seen when the grade-2 cut-off point was used (specificity 75%
versus 96%; p50.01). In group two patients specificity was poor using the grade-1 cut-off point,
but improved significantly when the grade-2 cut-off point was used (90% versus 99%; p50.009).
The grade-2 cut-off point also offered superior inter-reader reliability (p50.002). Sensitivity was
highest in those with a CD4,200 cells per mL. LAM combined with smear-microscopy was able to
rule-in TB in 71% of Mycobacterium tuberculosis culture-positive patients.
This preliminary study indicates that the LAM strip-test may be a potentially useful rapid rule-in

test for TB in hospitalised patients with advanced immunosuppression. The grade 2, but not the
manufacturer-recommended grade 1 cut-off point, offered superior rule-in utility and inter-reader
reliability. Larger studies to evaluate cut-off points and diagnostic accuracy are urgently required.

KEYWORDS: Diagnostic, lateral flow assay, lipoarabinomannan, point-of-care

T
he co-epidemics of tuberculosis (TB) and
HIV remain out of control in sub-Saharan
Africa [1]. TB is still the leading cause of

HIV-related mortality [2] and up to 80% of newly
diagnosed TB cases in sub-Saharan Africa are HIV
co-infected [1]. African hospitals are overwhelmed
by admissions of TB–HIV co-infected patients,
hospital stay is prolonged because of suboptimal
diagnostic tools and, consequently, healthcare-
related costs are high [3]. A recent South African
study showed that the early commencement of
anti-TB treatment decreased 8-week mortality
and length of stay in hospitalised TB patients [4].

An autopsy study of 240 in-patients (HIV sero-
prevalence rate of 94%) found that, of those not on
anti-TB treatment, .40% were culture positive for
Mycobacterium tuberculosis at the time of death [5].
Thus, delay or failure to diagnose TB is associated
with highmortality inHIV co-infected hospitalised
patients. Traditional TB diagnostic tools perform
poorly in these patients [6, 7], and novel molecular
diagnostics such as Xpert MTB/RIF (Cepheid,
Sunnyvale, CA, USA) and other diagnostic adjuncts
such as bronchoscopy, remain unaffordable and/or
limited by the need for specialised laboratories
and training [8]. Moreover, current tools perform
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poorly in sputum-scarce and extrapulmonary (EP) TB. There
remains a pressing need for a rapid, inexpensive and simple
point-of-care (POC) TB diagnostic for HIV co-infected patients.

Lipoarabinomannan (LAM) is a 17.5 kDa glycolipid that forms a
component of the outer cell wall of mycobacterial species [9]. It is
filtered by the kidney and detectable in the urine, and has been
extensively evaluated as a TB diagnostic antigen [10–15]. A urine
ELISA-based kit to detect LAM antigen (Clearview1 TB-ELISA;
Alere, Waltham, MA, USA) was found to be clinically useful in
hospitalised TB-HIV co-infected patients with advanced immuno-
suppression [16], andwas shown to bemore sensitive than smear-
microscopy in a TB screening study prior to the introduction of
highly active antiretroviral therapy (HAART) [17].

The ELISA version of the test has now evolved into a simple POC
urine immunochromatographic strip-test (lateral flow assay). The
commercial version of the strip-test, which was evaluated in this
study, is planned for release in the first quarter of 2013. This urine
LAM strip-test is marketed by Alere, USA as the Determine1 TB-
LAM Ag rapid test (fig. 1). This novel test requires only 60 mL of
unprocessed urine, can be performed at the bedside, requires
little technical skill, no power source and provides a result within
25 min at a probable cost of less than US$3.50 (the locked-in final
version evaluated here is to be launched in quarter 1 of 2013) [18].
A recent evaluation of the LAM strip-test in outpatients being
screened for antiretroviral therapy at primary care clinics showed
promising results, especially for patients with advanced immuno-
suppression [19]. However, performance amongst hospitalised
HIV-infected patients with advanced immunosuppression, in
whom rapid diagnosis and treatment could potentially impact
mortality remains unknown. Thus, we undertook a study to

prospectively evaluate the diagnostic accuracy of the LAM strip-
test in hospitalised HIV co-infected patients with suspected TB.
Some of the preliminary results of these studies, using the
manufacturer-recommended cut-off point, have been previously
reported in the form of an abstract [16].

METHODS

Study population
The study population, divided into two groups, consisted of
423 adult patients recruited from four hospitals (three district-
and one tertiary-level hospital; Groote Schuur, GF Jooste,
Victoria and Somerset Hospitals, Cape Town, South Africa)
between July 22, 2009 and December 14, 2010 in Cape Town,
South Africa. Study group 1 consisted of 335 prospectively
recruited hospitalised individuals with suspected TB and HIV,
while study group 2 consisted of 88 HIV-infected hospitalised
non-TB patients (possessing alternative diagnoses and no
clinical or microbiological evidence of TB). Group 2 patients
were recruited to further evaluate test specificity due to the
limited number of confirmed non-TB patients in group 1. A
study and analysis outline is shown in figure 2. Group 1
hospitalised patients were consecutively recruited following
referral by clinicians who considered patients to be HIV-
infected and with suspected TB. Group 2 patients represented
a convenience sample and were specifically recruited as they
were not suspected of having TB. Only three patients, who
refused consent, were excluded from the study. All patients
provided informed consent and the study was approved by the
University of Cape Town Faculty of Health Sciences Human
Research Ethics Committee. Clinical information documented
for enrolled patients included demographic information, past
history of TB, symptoms and vital signs, HIV status, renal
function, and details about anti-TB therapy.

The clinical management of all patients (including the timing and
extent of diagnostic work-up, decision to commence anti-TB
treatment and final discharge from hospital) was undertaken by
consultant-led groups of health care workers who had no
association with the study team. TB diagnostic work-up was
not standardised andwas at the discretion of the attending senior
physician. Table 1 provides a site-specific breakdown of clinical
samples collected for TB diagnosis. The local reference laboratory
processed all clinical specimens collected for routine TB diagnosis
(fluorescence smearmicroscopy onNALC/NaOHprocessed and
concentrated samples followed by liquid culture (BACTECMGIT
960; BD Diagnostics, Franklin Lakes, NJ, USA) were performed
when appropriate).

LAM methodology
All patientswere required to give a spot urine sample (10–30 mL)
collected in a sterile container as soon as possible after
recruitment. A urine dipstick test (UriCHECK 9; RapiMed
Diagnostics, Pretoria, South Africa) was immediately performed
to assess for protein, blood and leukocytes. Urine was stored at
-20uC for later batched testing. The LAM strip-test (a single
manufacturing lot #101102) was performed on unprocessed
thawed urine according to manufacturer’s instructions and after
25–35 min, two readers, blinded to clinical details and TB status,
independently evaluated the LAM strips for all study patients.
The detailed methods of LAM strip-test grading using the
manufacturer’s reference card (fig. 1), the interpretation of

Grade 2
cut-off point

Grade 1
cut-off point

Control window
(band required 
for valid test)

Urine loading
platform

(60 µL urine)

Patient window
(band intesity interpreted

using reference scale card)

FIGURE 1. Lipoarabinomannan (LAM) strip-test and reference scale card. The

reference scale card (courtesy of Alere, Waltham, MA, USA) illustrates six cut-off

points (visual grades 0–5) categorised by different band intensities appearing in the

patient window.
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varying test results, and the further experiments performed to
better evaluate inter-reader reliability are provided in the online
supplementary material. Concurrently, the Clearview TB ELISA
was performed on all samples, as previously described, by a
technician blinded to patient TB diagnostic status [20].

Definition of the reference standards and analytical
approach
Given the limitations of liquid TB culture in hospitalised HIV-
infected patients with advanced immunosuppression (low
sputum baciliary load, sputum-scarce disease and EPTB) a
composite reference standard was used to categorise patients.
Patients were categorised into the following diagnostic groups
based on a combination of smear and culture results, clinical
treatment and 2-month follow-up, and radiology findings.

Definite-TB
At least one M. tuberculosis sample positive by liquid culture
(either sputum or non-sputum). Definite-TB cases were sub-
classified by whether only sputum, non-sputum or both sputum
and non-sputum samples were TB culture positive into pulmon-
ary TB (PTB), EPTB or combined PTB/EPTB, respectively.

Probable-TB
Not meeting the criterion for definite-TB, but with a clinical–
radiological picture highly suggestive of TB and showing a
response to anti-TB treatment at 2-month follow-up.

Non-TB
No microbiological evidence of M. tuberculosis and an alter-
native diagnosis available. Patients were not treated for TB.
Patients culture positive for nontuberculosis mycobacteria and
not receiving anti-TB treatment were assigned to this group.

Unclassifiable-TB
Unable to assign the patient to any of the above-mentioned
diagnostic groups due to death of unknown cause (without
autopsy), on-going symptoms at follow-up or loss-to-follow-up
at 2 months.

Two analyses of diagnostic accuracy were performed using: 1)
analysis 1 used a microbiological reference standard (culture
positive versus negative); and 2) analysis 2 used a composite
reference standard (probable and unclassified patients were
excluded from the culture negative group). Thus, analysis 2
combined the definite-TB (n5116) and probable-TB (n571)
patients for the sensitivity calculation and used non-TB patients
for the specificity calculation. Specificity calculations for group 2
(n588) non-TB patients are presented separately. Figure 2
outlines these groups used in the two analyses.

Statistical analysis
LAM strip-test performance was evaluated using the
manufacturer-provided reference card and receiver-operating
characteristic (ROC) curve analysis was used to determine the
optimal ‘‘rule-in’’ cut-off point. Test sensitivity and specificity

Group 2: 88 control patients
Eligibility criteria:
  1) hospitalised HIV-infected
  2) no evidence of active TB
     disease
  3) age ≥18 yrs

Group 1: 335 unselected patients
Eligibility criteria:
  1) illness severity requiring hospitalisation
  2) suspected TB–HIV co-infection
  3) age ≥18 yrs

Non-TB
88 controls

Non-TB
27/281 (10%)

Probable-TB
71/281 (25%)

Analysis 2
Composite reference standard

423 patients recruited
from four hospitals

in Cape Town, South Africa

Excluded: 54 patients
  HIV uninfected/unknown:  n=54

Definite-TB
116/281 (41%)

Definite- and probable-TB patients used for 
sensitivity and non-TB patients used for 

specificity analysis of LAM tests
Additional patients

excluded from
analysis 2

M. tuberculosis
culture positive
116/242 (48%)

≥1 × M. tuberculosis
culture negative
126/242 (52%)

Unclassifiable-TB
67/281 (24%):

49 lost to follow-up/
  unknown
16 deceased
2 symptomatic at 2
  months

Analysis 1
Microbiological reference standard

Excluded: 93 patients
  HIV uninfected/unknown:    n=54
  TB culture(s) contaminated:  n=11
  No samples/cultures:    n=28

M. tuberculosis culture-positive and -negative
patients used for the sensitivity and specificity

analysis of LAM tests Additional group 
for specificity
calculations

FIGURE 2. Study population and outline of different patient groups used for the two analyses of urine lipoarabinomannan (LAM) strip-test diagnostic accuracy.

M. tuberculosis: Mycobacterium tuberculosis; TB: tuberculosis.
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were calculated with 95% confidence intervals (positive like-
lihood ratios are presented in the online supplementary results).
Intra- and interobserver agreement was assessed using the
Kappa statistic, and categorised as poor (0–0.20), fair (0.21–0.40),
moderate (0.41–0.60), good (0.61–0.80) and very good (0.81–1)
[21]. Additionally, a McNemar Chi-squared test was used to
compare the difference in agreement between readers at the
grade 1 and 2 cut-off points. STATA IC, version 10 (StataCorp,
College Station, TX, USA) was used for all statistical analyses.
Study reporting and analysis were consistent with the Standards
for the Reporting of Diagnostic Accuracy (STARD) criteria [22].

RESULTS
Demographic, clinical and microbiological characteristics
of study patients (groups 1 and 2)
HIV infection was confirmed in 281 (84%) out of 335 of group 1
patients and consequently, 54 HIV-uninfected group 1 patients
were excluded from the analyses. The demographic, clinical, diag-
nostic work-up and microbiological details of the HIV-infected

patients stratified by culture status, patient group and CD4 cell
count are shown in table 1. The median (interquartile) CD4 cell
count in group 1 M. tuberculosis culture-negative HIV-infected
patients was significantly lower than the group 2 non-TB patients
(91 (51–197) versus 238 (140–404) cells per mL; p,0.001). Of all
clinical symptoms and signs, only an admission fever.38uC was
associated with M. tuberculosis culture positivity (p50.008).

116 (48%) out of 242 of group 1 HIV-infected patients were M.
tuberculosis culture positive. Using the composite reference, a
further 71 patients were categorised as probable-TB (nine
sputum/non-sputum sample smear positive, M. tuberculosis
culture negative/contaminated). Given suspected TB–HIV co-
infection, attending clinicians attempted, where possible, to
collect both sputum and non-sputum samples for TB diagnosis,
with 195 (81%) out of 242 and 151 (62%) out of 242 of all group-1
HIV-infected patients having at least one sputum and non-
sputum sample. Of the HIV-infected M. tuberculosis culture-
positive patients, 69 (59%) out of 116 were sputum culture

TABLE 2 Performance outcomes of smear microscopy, lipoarabinomannan (LAM) ELISA and LAM strip-test (using grade 1 and
2 cut-off points) in HIV-infected patients

Diagnostic test(s) Group 1 patients Group 2 non-TB

control patients

Microbiological reference

(Mycobacterium tuberculosis culture

positive versus negative)

Composite reference standard

(definite- and probable-TB versus

non-TB)

Sensitivity Specificity Sensitivity Specificity Specificity

Subjects n 242 214 88

Rapid smear microscopy 56#," (47–65)

65/116

90" (84–95)

114/126

44#,*** (37–51)

82/187

96 (89–100)

26/27

No results

LAM ELISA 59 (50–68)

68/115

80*,+,",** (72–86)

98/123

51 (44–58)

93/183

961 (89–100)

24/25

99+ (94–100)

87/88

LAM strip-test (grade 1 cut-off point) 66** (57–74)

77/116

66+,1,** (57–73)

82/125

60 (53–67)

112/187

96## (89–100)

26/27

90+,e (82–95)

79/88

LAM strip-test (grade 2 cut-off point) 50**,*** (41–59)

58/116

75##,+ (67–82)

94/125

45*** (39–53)

85/187

96## (89–100)

26/27

99+,e (94–100)

87/88

LAM strip-test (grade 2 cut-off point) in

smear-negative/sputum scarce

M. tuberculosis culture-positive

patients

39 (28–52)

22/56

N/A 38 (29–48)

36/95

N/A N/A

Combined sputum smear microscopy

and LAM strip-test (grade 2 cut-off

point)

71",*** (62–78)

82/116

73+,"" (65–80)

92/126

63*** (56–70)

118/187

93"" (83–100)

25/27

99+ (94–100)

87/88

Data are presented as sensitivity or specificity (95% CI) n/ntotal, unless otherwise stated. N/A: not applicable. Using M. tuberculosis culture as the reference standard, 242

HIV-infected group 1 patients had o1 valid tuberculosis (TB) culture result and were included in this analysis. 116 and 126 M. tuberculosis culture-positive and -negative

patients were used for sensitivity and specificity calculations, respectively. Using the composite reference standard, 67 out of 281 patients were TB unclassifiable and, hence

were excluded from this analysis. 116 definite-TB combined with 71 probable-TB were used for sensitivity calculations and 27 non-TB were used for specificity calculations.

Additionally, 88 group 2 non-TB control patients were used to calculate a second specificity. Rapid smear microscopy includes both sputum and non-sputum samples (e.g.

fine-needle aspirate and cerebrospinal fluid samples) attainable within 24 h of hospital admission. One and three M. tuberculosis culture positive (analysis 1) and four

definite-TB and two non-TB (analysis 2) had a missing LAM ELISA result. OneM. tuberculosis culture negative patient had a missing urine LAM strip-test. For a comparison of

the specific measures of diagnostic accuracy (sensitivity or specificity) between different tests (LAM ELISA versus LAM strip-test) or combinations thereof, or between

different cut-off points of the urine LAM strip-test (grade 1 versus grade 2 cut-off point) p-values were p,0.05; specific p-values: ": p50.02; **: p50.01; ***: p50.001;
e: p50.009; nonsignificant p-values not shown. For a comparison of differences in diagnostic accuracy measures between analyses and patient groups for a specific test

(LAM ELISA or LAM strip-test) p-values were p,0.05; specific p-values: *: p50.05; ##: p50.01; +: p,0.001; #: p50.04; 1: p50.001; "": p50.03.
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positive only (PTB), 27 (23%) out of 116 were non-sputum
culture positive only (EPTB) and 20 (18%) out of 116 were
culture positive on both sputum and non-sputum samples
(PTB/EPTB). Overall, 56 (48%) out of 116 of M. tuberculosis
culture-positive patients were either sputum scarce or sputum
smear-negative (21 (38%) out of 56 sputum scarce and 35 (62%)
out of 56 sputum smear-negative).

The performance outcomes for rapid smear microscopy strati-
fied by patient group, analysis 1 and 2, TB diagnostic subtype
and CD4 cell count are shown in tables 2–4. Using the
microbiological reference (analysis 1), the sensitivity (95% CI)
of rapid smear microscopy was 56% (47–65%), while using the
composite reference (analysis 2) sensitivity (95% CI) was 44%
(37–51%) (p50.04). The sensitivity (95% CI) of rapid smear
microscopy was significantly lower in EPTB compared with PTB
(19% (8–37%) versus 67% (55–77%), p,0.001) (table 3). Given the
low diagnostic yield of smearmicroscopy, 118 (49%) out of 242 of
unselected HIV-infected group 1 patients underwent specialised
radiology to aid diagnostic decision-making (92 had abdominal
ultrasound, 12 had computed tomography of the brain and 27
had echocardiography with/without pericardiocentesis).

Performance of the LAM strip-test using different cut-off
points
Reader-specific performance outcomes and ROC analysis for
both readers for analysis 1 and 2 are displayed in figure 3. In the
analysis 1 (fig. 3a), using the manufacturer-suggested grade 1
cut-off point, the sensitivity, specificity and positive likelihood
ratio (LR+) for reader 1 was 63.8%, 72.8% and 2.3, respectively,
and for reader 2 was 66.4%, 65.6% and 1.9, respectively. Using a
grade 2 or 3 cut-off point to optimise test rule-in value results in
a reduced test sensitivity at both cut-off points (reader 1: 74
(63.8%) out of 116 versus 53 (45.7%) out of 116 (grade 2) and 47
(40.5%) out of 116 (grade 3), p50.005 and p,0.001, respectively)

and an increased test specificity (reader 1: 91 (72.8%) out of 125
versus 101 (80.8%) out of 125 (grade 2) and 109 (87.2%) out of 125
(grade 3), p50.13 and p50.004, respectively). By contrast, in
analysis 2 (fig. 3b), using the manufacturer-suggested grade 1
cut-off point, the sensitivity, specificity and LR+ for reader 1 was
56.7%, 92.2% and 7.2, respectively, and for reader 2 was 59.9%,
91.3% and 6.9, respectively. Using a grade 2 cut-off point to
optimise rule-in utility, improved test specificity for both
readers (reader 1: 106 (92.2%) out of 115 versus 113 (98.3%) out
of 115, p50.03; reader 2: 105 (91.3%) out of 115 versus 113 (98.3%)
out of 115, p50.02) and consequently increased LR+.

Performance outcomes of the LAM strip-test with and
without smear microscopy
Tables 2–4 shows diagnostic accuracy measures for LAM
ELISA and strip-test in all HIV-infected patients with results
presented for both analysis 1 and 2, and with group 1 and 2
patients separately, and results stratified by TB diagnostic
subtype or CD4 cell count. Additional tables in the online
supplementary results section present data from analysis 1 and
2 separately (including LR+ values).

Analysis 1
Rapid smear microscopy had similar sensitivity to the LAM
strip-test (grade 2 cut-off point) (p.0.05). LAM strip-testing
(grade 2 cut-off point) was less sensitive than smear micro-
scopy in PTB and in the combined PTB/EPTB group, but more
sensitive in EPTB alone, although the numbers did not reach
significance (EPTB rapid smear: 19% (8–37%) versus LAM strip:
41% (25–59%), p50.07). However, if smear microscopy in the
EPTB group was restricted to sputum smear microscopy only,
then LAM strip-testing offered significantly improved sensi-
tivity compared with smear microscopy: 41% (25–59%) (11 out
of 27) versus 0% (0 out of 27), p,0.001. The sensitivity of the

TABLE 3 Sensitivity of smear microscopy, lipoarabinomannan (LAM) ELISA and LAM strip-test (using grade 1 and 2 cut-off
points) in different forms of Mycobacterium tuberculosis culture-positive disease#

Diagnostic test(s) M. tuberculosis culture-positive group 1 patients

PTB only PTB and EPTB EPTB only

Subjects n 69 20 27

Rapid smear microscopy" 67*** (55–77) 46/69 70 (48–85) 14/20 19***,1,e,## (8–37) 5/27

LAM ELISA+ 59 (47–70) 40/68 75 (53–89) 15/20 521 (34–69) 14/27

LAM strip-test (grade 1 cut-off point) 67 (55–77) 46/69 80 (58–92) 16/20 59 (41–76) 16/27

LAM strip-test (grade 2 cut-off point) 51 (39–62) 35/69 60 (39–78) 12/20 41## (25–59) 11/27

LAM strip-test (grade 2 cut-off point) in smear-negative/

sputum scarce M. tuberculosis culture-positive patients

35 (19–55) 8/23 50 (19–81) 3/6 32 (16–53) 7/22

Combined sputum smear microscopy and LAM strip-test

(grade 2 cut-off point)

78 (67–86) 54/69 85 (64–95) 17/20 44e (28–63) 12/27

Data are presented as sensitivity (95% CI) n/ntotal, unless otherwise stated. PTB: pulmonary tuberculosis (TB); EPTB: extrapulmonary TB. #: 116 definite-TB patients were

used for calculations (69 patients with at least one culture-positive sputum, 20 patients with at least one culture-positive sample from sputum and another non-sputum site

and 27 culture positive from a non-pulmonary site, i.e. not from sputum). ": Rapid (within 24 h of hospitalisation) smear microscopy includes both sputum and non-

sputum samples (e.g. fine-needle aspirate and cerebrospinal fluid samples). +: one M. tuberculosis culture-positive patient was missing a LAM ELISA result. For a

comparison of test sensitivity in specific TB disease states between different tests (LAM ELISA versus LAM strip-test) or combinations thereof, or between different cut-off

points of the urine LAM strip-test (grade 1 versus grade 2 cut-off point) p-values were 1: p50.01; e: p50.04; ##: p50.07 (if analysis restricted to sputum smear microscopy

only then p,0.001). ***: p,0.001 for a comparison of a specific test (LAM ELISA or LAM strip-test) in different TB disease states.
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LAM strip-test (grade 2 cut-off point) in smear negative/sputum
scarce HIV-infected TB patients was 39% (28–52%), improving to
51% (36–66%) in HIV-infected patients with a CD4 cell count
f200 cells per mL, and 58% (41–74%) when the CD4 cell count
was f100 cells per mL (p50.2 and p50.09, respectively; see
online supplementary tables for CD4f100 cells per mL results).
Overall, the sensitivity (95% CI) of the LAM strip-test (grade 2
cut-off point) was higher in CD4 f200 cells per mL versus CD4
.200 cells per mL (58% (47–68%) versus 27% (14–46%), p50.006).
No significant differences were noted for the above tests
amongst patients with CD4 f200 cells per mL, f100 cells per
mL and f50 cells per mL (data not shown). The combined
performance of rapid smear microscopy and the urine LAM
strip-test (grade 2 cut-off point) in HIV-infected patients with a
CD4 cell count f200 cells per mL was significantly better than
either sputum smear microscopy or the LAM strip-test alone
(75% (65–83%) versus 56% (45–66%) versus 58% (47–68%),
p50.008 and p50.02). TB LAM ELISA results were not
significantly different to LAM strip-test results at both grade 1
and 2 cut-off points. The specificity of the TB LAM ELISA and
LAM strip-test (both cut-off points) in group 1 patients was 80%
(72–86%) and 75% (67–82%), respectively, while in group 2
patients, specificity was 99% (94–100%) for both the LAM ELISA
and strip-tests. In both CD4 .200 cells per mL and f200 cells
per mL LAM strip-test (grade 2 cut-off point), specificity was
higher in group 2 than in group 1 patients (CD4 .200 cells per
mL: 100% (93–100%) versus 83% (69–97%), p50.002; CD4
f200 cells per mL: 97% (90–100%) versus 72% (63–81%),
p50.004). In group 2 patients, LAM strip-test specificity was

higher using the grade 2 versus grade 1 cut-off point (100%
(93–100%) versus 91% (83–99%), p50.02).

Analysis 2
As in analysis 1, rapid smear microscopy had similar sensitivity
to the LAM strip-test (grade 2 cut-off point) (p.0.05). Overall,
the sensitivity of the TB LAM ELISA and LAM strip-test (both
cut-off points) showed a small, but nonsignificant reduction
compared with analysis 1, but improvements between patient
subgroups were similar between analyses. The sensitivity of the
LAM strip-test (grade 2 cut-off point) in smear negative/
sputum scarce HIV-infected TB patients was 38% (29–48%),
improving to 43% (32–54%) in HIV-infected patients with a CD4
cell count f200 cells per mL, and 49% (35–63%) when the CD4
cell count was f100 cells per mL (p50.5 and p50.2, respec-
tively; see online supplementary tables for CD4 f100 cells per
mL results). The sensitivity (95% CI) of the LAM strip-test
(grade 2 cut-off point) was higher in CD4 f200 cells per mL
versus CD4 .200 cells per mL (52% (43–60%) versus 29% (18–
43%), p50.008). The combined performance of rapid smear
microscopy and the urine LAM strip-test (grade 2 cut-off point)
in HIV-infected patients with a CD4 cell count f200 cells per
mL, was significantly better than either sputum smear micro-
scopy or the LAM strip-test alone (68% (60–75%) versus 44% (36–
53%) versus 52% (43–60%), p,0.001 and p50.008). Notably, the
overall specificity of both the TB LAM ELISA and LAM strip-
test (both cut-off points) was higher in analysis 2 than in analysis
1 (LAM strip-test (grade 2 cut-off point) specificity: analysis 2:
group 1 96% (89–100%) and group 2 99% (94–100%) versus

1.00a)
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Grade 2
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 Specificity 98.3% (113/115) 98.3% (113/115)
 Positive likelihood ratio 23.4 26.1 
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FIGURE 3. Receiver operator characteristic (ROC) curves for urine lipoarabinomannan strip-test graded by two independent readers for HIV-infected patients. Sensitivity,

specificity and positive likelihood ratios are shown for different visual band intensity-based cut-off points (grade 1 (manufacturer recommended) and grades 2 and 3

(optimised for ‘‘rule-in’’) are indicated). a) Analysis 1 (Mycobacterium tuberculosis culture reference standard). b) Analysis 2 (composite reference standard).
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analysis 1: 75% (67–82%), p50.01 and p,0.001, respectively). A
similar difference in test specificities between analysis 1 and 2
was found in patients with CD4 .200 cells per mL and
f200 cells per mL (LAM strip-test (grade 2 cut-off point)
specificity in CD4f200 cells per mL: analysis 2: group 1 94%
(70–100%) and group 2 97% (90–100%) versus analysis 1: 72%
(63–81%), p50.06 and p50.004, respectively).

Factors associated with a positive LAM strip-test result
A positive LAM strip-test was associated with a CD4 cell count
f200 cells per mL (p,0.001 for both reader 1 and 2), but not
with any other clinical parameter including urinalysis results,
renal function results (urea and creatinine levels) and/or
calculated glomerular filtration rate (using the modified
Cochrane–Gault method).

LAM strip-test inter- and intraobserver variability
At the grade 1 cut-off point, the inter- and intraobserver
agreement between readers was fair to good (k50.45–0.59 for
interobserver agreement and 0.56–0.73 for intraobserver agree-
ment). By contrast, at the grade 2 cut-off point, the inter- and
intraobserver agreement improved and was moderate to very
good (k50.78–0.92 for interobserver agreement and between
k50.92–0.96 for intraobserver agreement). Interobserver agree-
ment improved significantly by using a grade-2 versus a grade-1
cut-off point (p50.002). Detailed tables of the agreement
between all the readers for different LAM strip-test grades is
provided in the online supplement results section.

LAM strip-test indeterminate tests
423 LAM strip-tests were performed and read by two
independent readers. The initial indeterminate rate (one test)
for the LAM strip-test (defined as a broken band in the patient
window) was 29–60 (7–14%) out of 423 depending on the reader.
In.90% of these cases, a repeat LAM strip-test produced a valid
result. Thus, only 1–2% of tests remained indeterminate after
repeat testing. There was no significant difference if perfor-
mance outcomes were calculated excluding indeterminate test
results or considering them as ‘‘negative’’ test results. Given the
proposed use of the LAM strip-test as a rapid rule-in test, the
analyses presented above consider indeterminate test results as
test ‘‘negative’’. Three failed tests occurred (no band visible in
the control window) and they were successfully repeated.

DISCUSSION
In Africa, HIV-TB co-infected patients form the bulk of medical
admissions, have prolonged hospital stay due to diagnostic
delay, have a high mortality if treatment is not rapidly initiated
and overburden public health facilities. To address these issues,
we evaluated the accuracy and clinical utility of a urine POC
LAM strip-test to rule-in TB in HIV-infected hospitalised adults
in a resource-poor high HIV-prevalence setting. The key findings
of our study were that in hospitalised HIV co-infected patients: 1)
the LAM strip-test had inadequate specificity at the manufac-
turer’s recommended cut-off point; 2) using the grade 2 cut-off
point, LAM offers better reliability (minimal interobserver
variability) and utility as a rule-in test; 3) LAM strip-testing
offered incremental value over smear microscopy in EPTB and
thus, if used in combination with smear microscopy for HIV-
infected hospitalised patients, nearly three-quarters of definite-
TB cases were identifiable; and 4) the LAM strip-test was positive

in approximately one-half of all sputum-scarce or smear-negative
TB HIV-infected patients with a CD4 f200 cells per mL who
would have otherwise required further investigation.

Importantly, the LAM strip-test was particularly useful in
patients with EPTB and those with a CD4 count f100 cells per
mL, potentially offering a rapid rule-in diagnosis in these
diagnostically challenging patient subgroups. Thus, a conve-
nience urine sample could be obtained in patientswith PTB and/
or EPTB irrespective of whether the patient could produce
sputum. It is in this context, that the LAM assay may also offer
advantage over other novel diagnostic formats, such as the Xpert
MTB/RIF, as it obviates the need for a biological sample from the
site of disease. Thus, although the assay is useful in only a
specific patient subgroup, we believe that these results are
encouraging given that the urine LAM strip-test is a simple-to-
perform bedside test that is affordable (less than US$3.50 per
test), rapid (providing results within 35 min) and uses an easily
obtainable urine sample. These factors make it ideally suited for
use in hospitals in high-burden TB–HIV settingswhere resources
and laboratory infrastructure are limited.

What is an optimal and pragmatic cut-off point to select when
using the LAM strip-test? The manufacturer recommends the
grade 1 cut-off point (fig. 1), and this cut-off point proved
reliable and specific in a recently published study in an
outpatient antiretroviral-screening clinic [19]. However, in our
study, using the grade 1 cut-off point the LAM strip-test had
suboptimal specificity (in both analyses) and modest interobser-
ver agreement, thereby limiting rule-in test utility. Moreover, it
was noted that, when the faintest bands were being interpreted
in differing ambient light conditions, readings were variable. By
contrast, using the grade 2 cut-off point was considerably more
reliable and improved test specificity, and is hence the one that
we recommend. The reasons for differing cut-off point-specific
performance differences between the data of LAWN et al. [19] and
our data remains unclear, but may be related to within batch
variability, impact of storage duration and conditions, and
reader blinding and experience. Further prospective standar-
dised studies are now urgently required to clarify these findings
and the optimal rule-in cut-off point in different settings.

Given the known limitations of TB culture as a reference standard,
especially amongst HIV-infected hospitalised TB patients (very
low sputum baciliary load and sputum scarce), we performed
two analyses of diagnostic accuracy using two reference
standards. Furthermore, a control group of HIV-infected non-TB
patients was enrolled to obtain an additional estimate of test
specificity. Specificity measures showed significant variation
between different patient groups and analyses, with analysis 1
likely to provide an underestimate and analysis 2 an overestimate
of test specificity. We feel that, given this particular patient
population, and the large number of probable (likely) TB cases in
the cohort (including smear-positive culture negative patients),
analysis 2 test specificity is a more representative and accurate.
Larger studies using a standardised TB diagnostic evaluation are
now urgently required to clarify our findings.

Our study has a number of limitations. For practical reasons, our
study did not use standardised TB evaluation, and diagnostic
work-upwas at the discretion of the attending clinician. This may
have introducedwork-up bias. Our study used frozen samples to

J.G. PETER ET AL. TUBERCULOSIS

c
EUROPEAN RESPIRATORY JOURNAL VOLUME 40 NUMBER 5 1219



Univ
ers

ity
 of

 C
ap

e T
ow

n

evaluate the LAM strip-test and this may have impacted test
performance. However, sample freeze–thaw showed no signifi-
cant effect in our preliminary experiments or in recent meta-
analysis of studies using the TB LAM ELISA [13]. The LAM
strip-test does not inform on drug susceptibility and thus
additional samples may be required, if appropriate, to make a
diagnosis of multi-drug resistant (MDR)-TB. This consideration,
hitherto of limited general applicability, may become more
relevant in the future when National TB Programmes in Africa
develop the capacity to diagnose and treat MDR-TB. Finally,
LAM test results were not used for treatment decisions or to
guide further diagnostic work-up and, consequently, the clinical
impact on patient mortality, time to diagnosis, length of hospital
stay and cost-effectiveness could not be evaluated.

The novel LAM strip-test, although restricted to HIV-infected
persons with advanced immunosuppression, targets a vulner-
able populationwith highmortality and healthcare-related costs.
Given its low cost and ease of use, it has the potential to offer
significant clinical utility when combined with smear micro-
scopy in high-burden district hospitals with poor or no
laboratory infrastructure. If used to guide the rapid initiation
of anti-TB treatment, the impact of which is supported by a
recent study in HIV-infected hospitalised patients [4], LAM
strip-testing has the potential to decrease TB-related mortality,
length of hospital stay and the overall cost of the TB diagnostic
work-up in resource-poor healthcare systems. Suboptimal
specificity may limit this potential clinical utility. Larger
prospective studies of diagnostic accuracy, using a standardised
TB diagnostic evaluation, are now urgently required to clarify
test specificity in hospitalised patients with TB-HIV co-infection
and confirm our recommendation to use the grade-2 cut-off
point for optimising rule-in value and inter-reader reliability.
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Urine antigen test for 
diagnosis of HIV-
associated tuberculosis

The need for rapid, aff ordable, 
bedside tests for tuberculosis is 
a global priority.1 Stephen Lawn 
and colleagues presented a study2 
assessing the urine Determine TB-
LAM test for tuberculosis screening 
in HIV-infected patients before 
the initiation of antiretrovirals. 
Their fi ndings of moderate test 
sensitivity but excellent specifi city, 
potential low cost, and usefulness 
when combined with sputum smear 
microscopy in HIV-infected patients 
with advanced immunosuppression 
were interesting and encouraging. 
The test is thus potentially useful 
in these diagnostically challenging 
patients, who have high tuberculosis-
related morbidity.2–4 We assessed the 

same test in hospital inpatients with 
advanced immunosuppression co-
infected with HIV and tuberculosis 
and, by contrast with the fi ndings 
of Lawn and colleagues, recorded 
notable diff erences in interobserver 
agreement and test specifi city.5 In 
view of the potential point-of-care 
use of this test, we believe that our 
fi ndings should be emphasised. 

In both studies, the test was read 
at the manufacturer’s suggested 
grade 1 cut-point under similar 
conditions (fi gure); however, Lawn 
and colleagues noted substantially 
better interobserver proportional 
agreement than we did (99·6% 
vs 89·1%, p<0·0001).2,5 Inter-reader 
disagreement in our study was due to 
the variability and misinterpretation 
of very faint (grade 1) bands. 
Agreement improved when a grade 2 
cut-point was used (95·1% vs 89·1%, 
p=0·002).5 Additionally, use of a 

grade 2 cut-point improved test 
specifi city in a healthy control group 
(99% vs 90%, p=0·009).2 

The reason for these population-
specifi c diff erences is unclear. The 
24 positive results with Determine 
TB-LAM reported by Lawn and 
colleagues2 had high corresponding 
lipoaribinomannan ELISA optical 
densities. By contrast, in our cohort 
of hospital inpatients with higher 
tuberculosis prevalence and lower 
median CD4 cell counts than Lawn’s 
cohort, low ELISA optical densities 
and corresponding faint bands were 
frequent. Within-batch variability and 
diff erences in reader experience might 
have been contributing factors. 

The performance and agreement of 
the strip test thus seems to be setting-
specifi c. Caution should be applied 
when generalising the fi ndings of 
Lawn and colleagues to other settings. 
Further studies are urgently needed to 
delineate context and setting-specifi c 
performance and optimise cut-point 
selection for this potentially promising 
point-of-care test.  
Alere donated LAM ELISA-kits and strip tests. We 
declare that we have no confl icts of interest.

Jonathan G Peter, Grant Theron, 
*Keertan Dheda
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Figure: Determine TB-LAM test and reference scale card 
The reference scale card shows six cut-points (visual grades 0–5) categorised by diff erent band intensities in 
the patient window. The manufacturers suggested grade-1 cut-point and also the grade-2 cut-point are 
highlighted.

Grade 1 
cut-point

Grade 2 
cut-point

Control window (band 
required for valid test)

Urine loading platform 
(60μL urine)

Patient window (band intensity 
interpreted with reference scale card)
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The Diagnostic Accuracy of Urine-Based Xpert MTB/RIF in
HIV-Infected Hospitalized Patients Who Are Smear-
Negative or Sputum Scarce
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Abstract

Background: Hospitals in sub-Saharan Africa are inundated with HIV-infected patients and tuberculosis (TB) is the
commonest opportunistic infection in this sub-group. Up to one third of TB-HIV co-infected patients fail to produce a
sputum sample (sputum scarce) and diagnosis is thus often delayed or missed. We investigated the sensitivity of urine-
based methods (Xpert MTB/RIF, LAM strip test and LAM ELISA) in such patients.

Methodology/Principal Findings: 281 HIV-infected hospitalised patients with clinically suspected TB provided a spot urine
sample. The reference standard was culture positivity for Mycobacterium tuberculosis on $1 sputum or extra-pulmonary
sample. MTB/RIF was performed using 1 ml of both unprocessed and, when possible, concentrated urine. Each
unconcentrated urine sample was also tested using the Clearview LAM ELISA and Alere LAM strip test. 42% (116/242) of
patients had culture-proven TB. 18% (20/54) were sputum scarce. In sputum-scarce patients, the sensitivity of urine MTB/RIF
and LAM ELISA was 40% (95%CI: 22–61) and 60% (95%CI: 39–78), respectively. Urine MTB/RIF specificity was 98% (95%CI:
95–100). Combined sensitivity of urine LAM ELISA and MTB/RIF was better than MTB/RIF alone [MTB/RIF and LAM: 70%
(95%CI: 48–85) vs. MTB/RIF: 40% (95%CI: 22–61), p = 0.03]. Significant predictors of urine MTB/RIF positivity were CD4,50
cells/ml (p = 0.001), elevated protein-to-creatinine ratio (p,0.001) and LAM ELISA positivity (p,0.001). Urine centrifugation
and pelleting significantly increased the sensitivity of MTB/RIF over unprocessed urine in paired samples [42% (95%CI: 26–
58) vs. 8% (95%CI: 0–16), p,0.001]. Urine MTB/RIF-generated CT values correlated poorly with markers of bacillary burden
(smear grade and time-to-positivity).

Conclusions/Significance: This preliminary study indicates that urine-based MTB/RIF, alone or in combination with LAM
antigen detection, may potentially aid the diagnosis of TB in HIV-infected patients with advanced immunosuppression
when sputum-based diagnosis is not possible. Concentration of urine prior to MTB/RIF-testing significantly improves
sensitivity.
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Introduction

In Africa, up to 65% of active tuberculosis (TB) cases are co-
infected with HIV [1]. TB-related mortality is highest in this
patient sub-group, and district-level hospitals are inundated with
patients with advanced immunosuppression. With advancing
HIV-related immunosuppression, the frequency of extra-pulmo-
nary (EPTB) and disseminated forms of TB disease increase [2,3],
sputum smear microscopy performance is reduced, and up to a
third of patients are unable to produce sputum for diagnostic
testing [4]. Diagnosis is therefore challenging and often delayed,
and post-mortem studies reveal a large burden of undiagnosed TB
in HIV-infected hospitalised patients [5,6,7]. Recent studies have
indicated that the rapid initiation of anti-TB treatment may

reduce mortality [8]. There is a clear need for new, accurate, and
rapid TB diagnostics that have utility in patients who cannot
produce sputum.
The Clearview TB LAM ELISA (Alere Medical innovations,

USA) detects LAM antigen in the urine and has recently evolved
into a new point-of-care lateral flow test (Alere Determine-TB
LAM Ag strip test) [9]. We recently found that this assay offered
the greatest benefit in hospitalised HIV co-infected patients with
advanced immunosuppression [4]. By contrast, the MTB/RIF
assay is a novel, automated molecular TB diagnostic able to detect
both the presence of Mycobacterium tuberculosis complex DNA and
rifampicin drug-resistance in less than two hours. This test has
been endorsed by the World Health Organization and is being
rolled out in South Africa as a frontline test for individuals with
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suspected TB [10,11]. Given the high accuracy of this test in
sputum samples (sensitivity and specificity of 90% and 99%) [12],
it represents a considerable advance over smear microscopy for the
diagnosis of pulmonary-TB. However, acquiring a diagnostic
sample remains a major hurdle in HIV-infected sputum scarce
patients suspected of having active TB. Sputum induction, using
ultrasonic nebulisation, may facilitate obtaining sputum, but this is
often unavailable in hospitals in resource-poor settings and
infection control is a concern. Tissue biopsies and aspirated
samples may be obtained from extra-pulmonary disease foci (e.g.
bone marrow and liver, pleural and pericardial fluid) but
specialised skill and equipment requirements limit the availability
and affordability in resource-poor settings. Urine is easily
obtainable from sputum scarce patients but there are few data
about the performance of newer diagnostic tests using urine [13].
We hypothesised that urine MTB/RIF may offer diagnostic

utility in patients where sputum-based diagnosis is not feasible.
The performance of this test specifically in sputum scarce patients
with HIV has not been previously evaluated using urine.

Methods

Study Population
The study population consisted of 335 prospectively recruited

adult patients from four hospitals (three district- and one tertiary-
level) between July 2009 and December 2010 in Cape Town,
South Africa. Patients were referred for study inclusion by
attending clinicians if the patient was suspected to have HIV-TB
co-infection. Only three patients, who refused consent, were
excluded from study enrolment. All other patients provided
written informed consent and the study was approved by the
University of Cape Town Faculty of Health Sciences Human
Research Ethics Committee. Clinical information documented for
enrolled patients included demographic information, past history
of TB, co-morbidity, symptoms and vital signs, HIV status and
renal function. A study outline is shown in Figure 1.

Diagnostic Sample Collection Handling
Consultant-led groups of attending clinicians with no associa-

tion to the study team decided on the timing and extent of
diagnostic work-up, commencement of empiric anti-TB treatment,
and final discharge from hospital. TB diagnostic work-up was not
standardised, but routine local hospital practice includes the
collection of two sputum samples in patients able to expectorate
and, if EPTB is suspected, the collection of 1–2 non-sputum
samples from clinically involved sites (e.g. fine needle aspirate of
lymph node, pleural fluid aspirate/biopsy, ascitic tap, lumbar
puncture, pericardial aspiration etc.). Further details of biological
samples collected for TB culture are provided in table 1. The local
reference laboratory processed all clinical specimens collected for
TB diagnosis. Fluorescence smear microscopy was performed on
NALC/NaOH processed sputum, which was also cultured using
the MGIT 960 liquid culture system (BD Diagnostics, USA). The
reference standard for definite-TB was liquid culture positivity for
M. tuberculosis.

Urine Sampling and LAM Methodology
All patients were required to give a spot urine sample (10–

30 ml) collected in a sterile container as soon as possible after
recruitment. A urine dipstick test (UriCHECK 9, RapiMed
Diagnostics, South Africa) was immediately performed to assess
for protein, blood and leucocytes, while the local reference
laboratory performed urinary protein and creatinine measure-
ments. Urine was frozen on the day of collection and stored at

220uC for later batched testing. Both the LAM ELISA and LAM
strip test (a single manufacturing lot#101102) were performed on
thawed urine according to the manufacturers’ instructions by
readers blinded to patient data. Detailed methodology for both
tests has been previously described [14]. Of note is the use of the
grade 2 cut-point and not the manufacturer’s suggested grade 1
cut-point for the LAM strip test. This cut-point optimises test
specificity and rule-in value [4] in hospitalised patients with HIV.

Urine MTB/RIF Methodology
All HIV-infected patients with culture positive TB had an

MTB/RIF performed using 1 ml of unprocessed, thawed urine
according to the manufacturers’ suggested procedure for sputum
samples [15]. In addition, a random sample of ,50% (62/126) of
culture negative non-TB patients had a urine MTB/RIF
performed. The MTB/RIF operator was blinded to the clinical
status of these patients. Briefly, the sample reagent was mixed at a
2:1 ratio with ,1 ml of urine. Two millilitres of the reagent
sample mix was transferred into an MTB/RIF assay cartridge and
inserted into the GeneXpert instrument [15]. Additionally, if the
MTB/RIF was negative using a 1 ml urine sample, a second
pelleted urine MTB/RIF was performed, where possible, using a
median (IQR) of 10 (5–10) ml urine. Urine was centrifuged at
3000 g for 15 minutes and the pellet re-suspended in 1 ml of sterile
phosphate-buffered saline. In culture-negative non-TB urine
samples used for MTB/RIF, pelleting of up to 10 mls was
performed where possible.

Statistical Analysis
Sensitivity and specificity measures for all diagnostic tests are

presented with 95% confidence intervals. Demographic, clinical
and microbiological characteristics of different patient sub-groups
were compared using x2 and Wilcoxon rank-sum test as
appropriate. Diagnostic sensitivity and specificity of individual
and/or combinations of tests was compared using the x2 and
Fisher’s exact tests, as appropriate. Logistic regression analysis was
used to identify predictors of urine MTB/RIF positivity (in all
patients and restricted to smear-negative and sputum scarce
patients). Spearman correlation (Rs) was used to evaluate
relationship between MTB/RIF-generated CT values and other
markers of bacillary load. All statistical tests were 2 sided at
a=0.05. STATA IC, version 10 (Stata Corp, Texas, USA) was
used for all statistical analyses. Study reporting and analysis were
consistent with the STARD criteria [16].

Results

Study Population and Proportion of Sputum Scarce
Patients
Figure 1 outlines the study population and test results. 93

patients were excluded from the primary analysis, leaving 242
patients with $1 sputum or non-sputum (or both) liquid culture
result. A further three patients had insufficient urine for MTB/
RIF, LAM ELISA and strip testing. Patient demographic and
clinical characteristics stratified by sputum smear status and urine
MTB/RIF results are shown in Table 1. Additionally, table 1
shows details of all biological samples undergoing mycobacterial
liquid culture. 48% (116/242) of included patients had culture-
positive TB from either a sputum (n= 68), non-sputum sample
(n = 26), or both (n = 22). Only 1/113 of culture positive patients
had a positive urinary m.tb culture.
17% (42/242) of all patients with valid culture results and 18%

(20/113) of culture positive were unable to produce sputum
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(sputum scarce). 52% (59/113) of TB patients were sputum smear-
positive.

Urine MTB/RIF Diagnostic Accuracy
Table 2 outlines the diagnostic accuracy of sputum smear

microscopy, urine MTB/RIF, LAM ELISA and LAM strip test in
all culture-positive patients stratified by CD4 cell count and
sputum scarce culture-positive patients only. Overall, MTB/RIF
had a sensitivity of 48% (95% CI: 39–57; 54/113), equivalent to
the overall sensitivities of sputum smear microscopy [52% (95%
CI: 43–61; 59/113)], urine LAM ELISA [58% (95% CI: 49–67;
65/112)] and LAM strip test (grade 2 cut-point) [48% (95% CI:
39–57; 55/113)]. Urine MTB/RIF sensitivity was higher in
patients with CD4#200 cells/ml vs. CD4$200 cells/ml [54%
(95% CI: 43–65; 42/78) vs. 31% (95% CI: 17–50; 8/26),
p = 0.04]. The highest urine MTB/RIF sensitivity of 61% (95%
CI: 48–73; 33/54) was in CD4#100 cells/ml. In sputum scarce,
non-sputum culture-positive patients, the sensitivity of urine
MTB/RIF was 40% (95%CI: 22–61; 8/20). Additionally, one of
the eight urine MTB/RIF positive patients was found to have
rifampicin-resistance and this was confirmed by phenotypic drug-
susceptibility testing. Urine MTB/RIF sensitivity was equivalent
to urine LAM ELISA and LAM strip test regardless of a patient’s

ability to produce sputum or sputum smear status. In sputum
smear-negative patients, the sensitivity of urine MTB/RIF was
39% (95%CI: 27–52; 21/54). The specificity of urine-based
MTB/RIF was 98% (95%CI: 95–100; 61/62), which was higher
than both the urine LAM ELISA and strip test [98% (95%CI: 95–
100) vs. 89% (95%CI: 81–97), p = 0.03].

The Effect of Urine Centrifugation on MTB/RIF
Performance
33% (38/116) and 41% (25/61) of culture positive and negative

patients respectively had sufficient archived urine available to
perform MTB/RIF using both 1 ml unprocessed and 2–10 ml
centrifuged and pelleted urine. The median (IQR) of urine used
for pelleting was 10 (5–10) ml. Comparing paired samples, the
sensitivity of urine MTB/RIF was higher using 2–10 ml centri-
fuged and pelleted urine than 1 ml unprocessed urine [42%
(95%CI: 26–58; 16/38) vs. 8% (95%CI: 0–16; 3/38), p,0.001].
Specificity of urine MTB/RIF was not affected by pelleting.
Pelleting allowed an additional 13 cases of TB to be detected, four
of which were from sputum scarce patients. Centrifugation and
pelleting of 6–10 mls produced a non-significant increase in
sensitivity compared with 2–5 mls [48% (95%CI: 29–67; 13/27)
vs. 28% (95%CI: 0–54; 3/11), p = 0.2]. No difference was noted in

Figure 1. Study flow diagram. 1Both sputum and non-sputum samples (e.g. blood, pleural or pericardial fluid) were collected by attending
clinicians for liquid TB culture. M.tb culture positive patients had at least one sputum or non-sputum sample liquid culture positive, while m.tb culture
negative patients had at least one (usually 2 or more) samples liquid culture negative *Results using a grade 2 cut-point for the urine LAM strip test
are shown.
doi:10.1371/journal.pone.0039966.g001
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the mean (SD) MTB/RIF internal positive control CT-value for
the MTB/RIF using 1 ml vs. 2–10 ml urine volumes [25.8 (1.4) vs.
25.9 (1.8), p = 0.4].

Combined Urine LAM ELISA and MTB/RIF
Figure 2 shows the proportions of sputum scarce TB patients

that were test-positive for both the urine LAM ELISA and
MTB/RIF or on only one of the two tests. Both urine MTB/RIF
and LAM ELISA detected six cases, while urine MTB/RIF and
LAM ELISA combined detected an additional two and six cases,
respectively. Table 2 shows that the combined sensitivity in
sputum scarce patients of urine LAM ELISA followed by MTB/
RIF was 70% (95% CI: 48–85; 14/20), compared to 40% (95%
CI: 22–61; 8/20) for urine MTB/RIF (p= 0.06), 60% (95% CI:
39–78; 12/20) for LAM ELISA (p= 0.5), and 45% (95%CI: 26–
66, 9/20) for LAM strip test (p = 0.1) alone. Overall, and in other
relevant patient sub-groups (sputum smear-negative/sputum
scarce, CD4#200 or #100 cells/ml), the combined sensitivity
of urine LAM ELISA and MTB/RIF was better than urine

MTB/RIF and LAM strip tests alone, but not urine LAM
ELISA alone.

Predictors of Urine MTB/RIF Test Positivity
Table 3 presents univariate associations of MTB/RIF positivity

in HIV-infected culture-positive patients stratified by sputum
smear status. CD4#50 cells/ml, protein/creatinine ratio
.0.03 g/l and urine LAM ELISA positivity were strong predictors
of urine MTB/RIF positivity. Additionally, patients with a
glomerular filtration rate (GFR) between 30–60 ml/min were
more likely to have a positive MTB/RIF [OR (95%CI): 3.0 (1.0–
8.3), p = 0.04]. Previous TB, smoking status, any TB symptom,
admission vital signs and urine dipstick abnormalities were not
associated with MTB/RIF positivity. In sputum smear/negative
and sputum scarce patients, only a CD4#50 and a protein/
creatinine ratio .0.03 g/l were strong predictors of urine MTB/
RIF positivity.

Table 1. Demographic, clinical and microbiological characteristics of m.tb culture positive and HIV-infected patients in the study
population stratified by sputum smear microscopy and urine MTB/RIF results.

Patient
characteristic(s)

$1 sputum or non-
sputum m.tb culture
positive

Sputum smear
positive

Sputum smear-
negative or sputum
scarce

Urine MTB/RIF
positive, m.tb
culture positive

Urine MTB/RIF
negative, m.tb
culture positive P-value{

(N=113) (N=59) (N=54) (N=54) (N=59)

n (%) n (%) n (%) n (%) n (%)

Age (years) 35 34 35 34 35 n/s

(median, IQR) (28–38) (27–38) (28–38) (28–39) (28–38)

Male 46 (41) 22 (37) 24 (44) 27 (50) 19 (32) n/s

CD4 cell count# 89 109 80 56* 142* *0.001

(median, IQR) (45–198) (50–215) (40–167) (33–134) (59–241)

Previous TB 32 (28) 19 (32) 13 (24) 13 (24) 19 (32) n/s

Current Smoker 25 (22) 15 (25) 10 (19) 13 (24) 12 (20) n/s

Clinical features

Cough .2 wks 96 (85) 52 (88) 43 (80) 46 (85) 50 (85) n/s

Night sweats 81 (72) 45 (76) 36 (67) 42 (78) 39 (66) n/s

Weight loss 102 (90) 53 (88) 50 (93) 52 (96)* 50 (85)* *0.003

Fever .38uC 29 (26) 19 (32) 10 (19) 16 (30) 13 (22) n/s

Clinical samples collected for TB culture

1 sputum sample 90 (80) 59 (100)* 34 (63)* 44 (82) 44 (78) *,0.001

$2 sputum samples 41 (36) 29 (49)* 12 (22)* 24 (44) 17 (29) *0.003

1 non-sputum sample 75 (67) 29 (49)* 46 (85)* 35 (65) 40 (68) *,0.001

$2 non-sputum sample 25 (22) 7 (12)* 18 (33)* 15 (28) 10 (17) *0.006

Microbiological TB diagnosis

16 sputum m.tb culture
positive

87 (77) 59 (100)* 28 (52)* 42 (78) 45 (76) *,0.001

16 non-sputum culture
m.tb positive

45 (40)1 14 (24)* 31 (57)* 24 (44) 21 (36) *,0.001

16both sputum & non-
sputum m.tb culture
positive

19 (17) 14 (24)* 5 (9)* 12 (22) 7 (12) *0.04

#9 patients did not have data CD4 count data.
1Includes the following m.tb culture positive samples: 7 blood cultures, 11 pleural fluid samples, 4 pericardial fluid samples, 3 ascitic fluid samples, 8 cerebrospinal fluid
(CSF) samples, 1 hip biopsy, 2 Lymph node biopsies, 5 fine needle aspirate, 1 gastric washing, 1 faeces and 2 pus swabs.
{P-values indicate significant differences between patient groups (marked with * to indicate comparison group) for demographic, clinical or microbiological
characteristics.
doi:10.1371/journal.pone.0039966.t001
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Urine MTB/RIF CT Values and Relationship to Other
Bacillary Burden Markers
In urine MTB/RIF positive patients, the mean (sd) CT -value

was 21.3 (13.8). Two-way scatter plots in figure 3 explore
correlations between urine CT -values and other markers of
bacillary burden. No correlations between urine MTB/RIF-
generated CT -values and mean urine LAM concentration
[spearman rho: 0.17, p = 025], LAM strip test grade [spearman
rho: 0.11, p = 0.4], sputum liquid culture time-to-positivity (TTP)
[spearman rho: 0.23, p = 0.15] and/or sputum smear microscopy
grade (in smear positive patients) [spearman rho: 0.04, p = 0.8]
were found. No correlation between urine CT -values and urine
culture TTP was possible as only 1/113 urine cultures was
positive. A weak, but significant inverse relationship between urine
CT -value and liquid culture TTP [spearman rho: 0.3, p = 0.03]
was noted. Additionally, urine MTB/RIF-generated CT-values

showed no significant correlation with CD4 T-cell count
[spearman rho: 0.27, p = 0.06].

Discussion

Sputum scarce, smear-negative and EPTB constitute a major
burden of undiagnosed TB in HIV co-infected hospitalised
patients [5]. Misdiagnosis and diagnostic delays lengthen hospital
stay and delay rapid treatment initiation, likely worsening TB-
related morbidity and mortality [8]. Urine-based diagnostics may
be particularly useful in these patients. The key findings of this
preliminary study are: i) urine MTB/RIF can detect TB, and
rifampicin resistance where applicable, in hospitalised HIV-
infected patients who cannot produce a sputum sample (the assay
detected 8 cases who would have been missed by conventional
sputum-based diagnostics i.e. 7% of culture positive TB cases); ii)
centrifugation and pelleting of 2–10 mls of urine significantly

Table 2. Diagnostic accuracy of sputum smear microscopy, urinary MTB/RIF, TB LAM ELISA, LAM strip test (grade 2 cut-point) and
clinically relevant combinations thereof in any sputum/non-sputum m.tb culture positive patients overall, in sputum scarce
patients only, and stratified by CD4 cell count{.

Diagnostic test(s)

All m.tb culture
positive

Only sputum-scarce
non-sputum m.tb
culture positive

HIV-infected
patients with
CD4 count
.200 cells/ml

HIV-infected
patients with
CD4 count
#200 cells/ml

Random sample of
m.tb culture negative
patients1

(N=113) (N=20) (N=26) (N=78) (N=62)

Sensitivity (%) Sensitivity (%) Sensitivity (%) Sensitivity (%) Specificity (%)

(95% CI) (95% CI) (95% CI) (95% CI) (95% CI)

n/N n/N n/N n/N n/N

Sputum smear microscopy 52#3 58#6 #7 50#8 100

(43–61) N/A (39–75) (39–61) (94–100)

59/113 15/26 39/78 62/62

Urine MTB/RIF 48#1 40#5 31#7 *1 54#9 *1 98#11

(39–57) (22–61) (17–50) (43–65) (95–100)

54/113 8/20 8/26 42/78 61/62

Urine LAM ELISA 58#4 60 27*2 69#8 *2 89#11

(49–67) (39–78) (14–46) (58–78) (81–97)

65/112 12/20 7/26 53/77 55/62

Urine LAM strip test
(grade 2 cut-point)

48#2 45 27#6 *3 56#10 *3 85

(39–57) (26–66) (14–46) (45–67) (77–94)

55/113 9/20 7/26 44/78 53/62

Urine LAM ELISA followed by
urine MTB/RIF (performed if
LAM ELISA negative)

68#1 #2 70#5 38*4 79#9 #10 *4 89

(60–77) (48–85) (20–57) (71–88) (81–97)

77/113 14/20 10/26 62/78 55/62

Urine LAM ELISA combined
with smear microscopy

74#3 #4 58*5 80*5 89

(65–82) N/A (39–77) (71–88) (81–97)

83/113 15/26 62/78 55/62

#Indicates p,0.05 for a comparison of the sensitivity between different tests (e.g. urine MTB/RIF vs. LAM strip test) or combinations thereof; specific p-value:
#1p = 0.002; #2p = 0.003; #3p = 0.001; #4p = 0.01; #5p = 0.06; #6p = 0.02; #7p = 0.05; #8p = 0.02; #9p,0.001; #10p = 0.002; #11p = 0.03.
*Indicates p,0.05 for a comparison of differences in sensitivity between CD4.200 and #200 groups for a specific test or combinations thereof; specific p-values:
*1p = 0.04; *2p,0.001; *3p = 0.009; *4p,0.001; *5p = 0.03; non-significant p-values not shown.
{9 culture positive patients with no available CD4 cell count results.
1Reference standard of culture was used which does not account for persons with culture-negative, clinical TB.
doi:10.1371/journal.pone.0039966.t002
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impacting the MTB/RIF indeterminate rate (almost a third of
patients diagnosed exclusively using centrifuged urine were
sputum scarce); iii) in sputum scarce, and other patient sub-
groups, the combination of urine LAM ELISA with urine MTB/
RIF improved sensitivity compared with urine MTB/RIF or LAM
strip tests alone; and iv) urine MTB/RIF positivity was strongly
associated with advanced immunosuppression and proteinuria
(suggesting a ‘leaky’ renal filtration mechanism).
Approximately 10–20% of HIV-infected patients with suspected

TB are unable to produce sputum for sputum-based diagnostics
[4,17]. An additional 50–70% will have smear-negative active TB
[18]. Sputum induction by ultrasonic nebulisation is an important

sampling adjunct but availability is very limited in resource-poor
settings, infection control is problematic, and sputum is still
unobtainable in ,10% of patients [17]. Thus, urine-based
diagnostics have the potential to offer incremental diagnostic yield
in this context. Urinary LAM, both as an ELISA-kit and recently
as a lateral flow strip test, is the most extensively evaluated urine-
based TB diagnostic [9,13,19]. It is most useful as a rule-in test in
HIV-infected persons with advanced immunosuppression
[4,20,21]. However, concerns about context-specific test specific-
ity, optimal cut-point selection (for the LAM strip test), and lack of
a drug-susceptibility read-out remain [4]. In this study we show the
overlapping, yet non-redundant, performance of urinary LAM
and MTB/RIF, and the improved overall diagnostic sensitivity of
using the tests in combination. There is limited information about
the performance of MTB/RIF in combination with adjunct
diagnostics [22].
There are limited published data about the performance of

MTB/RIF using urine samples. Hilleman et al., in a selected
laboratory cohort interrogating extra-pulmonary samples found
that MTB/RIF sensitivity was 100% in 6 culture-positive urine
samples with unknown HIV status [23], while Lawn et al, in HIV-
infected out-patients pre-ARV initiation, report the overall
sensitivity of urine MTB/RIF to be 19% [24]. By contrast, our
study focused on sputum scarce, hospitalised HIV-infected patients
where diagnosis is often delayed and challenging. It is likely that
HIV-infected patients’ with more advanced immunosuppression
accounted for the higher urine MTB/RIF sensitivity found in our
study.
We found a strong association between declining CD4 cell

count, LAM in the urine, proteinuria, and increasing urine MTB/
RIF positivity. This may reflect renal TB as part of disseminated
TB, increased bacillary burden in those with the most advanced
immunosuppression, a ‘leaky’ filtration mechanism or a combina-
tion of these. That a minority of the MTB/RIF-positive samples
were urine culture positive may simply reflect sampling error, the
limited volume sent for culture, or that there are several
mechanisms driving urine test positivity. Further molecular
biological and pathological studies are required to shed more
light on the underlying mechanisms.
The sensitivity of urine MTB/RIF was markedly improved by

the centrifugation and pelleting of , 2–10 mls urine. Indeed, the
concentration of a number of biological samples, such as
cerebrospinal and pleural fluid, has improved the performance
of traditional TB diagnostics [25]. However, concentration is also

Figure 2. Venn diagram showing the proportions of patients diagnosed by urine MTB/RIF and/or urine LAM ELISA in sputum scarce
m.tb culture positive patients. 6 patients were both urine MTB/RIF and LAM ELISA positive; 6 patients were urine LAM ELISA positive, but MTB/RIF
negative, while 2 patients were urine MTB/RIF positive, LAM ELISA negative.
doi:10.1371/journal.pone.0039966.g002

Table 3. Associates of MTB/RIF positivity in HIV-infected m.tb
culture positive patients stratified by smear status.

Patient characteristic (s) Odds ratio (95% CI) P-value

All patients (sputum smear positive and negative)

CD4#200 2.6 (1.0–6.7) 0.05

CD4#100 3.1 (1.4–6.8) 0.006

CD4#50 5.3 (2.0–13.9) 0.001

Protein/creatinine ratio .0.03 g/l 6.2 (2.3–17.1) ,0.001

Urea$7.1 mmol/l 1.6 (0.7–3.9) 0.3

GFR 30–60 ml/min* 3.0 (1.0–8.3) 0.04

Urine LAM ELISA 5.0 (2.2–11.4) ,0.001

Sputum smear-negative/scarce patients only

Age (years) 1.08 (1.00–1.16) 0.04

CD4#200 3.9 (0.7–20.2) 0.11

CD4#100 5.2 (1.4–19.4) 0.01

CD4#50 9.8 (2.4–38.8) 0.001

Protein/creatinine ratio .0.03 g/l 5.3 (1.3–21.8) 0.02

Urea$7.1 mmol/l 1.3 (0.3–4.8) 0.3

GFR 30–60 ml/min* 2.4 (0.4–14.0) 0.3

Urine LAM ELISA 2.6 (0.9–8.2) 0.1

*Glomerular filtration rate calculated using the modified Cochrane-Gault
equation.
doi:10.1371/journal.pone.0039966.t003
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believed to increase PCR inhibition and potentially the rate of
indeterminate test results. With only a single indeterminate test
result (on a 1 ml urine sample), and no change in the mean
internal positive control CT-value in centrifuged samples, we feel
that 10 mls of centrifuged and pelleted urine is optimal when using
MTB/RIF. The incremental yield of using volumes greater than
10 mls will require further evaluation.
Sputum-based MTB/RIF-generated CT-values have been

shown to strongly correlate with other markers of bacillary load,
such as liquid culture TTP and smear grade [15,26,27]. However,
we could show no such correlation with urine (either with urine or
sputum TTP and smear grade). This lack of correlation likely
reflects limited sample numbers, and the differential relationship
between urine bacillary load, renal abnormalities (renal TB,
glomerular dysfunction etc.) and total body bacillary load.
This preliminary study has important limitations. No sputum-

based MTB/RIF was performed in our study, thus we could not
compare performance between urine and sputum. However,
sputum samples were not stored in the parent study [4] and this
caveat is redundant in sputum scarce patients, which is the very
subgroup targeted by our study. Archived, frozen urine samples
were used for all TB diagnostic tests. This may have affected the
diagnostic performance of urine culture, but prior studies suggest

no impact on the performance of MTB/RIF [28] or LAM [19] in
this context.
In conclusion, this preliminary study indicates that urinary

MTB/RIF may aid the rapid diagnosis of TB in sputum scarce
HIV-infected patients with advanced immunosuppression. More-
over, urine centrifugation significantly improves sensitivity. Used
alone, or in combination with urine LAM, urine-based MTB/RIF
may potentially offer ,70% of HIV co-infected persons a TB
diagnosis with 24 hours of hospital admission. Finally, as
demonstrated in this study, the ability of MTB/RIF to offer
rifampicin drug susceptibility testing is an important advantage
over urine LAM. Further prospective studies in larger cohorts
using standardised TB diagnostic work-up are required to clarify
these findings.
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patients with advanced immunosuppression
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Introduction 

In tuberculous sputum smear-positive patients an increased 
bacillary burden, as measured by the time-to-detection on 
liquid culture, has been found to be an important predictor of 
delayed two-month culture conversion and poor outcomes.1,2 

However, in HIV-infected patients with smear-negative and 
disseminated forms of TB disease, demonstrating the impact 

i) obtaining adequate samples is a challenge, especially from 
extra-pulmonary sites, and 

The need for biomarkers that provide a good measure of total 
bacillary burden in these patients is needed.
 Lipoarabinomannan (LAM) is a 17.5 kDa glycolipid 
component of the mycobacterial cell wall. LAM is heat 

3 
Urine LAM has been extensively studied and offers important 
potential utility as a diagnostic adjunct for TB detection in 
HIV-infected patients with advanced immunosuppression.4,5  
Initially developed as an ELISA-kit (now marketed as the 
TB LAM ELISA, Alere, USA), it has now been superseded 

4 
This affordable (<US$3.5) urine LAM strip test could offer 
bedside, laboratory-free diagnosis from just 60µl of urine in 
25 minutes.4 In addition to diagnosis, both the original TB 

 Urine LAM concentration has been shown to increase 
with smear grade and be higher in disseminated (sputum and 
blood sample culture positive) vs isolated pulmonary (sputum 
culture positive only) or extra-pulmonary (non-sputum 
culture positive only) TB disease.6 However, the relationship 
of LAM concentration to more accurate measures of bacillary 
burden such as culture time-to-detection or MTB/RIF-
generated cycle threshold values is unclear.7 Furthermore, few 
data are available on predictors of urine LAM concentration. 
Thus, we investigated the relationship between urine LAM 
concentrations and other traditional and novel measurements 

urine LAM concentration. 

Materials and Methods 

Study population

Abstract

Background: 
Urinary lipoarabinomannan (LAM) detection, using either 
an ELISA-kit or the novel point-of-care Determine®-TB 

in HIV-infected patients with advanced immunosuppression. 
High bacillary burden, as measured by smear grade or liquid 
culture time-to-detection, correlates with poor outcomes 
in smear-positive patients. We investigated urine LAM 
concentration as a potential useful marker of total bacillary 
burden in hospitalised HIV-infected patients with advanced 
immunosuppression. 

Methods: 
In a well-characterised cohort of 281 HIV-infected 
hospitalised patients with advanced immunosuppression the 
relationship between traditional and novel compartment-

grade [lung]; time-to-detection on sputum and non-sputum 
liquid culture [lung] and; urine MTB/RIF-generated CT 
values [kidney]) and urine LAM concentrations were 
determined. 

Results: 
Urine LAM concentrations were higher amongst smear-
positive compared to smear-negative TB patients (p=0.03), 
and patients with CD4<100 cells/ml compared to > 100 
cells/ml (p=0.02). No correlation was found between LAM 
concentration and the time-to-detection on liquid culture, 
or urine MTB/RIF-generated CT-values. The strongest 
predictors of urine LAM concentrations were urine MTB/

rate (p=0.02) and an elevated protein/creatinine ratio 
(p=0.004). 

Conclusions: 
Higher urine LAM concentrations are found in persons 
with a high sputum bacillary burden and those with more 
advanced immunosuppression. However, the presence of 
renal TB (urine MTB/RIF positivity) and abnormalities of 

LAM concentration.

Key words: TB HIV co-infection, urine LAM, bacillary 
burden
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The study population, TB diagnostic work-up as well as the 
clinical, radiological and laboratory parameters collected for 
patients in this cohort study has been previously described.5 
Fluorescence smear microscopy was performed on NALC/
NaOH processed and concentrated samples followed by 
liquid culture (BACTEC MGIT 960, BD Diagnostics, USA); 
all clinical specimens were processed by the National Health 
Laboratory services. Smear grading methodology has been 
previously described8 and the automated MGIT 960 provided 
time-to-detection for liquid culture. All patients provided 
written informed consent and the study was approved by the 
University of Cape Town Faculty of Health Sciences Human 
Research Ethics Committee. 

Urine testing and methodology

A spot urine sample (10-30ml) was collected, frozen 
and stored at -20oC for later batched testing. TB LAM 
ELISA was performed on thawed urine according to the 
manufacturers’ instructions as previously described.9 Urine 
LAM concentrations were determined from the optical 
density ELISA measurements using standard curves. 
Additional urine testing included the Xpert MTB/RIF assay 
and the measurement of protein-creatinine ratios. MTB/
RIF-generated cycle threshold (CT) values correspond to 
the number of PCR cycles required before M. tuberculosis 
genetic material is detected; MTB/RIF-generated CT 
values are inversely correlated with the amount of intact M. 
tuberculosis organisms (viable or non-viable) in the starting 
sample material.10

Statistical analysis

Only patients with a positive M. tuberculosis liquid culture 
were used in the analysis. Wilcoxon rank-sum and Kruskal 
Wallis tests, as appropriate, were used to compare the 
median (interquartile range) urine LAM concentration 
between groups. Spearman correlation (Rs) was used to 
evaluate relationship between urine LAM concentrations, 
liquid culture time-to-detection and MTB/RIF-generated CT 
values.  Linear regression was used to determine the strongest 
predictors of increasing urine LAM concentrations. STATA 
IC, version 10 (Stata Corp, Texas, USA) was used for all 
statistical analyses.

Results 

load

The median (IQR) urine LAM concentration was 0.64 (0.07-
5.05) ng/ml in M.tuberculosis culture positive patients. Figure 
1 shows box and whisker plots of urine LAM concentration 
by sputum smear grade and CD4 cell count strata. Median 
(IQR) LAM concentration was higher in smear positive vs. 
smear negative patients [2.93 (0.11-6.48) vs. 0.19 (0.05-

>200 cells/ml the median (IQR) LAM concentrations were 
3.23 (0.27-5.64), 0.43 (0.07-3.27) and 0.09 (0-4.4) (p=0.01). 

median (IQR) LAM concentration was 2.09 (0.12-5.05) in 
patients with both a sputum and non-sputum culture positivity 
(disseminated), 0.33 (0.06-5.05) in patients with only a 

non-sputum culture positive (extra-pulmonary) and 0.21 
(0.65-3.34) in patients with only a sputum culture positive 
(pulmonary) (p=0.4). Figure 2 shows scatter plots and linear 
regression lines for urine LAM concentration (ng/ml) and 
i) sputum/non-sputum liquid culture time-to-detection (days) 
and 
ii) urine MTB/RIF-generated CT-values. 
No correlation was found between urine LAM concentration 
and either liquid culture time-to-detection (rs = -0.3, p=0.1) 
or urine MTB/RIF generated CT values (rs = -0.1, p=0.5); no 

number of culture positive samples or CD4 cell count. 

Table 1 shows the results of the multivariate analysis for 
predictors of increasing LAM concentration. A positive urine 
MTB/RIF assay (p=0.009), increasing protein/creatinine ratio 

concentration. CD4 cell count was associated with urine LAM 
concentration in the univariate but not multivariate analysis. 
No other clinical, radiological or laboratory predictors were 

Discussion

Increased baseline sputum bacillary load in smear-positive 
patients have been shown to be an important predictor of 
poor treatment outcomes.1,2 Disseminated TB is increased in 
HIV-infected patients with advanced immunosuppression, 
has a high mortality,11 and it is biologically plausible that 
total bacillary burden may predict outcome in these patients. 

Table 1: 
Multivariate linear regression of clinical variables predicting 
urinary LAM level †

Clinical variable P-value
Age (years) 0.004 0.9
Weight (kgs) -0.011 0.6
Temperature (oC) -0.039 0.8
CD4 cell count* 
(cells/ml)

-0.23 0.2

Urea (mmol/l)* 0.67 0.1
§ 0.018 0.02

Urine protein/
creatinine ratio* 

1.97 0.004

Urine MTB/RIF 
positive

1.21 0.009

Time to sputum 
culture positivity 
(days)*

0.29 0.5

† Clinical variables included in the multivariate linear regression 

in univariate linear regression or considered as potentially 
important confounding variables (eg. weight, age)
* These variables were not normally distributed and were 
therefore the log values were used for the linear regression 
analysis.
§ 

Cochrane-Gault equation
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However, traditional markers of mycobacterial burden from a 
single body compartment e.g. sputum may provide a limited 
or misleading picture. A more comprehensive picture may 
be obtained by sampling multiple body compartments e.g. 

by the challenges of sampling in patients with advanced 
immunosuppression and the impact of poor sample quality. 

bacillary load e.g. sputum and total bacillary burden is poorly 
understood. A user-friendly biomarker, such as urine LAM, 

total bacillary burden is appealing. 
 To date, the concentration of urine LAM, released from 
actively metabolising and degrading mycobacteria at any 
body site, has been shown to increase with an increasing 
number of culture positive body sites, sputum smear grade 
and a declining CD4 cell count.6 Urine LAM positivity offers 
prognostic utility and has been shown to be associated with 
increased illness severity and mortality.6,12 Furthermore, urine 
LAM detects a vulnerable group of severely ill hospitalised 

screening (Peter and Dheda submitted for publication). 
 This study demonstrates that, although urine LAM 

(as measured by sputum smear positivity), no direct linear 
correlation could be found between urine LAM concentration 
and the time-to-detection in sputum or non-sputum liquid 
cultures. The failure to demonstrate a relationship may 
be confounded by sampling error (inability to acquire 
representative samples and poor sample quality) or the lack 
of multiple body compartment sampling, but more likely 
indicates 
i) the complex relationship between individual body-site and 
total bacillary load, and 
ii) the presence of additional and more robust determinates of 
urine LAM concentration. 

M.tuberculosis within the urinary tract, as indicted by MTB/
RIF positivity, together with abnormalities in both renal 
function and glomerular membrane permeability, are the 
strongest predictors of urine LAM concentration. Renal 
function and glomerular dysfunction may be occurring 
secondary to the presence of renal TB itself (as suggested 
by a strong correlation between urine MTB/RIF positivity 
and elevated protein/creatinine ratio13) or HIV nephropathy. 
Further research studies with standardised multiple-
compartment sampling and renal biopsy data are now needed 

in HIV-infected patients with advanced immunosuppression 

better estimate total bacillary burden in these vulnerable 
patients.  
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Can Point-of-Care Urine LAM Strip Testing for
Tuberculosis Add Value to Clinical Decision Making in
Hospitalised HIV-Infected Persons?
Jonathan G. Peter1, Grant Theron1, Keertan Dheda1,2,3*

1 Lung Infection and Immunity Unit, Division of Pulmonology & UCT Lung Institute, Department of Medicine, University of Cape Town, Cape Town, South Africa,

2 Institute of Infectious Diseases and Molecular Medicine, University of Cape Town, Cape Town, South Africa, 3Department of Infection, University College London

Medical School, London, United Kingdom

Abstract

Background: The urine lipoarabinomannan (LAM) strip-test (DetermineH-TB) can rapidly rule-in TB in HIV-infected persons
with advanced immunosuppression. However, given high rates of empiric treatment amongst hospitalised patients in high-
burden settings (,50%) it is unclear whether LAM can add any value to clinical decision making, or identify a subset of
patients with unfavourable outcomes that would otherwise have been missed by empiric treatment.

Methods: 281 HIV-infected hospitalised patients with suspected TB received urine LAM strip testing, and were categorised
as definite (culture-positive), probable-, or non-TB. Both the proportion and morbidity of TB cases identified by LAM testing,
early empiric treatment (initiated prior to test result availability) and a set of clinical predictors were compared across
groups.

Results: 187/281 patients had either definite- (n = 116) or probable-TB (n = 71). As a rule-in test for definite and probable-TB,
LAM identified a similar proportion of TB cases compared to early empiric treatment (85/187 vs. 93/187, p = 0.4), but
a greater proportion than classified by a set of clinical predictors alone (19/187; p,0.001). Thirty-nine of the 187 (21%) LAM-
positive patients who had either definite- or probable-TB were missed by early empiric treatment, and of these 25/39 (64%)
would also have been missed by smear microscopy. Thus, 25/187 (8%) of definite- or probable-TB patients with otherwise
delayed initiation of TB treatment could be detected by the LAM strip test. LAM-positive patients missed by early empiric
treatment had a lower median CD4 count (p = 0.008), a higher median illness severity score (p = 0.001) and increased urea
levels (p = 0.002) compared to LAM-negative patients given early empiric treatment.

Conclusions: LAM strip testing outperformed TB diagnosis based on clinical criteria but in day-to-day practice identified
a similar proportion of patients compared to early empiric treatment. However, compared to empiric treatment, LAM
identified a different subset of patients with more advanced immunosuppression and greater disease severity.
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Introduction

The early high mortality (.25%) amongst hospitalised TB HIV
co-infected patients in resource-poor settings requires urgent
attention [1,2]. The increased incidence of sputum pauci-bacillary,
and disseminated forms of TB in these patients limits the use of
both traditional and new TB diagnostic tools [3–6]. Empiric TB
treatment, based only on clinical and radiological findings is
common (,50%) amongst hospitalised HIV-infected patients with
advanced immunosuppression; given their high pre-test probabil-
ity of disease and illness severity [7,8]. Formalized World Health
Organisation (WHO) clinical algorithms are available to guide

empiric treatment and, despite modest diagnostic accuracy in
ambulatory patients [9,10], evidence suggests that their use may
reduce mortality amongst hospitalised HIV-infected patients [8].
Although death due to undiagnosed TB is common in hospitalised
HIV-infected patients in Africa [2,8], empiric treatment guidelines
and practices are inconsistent, vary between hospitals, and may
needlessly expose patients to toxic drugs. Thus, there remains
a need for simple bedside tools to help guide the early initiation of
TB treatment, where a microbiological diagnosis may be unavail-
able or delayed.
Urinary lipoarabinomannan (LAM) has more recently been

evaluated for the diagnosis of TB in HIV-infected patients [11,12].
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In hospitalised HIV-infected patients, a urinary LAM ELISA
(Alere, USA) has an overall sensitivity of 59–67%, increasing to as
high as 85% in patients with CD4,50 cells/ml, and an overall
specificity of 80–94% [13–15]. In addition, LAM positivity has
been associated with higher mycobacterial burden, more severe
illness, and a higher mortality [15–17]. As an alternative to the
ELISA-kit, LAM can now be detected by a simple, low-cost
(,US$3.5) point-of-care lateral flow assay that is able to provide
results in 25 min from just 60 ml of urine [11,12]. Initial evaluation
studies have confirmed equivalent performance of the urine LAM
strip test compared to the LAM ELISA assay in different settings
[13,18].
However, is this test really useful in ‘real world’ clinical practice

in high HIV prevalence settings? The real value in any diagnostic
lies in its ability to provide information beyond that deducible
from basic clinical and radiographic data, such that it adds
incremental value to routine clinical practice. Useful tests add
value to clinical decision-making by ruling-in patients not other-
wise routinely identifiable, pinpointing otherwise unrecognizable
patients with the highest risk of morbidity and mortality, or by
reducing unnecessary treatment. In this context, our study
investigated whether point-of-care urine LAM strip testing offered
any value over basic clinical and radiological screening, and
whether testing was redundant in the context of routine ‘real
world’ day-to-day clinical practice where empiric treatment is
commonly used. We therefore evaluated LAM strip test perfor-
mance against physician-led empiric treatment decisions and a set
of clinical predictors.

Methods

Study Population
A study outline is shown in Figure 1. In total, 335 prospectively

recruited adult in-patients patients from four hospitals (three
district- and one tertiary-level) between July 2009 and December
2010 in Cape Town, South Africa were enrolled. Patients were
referred for study inclusion by emergency-room or clinic doctors if
suspected to have HIV-TB co-infection and needed in-patient
care. All patients provided written informed consent and the
University of Cape Town Faculty of Health Sciences Human
Research Ethics Committee approved the study. Clinical in-
formation collected included: demographics, past history of TB,
co-morbidity, symptoms, vital signs (including weight) and
a modified early warning (MEWS) illness severity score [19].
Blood was taken for HIV, CD4 and renal function testing. A chest
radiograph (CXR) was performed in all patients.

TB Diagnostic Sampling and Testing
Consultant-led hospital-based clinicians not associated with the

study team determined the timing and extent of TB diagnostic
work-up and the commencement of empiric anti-TB treatment.
Routine hospital practice includes the collection, where possible, of
two sputum samples in patients able to expectorate and, if extra-
pulmonary TB is suspected, the collection of 1–2 non-sputum
samples from clinically involved sites (e.g. fine needle aspirate of
lymph node, pleural fluid aspirate/biopsy, ascitic tap, lumbar
puncture, pericardial aspiration etc.). Further details of biological
samples collected for TB culture, stratified by patient TB
diagnostic category, are outlined in table 1. Concentrated
fluorescence smear microscopy was performed on NALC/NaOH
processed sputum/non-sputum samples, and cultures were
performed using the MGIT 960 liquid culture system (BD
Diagnostics, USA).

TB Reference Standard and Case Definitions
The reference standard for definite-TB was liquid culture

positivity for Mycobacterium tuberculosis from at least a single sample.
Given the significant potential for misclassification bias due to
challenges of sampling extra-pulmonary compartments, the
significant proportion of sputum scarce patients, and the limited
performance of a single liquid TB culture in HIV-infected patients
[20], patients were further categorised into the following di-
agnostic groups for analysis (Figure 1):

Definite-TB. At least 1 M. tuberculosis sample positive by
liquid culture (either sputum or non-sputum e.g. pleural fluid,
pericardial fluid etc.).

Probable-TB. Not meeting the criterion for definite-TB but
a clinical-radiological picture highly suggestive of TB. All patients
in this group received and showed a good response to anti-TB
treatment at two-month follow-up. Smear-positive but culture-
negative or contaminated patient samples were included in this
group.

Non-TB. No culture-based evidence of M. tuberculosis and an
alternative diagnosis available. No clinical deterioration on two-
month follow-up and no TB treatment given. Patients culture
positive for non-tuberculosis mycobacteria (NTM) and not re-
ceiving anti-TB treatment were assigned to this group.

Unclassifiable TB. Unable to assign to any of the above-
mentioned diagnostic groups due to death of unknown cause
(without autopsy), on-going but uncharacterised symptoms at
follow-up, or loss-to-follow-up at 2 months.

Early Empiric Treatment Definition
In order to compare the diagnostic performance of the urine

LAM strip testing with routine clinical practice, early empiric
treatment was defined as any patient commencing TB treatment
within 24 hours of hospital admission based only on clinical and/
or radiological findings, and prior to the availability of any smear
or culture results. All early empiric treatment decisions, even if
initial made by junior staff (medical officers and registrars), were
approved by the attending consultant general physician.

Modelling Clinical Predictors Using Multiple Imputation
A univariate analysis was used to determined basic clinical,

laboratory and radiological predictors of definite-TB. A set of
multivariate clinical predictors was generated using stepwise
logistic regression modeling. Multiple imputation by chained
Equations (Royston, P & White, I 2011) was used to impute
missing data prior to model building. The variables included in the
logistic regression modeling included the following (number of
missing data points for each variable that were imputated is
indicated in the brackets): sex (2), age (5), previous TB history (0),
known TB contact (0), current smoker (0), cough $2 weeks (0),
productive cough (0), haemoptysis (0), self-reported weight loss (0),
appetite loss (0), recent fever (0), night sweats (0), fatigue (0),
shortness of breath (0), chest pain (0), abdominal pain (0), nausea/
vomiting (0), diarrhea (0), neurological symptoms (0), measured
weight (39), temperature (7), respiratory rate (7), and Modified
early warning score (MEWS) (144) at enrollment, CXR compat-
ibility with TB (24), and urine dipstick abnormalities (0). Different
data appeared to be missing for different patients in a random
fashion. The continuous variables (weight and temperature) were
dichotomised using receiver operating characteristic (ROC)
analysis to identify cut-points that maximised discriminatory
utility prior to inclusion in the model. Rounded ß-coefficients
from the reduced model of significant variables were used to
generate scores to quantitate relevant clinical predictors. ROC
analysis was performed and three cut-points were selected for rule-
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in, Youden’s index (the optimal mathematical balance between
sensitivity and specificity [21]) and rule-out value. Diagnostic
accuracy, including 95% confidence intervals, for each cut-point
was assessed using sensitivity, specificity, positive and negative
predictive values (PPV, NPV) and positive likelihood ratio (LR+).

Urine Sampling and LAM Methodology
All patients gave a spot urine sample (10–30 ml) collected in

a sterile container as soon as possible after recruitment. Urine was
frozen on the day of collection and stored at 220uC for later
batched testing. Urine LAM strip testing (DetermineH TB, Alere,
USA) was performed on thawed urine according to the
manufacturer’s instructions by readers blinded to all patient data
and reference test results. Urine LAM strip test lot#101102, the
same as used for test evaluation in an outpatient ARV-clinic
setting [18], was used. Detailed methodology for reading the urine
LAM strip tests has been previously described [13]. Analysis was
performed using the grade 2 cut-point which has shown better
inter-observer reliability and good rule-in value (LR+ .10) in
hospitalised HIV-infected patients [13].

Statistical Analysis
Analyses were restricted to HIV infected patients only and were

performed using definite- and probable- (combined) versus non-
TB patient groups for the primary determination of diagnostic
accuracy (unclassifiable patients were excluded). In addition, given
the inability to accurately evaluate the specificity of empiric
treatment in the primary analysis as treatment response formed

part of the diagnostic categorisation, alternative analyses were
performed (see online supplementary material) using either M.
tuberculosis complex culture-positive versus negative groups, or only
definite- versus non-TB groups. Diagnostic accuracy, including
95% confidence intervals, for individual tests and early empiric
treatment was assessed using sensitivity, specificity and LR+.
Given the variations in test specificity and very high study
prevalence of TB, ranges of positive and negative predicative
values are presented for individual tests and early empiric
treatment at differing rates of in-patient TB prevalence. STATA
IC, version 11 (Stata Corp, Texas, USA) was used for all statistical
analyses.

Results

Demographics, Basic Clinical and TB Diagnostic Sampling
Characteristics
Figure 1 outlines the study population. 16% (54/335) of

enrolled patients were HIV uninfected and hence excluded from
further analysis. 41% (116/281) of patients had definite-TB, an
additional 25% (71/281) of patients had probable-TB, and only
10% (27/281) had non-TB. 24% (67/281) of patients remained
unclassifiable due to death or lost-to-follow-up and were excluded
from the primary analysis. Table 1 outlines demographics, basic
clinical characteristics of the patient cohort and the sputum/non-
sputum diagnostic samples stratified by TB diagnostic category.
These same patient characteristics stratified by smear, culture and
CD4 count have been previously described [13,22]. The median

Figure 1. Study population, culture status and diagnostic groups used for analyses.
doi:10.1371/journal.pone.0054875.g001
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(IQR) CD4 cell count of unclassifiable patients was 77 (42–120)
cells/ml, similar to definite-TB patients [86 (42–192) cells/ml], but
lower than either probable- [120 (51–215) cells/ml] or non-TB
patients [128 (74–235) cells/ml] (p = 0.001). Compared to definite-
TB patients, unclassifiable patients provided fewer non-sputum
samples for TB culture [67% (78/116) vs. 42% (28/67), p,0.001].

Routine Early Empiric Treatment Compared to the Urine
LAM Strip Test
Table 2 compares the sensitivity (95% CI), specificity and LR+

of routine early empiric treatment, urine LAM strip test and CXR
for definite- and probable-TB compared to non-TB patients
(definite-TB to non-TB patients only compared in table S2). Early
empiric treatment identified and the urine LAM strip test
diagnosed an approximately equal number TB cases with
sensitivities of 50% (43–57, 93/187) and 46% (39–53, 85/187)
respectively (p = 0.4). The combined sensitivity of urine LAM strip
testing together with early empiric treatment was higher than
either modality alone [LAM and early empiric treatment: 71%
(95% CI: 64–77, 132/187) vs. LAM alone: 46% (95% CI: 39–53,
85/187) vs. early empiric treatment alone: 50% (95% CI: 43–57,
93/187), both p,0.001]. In the primary analysis, both early
empiric treatment and the urine LAM strip test showed
specificities .95%. However, when an alternative analysis re-
stricted to only patients with a valid M. tuberculosis culture result
and comparing culture-positive and -negative groups is performed

(results provided in table S1), although test sensitivities are not
significantly lower, the specificities of both early empiric treatment
and urine LAM strip testing decrease, with urine LAM offering
higher specificity than early empiric treatment [75% (67–82, 95/
126) vs. 63% (54–71, 79/126), p = 0.03]. Given this variable test
specificity and high overall study TB prevalence, Table 3 presents
a range of PPV (95% CI) and NPV values using three specificities
for each diagnostic method (lowest, highest and average) at in-
patient TB prevalence rates of 35%, 45%, and 55%, which could
be expected to occur in the majority of endemic country hospital
settings. The lowest specificities used in Table 3 are taken from the
specificities presented in table S1, the highest from Table 2 and the
third is an average of the highest and lowest. With an in-patient
TB prevalence of 45% (M. tuberculosis culture positive TB
prevalence in study= 48%, 116/242), the PPV ranges for early
empiric treatment, urine LAM strip test and a combination thereof
was 53–100%, 62–90% and 71–94%, respectively.

Clinical Predictors Compared to the Urine LAM Strip Test
The univariate and multivariate associates of definite-TB are

shown in Table S3. Table S4 shows the sensitivity (95%
confidence intervals), specificity, and LR+ for ROC-selected cut-
points, selected for their rule-in, rule-out, or best compromise
between sensitivity and specificity (assuming equal weighting) for
the quantified set of clinical predictors, the urine LAM strip test
and early empiric treatment. At equivalent specificity, clinical

Table 1. Demographic, clinical, sampling and microbiological characteristics of study patients stratified by TB diagnostic group.

All Definite TB Probable TB Non TB Unclassified TB P-value

N=281 N=116 N=71 N=27 N=67

Demographics

Median age (yrs, IQR) 35 (29–39) 35 (28–39) 33 (30–39) 34 (32–40) 36 (30–41) n/s

Female 174 (62) 69 (59) 45 (63) 19 (70) 41 (61) n/s

Median CD4 count (cells/ml, IQR) 89 (46–198) 86 (42–192)* 120 (51–215)* 128 (74–235)* 77 (42–120)* *0.001

Previous TB 97 (35) 33 (28)* 22 (31) 11 (41) 31 (46)* *0.01

Current Smoker 52 (19) 25 (22) 9 (13) 3 (11) 15 (22) n/s

Clinical features

Cough .2wks 231 (82) 99 (85) 58 (82) 22 (82) 52 (78) n/s

Night sweats 185 (66) 82 (71) 49 (69) 14 (52) 40 (60) n/s

Weight loss 247 (88) 105 (91) 61 (86) 22 (82) 59 (88) n/s

Fever .38uC 49 (18) 29 (26)* *1 9 (13)* 3 (12) 8 (12)*1 *0.04
*10.03

CXR compatible with TB 215 (77) 99 (85)* *1 50 (70)* 16 (60)*1 50 (75) *0.01
*10.002

Early Empiric Rx given 120 (43) 59 (51) 34 (48) n/a 27 (40) n/s

LAM strip test positive (grade 2) 98 (35) 58 (50)* 27 (38)*1 1 (4) 12 (18)* *1 *,0.001
*10.009

Clinical samples collected for TB culture

1 sputum sample 207 (74) 95 (82)* 43 (61)* 21 (78) 48 (72) *0.001

$2 sputum samples 92 (33) 42 (26) 16 (23) 9 (33) 25 (37) n/s

1 non-sputum sample 160 (57) 78 (67)* *1 43 (61) 11 (41)* 28 (42)*1 *0.01
*1,0.001

$2 non-sputum sample 56 (20) 26 (22) 14 (20) 3 (11) 13 (19) n/s

No samples 19 (7) 0 (0) 5 (7) 4 (15) 10 (15) n/s

P-values indicate significant differences between patient groups (marked with * and number to indicate comparison group) for different patient characteristics.
n/a: not applicable; n/s: not significant (p.0.05).
doi:10.1371/journal.pone.0054875.t001
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predictors $2.5 had a lower sensitivity than urine LAM strip
testing [10% (95% CI: 7–15, 19/187) vs. 45% (95% CI: 38–53,
85/187), p,0.001].

Clinical Predictors and Early Empiric Treatment
42% (10/24) of patients ‘ruled-in’ by clinical predictors $2.5

and 38% (23/61) patients ‘ruled-out’ by clinical predictors #0.5
were given early empiric treatment by attending hospital
clinicians. Table S5 provides a further comparison of patient
characteristics for patients commencing vs. not commencing early
empiric treatment. No differences in basic demographic, symp-
tomatology or diagnostic sampling was noted between groups
except that a higher proportion of patients given early empiric
treatment had a cough .2 weeks [90% (108/120) vs. 76% (123/
161), p = 0.003]. Patients given vs. not given early empiric
treatment had a lower median MEWS [3 (1–5) vs. 4 (3–5),
p = 0.001] and creatinine level [68 (56–94) vs. 77 (59–107) mmol/l,
p = 0.04].

Urine LAM Strip Test Positive Patients Missed by Early
Empiric Treatment
The Venn diagram in Figure 2 indicates the different but

overlapping patient populations detected by urine LAM strip and
early empiric treatment initiation. 21% (39/187) of definite- and
probable-TB cases were urine LAM strip test positive, but missed
by early empiric treatment. 64% (25/39) of these patients were
either sputum smear-negative or unable to produce sputum.
Table 4 compares the characteristics of definite- and probable-TB
patients detected by either urine LAM alone, early empiric
treatment or missed by both modalities. Patients detected by urine
LAM alone, when compared to those detected by early empiric
treatment alone, had a lower median (IQR) CD4 cell count [73
(31–134) vs. 138 (60–217), p = 0.008], a higher median (IQR)
MEWS [5 (3–6) vs. 3 (1–4), p = 0.001] and an increased urea level
[5.6 (4.0–11.6) vs. 3.7 (3.2–4.6), p = 0.002]. Patients detected by

urine LAM alone, when compared to those missed by both urine
LAM and early empiric treatment, had lower median CD4 cell
count [73 (31–134) vs. 173 (58–269) units, p = 0.003)]. If the
analysis was repeated using only definite-TB patients the findings
were similar (Figure S1) and conclusions unchanged. 24% (28/
116) of culture-positive patients were LAM positive but missed by
early empiric treatment. When compared to the 23% (27/116) of
patients that were LAM-negative but started on early empiric
treatment, they had a lower median (IQR) CD4 cell count [62
(31–110) vs. 107 (54–171) cells/ml, p = 0.05], a higher median
(IQR) MEWS [5 (3–6) vs. 3 (1–4), p = 0.01] and an increased urea
level [5.5 (3.7–11.2) vs. 3.7 (3.4–4.6), p = 0.02]. Patients detected
by urine LAM alone had lower median (IQR) CD4 cell count and
a higher 8-week mortality than those patients missed by both urine
LAM and early empiric treatment [CD4 count: 62 (31–110) vs.
180 (74–308), p = 0.002; 8-week mortality: 24% (6/25) vs. 4% (1/
23), p = 0.05].

Discussion

The point-of-care urine LAM test has potential as a useful
adjunct for rapid TB diagnosis in HIV-infected hospitalised
patients [11,13]. Its added clinical value, however, remains
uncertain given its modest performance characteristics. The key
finding of this study is that LAM detected patients that would have
otherwise been missed by empiric treatment and this subgroup of
patients had more advanced immunosuppression and greater
illness severity. The latter represents a group most likely to benefit
from the initiation of early treatment as they are at high risk.
Traditional and newer TB diagnostics show reduced diagnostic

accuracy in hospitalised co-infected patients, particularly with
advanced immunosuppression, as patients are often unable to
produce sputum for diagnostic testing and/or have disseminated
disease [3]. In addition, these patients present to hospitals with late
stage disease and severe illness [3]. These factors mean that
treatment decisions are commonly made based on clinical and

Table 2. Sensitivity, specificity and positive likelihood ratio of early empiric treatment, the urine LAM strip test, and CXR for TB
diagnosis in hospitalised HIV-infected patients using the definite and probable-TB groups for sensitivity, and the non-TB groups for
specificity analyses.

Diagnostic method Sensitivity (%) (95% CI) Specificity (%) (95% CI) LR+ (95% CI)

Early empiric Rx{ 50*1*2

(43–57)
93/187

100
(88–100)
27/27

N/C

Urine LAM (grade 2 cut-point) 46*3*4

(39–53)
85/187

96*5

(82–99)
26/27

12.3 (1.7–89.6)

CXR 85*1*3

(79–89)
159/187

30*5

(16–49)
8/27

1.2 (1.1–1.3)

Early empiric Rx plus urine LAM
(grade 2 cut-point)

71*2*4

(64–77)
132/187

96
(82–99)
26/27

19.1 (2.7–136.1)

{Any patient commenced on TB treatment within 24 hours of hospital admission based only on clinical and radiological findings, and prior to the availability of any
smear or culture results, is included in this group.
P-values indicate significant differences between tests (marked with * and number to indicate comparison group) for different diagnostic accuracy measures.
*1p,0.001;
*2p,0.001;
*3p,0.001;
*4p,0.001;
*5p,0.001;
*6p = 0.006.
LAM: Lipoarabinomannan; CXR: Chest X-ray; LR+: positive likelihood ratio; 95% CI: 95% Confidence interval; Rx: treatment.
doi:10.1371/journal.pone.0054875.t002

Additive Use of LAM to Clinical Decision Making

PLOS ONE | www.plosone.org 5 February 2013 | Volume 8 | Issue 2 | e54875



Univ
ers

ity
 of

 C
ap

e T
ow

n

radiological findings alone, the need for urgent treatment
initiation, and the high background disease prevalence (pre-test
probability). Yet, in this same patient group, clinical and
radiological findings are frequently atypical and/or non-specific,
and this accounts for the poor rule-in value of the set of clinical
predictors that we derived. Indeed, as a ‘rule-in’ test (cut-point
selecting high specificity and PPV) clinical predictors could only
correctly classify ,20% of all patients. This assumes coherent
mathematical analysis of available diagnostic variables. However,
routine clinical decision-making is rather a dynamic Bayesian
process of assimilating an accumulating series of pre-test proba-
bilities [23], and weighting of the overall post-test probability of
disease against a threshold probability for initiating treatment.
Thus, in reality physician practice varies widely and in an attempt
to reduce mortality hospital treatment thresholds are lower than
expected. Indeed, in this study, ,50% of definite- and probable-
TB patients initiated early empiric TB treatment.
Early empiric TB treatment decisions should logically be

targeted to the sickest patients, especially amongst hospitalised
HIV-infected patients with advanced immunosuppression where
given higher mortality rates, treatment-initiation thresholds should
be lowered. However, this was not the case in those empirically
treated. In fact overall, patients not commenced on early empiric
treatment appeared, using the MEWS, to have a higher illness
severity. No clear demographic, clinical or radiological factor
predicted early empiric treatment. By contrast, the urine LAM
strip test could pinpoint the most severely ill patients. Thus, our
data suggest that early empiric treatment will miss a particularly
vulnerable patient group with advanced immunosuppression that
would have been detected by LAM strip testing. The rapid
identification of these patients could target prompt therapy to
those most likely to benefit. Recent studies with both the TB LAM
ELISA and the LAM strip test support our findings, demonstrating
associations between urine LAM positivity, higher mycobacterial
disease burden, more advanced immunosuppression, and in-
creased illness severity and mortality [15–17]. These findings
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Figure 2. Venn diagram of all definite- and probable-TB
patients indicating different but overlapping patient popula-
tions detected by the urine LAM strip test and early empiric TB
treatment.
doi:10.1371/journal.pone.0054875.g002
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support the need to undertake prospective impact studies to assess
whether initiation of TB treatment based on urine LAM testing is
able to save lives and/or decrease TB-related morbidity.
Do our findings have relevance to in-patient settings with a lower

TB prevalence? Amongst in-patient settings with a lower TB
prevalence, urine LAM is likely to offer superior ‘rule-in’ utility
compared to empiric treatment. This is evidenced by: i) the poor
comparative diagnostic utility and inferiority of a set of clinical
predictors, which estimates pre-test probability or what could be
expected with a frequentist interpretation of simple clinical and
radiological predictors, and ii) lack of clear demographic, clinical
or radiological parameters associated with early empiric treatment
practice and limited agreement with the derived set of clinical
predictors indicating the lack of predictability and hence,
standardisation of empiric treatment decision-making. Given the
modest performance characteristics of the urine LAM strip testing
it is however clear that both urine LAM alone, or combined with
existing empiric treatment practise, is likely to only offer clinically
useful ‘rule-in’ utility (PPV.90%) in hospital settings with high TB
prevalence (.35%).

This is the first study to compare the value of urine LAM strip
testing against clinical-radiological screening and day-to-day
clinical practice (early empiric treatment rates) in hospitalised
patients. However, our study has important limitations. Given the
well-established misclassification bias that occurs due to the
drawbacks of the TB culture technique and the lack of
interventional lung sampling (sputum induction and bronchosco-
py), a diagnostic categorisation was used to group patients for
analysis. This may have underestimated sensitivity and over-
estimated specificity. The TB prevalence in our study was higher
than in many other settings and this limits the generalisability of
our findings. However, we have presented predictive values using
estimated low, medium and high TB prevalence rates to improve
generalisability. The study had a high proportion of unclassifiable-
TB patients due to death and loss-to-follow-up, and these patients
had a higher proportion of LAM strip test negative results than

definite- and probable-TB groups. This may have introduced the
possibility of selection bias, however, in our secondary analyses
presented in the online supplementary materials we compare M.
tuberculosis culture positive vs. negative groups and include
unclassifiable-TB patients with a valid culture result. Key study
findings are unaffected. Our study did not evaluate LAM against
newer diagnostic standards such as the Xpert MTB/RIF assay.
However, this was not accessible to us at the time of the study and
this test offers reduced utility in extra-pulmonary and sputum scare
TB. Urine LAM test results were not performed at the bedside or
used to guide treatment initiation, thus a survival benefit through
initiating early treatment in these severely ill patients is unclear but
possible [8].
An ideal point-of-care test for rapid, laboratory-free detection of

TB remains elusive [24]. However sampling hurdles and poor
performance when using extra-pulmonary samples mean that the
need to make empiric treatment decisions is likely to continue.
Thus, despite only modest diagnostic accuracy, the low cost urine
LAM strip test offers important added clinical value in hospitalised
HIV-infected patients with suspected TB. Not only could the test
detect patients missed by clinical and radiological predictors but
also could potentially enable the rapid treatment of patients with
the most advanced immunosuppression and severe illness. Further
studies are now required to confirm our study findings and
evaluate the impact of urine LAM strip testing to guide early
treatment initiation in hospitalised HIV-infected patients.

Supporting Information

Figure S1 Venn diagram of all definite-TB patients indicating
different but overlapping patient populations detected by the urine
LAM strip test and early empiric TB treatment.
(TIFF)

Table S1 Diagnostic accuracy measures of early empiric
treatment, the urine LAM strip test and CXR for TB diagnosis
in hospitalised HIV-infected patients using M. tuberculosis culture

Table 4. Comparison of patient characteristics between groups detected by either the urine LAM strip or early empiric treatment
alone, or missed both bedside diagnostic methods (only patients with definite- or probable-TB were included).

Patient characteristic(s)

LAM strip positive, but no
early empiric Rx given

LAM strip negative, but
early empiric Rx given

LAM strip negative and no
early empiric treatment
given {P-value

(N=39) (N=47) (N=55)

Median (IQR) or n(%) Median (IQR) or n(%) Median (IQR) or n(%)

Age, years 32 (26–38) 35 (28–38) 35 (30–40) n/s

Previous TB 12 (31) 16 (34) 18 (33) n/s

Weight, kg 52 (47–60) 56 (44–63) 52 (47–61) n/s

Temperature, uC 36.9 (36.0–37.1) 36.9 (36.5–38.0) 36.9 (36.3–37.7) n/s

Respiratory rate, breaths/min 24 (20–28) 22 (19–29) 24 (18–28) n/s

CD4 cell count, cells/ml 73 (31–134)* # 138 (60–217)* 173 (58–269)# *0.008 #0.003

MEWS1 5 (3–6)* 3 (1–4)* 4 (3–6) *0.001

Urea, mmol/l 5.6 (4.0–11.6)* 3.7 (3.2–4.6)* 4.2 (3.2–7.8) *0.002

Creatinine, mmol/l 95 (59–121)* 67 (55–79)* 74 (57–102) *0.01

8-week mortality 6/36 (17) 3/40 (8) 3/39 (8) n/s

1MEWS: Modified early warning score is an admission triage score based on illness severity and higher scores correlated with poor outcomes and increased mortality
[19].
{P-values indicate significant differences between patient groups (marked with * and # to indicate comparison group) for different patient characteristics.
LAM: Lipoarabinomannan; Rx: treatment; IQR: interquartile range.
doi:10.1371/journal.pone.0054875.t004
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positive-TB patients for sensitivity, and culture negative patients
for specificity analyses. 1All patients with 1 or more valid M.
tuberculosis culture (either sputum or non-sputum) are included in
this analysis irrespective of final TB diagnostic categorization (39/
281 patients excluded with either no/contaminated culture result)
{Any patient commenced on TB treatment within 24 hours of
hospital admission based only on clinical and radiological findings,
and prior to the availability of any smear or culture results, is
included in this group. P-values indicate significant differences
between tests (marked with * and number to indicate comparison
group) for different diagnostic accuracy measures *1p,0.001;
*2p,0.001; *3p,0.001; *4p,0.001; *5p= 0.03; *6p = 0.03;
*7p,0.001; *8p = 0.005.
(DOCX)

Table S2 Diagnostic accuracy measures of early empiric
treatment, the urine LAM strip test and CXR for TB diagnosis
in hospitalized HIV-infected patients using definite-TB (M.
tuberculosis culture positive) for sensitivity, and non-TB patient
groups for specificity analyses. {Any patient commenced on TB
treatment within 24 hours of hospital admission based only on
clinical and radiological findings, and prior to the availability of
any smear or culture results, is included in this group. P-values
indicate significant differences between tests (marked with * and
number to indicate comparison group) for different diagnostic
accuracy measures *1p,0.001; *2p,0.001; *3p,0.001; *4p,0.001;
*5p,0.001.
(DOCX)

Table S3 Univariate and multivariate analyses for associates of
definite-TB in HIV-infected hospitalised patients. {Receiver
operating characteristic (ROC) curve-selected cut-point maximiz-
ing discriminatory utility used to dichotomise the continuous
variables weight and temperature OR: odds ratio; TB: Tubercu-
losis; CXR: Chest x-ray; LAM: Lipoarabinomannan.
(DOCX)

Table S4 Diagnostic accuracy measures for set of clinical
predictors (using three ROC-selected cut-points), the urine LAM
strip test and routine early empiric treatment in hospitalised HIV-

infected patients using the definite and probable-TB groups for
sensitivity and the non-TB groups for specificity analyses. P-values
indicate significant differences between tests and/or cut-points
(marked with * and number to indicate comparison group) for
different diagnostic accuracy measures; *1p,0.001; *2p = 0.03{

Youden’s index is defined as the point on the ROC curve that
provides the optimal mathematical balance between sensitivity and
specificity.
(DOCX)

Table S5 Demographic, clinical, sampling and microbiological
characteristics of study patients stratified by TB diagnostic group {

Any patient commenced on TB treatment within 24 hours of
hospital admission based only on clinical and radiological findings,
and prior to the availability of any smear or culture results, is
included in this group. Analysis is performed for all patients in this
graph and hence includes 27 unclassified patients whom were
commenced on early empiric treatment but do not form part of
the primary analysis presented in the main manuscript. P-values
indicate significant differences between patient groups (marked
with * and number to indicate comparison group) for different
patient characteristics 1MEWS: Modified early warning score is an
admission triage score based on illness severity and higher scores
correlated with poor outcomes and increased mortality [19].
(DOCX)
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Supplementary methods section 

Procedures 

All study research nurses (a total of 10 during the course of the study) underwent at least two days of procedural training 
at the Groote Schuur Hospital Respiratory clinic. Research nurses were rotated between the three primary clinic 
enrolment sites. During the study, to check protocol adherence either the principal investigator or another member of the 
study team conducted frequent unannouced checks.  

Healthcare worker-provided instruction 

Patients allocated to receive healthcare worker-provided instruction were individually trained by the study nurse in their 
preferred language from English, Afrikaans, Xhosa, Sotho and Zulu. The guidance began by emphasising the 
importance of providing a sputum rather than a salivary sample. The technique to produce a good sputum specimen, 
namely to take three deep breaths followed by a deep cough (1), was then explained and demonstrated. Patients were 
then given two sputum containers and told to fill at least a quarter of each container if possible. Patients were instructed 
to first fill one sputum container to an adequate volume (~1ml) before filling the second.  

Healthcare worker-provided instruction script 

(To be told to the patient in there preferred language as above) 

1. Describe to the patients the difference between saliva and sputum samples (saliva: clear, watery fluid versus
sputum: thick, viscous/mucoid, often not white)

2. Give patient two sputum jars and ask patient to provide a sputum sample of at least 1ml in each jar (indicate
that 1ml of fluid will cover the bottom of the container completely)

3. Describe and demonstrate how to best produce sputum, namely to take 3 deep breaths and the give a deep
cough

4. Observe patient during sputum production (wearing and N95 mask) and repeat instruction no. 3 if necessary

Sputum induction 

Patients allocated to sputum induction were asked to rinse their mouths with water and stand in an outdoor, open-air 
ventilated booth (Picture S1). Approximately 20 ml of sterile 5% hypertonic saline (Sabax, South Africa) was delivered 
via a Wilson’s 402A ultrasonic nebuliser (Medimark, South Africa, http://www.medimark.co.za/, contact tel: 
+27215101995). Flow rate was adjusted until a fine white mist emerged from the mask. Patients breathed through the 
nebuliser for up to 20 minutes or until a satisfactory sample was produced. No pro-expectorating maneuvers, such as 
chest percussion, were performed to assist sputum production. Patients were given two sputum containers and told to fill 
at least a quarter of each container if possible. Patients were instructed to first fill one sputum container to an adequate 
volume (~1ml) before filling the second. Induction was immediately terminated if side effects such as dyspnoea, 
shortness of breath, chest pain or nausea were reported by patients. 

Picture S1: Langa clinic outdoor, open-air, low-cost sputum induction booth 
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Laboratory methods 

All patients were asked to provide two spot sputum samples during the intervention (Figure 1, main manuscript). 
Samples of !1ml, irrespective of visual quality, were sent for processing at the National Health Laboratory services 
located centrally. When patients provided two samples they were randomly labelled sputum 1 or sputum 2. Sputum 
specimens were transported by courier to the laboratory and results for smear microscopy were available within 24 hours 
and not same-day. Sputum 1 was processed with N-acetyl-L-cysteine and sodium hydroxide (NALC-NaOH), 
centrifuged, and resuspensed in 1.5ml phosphate buffer. Thereafter, the sample was subjected to Auramine-O staining 
and fluoresence microscopy and 0.5ml of the sediment was inoculated into a Mycobacterial Growth Indicator Tube 
(MGIT; Becton Dickinson Diagnostics, USA) and incubated for "8 weeks. All postivity culture results were phoned 
through to the research nursing staff within 2 days of becoming positive. Sputum 2 was unprocessed and frozen at -20°C 
within 6 hours of acquisition by our research laboratory. After study completion, the available second sputa were thawed 
and used for Xpert MTB/RIF testing  (2).  If patients provided only a single sputum sample, this was processed as 
sputum 1.  
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Supplementary results section 

Characteristics of patients giving one versus two sputum samples 

Table S1. Baseline demographic and clinical characteristics of patients stratified by number of 
sputum samples produced. 

Demographic and clinical characteristic(s) All Patients producing 
only a single sample 

Patients producing 
two samples  

(N=481) (N=254) (N=227) 
Demographic characteristics 

Median age (years, IQR) 39 (30-49) 38 (30-48) 39 (31-50) 

Male sex (%) 262 (55) 143 (56) 119 (52) 

HIV-infected (%) 171 (36) 93 (37) 78 (34) 

Median CD4 cell count (cells/ml, IQR) 242 (146-358) 219 (129-325) 257 (167-385) 

Current ARVs (%) 37 (22) 15 (16) 22 (28) 

History of TB (%) 180 (37) 92 (36) 88 (39) 

Diagnostic categorization at enrolment 

2 # sputum smear-negative (%) 244 (51) 137 (54) 107 (47) 

Unable to produce sputum prior to enrolment (%) 237 (49) 117 (46) 120 (53) 

Symptoms, signs and radiological features at enrolment 

Cough > 2 weeks (%) 430 (90) 218 (86)** 212 (94)** 

Productive cough (%) 311 (65) 140 (56)*** 171 (76)*** 

Night sweats (%) 344 (72) 181 (72) 163 (72) 

Weight loss  (%) 335 (70) 176 (70) 159 (70) 

Appetite loss  (%) 253 (54) 136 (55) 117 (54) 

Weight (median kg, IQR) 62 (54-72) 62 (54-71) 62 (54-74) 

CXR compatible with TB 179 (37) 103 (41) 76 (35) 
†P-values indicate comparison between study groups for demographic or clinical characteristic 
(marked with *); **p<0.01, ***p<0.001 
HCW: Health care worker; IQR: interquartile range; ARV: anti-retroviral therapy; CXR: chest x-
ray; Tuberculosis, TB 
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Component costs used for costing sampling procedures 

Table S2: Component costs of each sputum sampling procedures. 
Healthcare-worker provided instruction and supervision of 

self expectorated sputum Sputum induction using an ultrasonic nebulizer 
Cost Components 

Unit cost ($US) 
Cost Component 

Unit cost ($US) 
Consumables Consumables 

Sputum jars $0.46 nebulizer tubing, masks, syringes 
and needles, saline, sputum jars $5.05 

Capital costs Capital costs 
Clinic overheads $0.51 Clinic overheads $0.51 

annualized cost per use of 
nebulizer $0.01 

Staff costs Staff costs 
One day staff training  per sampling 
cost (every six months) $0.01 Two day staff training per 

sampling cost (every six months) $0.01 

Patient supervision by clinic nurse 
(10 minutes) $1.16 Patient supervision by clinic nurse 

(20 minutes) $2.31 

TOTAL $2.14 TOTAL $7.88 
Consumable costs are based on current South African market prices. Capital costs were annualized at a discount rate of 
3%. The expected life of buildings was estimated to be 10 years. The expected life of an ultrasonic nebulizer was 
estimated to be 2 years. Staff costs for each sampling strategy were calculated based on Provincial Government of 
Western Cape salary scales and the estimated time required for staff training and patient supervision.  
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Key diagnostic and treatment outcomes if only patients able to successfully provide a sputum sample for diagnostic testing (irrespective of sampling strategy) are 
included (N=402; HCW-provided instruction=164, Sputum induction=238)  

Figure S1: The comparative proportions of patients who received healthcare worker-provided instruction or sputum induction for key diagnostic and treatment 
outcomes, including: (A) Smear-microscopy, Xpert MTB/RIF and culture-based diagnostic yields, and patients given treatment; and (B) proportions of patients 
initiating treatment at specific time-points from enrollment. 

Treatment characteristic HCW-provided 
instruction      (N=36) 

Sputum induction 
(N=68) P-value 

Median time-to-treatment (days) 6 (2-14) 7 (3-28) 0.2 
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Key diagnostic and treatment outcomes using a random selection of 200 patients from each study arm  
 
Figure S2: The comparative proportions of patients who received healthcare worker-provided instruction or sputum induction for key diagnostic and treatment 
outcomes, including: (A) Smear-microscopy, Xpert MTB/RIF and culture-based diagnostic yields, and patients given treatment; and (B) proportions of patients 
initiating treatment at specific time-points from enrollment. 
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Alternative survival-type analysis for time-to-treatment initiation 

Figure S3: Kaplan Meier estimates comparing the time-to-treatment initiation between study arms in A) All study patients (N=481) and B) Only definite-TB 
patients (N=98). 

 

P-values are for a logrank test comparison between study arm time-to-treatment curves 
X-axis labelling intervals selected to correspond with the time-points used in the primary analysis 
HCW: Healthcare worker 
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Table S1. Positive and negative likelihood rations of Xpert® MTB/RIF for the detection of M. tuberculosis compared to smear microscopy, and 
stratified by HIV status*. 

All patients HIV uninfected patients HIV infected patients 
n = 480 n = 286 n = 130 

Positive LR 
(95% CI) 

Negative LR 
(95% CI) 

Positive LR 
(95% CI) 

Negative LR 
(95% CI) 

Positive LR 
(95% CI) 

Negative LR 
(95% CI)  

Sputum smear 226 
(31.5 - 1621) 

0.33 
(0.32 - 0.35) 

N/A* 0.27 
(0.26 - 0.29)  

42.0 
(5.4 - 324.7) 

0.51 
(0.47 - 0.55)  

Xpert® MTB/RIF 14.1 
(12.61 - 15.65)  

0.23 
(0.21 - 0.24)  

18.8 
(15.0 - 23.5) 

0.18 
(0.16 - 0.21)  

8.4 
(6.1 - 11.4) 

0.33  
(0.29 - 0.38)  

Sputum smear and/or 
Xpert® MTB/RIF 

13.9 
(12.60 - 15.44)  

0.19 
(0.17 - 0.20)  

19.4 
(15.5 - 24.2) 

0.15 
(0.13 - 0.18)  

7.8 
(6.0 - 10.1) 

0.29  
(0.24 - 0.34)  

* We are unable to calculate LRs in the Xpert® MTB/RIF-positive smear -ve, culture +ve group (as shown in Table 2A), given that the number of
true negative cases is zero. Similarly, we are unable to calculate the LR where indicated due to either (or both) of the number of true negatives or 
false negatives being zero. 

 Indicates significantly different LRs (non-overlapping CI) (Xpert® MTB/RIF vs. sputum smear or sputum smear vs. a combination of both) on a 
per patient subgroup basis 
  Indicates assay specific significantly different LRs (non-overlapping CI) between patient subgroups (HIV-infected patients vs. HIV-uninfected 
patients). 
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Table S2. Positive and negative likelihood ratios of Xpert® MTB/RIF for the detection of M. tuberculosis compared to smear microscopy in 
HIV-infected persons, and stratified by CD4 count.* 

HIV infected patients 
200 cells/ml 

HIV infected patients with CD4 count < 
200 cells/ml 

n = 130 n = 57 n = 66 
Positive LR 
(95% CI) 

Negative LR 
(95% CI)  

Positive LR 
(95% CI) 

Negative LR 
(95% CI)  

Positive LR 
(95% CI) 

Negative LR 
(95% CI)  

Sputum smear 42 
(5.4 - 324.7) 

0.51 
(0.46 - 0.55) 

22.29 
(2.86 - 173.6) 

0.39 
(0.31 - 0.50) 

N/A* 0.61 
(0.53 - 0.70) 

Xpert® MTB/RIF 8.35  
(6.14 - 11.35) 

0.33 
(0.29 - 0.38) 

27.43 
(3.72 - 202.3) 

0.24 
(0.17 - 0.36) 

9.35 
(4.54 - 19.26) 

0.37  
(0.29 - 0.48)  

Sputum smear 
and/or Xpert® 
MTB/RIF  

7.76 
(6.0 - 10.12) 

0.29  
(0.24 - 0.34)  

14.17 
(5.185 - 38.78) 

0.20 
(0.12 - 0.33) 

9.97 
(4.92 - 20.22) 

0.33 
(0.25 - 0.43)  

* We are unable to calculate LRs in the Xpert® MTB/RIF-positive smear -ve, culture +ve group (as shown in Table 2A), given that the number of
true negative cases is zero. Similarly, we are unable to calculate the LR where indicated due to either (or both) of the number of true negatives or 
false negatives being zero. 

 Indicates significantly different LRs (non-overlapping CI) (Xpert® MTB/RIF vs. sputum smear or sputum smear vs. a combination of both) on a 
per patient subgroup basis 
  Indicates assay specific significantly different LRs (non-overlapping CI) between patient subgroups (HIV-infected vs. HIV-uninfected patients 
or HIV infected patients with CD4 count < 200 cells/ml vs. HIV-uninfected patients). 
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Table S3.  Xpert® MTB/RIF positive and negative likelihood ratios in patients with definite 
TB (all culture positive cases) versus a group containing culture-positive and highly likely 
TB cases (as defined in the footnote; p values indicate a comparison between groups). The 
same analysis for patients with smear-negative TB is also shown. 

Positive LR 
(95% CI) 

Negative LR 
(95% CI) 

All TB cases Definite TB (culture positive) 14.05 
(12.61 - 15.65) 

0.23 
(0.21 - 0.24) 

Definite TB + highly likely 
group* 

87.09(45.15 - 
168) 

0.19 
(0.18 - 0.1) 

Smear-negative 
TB 

Definite TB (culture positive) 8.33 
(6.79 - 10.22) 

0.56 (0.5209 - 
0.6098 

Definite TB + highly likely 
group* 

64.74 
(32.56 - 128.7) 

0.40 
(0.37 - 0.43) 

*16 culture negative, Xpert® MTB/RIF-positive patients are included here (5 patients were
found to be culture-positive by a second sputum obtained within 2 weeks from enrolment, 5 
had M. tuberculosis DNA in their sputum by sequencing, and 6 patients had typical 
radiological evidence of active TB). All Xpert® MTB/RIF amplicons were confirmed to 
contain M. tuberculosis DNA. 
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Diagnostic accuracy of a urine LAM strip-test for TB detection in HIV-

infected hospitalised patients  
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Supplementary methods section 

LAM methodology 

 

All patients were required to give a spot urine sample (10-30ml) collected in a sterile 

container as soon as possible after recruitment. A urine dipstick test (UriCHECK 9, RapiMed 

Diagnostics, South Africa) was immediately performed to assess for protein, blood and 

leucocytes. Urine was stored at -20 C for later batched testing. The LAM strip test (a single 

manufacturing lot #101102) was performed on unprocessed urine according to 

manufacturer’s instructions. Briefly, urine was thawed, mixed and 60 l pipetted onto the 

lateral flow strip loading bay. After 25 minutes, two readers in ambient laboratory lighting 

conditions, and blinded to the clinical patient details and TB status, independently evaluated 

the LAM strips for all study patients via the following procedure: after confirming test 

validity by identifying the presence of a band in the positive control window, the intensity of 

the band (if any) in the patient window was read using a manufacturer-provided visual 

reference scale card (graded 0 – 5 depending on band intensity; see Figure 1 in manuscript). 

Using the manufacturer-recommended grade 1 cut-po

in the patient window was classified test ‘positive’ while only the complete absence of a band 

(grade 0) in the patient window was classified test ‘negative’ (see Figure 1). Accuracy was 

assessed at various alternative cut-points to select one for optimal rule-in value. For example, 

if the grade 2 cut-point was selected the complete absence of band (grade 0) as well as a faint 

band (grade 1) was classified test ‘negative’. The test was reported as indeterminate if a 

broken/ incomplete band was seen in the patient window. A test was reported as failed if no 

control band was identified. Each reader graded the LAM strips twice, the second reading 

occurring 5-10 minutes after the initial evaluation and readers were blinded to the result of 

their initial grading. After TB status was determined, to further evaluate inter-observer 
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reliability at the grade 1 and 2 cut-point, a group of 4 independent readers (different from the 

initial readers) graded a second urine LAM strip test (also from manufacturing lot #101102) 

for each patient in the definite- and non-TB groups only. Additional to 2 readers 

independently grading one LAM strip for the entire study cohort, Concurrently, the 

Clearview TB ELISA was performed on all samples as previously described, by a technician 

blinded to patient TB diagnostic status (22).  
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Supplementary results section 
 
Supplementary results to show positive likelihood ratios for analysis 1 and 2 
 

A. Overall 
 

!"#$%&'()&Performance outcomes of smear microscopy, LAM ELISA, and LAM strip test (using grade 1 and 2 cut-points) in HIV-infected 
patients for the anaylsis 1 (microbiological reference standard)†.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

†242 HIV- M.tb culture positive and negative patients were used for 
group 1 sensitivity and specificity calculations, respectively.  88 Group 2 non-TB control patients were used to calculate a second specificity.  

Diagnostic test(s) 
Group 1 patients (N=242) 

Group 2 non-TB 
control patients 

(N=88) 

Positive likelihood 
ratio§ 

(using group 1 
patient specificity) 

(95% CI) 

Positive likelihood 
ratio§ 

(using group 2 
patient specificity) 

(95% CI) 
Sensitivity 
(95% CI) 

Specificity 
(95% CI) 

Specificity 
(95% CI) 

Rapid smear microscopy‡ 
56#2 

(47-65) 
65/116 

90#4 
(84-95) 
114/126 

N/R 5.9 
(4.9-7.0) N/C 

LAM ELISA& 
59 

(50-68) 
68/115 

80#4 #5 *1 
(72-86) 
98/123 

99*1 
(94-100) 

87/88 

2.9 
(2.6-3.2) 

52.0 
(7.2-376.8) 

LAM strip test& 
(grade 1 cut-point) 

66#1  
(57-74) 
77/116 

66#5 *2 
(57-73) 
82/125 

90#6 *2 
(82-95) 
79/88 

1.9 
(1.8-2.0) 

6.5 
(5.2-8.2) 

LAM strip test& 
(grade 2 cut-point) 

50#1 #3 
(41-59) 
58/116 

75*3 
(67-82) 
94/125 

99#6 *3 
(94-100) 

87/88 

2.0 
(1.8-2.2) 

44 
(6.0-323.1) 

LAM strip test (grade 2 cut-point) 
in smear-negative/sputum scarce 
M.tb culture positive patients 

39 
(28-52) 
22/56 

N/A N/A N/A N/A 

Combined sputum smear 
microscopy and LAM strip test 

(grade 2 cut-point) 

71#2 #3 
(62-78) 
82/116 

73*4 
(65-80) 
92/126 

99*4 
(94-100) 

87/88 

2.6 
(2.5-2.8) 

62.2 
(8.7-446) 
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§2 different positive likelihood ratios are calculated for each test using the specificity calculated for group 1 and 2 patients respectively
‡Rapid smear microscopy includes both sputum and non-sputum samples (e.g. fine-needle aspirate and cerebrospinal fluid samples) attainable within 24 hours of hospital 
admission. 
&1 and 3 M.tb culture positive and negative patients had a missing LAM ELISA result. 1 M.tb culture negative patient had missing urine LAM strip test. 
#Indicates p<0.05 for a comparison of the specific measures of diagnostic accuracy (sensitivity or specificity) between different tests (LAM ELISA vs. LAM strip test) or 
combinations thereof, or between different cut-points of the urine LAM strip test (grade-1 vs. grade-2 cut-point); specific p-value: #1p=0.01; #2p=0.02; #3p=0.001; #4p=0.02; 
#5p=0.01; #6p=0.009; non-significant p-values not shown) 
* Indicates p<0.05 for a comparison of differences in diagnostic accuracy measures between analyses and patient groups for a specific test (LAM ELISA or LAM strip test);
specific p-values: *1p <0.001; *2p <0.001; *3p <0.001; *4p <0.001) 
N/A: not applicable; N/C: unable to be calculated, N/R: no results 
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Table A2 Performance outcomes of smear microscopy, LAM ELISA, and LAM strip test (using 
grade 1 and 2 cut-points) in HIV-infected patients for analysis 2 (composite reference standard)†.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

†302 definite-, probable- and non-TB HIV-infected patients with known HIV status were available for this 
secondary analysis. 116 definite-TB and 71 probable-TB were used for sensitivity calculations and 115 non-TB (27 
group 1 and 88 group 2) were used for specificity calculations. The unclassifiable-TB patient group was excluded 
from this analysis. 
§Tabulated LAM strip test specificities were calculated for HIV-infected patients using group 1 and 2 non-TB 
patients combined. Specificity results for HIV-infected group 1 and 2 non-TB patients separately, using the grade 1 
cut-point, were 96% (82-99) and 90% (82-95) respectively and, using the grade 2 cut-point, were 96% (82-99) and 
99% (94-100) respectively. No significant difference in specificity was noted between HIV-infected groups 1 and 2 
non-TB patients. 
‡Rapid smear microscopy includes both sputum and non-sputum samples (e.g. fine-needle aspirate and cerebrospinal 
fluid samples) attainable within 24 hours of hospital admission. 
&6 HIV infected patients (4 definite-TB and 2 non-TB) had a missing LAM ELISA result  

Diagnostic test(s) 

Group 1 and 2 patients combined 
N=302 

Sensitivity 
(95% CI) 

Specificity§ 
(95% CI) 

Positive likelihood 
ratio 

(95% CI) 

Rapid smear microscopy‡ 
44#1 

(37-51) 
82/187 

99 
(95-100) 
114/115 

50.4 
(6.9-369.1) 

LAM ELISA& 
51 

(44-58) 
93/183 

98 
(94-100) 
111/113 

28.7 
(10.6-78.1) 

LAM strip test& 
(grade 1 cut-point) 

60 
(53-67) 
112/187 

91#3 
(85-95) 
105/115 

6.9 
(5.6-8.5) 

LAM strip test& 
(grade 2 cut-point)  

45#2 
(39-53) 
85/187 

97#3 
(94-100) 
113/115 

26.1 
(9.5-71.6) 

LAM strip test (grade 2 cut-point) in 
smear-negative/sputum scarce M.tb 

culture positive patients 

38 
(29-48) 
36/95 

N/A N/A 

Combined sputum smear microscopy 
and LAM strip test (grade 2 cut-point) 

63#1 #2 
(56-70) 
118/187 

97 
(93-99) 
112/115 

24.2 
(12.5-46.9) 
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#Indicates p<0.05 for a comparison of the specific measures of diagnostic accuracy (sensitivity or specificity) 
between different tests (LAM ELISA vs. LAM strip test) or combinations thereof, or between different cut-points of 
the urine LAM strip test (grade-1 vs. grade-2 cut-point); specific p-value: #1p<0.001; #2p<0.001; #3p=0.02; non-
significant p-values not shown) 
N/A: not applicable; N/C: unable to be calculated 
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B. Stratified by CD4 cell count 

Table B1. Performance outcomes of smear microscopy, LAM ELISA, and LAM strip test (using grade 1 and 2 cut-points) in HIV-infected patients 
stratified by CD4 count †. 

Diagnostic test(s) 

HIV-infected patients with 
CD4 count >200 cells/ml 

HIV-infected patients with 
ml 

HIV-infected patients with 
ml 

N=55 N=173 N=120 

Sensitivity 
(95% CI)  

Group 1 
Specificity 
(95% CI)  

Group 2 
Specificity 
(95% CI) 

Sensitivity 
(95% CI)  

Group 1 
Specificity 
(95% CI)  

Group 2 
Specificity 
(95% CI) 

Sensitivity 
(95% CI)  

Group 1 
Specificity 
(95% CI)  

Group 2 
Specificity 
(95% CI) 

Rapid smear 
microscopy‡ 

58 
(39-75) 
15/26 

90 
(79-100) 

26/29 
N/R 

56#2

(45-66) 
45/81 

91#4 #5

(86-97) 
84/92 

N/R 
54#6

(42-67) 
31/57 

90#7 #8

(83-98) 
57/63 

N/R 

LAM ELISA& 
27*1

(14-46) 
7/26 

89 
(77-100) 

24/27 

100 
(93-100) 

53/53 

70*1

(59-79) 
56/80 

76#4 *5

(67-85) 
69/91 

97*5

(90-100) 
28/29 

75 
(62-85) 
42/56 

69#7

(59-81) 
43/62 

93 
(79-100) 

13/14 

LAM strip test (grade 
1 cut-point) 

54 
(36-71) 
14/26 

76 
(60-91) 
22/29 

91#1

(83-99) 
49/54 

72 
(61-80) 
58/81 

61 
(51-71) 
56/92 

87 
(75-99) 
26/30 

77 
(65-86) 
44/57 

65 
(53-77) 
41/63 

87 
(69-100) 

13/15 

LAM strip test (grade 
2 cut-point)  

27*2

(14-46) 
7/26 

83*3

(69-97) 
24/29 

100*3 #1

(93-100) 
54/54 

58*2 #3

(47-68) 
47/81 

72*4

(63-81) 
66/92 

97*4

(90-100) 
29/30 

65 
(52-76) 
37/57 

75 
(64-85) 
47/63 

93 
(81-100) 

14/15 

LAM strip test (grade 
2 cut-point) in smear-

negative/ sputum 
scarce M.tb culture 

positive patients 

0 
(0-26) 
0/11 

N/A N/A 
51 

(36-66) 
21/41 

N/A N/A 
58 

(41-74) 
18/31 

N/A N/A 

Combined sputum 
smear microscopy and 
LAM strip test (grade 

2 cut-point) 

58 
(39-75) 
15/26 

79 
(65-94) 
23/29 

N/R 
75#2 #3

(65-83) 
61/81 

70#5

(60-79) 
64/92 

N/R 
77#6

(65-86) 
44/57 

73#8

(62-84) 
46/63 

N/R 

†14 of the 242 HIV-infected patients had no CD4 cell count data, and thus a total of 228 patients were available for this analysis. 107 M.tb culture positive group 1 patients were used 
for the sensitivity calculations and 121 M.tb culture negative group 1 and 84 non-
group are a sub-  
‡Rapid (within 24 hours of hospitalization) smear microscopy includes both sputum and non-sputum samples (e.g. fine-needle aspirate and cerebrospinal fluid samples)  
&  
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*Indicates p<0.05 for a comparison of differences in diagnostic accuracy measures between analyses and patient groups for a specific test (LAM ELISA or LAM strip test); specific 
p-values:*1p <0.001; *2p =0.006; *3p =0.002; *4p =0.004; *5p =0.01; non-significant p-values not shown) 
#Indicates p<0.05 for a comparison of the specific measures of diagnostic accuracy (sensitivity or specificity) between different tests (LAM ELISA vs. LAM strip test) or 
combinations thereof, or between different cut-points of the urine LAM strip test (grade-1 vs. grade-2 cut-point); specific p-value: #1p=0.02; #2p=0.008; #3p=0.02; #4p=0.005; 
#5p<0.001; #6p=0.01; #7p=0.003; #8p=0.01; non-significant p-values not shown) 
N/R: no results; N/A: not applicable 
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Table B2. Performance outcomes of smear microscopy, LAM ELISA, and LAM strip test (using grade 1 and 2 cut-points) in HIV-infected patients stratified by 
CD4 count† analysis 2. 

Diagnostic test(s) 

HIV-infected patients with  
CD4 count >200 cells/ml 

HIV-infected patients with  
ml 

HIV-infected patients with  
ml 

N=109 N=177 N=113 

Sensitivity 
(95% CI)  

Specificity§ 
(95% CI)  

Positive 
likelihood ratio 

(95% CI) 

Sensitivity 
(95% CI)  

Specificity§ 
(95% CI)  

Positive 
likelihood ratio 

(95% CI) 

Sensitivity 
(95% CI)  

Specificity§ 
(95% CI)  

Positive 
likelihood ratio 

(95% CI) 

Rapid smear microscopy‡ 
38 

(25-52) 
17/45 

98 
(92-100) 

63/64 

24.2 
(2.8-207.5) 

44#1 
(36-53) 
58/131 

100 
(92-100) 

46/46 
N/C 

48#4 
(38-58) 
41/86 

100 
(88-100) 

0/27 
N/C 

LAM ELISA& 
28*1 

(17-43) 
12/43 

100 
(94-100) 

63/63 
N/C 

59*1 
(50-67) 
76/129 

96 
(85-99) 
43/45 

13.3 
(4.9-36.0) 

68 
(57-77) 
57/84 

92 
(76-98) 
24/26 

8.8 
(3.3-23.9) 

LAM strip test (grade 1 
cut-point) 

49 
(35-63) 
22/45 

92#3 
(83-97) 
59/64 

6.3 
(3.9-10.2) 

64 
(56-72) 
84/131 

89 
(77-95) 
41/46 

5.9 
(3.9-8.8) 

69 
(58-77) 
59/86 

89 
(72-96) 
24/27 

6.2 
(3.2-12.1) 

LAM strip test (grade 2 
cut-point)  

29*2 
(18-43) 
13/45 

100#3 
(94-100) 

64/64 
N/C 

52*2 #2 
(43-60) 
68/131 

96 
(86-99) 
44/46 

11.9 
(4.4-32.7) 

58#5 
(48-68) 
50/86 

93 
(77-98) 
25/27 

7.9 
(2.9-21.5) 

LAM strip test (grade 2 
cut-point) in smear-

negative/ sputum scarce 
M.tb culture positive 

patients 

14 
(6-32) N/A N/A 

43 
(32-54) 
31/73 

N/A N/A 
49 

(35-63) 
22/45 

N/A N/A 

Combined sputum smear 
microscopy and LAM strip 

test (grade 2 cut-point) 

47*3 
(33-61) 
21/45 

98 
(92-100) 

63/64 

29.9 
(3.8-235.9) 

68*3 #1 #2 
(60-75) 
89/131 

96 
(89-99) 
44/46 

15.6 
(5.8-42.1) 

73#4 #5 
(63-82) 
63/86 

93 
(77-98) 
25/27 

9.9 
(3.7-26.7) 

† 16 of the 302 HIV-infected patients had no CD4 cell count data, and thus a total of 286 patients were available for this analysis. 176 definite- or probable-TB were used for sensitivity calculations and 110 
non-TB (26 group 1 and 84 group 2) were used for specificity calculations. Unclassifiable- -group 

 
§Tabulated LAM strip test specificities for all CD4 cell-count sub-groups were calculated using group 1 and 2 non- -group the specificity for group 1 
and 2 using the grade 1 cut-point were 100% (72-100) and 91% (80-96), respectively; using the grade 2 cut-point they were 100% (72-100) and 100% (93- -
group the relevant values using the grade 1 cut-point were 94% (72-99) and 87% (70-95), respectively; using the grade 2 cut-point they were 94% (72-99) and 97% (83-99), respectively. The relevant 

-group using the grade 1 cut-point were 92% (65-99) and 87% (62-96), respectively, and using the grade 2 cut-point were 92% (65-99) and 93% (70-99), respectively. 
No significant inter-group specificity differences (1 vs. 2 in each CD4 count sub-group) was noted. 
‡Rapid smear microscopy includes both sputum and non-sputum samples (e.g. fine-needle aspirate and cerebrospinal fluid samples) attainable within 24 hours of hospital admission. 
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&3 patients with a CD4 >200 (2 definite- or probable-TB and 1 non-TB) and 3 paitent - or probable-TB and 1 non-TB) had a missing LAM ELISA result and 1 patient with a 
CD4 >200 (1 definite- or probable-TB) had a missing LAM strip test result. 
*Indicates p<0.05 for a comparison of differences in diagnostic accuracy measures between analyses and patient groups for a specific test (LAM ELISA or LAM strip test); specific p-values:*1p <0.001; *2p 
=0.008; *3p =0.01; non-significant p-values not shown) 
#Indicates p<0.05 for a comparison of the specific measures of diagnostic accuracy (sensitivity or specificity) between different tests (LAM ELISA vs. LAM strip test) or combinations thereof, or between 
different cut-points of the urine LAM strip test (grade-1 vs. grade-2 cut-point); specific p-value: #1p<0.001; #2p=0.008; #3p=0.02; #4p<0.001; #5p=0.04; non-significant p-values not shown) 
N/A: not applicable; N/C: unable to be calculated 
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Inter-observer agreement using LAM strip grade 1 and grade 2 cut-points 
 

1.1  Reader 1 and 2 for the HIV-infected cohort patients (group 1 and 2 patients combined) 
[368 LAM strip tests] 

 
 

Reader 1 

R
ea

de
r 

2 

LAM 

Grade 

0 1  

0 213 12 1 

1 24 18 1 

 3 13 83 

 
Grade 1 cut-point Kappa = 0.77 
Grade 2 cut-point Kappa = 0.87 
 
1.2 Statistical comparison of agreement between two readers at cut-point grade 1 and 2. 
 
Grade 1 cut-point: agreement: 328/368; disagreement: 40/368 
Grade 2 cut-point: agreement: 350/368; disagreement: 18/368 
McNemar chi square test for difference between agreement at grade-1 and grade-2 cut-
points (p=0.002) 
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2. Additional evaluation of inter-observer and intra-observer agreement using 4
independent readers (211 HIV-infected group 1 and 2 patients; definite-, probable- and non-
TB patients only with unclassified patients excluded) 

Inter-observer agreement 

i) Reader 1 vs 2

Reader 1 

R
ea

de
r 

2 

LAM 

Grade 

0 1  

0 98 24 0 

1 32 12 1 

 0 7 37 

Grade 1 cut-point Kappa = 0.45 
Grade 2 cut-point Kappa = 0.88 

ii) Reader 1 vs 3

Reader 1 

R
ea

de
r 

3 

LAM 

Grade 

0 1  

0 106 24 0 

1 22 5 0 

 2 14 38 

Grade 1 cut-point Kappa = 0.52 
Grade 2 cut-point Kappa = 0.78 
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iii) Reader 1 vs 4 
 

 
Reader 1 

R
ea

de
r 

4 
LAM 

Grade 

0 1  

0 93 7 0 

1 36 27 0 

 1 9 38 

 
Grade 1 cut-point Kappa = 0.59 
Grade 2 cut-point Kappa = 0.85 
 
iv) Reader 2 vs 3 
 

 

Reader 2 

R
ea

de
r 

3 

LAM 

Grade 

0 1  

0 102 28 0 

1 17 10 0 

 3 7 44 

 
Grade 1 cut-point Kappa = 0.53 
Grade 2 cut-point Kappa = 0.87 
 
v) Reader 2 vs 4 
 

 

Reader 2 

R
ea

de
r 

4 

LAM 

Grade 

0 1  

0 84 16 0 

1 38 24 1 

 0 5 43 

 
Grade 1 cut-point Kappa = 0.49 
Grade 2 cut-point Kappa = 0.92 
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vi) Reader 3 vs 4 
 

 
Reader 3 

R
ea

de
r 

4 

LAM 

Grade 

0 1  

0 88 10 2 

1 42 16 5 

 0 1 47 

 
Grade 1 cut-point Kappa = 0.49 
Grade 2 cut-point Kappa = 0.90 
 
Intra-reader agreement 
(each reader grading the LAM strip test at 25 mins and again at 35 mins) 
 
1. Reader 1  

 
Kappa grade 1 cut-point: 0.67 
Kappa grade 2 cut-point: 0.92 
 

2. Reader 2  
 
Kappa grade 1 cut-point: 0.69 
Kappa grade 2 cut-point: 0.96 
 

3. Reader 3  
 
Kappa grade 1 cut-point: 0.73 
Kappa grade 2 cut-point: 0.94 
 

4. Reader 4  
 
Kappa grade 1 cut-point: 0.56 
Kappa grade 2 cut-point: 0.94 
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Table S1. Diagnostic accuracy measures of early empiric treatment, the urine LAM strip test and CXR for TB diagnosis in hospitalised HIV-
infected patients using M. tuberculosis culture positive-TB patients for sensitivity, and culture negative patients for specificity analyses. 
 

Diagnostic method Sensitivity (%)  
(95% CI) 

Specificity (%) 
(95% CI) 

PPV (%)    
(95% CI) 

NPV (%)   
(95% CI) 

LR+           
(95% CI) 

Early empiric Rx† 
51*1*2             

(42-60)            
59/116 

63*5*6*7          
(54-71)              
79/126 

56*8               
(46-65)              
59/106 

58                  
(50-66)               
79/136 

1.36               
(1.27-1.47) 

Urine LAM         
(grade 2 cut-point) 

50*3*4             
(41-59)              
58/116 

75*5                
(67-82)               
95/126 

65                   
(55-74)                 
58/89 

63                     
(57-69)               
95/153 

2.03                
(1.84-2.24) 

CXR 
92*1*3             

(86-96)            
107/116 

21*7               
(15-29)              
27/126 

52                  
(45-59)            
107/206 

75                  
(58-86)                
27/36 

1.17                
(1.15-1.20) 

Early empiric Rx 
plus urine LAM 

(grade 2 cut-point) 

74*2*4             
(66-81)             
86/116 

75*6               
(67-82)                
95/126 

74*8                  
(65-81)               
86/117 

76                  
(68-83)              
95/125 

3.01               
(2.81-3.24) 

§All patients with 1 or more valid M. tuberculosis culture (either sputum or non-sputum) are included in this analysis irrespective of final TB 
diagnostic categorization (39/281 patients excluded with either no/contaminated culture result) 
†Any patient commenced on TB treatment within 24 hours of hospital admission based only on clinical and radiological findings, and prior to 
the availability of any smear or culture results, is included in this group. 
P-values indicate significant differences between tests (marked with * and number to indicate comparison group) for different diagnostic 
accuracy measures 
*1p<0.001; *2p<0.001; *3p<0.001; *4p<0.001; *5p=0.03; *6p=0.03; *7p<0.001; *8p=0.005 
 
!
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Table S2. Diagnostic accuracy measures of early empiric treatment, the urine LAM strip test and CXR for TB diagnosis in hospitalized HIV-
infected patients using definite-TB (M. tuberculosis culture positive) for sensitivity, and non-TB patient groups for specificity analyses. 

Diagnostic method Sensitivity (%) 
(95% CI) 

Specificity (%) 
(95% CI) 

PPV (%)    
(95% CI) 

NPV (%)   
(95% CI) 

LR+           
(95% CI) 

Early empiric Rx† 
51*1*2

(42-60)              
59/116 

100
(88-100)        

27/27 

100                
(94-100)              

59/59 

32                    
(23-43)                 
27/84 

N/C 

Urine LAM          
(grade 2 cut-point) 

50*3*4

(41-59)              
58/116 

96*5

(82-99)               
26/27 

98                     
(91-100)                

58/59 

31                  
(22-42)                 
26/84 

13.5                
(1.8-99.1) 

CXR 
92*1*3

(86-96)             
107/116 

30*5

(16-49)                  
8/27 

85                  
(78-90)              
107/126 

47                    
(26-69)                  

8/17 

1.3                
(1.2-1.5) 

Early empiric Rx 
plus urine LAM 

(grade 2 cut-point) 

74*2*4

(66-81)              
86/116 

96                  
(82-99)                 
26/27 

99                  
(94-100)               

86/87 

46                  
(34-59)                  
26/56 

20.0                 
(2.8-143.2) 

†Any patient commenced on TB treatment within 24 hours of hospital admission based only on clinical and radiological findings, and prior to 
the availability of any smear or culture results, is included in this group. 
P-values indicate significant differences between tests (marked with * and number to indicate comparison group) for different diagnostic 
accuracy measures 
*1p<0.001; *2p<0.001; *3p<0.001; *4p<0.001; *5p<0.001
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Table S3. Univariate and multivariate analyses for associates of definite-TB 
in HIV-infected hospitalised patients. 
 

Patient characteristic 
Univariate analysis 

OR     
(95% CI) P-value !-coefficient Score 

Previous TB 0.57   
(0.33-0.97) 0.04 n/a n/a 

Weight 0.97   
(0.95-0.99) 0.01 n/a n/a 

Weight !50 kg† 2.1       
(1.2-3.7) 0.008 n/a n/a 

Temperature  1.5       
(1.1-2.0) 0.005 n/a n/a 

Temperature "37.5 ºC† 2.6       
(1.4-4.7) 0.002 n/a n/a 

CXR potentially TB 3.0       
(1.4-6.9) 0.007 n/a n/a 

LAM Ag rapid test 
(cutpoint1) 

3.8       
(2.2-6.4) <0.001 n/a n/a 

Multivariate analysis (clinical and radiology predictors only) 

History of previous TB 0.52   
(0.29-0.93) 0.03 -0.65 -0.5 

Weight ! 50 kg 2.5       
(1.4-4.6) 0.002 0.92 1 

Temperature " 37.5 ºC 2.8      
(1.5-5.2) 0.001 1.02 1 

CXR compatible with 
TB 

3.0      
(1.3-7.0) 0.01 1.09 1 

†Receiver operating characteristic (ROC) curve-selected cut-point 
maximizing discriminatory utility used to dichotomise the continuous 
variables weight and temperature  
OR: odds ratio; TB: Tuberculosis; CXR: Chest x-ray; LAM: 
Lipoarabinomannan  
 
!
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Table S4. Diagnostic accuracy measures for set of clinical predictors (using three ROC-selected cut-points), the urine LAM strip test 
and routine early empiric treatment in hospitalised HIV-infected patients using the definite and probable-TB groups for sensitivity and 
the non-TB groups for specificity analyses.   

Type of TB detection 
test Cut-point value 

Sensitivity Specificity LR+ 
(%) (%) 

(95% CI) (95% CI) (95% CI) 

Urine LAM 
46*1 96 

Grade 2 (39-53) (92-99) 12.3 
85/187 26/27 (1.7-89.6) 
50*1*2 100 

Early empiric Rx† n/a (43-57) (88-100) N/C 
93/187 27/27 

Quantified set of clinical predictors 

‘rule-out’ 
91 15 

! 0.5 (87-95) (6-33) 1.07 
171/187 4/27 (0.99-1.17) 

Youden’s index† 
57 67 

! 1.5 (50-64) (48-81) 1.7 
106/187 18/27 (1.35-2.14) 

‘rule-in’ 
10*1 100 

! 2.5 (7-15) (88-100) N/C 
19/187 27/27 

P-values indicate significant differences between tests and/or cut-points (marked with * and number to indicate comparison group) for different 
diagnostic accuracy measures; *1p<0.001; *2p=0.03† Youden’s index is defined as the point on the ROC curve that provides the optimal 
mathematical balance between sensitivity and specificity 
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Table S5. Demographic, clinical, sampling and microbiological characteristics of 
study patients stratified by TB diagnostic group  
 

All 
Early 

empiric Rx 
given† 

No early 
empiric Rx P-value 

N=281 N=120 N=161 
Demographics  
Median age (yrs, IQR) 35 (29-39) 35 (30-40) 34 (29-39) n/s 
Female (n, %) 174 (62) 69 (58) 105 (65) n/s 
Median CD4 count 
(cells/ml) 86 (46-198) 84 (47-171) 93 (45-212) n/s 

Previous TB (n, %) 97 (35) 42 (35) 55 (34) n/s 
Current Smoker (n, %) 52 (19) 26 (22) 26 (16) n/s 
Clinical features  

Cough >2wks 
(n, %) 231 (82) 108 (90)* 123 (76)* *0.003 

Night sweats  
(n, %) 185 (66) 77 (64) 108 (67) n/s 

Self-reported 
Weight loss 
(n, %) 

247 (88) 104 (87) 143 (89) n/s 

Fever >38°C 
(n, %) 49 (18) 22 (19) 27 (17) n/s 

Median weight (kgs, 
IQR) 53 (47-63) 52 (45-62) 53 (48-63) n/s 

Median temperature 
(°C, IQR) 

36.8 (36.1-
37.5) 

36.9 (36.2-
37.5) 

36.8 (36.1-
37.5) n/s 

Respiratory rate 
(breaths/min, IQR) 22 (19-28) 23 (20-28) 22 (19-28) n/s 

Median MEWS§ (IQR) 4 (2-5) 3 (1-5)* 4 (3-5)* 0.001 

Median urea (mmol/l, 
IQR) 4.8 (3.5-8) 4.5 (3.6-7.5) 5.3 (3.5-8.9) n/s 

Median creatinine 
(!mol/l, IQR) 

72.5 (57-
100) 68 (56-94)* 77 (59-107)* 0.04 

CXR compatible with 
TB (n, %) 215 (77) 98 (82) 117 (73) n/s 

LAM strip test positive 
(grade 2) (n, %) 98 (35) 50 (42)* 48 (30)* *0.04 

Clinical samples collected for TB culture 
1 sputum sample  (n, %) 207 (74) 91 (76) 116 (72) n/s 
"2 sputum samples 
(n, %) 92 (33) 35 (29) 57 (35) n/s 

1 non-sputum sample 
(n, %) 160 (57) 67 (56) 93 (58) n/s 

"2 non-sputum sample 
(n, %) 56 (20) 24 (20) 32 (20) n/s 

No samples  (n, %) 19 (7) 5 (4)* 14 (8) n/s 
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† Any patient commenced on TB treatment within 24 hours of hospital admission based only on 
clinical and radiological findings, and prior to the availability of any smear or culture results, is 
included in this group. Analysis is performed for all patients in this graph and hence includes 
27 unclassified patients whom were commenced on early empiric treatment but do not form 
part of the primary analysis presented in the main manuscript.  
P-values indicate significant differences between patient groups (marked with * and number to 
indicate comparison group) for different patient characteristics 
§MEWS: Modified early warning score is an admission triage score based on illness severity
and higher scores correlated with poor outcomes and increased mortality [19] 
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