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NNRTI PDR is high & growing exponentially à 
Switch to DTG but Personalized DRT has a role 

HIV drug resistance report & guidelines 2017. Geneva: World Health Organization 2017



Public health vs. personalized approaches

Personalized medicine
•  Diagnostics-based. 

•  Cares about the fate of each individual 
before it has occurred 

•  Tries to change it through tailored 
therapeutics

•  Goal: maximizing individual 
outcomes


Public Health Approach
•  Epidemiology-based.  

•  cares about the population
•  Applies general rules to everyone
•  Goal: maximizing population 

outcomes by reaching more people 



No DTG resistance after 1st-line DTG 
VF in RCTs
Study Summary 

efficacy 
PDVF in 
DTG arm 

INSTI resistance 

FLAMINGO DTG > DRV/r 2 / 242 0 
ARIA DTG > ATV/r 1/ 248 0 (1 K219K/Q + E138E/G) 
SINGLE DTG > EFV 18 / 422 1 E157Q/P (no emergent INSTI DR) 
SPRING-2 DTG = RAL 16 / 411 0 

•  DTG better than non-INSTIs, non-inferior to RAL 

•  No INSTI resistance emergence in ideal conditions 
•  ART-naive  
•  WT virus à Active backbone 
•  Early ART switch after PDFV  



Slow resistance development and 
transmission in resource-rich settings 

INSTIs, only 85 of 2751 patients receiving INSTIs experienced a
virological failure. In the 7 years after the introduction of un-
boosted PIs, PI/r, and NNRTIs, 18.2 times (1543 of 5923), 5.7
times (482 of 5332), and 7.2 times (609 of 4347) more patients
did not respond to the respective ART. The median PVL after
first exposure to INSTIs, after treatment failure during INSTI re-
ceipt, and after detection of INSTI resistance in the 7 years after
introduction of the first INSTI was much lower, compared with
the median PVL after introduction of other drug classes (Figure 1
and Supplementary Appendix 3 and 4).

DISCUSSION

Seven years after introduction of INSTIs in Switzerland, no
transmission of major INSTI resistance mutations was detected
by our study. The major reason for this unexpected absence of
INSTI transmission is most likely the very low transmission po-
tential in the SHCS. Treatment-naive patients had no transmis-
sion potential of INSTI resistance because of lacking INSTI
resistance mutations, and the number of treatment failures dur-
ing INSTI receipt remained remarkably low. Thus, the PVL of
patients who experienced a virological failure during INSTI re-
ceipt or who carried viruses with INSTI resistance mutations
was very low. To put these findings in a historical context was
even more impressive. The transmission potential of resistance

mutations remained very low after the introduction of INSTI as
compared to the time after introduction of PIs and NNRTIs.

Despite these very encouraging and unexpected findings, the
transmission of INSTI resistance most likely cannot be avoided
in the long run [6, 7]. Boyd et al postulated that it is only a mat-
ter of time until the prevalence of transmitted drug resistance
affecting INSTIs is reaching higher levels. However, we demon-
strated that the transmission of drug resistance affecting a new
class can be minimized. The Swiss setting cannot be compared
to other settings (eg, those with limited access to viral load mon-
itoring or no available second-line and third-line therapies). In
these settings, patients may continue to receive failing regimens
and may accumulate more drug resistance mutations. These pa-
tients have a high transmission potential and might also accu-
mulate secondary mutations. Such strains might be transmitted
and fixed in the population and might lead to major public
health issues in the future [2].

Minor mutations were more frequently seen in non-B sub-
type infections, but they probably do not have an impact on
the treatment outcome, as has been shown for minor PI muta-
tions [11, 12]. The sample size was too small to analyze specific
pattern among non-B subtypes.

To our knowledge, this is the largest study to assess the trans-
mission of INSTI resistance in a highly representative popula-
tion. Owing to the similar history of drug approval and

Figure 1. A–D, Population viral load (PVL) of patients treated with integrase strand transfer inhibitor (INSTIs; A), nonnucleoside reverse transcriptase inhibitors (NNRTIs; B),
unboostsed protease inhibitors (PIs; C), and ritonavir-boosted PI (PI/r; D) in the 7 years after introduction of each drug class. The areas represent the PVL after first exposure to
the specific drug class (light gray) and the PVL after virological failure of the specific drug class (dark gray). Abbreviation: HIV-1, human immunodeficiency virus type 1.
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But…
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Day 1 PDVF 

HIV-1 RNA 84313 27050 

IN mutation - I60L, T97A, N155H 

DTG FC 0.66 2.4 

RAL FC  0.52 113 

IN RC  NRb NR 

PDVF BR: No emergent resistance, loss of RT 
M184V and PI L10F, M36I, M46I, I54V, V82A. 

Underwood, et al.  Abs#85.  IDRW June 4-8, 2013.  Toronto, Canada
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resistance at any time points 
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Prevalence TDR Spain 2015-16 (n=126)  
Id Mutation ART 

CD4 HIV-1 RNA 

0 24 48 72 84 0 24 48 72 84 

1 E138K (99.8%) ELV/c/FTC/TDF 988 1159 1042 - - 172 <50 <50 - - 

2 E138K (1.4%) DTG/ABC/3TC 51 228 246 309* - 193297 467 274 51* - 

3 E138K (1.8%) ELV/c/FTC/TAF 343 553 796 - - 53388 114 <50 - - 

4 E138K (2.7%) ELV/c/FTC/TDF 174 359 419 526 717 29166 <50 <50 68 <50 

5 R263K 
(99.8%) DTG+TDF/FTC 762 1107** - - - 421000 <50** - - - 

6 Q148H (2.4%) DTG+TDF/FTC 335 654 708 - - 216232 <50 <50 - - 

Casadella M, et al. Europ Workshop HIV & Hep 2017 

(*treatment change to DRV/r+3TC/ABC (virologic) / ** treatment change to ABC/3TC/DTG) 
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 21/12/2015 18/01/2016 10/03/2016 06/06/2016 30/06/2016 
Sample 
Information 

Study week 0 4 12 24 24 (VF 
confirmation) 

ART TDF/FTC+NVP DTG DTG DTG DTG 
HIV-1 RNA <40 <40 <40 98 1266 
Drug levels (ng/mL)      
 DTG <LLQ 3503.916 1052.520 2899.466 - 

RAL <LLQ <LLQ <LLQ <LLQ - 
ELV <LLQ <LLQ <LLQ <LLQ - 

DRM by Sanger - - Plasma 
RT: 

E138A 

Plasma 
RT: 

E138A 

Plasma 
RT: 

E138A 
Integrase: 

WT 
Integrase: 

S147G 
N155H 

Integrase: 
S147G 
N155H 

DRM by MiSeq  
 

PBMC 
Pending 

- Plasma 
RT: 

E138A 

Plasma 
RT: 

E138A 

Plasma 
RT: 

E138A 
Integrase: 

WT 
 

Integrase: 
S147G 
N155H 

Integrase: 
S147G 

Q148R (3%) 
N155H 

DTG monotherapy

10 years on NNRTI 3-drug ART  

Blanco JL, et al EACS 2017



The Lancet Infectious Diseases 2016 16, 565-575DOI: (10.1016/S1473-3099(15)00536-8)  

Virtual mono and dual DTG therapy

Gupta R. TenoRes Study. Lancet HIV 2016 



When is resistance testing needed for patient 
management? 

DTG available
DTG-based ART

DTG not available 
EFV-based ART

Before ART ✗
No DTG PDR, rare TDF/3TC PDR

✔
If NNRTI PDR >10% 

After 1st-line VF ✔ 
Can we continue DTG? Is 

backbone resistance selected? 
Does it matter?

✗
Everyone on bPI, backbone 
resistance does not matter

After 2nd-line 
(bPI) VF ✔ 

Defining a 3rd-line regimen
Any role for RAL, really? Can 
we recycle DTG along bPI?

✔ 
Defining a 3rd-line regimen

Role for RAL/DTG

HIV-1 infection 
in PrEP users ✗ ? 

Significant risk of TDF/3TC 
resistance, but, does that 

matter? 

✔ 
High risk of TDF/3TC resistance, 
which is assumed to affect the 

efficacy of EFV-based ART



When is resistance testing needed for patient 
management? 

DTG available
DTG-based ART

DTG not available 
EFV-based ART

Before ART ✗
No DTG PDR, rare TDF/3TC PDR

✔
If NNRTI PDR >10% 

After 1st-line VF ✔ 
Can we continue DTG? Is 

backbone resistance selected? 
Does it matter?

✗
Everyone on bPI, backbone 
resistance does not matter

After 2nd-line 
(bPI) VF ✔ 

Defining a 3rd-line regimen
Any role for RAL, really? Can 
we recycle DTG along bPI?

✔ 
Defining a 3rd-line regimen

Role for RAL/DTG

HIV-1 infection 
in PrEP users ✗ ? 

Significant risk of TDF/3TC 
resistance, but, does that 

matter? 

✔ 
High risk of TDF/3TC resistance, 
which is assumed to affect the 

efficacy of EFV-based ART

Integrase DRT is needed 

For surveillance, everywhere

To manage patients, where DTG is available 

Importance of the NRTI backbone



variants had lower CD4 cell counts than
those in whom these variants were not
detected (median, 208 [IQR, 50-330]
cells/mm3 vs 234 [IQR, 134-329] cells/
mm3, respectively; P=.03). Patients with
or without virologic failure had no sig-
nificant differences in either baseline
plasma HIV-1 RNA levels (median, 5.0
[IQR, 4.6-5.5] log10 copies/mL vs 5.0
[IQR, 4.6-5.4] log10 copies/mL, respec-
tively; P=.90) or CD4 cell counts (me-
dian, 222 [IQR, 87-325] cells/mm3 vs
235 [IQR, 135-324] cells/mm3, respec-
tively; P=.47). Among participants in
the cohort studies, the proportion of
those harboring drug-resistant HIV mi-
nority variants did not differ signifi-
cantly by race/ethnicity (P=.13).

Drug-Resistant HIV-1 Minority
Variants and Increased Risk
of Virologic Failure
The presence of any NNRTI- or NRTI-
resistant minority variant was associ-
ated with an increased risk of virologic
failure (hazard ratio [HR], 2.6 [95% con-
fidence interval {CI}, 1.9-3.5]; P!.001).
This result was still apparent when the
study contributing the largest number of
patients with virologic failure21 was ex-
cluded (HR, 3.6 [95% CI, 1.9-6.9];
P! .001) and when the analysis was re-
stricted to include only participants from
cohort studies (HR, 3.7 [95% CI, 2.3-
5.9]; P! .001) (FIGURE 2). Specifi-
cally, among the 808 participants from
cohort studies, 35% of those with de-
tectable minority variants experi-
enced virologic failure compared with
15% of those without minority vari-
ants. A sensitivity analysis that in-
cluded only the largest cohort stud-
ies15,20,21 gave similar results, with a
virologic failure rate of 40% in partici-
pants with minority variants vs 17% in
those without (HR, 3.9 [95% CI, 2.3-
6.4]; P! .001 [n=665]).

The increased risk of virologic fail-
ure was most strongly associated
with NNRTI-resistant minority vari-
ants (HR,2.6 [95%CI,1.9-3.5]; P!.001)
(FIGURE 3). The presence of only NRTI-
resistant minority variants was not as-
sociated with a significantly increased
risk of virologic failure (HR, 1.6 [95%

CI, 0.1-17.7]), but only 9 participants
fell into this category. In participants
with NNRTI-resistant minority vari-
ants, the overall failure rate among those
in the cohort studies was 37% com-
pared to 15% in those without detect-
able minority variants (HR, 3.8 [95%
CI, 2.4-6.1]; P! .001). No significant
difference was found for the effect of
NNRTI-resistant minority variants on
the risk of virologic failure with efavi-
renz- vs nevirapine-based regimens
(P = .90 for interaction) (Figure 3).
There also was no significant differ-
ence in the rate of virologic failure be-
tween participants with K103N com-
pared with Y181C minority variants
(HR, 0.7 [95% CI, 0.4-1.4]; P= .34)
among the subset of patients in whom
testing for both mutations was per-
formed (n=432).

Given the virologic failure rates for
patients with and without NNRTI-
resistant minority variants (37% and
15%, respectively, over a median 31-
month follow-up period) and using the
most sensitive resistance test,21 approxi-
mately 11 patients would need to
be screened prior to initiating an
NNRTI-based ART regimen to avoid 1
case of virologic failure.

Medication Adherence
and Minority Variants
Participants with drug-resistant minor-
ity variants and 95% or greater medica-
tion adherence had a significantly lower
risk of virologic failure compared with
thosewithminorityvariants and less than
95% adherence (HR, 0.3 [95% CI, 0.2-
0.4]; P! .001). Compared with all par-
ticipants without minority variants, in-
dividuals with minority variants and less
than 95% medication adherence had 5.1
times the risk of virologic failure (95%
CI, 3.6-7.2; P! .001). Those with mi-
nority variants and 95% or greater ad-
herence had 1.5 times the risk of viro-
logic failure (95% CI, 0.98-2.3; P=.06)
(Figure 3). When compared with par-
ticipants with 95% or greater adher-
ence and no minority variants, both sub-
optimal adherence and the presence of
minority variants were associated with
similarly increased risks of virologic fail-

ure (HR, 4.0 [95% CI, 2.8-5.8]; P! .001
and HR, 3.1 [95% CI, 1.9-5.0]; P! .001,
respectively) (Figure 3). The combined
presence of suboptimal medication ad-
herence and drug-resistant minority vari-
ants resulted in a substantially in-
creased risk of virologic failure (HR, 10.6
[95% CI, 6.9-16.4]; P! .001). Further-
more, within each adherence category,
the presence of minority variants was as-
sociated with an increased risk of viro-
logic failure (HR for "95% adherence,
3.1 [95% CI, 1.9-5.0]; P! .001 and HR
for !95% adherence, 2.7 [95% CI, 1.8-
3.8]; P! .001).

Dose-Dependent Association
of Drug-Resistant Minority
Variants With Increased Risk
of Virologic Failure
To evaluate whether a threshold existed
for the effect of drug-resistant minority
variants, analyses were performed to
explore the risk of virologic failure asso-
ciatedwithdifferentpercentagesorabso-
lute numbers of drug-resistant minority
variants. Compared with participants
without drug-resistant minority vari-
ants, an increased risk of virologic fail-
ure was found when drug-resistant
minority variants were present at either

Figure 2. Kaplan-Meier Curves for
Proportion of Patients Without Virologic
Failure by Presence of Drug-Resistant HIV-1
Minority Variants

100

80

40

60

20

P <.001

0

691
117

No. at risk
Minority variants

Not detected
Detected

250

620
86

500

455
60

750

398
53

1000

344
37

1250

46
7

Days
P

ro
po

rti
on

 N
ot

 A
ch

ie
vi

ng
Vi

ro
lo

gi
c 

Fa
ilu

re
, %

Minority variants
Not detected
Detected

Both nonnucleoside reverse transcriptase inhibitor– and
nucleoside reverse transcriptase inhibitor–resistant mi-
nority variants (MVs) are included in this analysis. To
avoid bias induced by targeted sampling in case-
control studies, Kaplan-Meier failure time distribu-
tions were estimated using only data from cohort stud-
ies.15-21 Curves only shown to 1250 days because of
small sample sizes thereafter. P value comparison by
Cox proportional hazard analysis. Median follow-up
time, 31 (interquartile range, 13-34) months. HIV in-
dicates human immunodeficiency virus.

LOW-FREQUENCY VARIANTS AND TREATMENT FAILURE

©2011 American Medical Association. All rights reserved. JAMA, April 6, 2011—Vol 305, No. 13 1331

 at Harvard University on April 6, 2011jama.ama-assn.orgDownloaded from 

NNRTI DRM in ART-naive 

Li J et al. JAMA 2011

Number needed to test: 11



variants had lower CD4 cell counts than
those in whom these variants were not
detected (median, 208 [IQR, 50-330]
cells/mm3 vs 234 [IQR, 134-329] cells/
mm3, respectively; P=.03). Patients with
or without virologic failure had no sig-
nificant differences in either baseline
plasma HIV-1 RNA levels (median, 5.0
[IQR, 4.6-5.5] log10 copies/mL vs 5.0
[IQR, 4.6-5.4] log10 copies/mL, respec-
tively; P=.90) or CD4 cell counts (me-
dian, 222 [IQR, 87-325] cells/mm3 vs
235 [IQR, 135-324] cells/mm3, respec-
tively; P=.47). Among participants in
the cohort studies, the proportion of
those harboring drug-resistant HIV mi-
nority variants did not differ signifi-
cantly by race/ethnicity (P=.13).

Drug-Resistant HIV-1 Minority
Variants and Increased Risk
of Virologic Failure
The presence of any NNRTI- or NRTI-
resistant minority variant was associ-
ated with an increased risk of virologic
failure (hazard ratio [HR], 2.6 [95% con-
fidence interval {CI}, 1.9-3.5]; P!.001).
This result was still apparent when the
study contributing the largest number of
patients with virologic failure21 was ex-
cluded (HR, 3.6 [95% CI, 1.9-6.9];
P! .001) and when the analysis was re-
stricted to include only participants from
cohort studies (HR, 3.7 [95% CI, 2.3-
5.9]; P! .001) (FIGURE 2). Specifi-
cally, among the 808 participants from
cohort studies, 35% of those with de-
tectable minority variants experi-
enced virologic failure compared with
15% of those without minority vari-
ants. A sensitivity analysis that in-
cluded only the largest cohort stud-
ies15,20,21 gave similar results, with a
virologic failure rate of 40% in partici-
pants with minority variants vs 17% in
those without (HR, 3.9 [95% CI, 2.3-
6.4]; P! .001 [n=665]).

The increased risk of virologic fail-
ure was most strongly associated
with NNRTI-resistant minority vari-
ants (HR,2.6 [95%CI,1.9-3.5]; P!.001)
(FIGURE 3). The presence of only NRTI-
resistant minority variants was not as-
sociated with a significantly increased
risk of virologic failure (HR, 1.6 [95%

CI, 0.1-17.7]), but only 9 participants
fell into this category. In participants
with NNRTI-resistant minority vari-
ants, the overall failure rate among those
in the cohort studies was 37% com-
pared to 15% in those without detect-
able minority variants (HR, 3.8 [95%
CI, 2.4-6.1]; P! .001). No significant
difference was found for the effect of
NNRTI-resistant minority variants on
the risk of virologic failure with efavi-
renz- vs nevirapine-based regimens
(P = .90 for interaction) (Figure 3).
There also was no significant differ-
ence in the rate of virologic failure be-
tween participants with K103N com-
pared with Y181C minority variants
(HR, 0.7 [95% CI, 0.4-1.4]; P= .34)
among the subset of patients in whom
testing for both mutations was per-
formed (n=432).

Given the virologic failure rates for
patients with and without NNRTI-
resistant minority variants (37% and
15%, respectively, over a median 31-
month follow-up period) and using the
most sensitive resistance test,21 approxi-
mately 11 patients would need to
be screened prior to initiating an
NNRTI-based ART regimen to avoid 1
case of virologic failure.

Medication Adherence
and Minority Variants
Participants with drug-resistant minor-
ity variants and 95% or greater medica-
tion adherence had a significantly lower
risk of virologic failure compared with
thosewithminorityvariants and less than
95% adherence (HR, 0.3 [95% CI, 0.2-
0.4]; P! .001). Compared with all par-
ticipants without minority variants, in-
dividuals with minority variants and less
than 95% medication adherence had 5.1
times the risk of virologic failure (95%
CI, 3.6-7.2; P! .001). Those with mi-
nority variants and 95% or greater ad-
herence had 1.5 times the risk of viro-
logic failure (95% CI, 0.98-2.3; P=.06)
(Figure 3). When compared with par-
ticipants with 95% or greater adher-
ence and no minority variants, both sub-
optimal adherence and the presence of
minority variants were associated with
similarly increased risks of virologic fail-

ure (HR, 4.0 [95% CI, 2.8-5.8]; P! .001
and HR, 3.1 [95% CI, 1.9-5.0]; P! .001,
respectively) (Figure 3). The combined
presence of suboptimal medication ad-
herence and drug-resistant minority vari-
ants resulted in a substantially in-
creased risk of virologic failure (HR, 10.6
[95% CI, 6.9-16.4]; P! .001). Further-
more, within each adherence category,
the presence of minority variants was as-
sociated with an increased risk of viro-
logic failure (HR for "95% adherence,
3.1 [95% CI, 1.9-5.0]; P! .001 and HR
for !95% adherence, 2.7 [95% CI, 1.8-
3.8]; P! .001).

Dose-Dependent Association
of Drug-Resistant Minority
Variants With Increased Risk
of Virologic Failure
To evaluate whether a threshold existed
for the effect of drug-resistant minority
variants, analyses were performed to
explore the risk of virologic failure asso-
ciatedwithdifferentpercentagesorabso-
lute numbers of drug-resistant minority
variants. Compared with participants
without drug-resistant minority vari-
ants, an increased risk of virologic fail-
ure was found when drug-resistant
minority variants were present at either

Figure 2. Kaplan-Meier Curves for
Proportion of Patients Without Virologic
Failure by Presence of Drug-Resistant HIV-1
Minority Variants
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Both nonnucleoside reverse transcriptase inhibitor– and
nucleoside reverse transcriptase inhibitor–resistant mi-
nority variants (MVs) are included in this analysis. To
avoid bias induced by targeted sampling in case-
control studies, Kaplan-Meier failure time distribu-
tions were estimated using only data from cohort stud-
ies.15-21 Curves only shown to 1250 days because of
small sample sizes thereafter. P value comparison by
Cox proportional hazard analysis. Median follow-up
time, 31 (interquartile range, 13-34) months. HIV in-
dicates human immunodeficiency virus.

LOW-FREQUENCY VARIANTS AND TREATMENT FAILURE

©2011 American Medical Association. All rights reserved. JAMA, April 6, 2011—Vol 305, No. 13 1331

 at Harvard University on April 6, 2011jama.ama-assn.orgDownloaded from 

NNRTI DRM in ART-naive 

Li J et al. JAMA 2011

Number needed to test: 11

Still important for DTG? Other INSTIs?



Which technique? 

Sanger 

NGS POC 



Priorities for new resistance technologies 

Cost, Cost 
and Cost •  <50 USD 

Simplicity 
• Of use & interpretation 
• Reduced workforce 
• Logistics 
• Equipment & supplies  

Technical 
Robustness 

• Diagnostic accuracy 
• Clinical & public health 

value 

Inform AIDS 
Treatment  
Programs 

•  Exploitable 
Databases  

• Cloud 
computing 



Operational challenges 
Which model? PROS and CONS 

CENTRALIZED


•  Possibly most efficient
•  Allows high technical refinement 
•  Allows high Q/A control
•  Locally, hands-off

•  Politically insensitive
•  Not-inclusive
•  Does not build local capacity
•  Unlikely to absorb high testing 

demand
•  Likely to miss many patients
•  Sample collection & shipment
•  Turn-around time to results?

DECENTRALIZED

•  Allows technical refinement 

(including NGS)
•  Efficiency & Q/A depends on 

internal nodes
•  Politically sensitive
•  Builds local capacity
•  Adaptable / scalable

•  Long turn-around time to 
results

•  More likely to absorb high 
testing demand

•  Need for hierarchical control

DISTRIBUTED

•  Further reaching, more resillient 
•  More representative data
•  Highly scalable & able to absorb 

high demand
•  Real-time results and Q/A 

monitoring (Cloud computing)
•  Builds local capacity, engages & 

empowers communities
•  Requires POC & change of 

paradigm (less hierarchy)
•  Logistics in device delivery
•  Local training 
•  Electronics

Sanger
NGS POC
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Operational challenges: Sequencing costs 
Genotyping costs (€) per reaction @ irsiCaixa 
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Sanger Seq 

MiSeqTM 
Nextera XT

MiSeqTM 
Amplicon (96X)

Abbot ViroSeqTM

48X 96X 192X 384X 1 Ampl2 Ampl2 Ampl1 Ampl

* Workforce & harware aquisition & maintenance costs not included 

--- GeneXpert MTB/RIF: 9.98 US$ / test 

PR + RT + INPR + RT PR +/- RT

PR + RT



pHXB2 HXB2 
RawSequences 146668 172974 

HighQuality 96827 104828 

Aligned 96811 104810 

Used for VariantCalling 74065 76009 

Median Coverage 4418 3329 

1-day PCR 
amplification 

1-day library 
preparation 

1-day 
sequencing 

30-minute 
automated 

Cloud analysis

30 samples + 2 controls in a MiSeqTM instrument 



Good sequence quality 
Raw sequences High quality 



Full-length HIV-1 sequencing

Average cost: 
 
100 € / FLHG 
70 € / POL  
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National Institute of Respiratory Diseases (INER, Mexico 
City, Mexico; E10-10), the institution coordinating the 
survey. Consecutive adult patients (aged ≥18 years) about 
to initiate fi rst-line ART at the sampled clinics were 
screened through a questionnaire and those reporting no 
previous exposure to antiretroviral drugs were invited to 
participate in the survey. We excluded individuals 
reporting previous exposure. All participants gave written 
informed consent before blood-sample donation.

Procedures
Data for demographic characteristics, including education 
level, and marital and employment status, risk factors for 
HIV infection, sex, and age were obtained through a 
questionnaire at the moment of blood-sample donation. 
Baseline CD4-positive T-cell counts and determinations 
of HIV plasma viral load were done for each participant 
with the same blood specimen donated for the survey. We 
extracted viral RNA from 1 mL of plasma and amplifi ed 
and sequenced HIV protease reverse transcriptase with 
an in-house developed protocol as previously 
published,9 using a 3730xl Genetic Analyzer instrument 
(ThermoFisher, Waltham, MA, USA). Sequences were 

assembled with the web-based automated sequence 
analysis tool RECall (University of British Columbia, 
Canada).10 We did the sequencing at the WHO-accredited 
Centre for Research in Infectious Diseases laboratory of 
the INER, fulfi lling procedural and infrastructure 
requirements for good laboratory practices and quality 
assurance in HIV genotyping.

HIV pol amplicons obtained for Sanger sequencing were 
also deep sequenced with a MiSeq instrument (Illumina, 
San Diego, CA, USA). DNA libraries were generated for the 
pol PCR products with Nextera XT DNA Sample 
Preparation Kit and Nextera XT Index Kit (Illumina), 
according to manufacturers’ instructions. Multiplexed 
runs, each with 96 viral libraries, were done with 500-cycle 
MiSeq Reagent Kits v.2 (Illumina). We assessed the 
frequency of drug-resistant mutations within each patient’s 
viral population from next-generation sequencing runs 
(fastq fi les) with HyDRA, an automated HIV-drug 
resistance analysis pipeline (National Microbiology 
Laboratory; Public Health Agency of Canada, Winnipeg, 
MB, Canada).11 Aminoacid mutations were queried against 
a merged drug resistance mutation database including the 
WHO list of surveillance drug resistance mutations12 and 

Figure 1: Geographical distribution of participating clinics
Probability-proportional-to-size (PPS) sampling with a 32 clinic model was applied to design the pretreatment HIV-drug resistance survey according to WHO 
guidelines. Participants were recruited in 25 clinics selected by the PPS method, among all Ministry of Health institutions initiating ART in Mexico, from February to 
July, 2015. Selected clinics and number of participants included per clinic are shown. CAPASITS=Centro Ambulatorio para la Prevención y Atención en SIDA e 
Infecciones de Transmisión Sexual.
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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
Between Feb 3 and July 30, 2015, we screened 288 patients 
in 25 clinics, from whom 270 (94%) viruses from plasma 
specimens were successfully sequenced with both 
Sanger and next-generation methods. Each sampled 
clinic contributed data for nine patients, except for seven 
clinics that were sampled twice and contributed data for 
18 patients each (fi gure 1; appendix p 1). Six patients were 
excluded after revision of the SALVAR database because 
of evidence of current exposure to antiretroviral drugs, 
leaving 264 patients in the survey. Non-amplifi cation was 
random, within the expected range, and not associated 
with plasma viral load. Most participants were young, 
male, single, with high-school education, and presented 
at advanced stages of HIV infection (table 1). Slightly 
more than half the participants self-identifi ed as men 
who have sex with men. We obtained follow-up data for a 
median of 9·4 months (IQR 8·0–10·3, range 6–12) 
after enrolment.

On the basis of Sanger sequences, 31 viruses (11·7%; 
95% CI 8·1–16·3) had surveillance drug resistance 
mutations; 17 (6·4%, 3·8–10·1) had resistance to NNRTIs 
(appendix p 2). Of 264 individuals, with the Stanford 
HIV-drug resistance database algorithm, 41 (15·5%, 
95% CI 11·4–20·5) had pretreatment resistance to any 
antiretroviral drug, 28 (10·6%, 7·2–15·0) had resistance 
to NNRTI (table 2). The higher level of pretreatment 
resistance to NNRTI estimated with the HIVdb method 
than with the CPR approach was mainly associated with 
Glu138Ala (50% of cases) and Ala98Gly (20% of cases). 
Heterosexual transmission was the HIV risk factor for 
about a half of people with pretreatment drug resistance 
compared with a third of those without (OR 2·4, 95% CI 
1·2–4 ·9; p=0·0165); men who have sex with men was a 
less common risk class in patients with pretreatment 
drug resistance than in those without (OR 0·4, 0·2–0·9; 
p=0·0268, table 1). These results were also signifi cant for 
individuals with pretreatment resistance to NRTI 
(appendix p 3). Ten (25· 6%, 95% CI 13·0–42·1) of 
39 women and 31 (13·8%, 9·6–19·0) of 225 men had 
pretreatment drug resistance (p=0·0898).

Overall and class-specifi c pretreatment drug resistance 
levels based on Sanger sequencing were similar to those 
obtained with next-generation sequencing between the 
20% and 10% sensitivity thresholds (appendix p 2). 
Pretreatment resistance to NRTI (p=0·0024) and 
protease inhibitors (p=0·0034), but not NNRTI 
(p=0·6140) increased further at the 2% threshold 
(fi gure 2, appendix p 4).

The most common pretreatment drug resistance 
mutation was Lys103Asn (4 · 2% frequency at 20% 
threshold; fi gure 3). Other frequent pretreatment drug 
resistance mutations for NNRTI included Lys101Glu 

(0 · 8%), Gly190Ala (0 · 8%), and Pro225His (0 · 8%). For 
NRTIs, thymidine analogue mutations (TAMs) were the 
most common, including Met41Leu (1 · 1%), Asp67Asn 
(0 · 4%), Thr215 revertants (1 · 5%), and Lys219GlnGlu 
(0 · 8%), in addition to the discriminatory mutations 
Met184Val (1 · 1%) and Met184Ile (0 · 4%; appendix p 5). 
Some non-TAMs occurred as low-abundance variants 
(<5%), including Lys65Arg, Thr69Asp, Lys70Glu, and 
Val75Ala (fi gure 3). For protease inhibitors, Leu90Met 
(1 · 9%) was the most frequent mutation, followed by 
Ile85Val (0 · 8%), Val82APhe (0 · 8%), Gly73Ser (0 · 4%), 
Ile54Val (0 · 4%), and Ile47Val (0 · 4%). As in the case 
with NRTI mutations, several protease-inhibitor muta-
tions occurred as low-abundance variants only (<5%), 
including Asp30Asn, Met46LIle, Gly48Val, Phe53Tyr, 
and Asn88Asp (fi gure 3).

When analysing phylogenetic relations between 
circulating viruses, we noted geographically defi ned 
clusters of viruses with pretreatment drug resistance, 
suggesting both transmission among men who have sex 
with men and heterosexual transmission (appendix p 6).

Sanger method*† 
(n=264)

Next-generation 
sequencing *‡ 
(n=264)

Any antiretroviral drug 41 (16%, 11·4–20·5) 38 (14%, 10·4–19·2)

NRTI 15 (6%, 3·2–9·2) 13 (5%, 2·6–8·3)

NNRTI 28 (11%, 7·2–15·0) 26 (10%, 6·5–14·1)

Protease inhibitors 7 (3%, 1·1–5·4) 8 (3%, 1·3–5·9)

Data are n (%, 95% CI) of individuals, divided by drug class. NRTI=nucleoside 
reverse transcriptase inhibitors. NNRTI=non-nucleoside reverse transcriptase 
inhibitors. *Pretreatment HIV-drug resistance defi ned with the Stanford HIVdb 
program as individuals with a penalty score of at least 15 for any antiretroviral 
drug of the corresponding class. †Drug resistance estimations based on sequences 
obtained by the Sanger method. ‡Drug resistance estimations based on next-
generation sequencing consensus (20% threshold).

Table 2: Pretreatment HIV-drug resistance prevalence in Mexico 

Figure 2: Pretreatment HIV-drug resistance at diff erent sensitivity thresholds
Levels were estimated with next-generation sequencing. Drug resistance was 
defi ned as the presence of any surveillance drug resistance mutation at the 
specifi ed sensitivity threshold. NNRTI=non-nucleoside reverse transcriptase 
inhibitors. NRTI=nucleoside reverse transcriptase inhibitors. 
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were exclusively low-abundance (<5%) variants. 
Nevertheless, all but one individual with Lys70Glu (who 
also had Lys103Asn and Pro225His) or Lys65Arg achieved 
virological suppression.

Although protease inhibitors used as fi rst-line ART 
(atazanavir, lopinavir, and darunavir) showed low 
pretreatment resistance, the eff ect of resistance to these 
drugs on fi rst-line ART eff ectiveness could not be 
assessed because of the low number of protease-inhibitor 
initiators with pretreatment resistance to protease 
inhibitors.

Similar to results of studies in other parts of the world, 
this survey showed a signifi cant eff ect of pretreatment 
drug resistance on the virological response to fi rst-line 
ART, especially pretreatment resistance to NNRTI in 
people starting NNRTIs.28–31 Higher pretreatment 
resistance occurred in older individuals and heterosexual 
people, similar to fi ndings in a large European cohort,31 
and we noted associations between lower pretreatment 
CD4 cell count and mortality and higher pretreatment 
plasma viral load and lower ART success, mortality, and 

immune reconstitution, similar to fi ndings in southeast 
Asian and sub-Saharan cohorts.29,30 Virological success 
rates were higher for NNRTI initiators than protease-
inhibitor initiators. This observation was unexpected and 
might result from increased adherence to one-pill daily 
regimens (tenofovir disoproxil fumarate, emtricitabine 
and efavirenz). However, this fi nding could also be 
associated with a short follow-up. We noted no diff erences 
in baseline CD4 cell counts, plasma viral loads, or 
demographic variables between protease-inhibitor 
initiators and NNRTI initiators. Initiation of fi rst-line 
ART with regimens based on protease inhibitors is a 
common practice in Mexico (14·3% of ART initiators) 
and the decision to use protease inhibitors over NNRTIs 
is mostly clinical, considering possible side-eff ects of 
efavirenz.

Although higher proportions of low-abundance drug 
resistance mutations for NRTI and protease inhibitors 
compared to NNRTI were noted in the cohort, NNRTI 
low-abundance variants at levels of 5% or more had a 
stronger role in virological suppression in individuals 

Figure 5: Eff ect of low-abundance drug resistance variants on fi rst-line antiretroviral therapy
The proportion of individuals achieving various levels of viral suppression was recorded for participants with available data for antiretroviral treatment initiation date 
and type of regimen, and follow-up viral load determinations up to 6 months after closing the survey. Eff ects of pretreatment drug resistance low-abundance 
variants of nucleoside reverse transcriptase inhibitors (NRTI) and non-nucleoside reverse transcriptase inhibitors (NNRTI) at diff erent sensitivity thresholds on viral 
suppression levels after initiation of fi rst-line antiretroviral therapy are shown.

All individuals with NNRTI pretreatment drug resistance

0

20

40

60

80

100

Pr
op

or
tio

n 
of

  in
di

vi
du

al
s (

%
)

20%
10%
5%
2%

Sensitivity threshold
20%
10%
5%
2%

Sensitivity threshold

<1000 <200 <100 <50
0

20

40

60

80

100

Pr
op

or
tio

n 
of

 in
di

vi
du

al
s (

%
)

Plasma viral load at 6 months (copies per mL)
<1000 <200 <100 <50

Plasma viral load at 6 months (copies per mL)

NNRTI initiators with NNRTI pretreatment drug resistance

Avila-Rios et al.  Lancet HIV 2016 

Articles

www.thelancet.com/hiv   Published online September 14, 2016   http://dx.doi.org/10.1016/S2352-3018(16)30119-9 11

were exclusively low-abundance (<5%) variants. 
Nevertheless, all but one individual with Lys70Glu (who 
also had Lys103Asn and Pro225His) or Lys65Arg achieved 
virological suppression.

Although protease inhibitors used as fi rst-line ART 
(atazanavir, lopinavir, and darunavir) showed low 
pretreatment resistance, the eff ect of resistance to these 
drugs on fi rst-line ART eff ectiveness could not be 
assessed because of the low number of protease-inhibitor 
initiators with pretreatment resistance to protease 
inhibitors.

Similar to results of studies in other parts of the world, 
this survey showed a signifi cant eff ect of pretreatment 
drug resistance on the virological response to fi rst-line 
ART, especially pretreatment resistance to NNRTI in 
people starting NNRTIs.28–31 Higher pretreatment 
resistance occurred in older individuals and heterosexual 
people, similar to fi ndings in a large European cohort,31 
and we noted associations between lower pretreatment 
CD4 cell count and mortality and higher pretreatment 
plasma viral load and lower ART success, mortality, and 

immune reconstitution, similar to fi ndings in southeast 
Asian and sub-Saharan cohorts.29,30 Virological success 
rates were higher for NNRTI initiators than protease-
inhibitor initiators. This observation was unexpected and 
might result from increased adherence to one-pill daily 
regimens (tenofovir disoproxil fumarate, emtricitabine 
and efavirenz). However, this fi nding could also be 
associated with a short follow-up. We noted no diff erences 
in baseline CD4 cell counts, plasma viral loads, or 
demographic variables between protease-inhibitor 
initiators and NNRTI initiators. Initiation of fi rst-line 
ART with regimens based on protease inhibitors is a 
common practice in Mexico (14·3% of ART initiators) 
and the decision to use protease inhibitors over NNRTIs 
is mostly clinical, considering possible side-eff ects of 
efavirenz.

Although higher proportions of low-abundance drug 
resistance mutations for NRTI and protease inhibitors 
compared to NNRTI were noted in the cohort, NNRTI 
low-abundance variants at levels of 5% or more had a 
stronger role in virological suppression in individuals 

Figure 5: Eff ect of low-abundance drug resistance variants on fi rst-line antiretroviral therapy
The proportion of individuals achieving various levels of viral suppression was recorded for participants with available data for antiretroviral treatment initiation date 
and type of regimen, and follow-up viral load determinations up to 6 months after closing the survey. Eff ects of pretreatment drug resistance low-abundance 
variants of nucleoside reverse transcriptase inhibitors (NRTI) and non-nucleoside reverse transcriptase inhibitors (NNRTI) at diff erent sensitivity thresholds on viral 
suppression levels after initiation of fi rst-line antiretroviral therapy are shown.
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PASeq	(paseq.org)	
Polymorphism	Analysis	by	Sequencing	
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Technical challenges with NGS
•  PCR-based methods (Illumina, 454, PacBio, IonTorrent)

•  PCR errors: Substitution & Recombination
•  High processivity Taq

•  Less recombinaton
•  Less sensitivity

•  Amplification of low copy numbers
•  Assessment of initial copy numbers to estimate true coverage

•  PCR-free prototypes
•  Extensive indels with nanopores
•  Scarce validation  
•  Not scaled yet for diagnosis

 



NGS in a disposable USB device



Highly simplified NGS sequencers



Ideal requirements of NGS platforms 
for routine HIV-1 diagnostics (I) 
Need	 Target/s	
Increased automation 	 •  Highly automated sample preparation 	

•  Time to sequencing library completed: ≤ 2 days	
•  Time from sample to HIV-1 resistance report : ≤ 1 week	
•  Complete procedure, from sample to report, doable by one 

laboratory technician with part-time dedication	
Increased flexibility 
and scalability	

•  Cost-effective from at least 10-20 samples/week to be 
useful for small clinical laboratories 	

•  Scalable to >100 samples/week to be useful for large 
reference laboratories	

Ensured technical 
robustness	

•  Results should be highly reproducible between and within 
tests and be resilient to variations during library preparation	

•  Appropriate positive and negative controls included	
•  QA/QC panels periodically tested	

Casadellà M, Paredes R. Virus Research 2016 



Ideal requirements of NGS platforms 
for routine HIV-1 diagnostics (II) 
Need	 Target/s	
Automated 
bioinformatics	

•  Robust and comprehensive bioinformatic analyses doable 
by a part-time dedicated technician with no knowledge in 
bioinformatics 	

•  Output: HIV-1 resistance interpretation reports 	
Clinical value ensured	 •  Clinical guidelines to transfer results to clinical practice.	
Decreased costs	 •  Final genotyping test per <30 euros for LMICs, including 

bioinformatic analysis and resistance reports	
•  Reduction in upfront and maintenance costs	

Decreased work load 
and complexity in the 
laboratory	

•  Complete procedure, from sample to report, doable by one 
laboratory technician with part-time dedication	

Turn-around time to 
results	

•  <15 days, ideally <1 week 	

Casadellà M, Paredes R. Virus Research 2016 
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specimen or on a decontaminated concentrated sputum pellet. Testing procedures are outlined 

below: 

 

 
 

The Xpert MTB/RIF assay is based on hemi-nested real-time PCR amplifying the rpoB gene target.  

Molecular beacons using novel fluorophors and quenchers are used to detect hybridization to each 

of the five amplified target regions of the gene. Bacillus globigii, a spore-forming soil organism, is 

used as a full process control, acting as quality check for bacterial trapping, bacterial lysis, DNA 

extraction, amplification, and probe detection. 

   

The Xpert MTB/RIF assay has been designed to be robust and easy to use.  Xpert MTB/RIF cartridges 

and the specimen reagent should be stored at 2-28qC as per the manufacturer’s  recommendations.  

The cartridges are pre-loaded with all reagents necessary for sample processing, DNA extraction, 

amplification, and laser detection of target amplicon binding to the molecular beacons. The ambient 

operating temperature for the GeneXpert instrument is currently limited to a maximum of 30°C. 

 

The assay was designed to be safe to use in microscopy laboratories where biological safety cabinets 

are usually not available. The sample treatment reagent is mycobactericidal, rapidly killing M. 
tuberculosis during the liquefaction process, and studies have confirmed that no aerosolation of 

mycobacteria occur while running the device. 

 

GeneXpert instruments with varying capacities are available. The instruments assessed in the studies 

described below are four-module devices with capacity of running a maximum of 20 tests per day.  

 

Both the GeneXpert platform and the Xpert MTB/RIF assay are under multiple patents.  The 

GeneXpert platform is FDA approved. The assay is manufactured under ISO 13485:2003 certification 

and approved by the Regulatory Authority in Europe (CE-Marked), with FDA approval pending.   
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Policy Statement 

Cost 
(USD) 

GeneXpert system  
(4-module) 

17000 

Test cartridge (in eligible 
countries), June 2012 

9.98 
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Ligation Assay (OLA) 

Panpradist N, et al. PLoS One 2016 



Oligonucleotide 
Ligation Assay (OLA) 

Panpradist N, et al. PLoS One 2016 



Oligonucleotide Ligation Assay (OLA) 

Panpradist N, et al. PLoS One 2016 

• 3.5h turnaround 
time (excluding 
sample prep 

• <10 minute 
hands on 

• <$10 reagents/
patient 

• Thermal cycler 
$650-$2500 

Minimal Low-
cost 

Rapid Easy-
to-use 



Overview of PANDAA 





Pros Cons 
PANDAA Technology 

•  Enables quantitative detection of resistant HIV-1 variants 

•  Rapid (~90 minutes to result) 

•  Sensitive to 1% of the virus population; highly specific 

•  Can provide viral load information ("viral quantifier") 

•  HIV subtype-independent 

•  Multiplexed (3 DRMs per well, + virus quantification) 

•  Enables "focused genotyping" (pre-defined DRM panels 
relevant to a given clinical decision (e.g. first-line failures) 

•  Relatively inexpensive compared to Sanger 

•  High throughput 

•  Standard multiplex qPCR cannot detect DRM linkage 

•  DRMs must be known a priori 

•  Requires real-time PCR thermal cycling 

•  Primers + probes have to be re-optimized for different 
    commercially available mastermixes. 

Pros and Cons of PANDAA 



Example: Real-time cloud-based data & QA/QC monitoring  
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Capturing System-Wide Data, Improving Individual Care  
Fionet uses mobile smart devices to provide on-the-spot diagnostic improvement and workflow guidance to 
health workers.  Fionet automatically captures data associated with point-of-care activities and uploads it to a 
secure cloud database from which managers, funders, and other stakeholders can access a suite of information 
services to make timely, data-driven resource allocation decisions.  

 
� Designed for minimal training, existing infrastructure, and a broad range of operational settings globally 

� Universal reader of rapid diagnostic tests (RDTs), agnostic to disease type, RDT manufacturer, cell network  
� Automated, accurate RDT reading enables high standard of diagnosis to be delivered by any health worker 
� Information Services provide stakeholders real-time, system-wide view of diagnoses made, drugs 

dispensed, treatment protocols followed/violated, RDT image records, quality control, health worker and 
clinic activity, patient session data, health surveys for infectious disease reporting, and configurable 
management metrics; also enables interactive, corrective intervention in real time by remote managers 

� Validation studies successfully performed by US NIH Center of Excellence, US Department of Defense, 
Ifakara Health Institute, and Kenya Medical Research Institute, among others 

� Results published in Malaria Journal, April 2013; CE Mark, ISO 13485, national registrations in place 

� USAID $71MM RFP recommends Fionet to all applicants for “Strengthened strategic information and data 
management systems at facility and community levels" 

� Fionet featured as innovative combination of mobile smart devices and cloud services in two m-Health 
compendia: (1) USAID mHealth Compendium, Volume II, prepared by African Strategies for Health; and (2) 
2012 WHO Medical Devices & eHealth Solutions Compendium 

� Attracting wide expert advocacy: “A game changer,” US Department of Defense Medical Command;  
“You hit the centre of the target in addressing infectious diseases,” multinational health care provider;  
“Simple, accurate, adaptable, sustainable,” Ministry of Health 

� Successfully operated on 50,000 patients, by 400 users at 200 clinics in 13 countries 
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Fionet Enabled Managers to Oversee and Intervene Remotely, 
Reducing RDT Error Rates 5 Fold in 2 Months  
Fionet has demonstrated that, in the field, 25% of reputable rapid diagnostic tests (RDTs) are either defective or 
processed incorrectly by health workers - quality control problems that invalidate RDT interpretation.  
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Fionet provided clinic chain managers with a 
breakdown of RDT processing errors made 
in a clinic chain, which in aggregate 
accounted for 25% of RDTs.  

Clinic chain managers clicked Fionet’s 
captured RDT images to remotely view 
actual RDTs as prepared and used by 
health workers, immediately disclosing 
improper processing of the RDT. 
 
Managers can view all information clinic by 
clinic, patient by patient, health worker by 
health worker, or program by program. 

Too much blood Smeared RDT Blood in buffer well 

RDT Error Rates Fall 5 Fold After Fionet Installation 

After clinic chain managers remotely identified 
RDT processing errors that invalidated any RDT 
interpretation, they used Fionet’s web portal-to-
reader communication links to remotely correct 
health workers’ RDT processing technique of 
health workers, on the spot.  
 
The same health workers then produced 
excellently processed RDTs, thereby improving 
the quality of diagnosis and treatment of each 
patient, as well as the effectiveness and 
efficiency of each clinic.   
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Technical challenges with POC
•  Most still need PCR: 

•  CONS: Electric supply, Refrigeration, Skilled personnel, Bias / contamination, 
reagents, supply shortages

•  PROS: Potential to detect minority variants (LigAmp, hibridization) 

•  OK for a few mutations: 
•  Tier 1 mutations:  K65R, M184V, K103N, V106M, Y181C, G190S
•  61% ARV-naive & 98% ART-experienced with mid/high-level resistance


•  However: 

•  > 100 DRM described. New muts as new ARVs 
•  High codon redundancy to incorporate all mutations in a single POC
•  The tier 1 DRMs encoded by one (V106M), two (K65R, K103N, Y181C, and 

M184V) and four (G190A) different codons: 13 codons must be hybridized 



Technical challenges 

Sanger NGS POC
Intrinsically limited sensitivity (VL>1000c/mL) due to DBS ✔ ✔ ✗

Additional sensitivity loss if non-optimized DBS techniques ✔ ✔ ✗

HIV-RNA extraction ✔ ✔ ✔ 
cDNA synthesis ✔ ✔ ✔ 
Misses minority variants (1-20%) ✔ ✗ ✗
Misses potentially relevant mutations ✗ ✗ ✔ 
“Soft” bioinformatics (automated interpretation of 
chromatograms, mutations)

✔ ✔ ✔

“Hard” bioinformatics (alignments of thousands of sequences, 
error correction, Q/A, etc.) 

✗ ✔ ✗

Technical complexity ++ ++ +



Operational challenges: summary 

Sanger NGS POC
Technology cost ✔ ✔✔ ✔

Transportation & logistics ✔ ✔ ✔ 
Dependance on electrical power supply ✔ ✔ ✔/✗
Need for refrigeration ✔ ✔ ✔/✗
Requirement of lab infrastructure ✔ ✔ ✔

Shortage in repair supplies  ✔ ✔ ✔

Need of trained personnel to run the test ✔ ✔ ✔/✗
Need of trained personnel for interpreting test results  ✔ ✔ ✔ 
Lack of infrastructure for disposing / recicling residues  ✔ ✔ ✔/✗



Challenges to implementation 



Techniques must be embedded with 
guidance 

Techniques 
available
• Accurate
• Affordable
• Simple to use and 

interpret 

Clear guidance 
on how to act 
upon results
• Clear and simple 

algorithms must exist
• Training to adopt 

them

Operational 
research
• To continuously refine 

techniques and 
algorithms



Conclusions 
Today In the coming 5 years

Technique In-house Sanger NGS + Integrated Cloud computing, but 
requires:
•  Further cost reductions (library 

preparation)
•  Wet-lab procedures automatized

POC, but requires further implementation 
research

Interpretation Operator-driven Automatized + supervision
Model Decentralised Decentralised / Distributed only if POC 

available
QA/QC Hierarchical  Supervised, Real-time, Cloud-based
ART Public health Public Health / Personalised
Computing + +++
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