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Abstract

Objective: Drug resistance interpretation systems are
used to select the optimal antiretroviral therapy in
HIV-infected patients. It is unclear how the systems
perform in predicting therapy success and failure and
in how far the interpretations are affected by insuffi-
cient drug levels.

Methods: The accuracy of nine different interpretation
systems in predicting therapy outcomes was evaluated
using virological, immunological, pharmacological,
and clinical data of 130 patients treated at 13 outpa-
tient centers. Individual susceptibility scores of the in-
terpretation systems were converted into active drug
scores (ADS) and correlated with therapy success and
failure, defined as viral load reduction of equal to or
mote (n=66) and less than 1 logl0 copies/ml (n=64)
at three months after drug resistance testing,

Results: Three interpretation systems considered the
respective therapies as more active compared to the
other interpretation systems (p<<0.01). These systems
predicted therapy success better than the other sys-
tems, while the others performed better in predicting
therapy failure. Thus, the overall rate of correctly pre-
dicted treatment outcomes was comparable between
the different systems (73.1-80.0 %). Univariate and
multivariate regression analysis revealed significant
correlations between the ADS of all interpretation
systems and virological therapy outcomes (p<0.0001).
In contrast, only three interpretation systems were sig-
nificantly correlated with immunological therapy out-
comes in univariate and just one in multivariate mod-
els (p<0.05). Among 128 determinations of drug lev-
els in 64 patient samples, 19.4 % revealed no de-
tectable drug levels. The consideration of insufficient
drug levels significantly improved the prediction accu-
racy of all interpretation systems (p<<0.005).
Conclusion: Differences between interpretation sys-
tems in predicting therapy failures and success need to
be considered for future consensus algorithms. The

*These authors contributed equally to this work.

prediction accuracy of interpretation systems can be
improved by consideration of plasma drug levels.

Key words: HIV-1, drug resistance, interpretation sys-
tems, therapy failure, drug levels.

BACKGROUND

Drug resistance testing is increasingly being recog-
nized as a valuable tool in the management of anti-
retroviral treatment in HIV-infected patients, now be-
ing recommended for a variety of clinical situations
[1,2]. The technical quality of detecting drug resis-
tance-associated mutations has improved considerably,
although problems with resistant minorities remain to
be solved [3]. The interpretation of complex muta-
tional patterns, however, 1s still a major challenge.
More than 25 interpretation systems are available,
which vary greatly in scientific basis, output, and clini-
cal validation [4]. Several of these systems can be ac-
cessed online by submitting sequences of the viral
protease and reverse transcriptase (RT) and receiving
instantaneous interpretations for most antiretroviral
drugs. Amongst these are rule-based systems which in-
corporate knowledge about correlations between
genotype and phenotype as well as correlations with
treatment history and clinical response (e.g. Stanford
database, RetroGram, TruGene, REGA algorithm,
CHL algorithm, ANRS AC11), and database-driven
systems which use database matching search or bioin-
formatic approaches to extract information from a
large set of geno-/phenotype pairs (e.g. Virtual Phe-
notype, genoZ2pheno) [5]. Comparisons between out-
puts of widely used algorithms revealed different de-
grees of concordance, with the greatest variability in
the interpretation of resistance against nucleoside RT
inhibitors (NRTI) [6-10]. These variations were simi-
larly detected for the prediction of treatment out-
comes in a retrospective analysis of 11 interpretation
systems [11].

Comparisons of interpretation systems, in particu-
lar with retrospective databases, are often confounded
by adherence issues. Adherence to the antiretroviral
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regimen is significantly associated with suppression
of wviral replication [12] and can be assessed by
manual or electronic pill count, pharmacy refill data,
questionnaires, diaries, and by the physician or the
clinical nurse specialist [13]. Complex pharmacokinet-
ic interactions are most reliably revealed by therapeu-
tic drug monitoring [14, 15]. Retrospective studies
correlated suboptimal drug levels with therapy failure
[16-18]. In contrast, prospective studies have revealed
conflicting results; three studies confirmed lower viral
loads in patients with therapeutic drug monitoring
and high trough levels [19-21], whereas two other
studies failed to establish this correlation at least for
short-term virological response [22, 23]. Finally, pre-
diction accuracy improved significantly when trough
levels of drugs were combined with drug resistance
data, as has recently been suggested by the concept
of the phenotypic or genotypic inhibitory quotient
[24, 25].

For the comparison of drug resistance interpreta-
tion systems, we retrospectively analyzed virological,
immunological, and clinical data of 130 patients from
13 German outpatient centers. Our study focused on
three aspects: (i) to evaluate the prediction accuracy
for short-term virological responses and failures, (if) to
reveal the influence of insufficient drug levels on the
interpretations, and (iii) to find out how resistance
data and drug levels as marker for non-adherence can
be combined to facilitate the comparison of interpre-
tation systems within retrospective databases.

MATERIAL AND METHODS

PATIENT POPULATION

A total of 130 patients were included in this study.
They were treated in 13 outpatient centers specialized
in the care for HIV-infected individuals in Nirnberg
(n = 54) or in and around Aachen (n = 706) from Janu-
ary 1997 until June 2002. The criteria for patient se-
lection were availability of viral load data and geno-
typic drug resistance testing at baseline, detailed infor-
mation about previous and study drug regimens, and
viral load data at 3 months after drug resistance test-
ing. These informations were contributed by the treat-
ing physicians as part of the regular diagnostic moni-
toring.

DRUG RESISTANCE TESTING

Genotypic drug resistance testing was ecither per-
formed at the National Reference Centre for Retro-
viruses, Erlangen, using an in-house method for am-
plification and sequencing [26] or at the PZB in
Aachen using the TruGene™ HIV-1 Genotyping Kit
(Bayer Diagnostics, Fernwald, Germany). The detec-
tion limit for minority species was about 30% with
both methods.

DRUG RESISTANCE INTERPRETATION SYSTEMS
The drug resistance interpretation systems and the re-

spective versions as well as abbreviations used
throughout the text are listed in Table 1. For each in-
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terpretation system, individual susceptibility scores for
antiretroviral drugs were converted into active drug
scores (ADS) ranging from 0-1 for each drug in the
study regimen. Ritonavir was not counted as antiretro-
viral drug if used as low-dose booster for other pro-
tease inhibitors. If mixtures of resistant and wild-type
variants at a relevant position for the respective inter-
pretation system were present, the resistance mutation
was counted.

DETERMINATION OF VIRAL LOAD

Viral loads were either determined with the b-DNA
3.0 test (Bayer Diagnostics, Fernwald, Germany) or
the COBAS AMPLICOR HIV-1 MONITOR test, v.
5.1 (Roche Diagnostics, Mannheim, Germany). Viral
loads below the detection levels of the respective sys-
tem (50 and 40 copies/ml) were replaced by 49
copies/ml for the analysis of viral load changes.

DETERMINATION OF DRUG LEVELS

Drug levels for non-nucleoside reverse transcriptase
inhibitors (NNRTI) and protease inhibitors (PI) were
retrospectively determined in the samples at 3 months
after drug resistance testing, using a validated method
of liquid chromatography-tandem mass spectrometry
[27]. For further analysis, drug levels were normalized
using doubled percentile rankings for each drug. To
adjust for the fact that all drug levels were untimed
and may thus include peak as well as trough levels, all
values above the median (= 1) were counted as equally
active, as recently suggested by Baxter and colleagues

[28].
STATISTICAL EVALUATION

All statistical analyses were performed using the SPSS
statistical software package, version 12. Chi square and
Student’s t-test were used for discrete and continuous
variables, respectively; two-tailed p values < 0.05 were
considered statistically significant. The correlation be-
tween the viral load change at 3 months after resis-
tance testing and the respective ADS was analyzed us-
ing linear and logistic regression models. The correla-
tion between the change in CD4+ cell count and the
respective ADS was analyzed using univariate and
multivariate linear regression models. Parameters in-
cluded in the multivariate analysis were gender and age
of the patients, baseline levels of CD4+ cell count
and viral load, the number of drugs which were recy-
cled, used previously or in the study regimen, the use
of NNRTI in previous and study regimen and recy-
cling of these drugs, and the active drug score of the
antiretroviral study regimen.

RESULTS

PATIENT CHARACTERISTICS

The mean age of the patients was 40 years (range, 26-
61 years) and a total of 22 patients (17%) were female.
Mean viral load at baseline was 4.3 log (range, 2.2-5.9
log), and the mean CD4+ cell count was 293/pl
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Table 1. Attribution of active drug scores (ADS) to the individual susceptibility scores of nine drug resistance interpretation sys-
tems used for further evaluation. The versions of the interpretation systems used were those of June 2002

interpretation  abbreviation! access attribution of ADS to individual
system susceptibility scores
0.5
0 0.33 0.66 1
geno2pheno, v. a2p http:/ /www.genafor.org/ R R S S
2.02 (cf0.7- (cf0.5- (cf0.5- (cf0.7-
(decision trees) 1.0) 0.7) 0.7) 1.0)
STDB (8 STDB http://hiv-4.stanford. edu/cgi-bin/hivtestweb.pl =~ HL I LL S, PL
version)
RetroGram, v. RG http:/ /www.tetrogram. com D C B A
1.4
TruGene, v. 5.0 VGI http://www.trugene.com R I N
Centre CHL http://www.ablsa.com R I S
Hospitalier de
Luxembourg, v.
3.2
Agence ANRS http:/ /www.hivfrench-resistance.org/index.html R I S
Nationale de
Recherche sur le
SIDA AC11, v.
2000
Detroit Medical MED http://www.ablsa.com R 1 S
Center, v. 2000
Grupo de DAP http://www.ablsa.com R 1 S
Aconselhamento
Virolégico
REGA REGA http://www.ablsa.com R 1 N
algorithm,
v.5.5

cf confidence factor, S susceptible, PL potential low-level resistance, LL low-level resistance, I possible or intermediate resis-

tance, R resistant, HL high-level resistance, v. version.

I used throughout the text

2 the confidence factor is a measure for the expected accuracy of the respective prediction [30]

(range, 7-1019). The patients had been treated with a
mean of 5.5 antiretroviral drugs (range, 0-14) prior to
the study regimen, which consisted of a mean of 3.8
antiretroviral drugs (range, 2-8). Drugs included in the
previous or study regimens, respectively, were zidovu-
dine (72% and 24%), zalcitabine (30% and 1%), di-
danosine (48% and 42%), stavudine (58% and 52%),
lamivudine (78% and 55%), abacavir (23% and 38%),
tenofovir (0% and 4%), nevirapine (31% and 17%),
delavirdine (6% and 3%), efavirenz (22% and 23%),
indinavir (44% and 15%), saquinavir (50% and 16%),
ritonavir (39% and 22%), nelfinavir (41% and 15%),
amprenavir (5% and 22%), and lopinavir (5% and
31%). Antiretroviral therapy was changed in 101 pa-
tients at a mean of 27 days (+ 23 days, standard devia-
tion) after drug resistance testing, whereas medication
remained unchanged in a total of 29 patients. It re-
mained unclear if the treating physicians selected the
antiretroviral drugs in the study regimen according to

the results of drug resistance testing,
VIROLOGICAL AND IMMUNOLOGICAL THERAPY
OUTCOMES

The patients were divided into two groups with re-
spect to the reduction of viral load observed at 3
months after drug resistance testing: 66 patients had a
reduction of at least 1 logl0 copies/ml, which was de-
fined as therapy success, whereas the remaining 64 pa-
tients had a reduction of less than 1 log10 copies/ml,
which was considered as treatment failure. In the first
group, viral load decreased from 4.2 £ 0.8 to 2.2 + 0.6
log10 copies/ml, wheteas viral load remained at 4.2 £
0.8 logl0 copies/ml in the group of patients expeti-
encing therapy failure. Both groups were not signifi-
cantly different for age, gender, viral load and CD4+ T
cell count at baseline (Table 2). There were also no sig-
nificant differences detected for the total number of
antiretroviral drugs or NNRTI which were used previ-
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Table 2. Comparison of patients with therapy success (n = 66) vs. therapy failure (n = 64) at 3 months after drug resistance

testing.
Parameter Therapy success Therapy failure p-value
(n = 66) (n =064
age 38.9 40.7 0.20 (n.s.)!
(mean/range) (26-61) (28-59)
gender (f/m) 10/56 12/52 0.75 (n.s.)2
No. of drugs in previous regimen 52 5.8 0.33 (n.s.)!
(mean * standard deviation) (* 3.0 (£ 3.5)
No. of patients with NNRTI 32 29 0.86 (n.s.)2
in previous regimen (%o) (48.5%) (45.3%)
No. of drugs in study regimen 3.8 3.7 0.45 (n.s.)!
(mean * standard deviation) (x0.9) (£ 0.8)
No. of patients with NNRTI 28 25 0.84 (n.s.)2
in study regimen (%) (42.4%) (39.1%)
No. of recycled drugs in study regimen 1.4 1.9 0.06 (n.s.)!
(mean T standard deviation) (*1.3) (x 1.5)
No. of patients with recycled NNRTI 6 10 0.39 (n.s.)2
in study regimen (%) (9.1%) (15.6%)
Log baseline viral load 4.2 4.2 0.78 (n.s.)!
(mean * standard deviation) (x0.8) (£ 0.8)
Baseline CD4+ cell count? 305 283 0.58 (n.s.)!
(mean * standard deviation) (£ 219) (*217)
CD4+ cell count 3 months after drug resistance testing® 358 (£ 215) 277 (£ 222) 0.05!

(mean * standard deviation)

n.s. not significant; f female; m male, NNRTT non-nucleoside inhibitors of the reverse transcriptase

1 Student’s t-Test
2 Chi-Square Test
3 data available for 117 patients
4 data available for 109 patients

ously or in the study regimen. However, a statistical
trend was observed with respect to the number of re-
cycled drugs in the study regimen: patients experienc-
ing therapy failure had 1.9 + 1.5 recycled drugs (mean
+ SD) in their study regimen, compared to 1.4 £ 1.3
recycled drugs in the group of patients with therapy
success (p = 0.06; Student’s t-test). At three months
after resistance testing, the CD4+ cell count was high-
er in the group of patients with therapy success vs.
treatment failure (mean increase of 53 CD4+ cells/pl
vs. mean decline of 6 CD4+ cells/ul; p = 0.05; Stu-
dent’s t-test).

COMPARISON OF ADS BETWEEN THE DIFFERENT
INTERPRETATION SYSTEMS

To uncover differences between the interpretation sys-
tems with respect to their individual assessment of
drug resistance, the mean ADS of the antiretroviral
therapies of all study patients (n = 130) were com-
pared with each other. The mean ADS of the three in-
terpretation systems CHL, MED, and ANRS was be-
tween 2.3 and 2.4, whereas the mean ADS of the other

Table 3. Comparison of active drug scores (ADS) of the anti-
retroviral therapies of all patients included in the study (n =
130), determined by the different interpretation systems.

No. Interpretation system ADS
(Mean * standard devia-

o)
1 G2p 20t 14
2 STDB 20£13
3 VGI 1.9+ 14
4 RG 20£13
5 CHL 24113
6 ANRS 2.3 % 1.4b
7 MED 23+ 1.2¢
8 DAP 20£13
9 REGH oS3

Student’s t-test for paired samples

2 p <0.01 for the comparison of system 5 with 1, 2, 3, 4, 8 und 9
b p <0.01 for the comparison of system 6 with 1, 2, 3, 4, 8 und 9
¢ p <0.01 for the comparison of system 7 with 1, 2, 3,4, 8 und 9
The ADS of the other interpretation systems were not signifi-
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Fig. 1. Prediction of therapy outcomes by nine different drug resistance interpretation systems in 130 HIV-infected patients. Ther-
apy success and failure were defined as viral load change of equal to or more and less than 1 log10 copies/ml at 3 months after
drug resistance testing, respectively. For abbreviation of interpretation systems see Table 1. (a) Overall distribution of active drug
scores (ADS) of the different drug resistance interpretation systems with respect to the proportion of patients with therapy suc-
cess. (b) Proportion of correctly predicted therapy outcomes, separated for therapy success and failure, expecting “success” if the
antiretroviral regimen contained two or more active drugs (“ADS 2 2”) according to the respective interpretation system. (c) Pro-
portion of correctly predicted therapy success divided by the proportion of correctly predicted therapy failure for the respective
drug resistance interpretation systems, expecting “success” with different numbers of active drugs (“ADS = 1.5” to “ADS = 4.0”)
for the prediction. (d) Proportion of correctly predicted therapy outcomes for the respective interpretation systems, using different
numbers of active drugs (“ADS = 0” to “ADS 2 4.0”) for the prediction.

6 interpretation systems ranged from 1.9 to 2.0 (Table
3). This difference was statistically significant at the 1%
level, considering a total of 36 permutations. These
data indicated that the interpretation systems ANRS,
CHL, and MED considered the respective therapies as
more active compared to the other interpretation sys-
tems.

CORRELATION OF ADS WITH THERAPY OUTCOMES
We compared the distribution of the ADS with re-

spect to the proportion of patients with therapy suc-
cess. Therapy success increased concomitantly with in-

creasing ADS for all interpretation systems (Fig. 1a). A
continuous increase in the proportion of patients with
therapy success was observed for CHL, MED, and
ANRS, whereas the other interpretation systems
showed the highest proportion of therapy success at
ADS between 2.0 and 2.9 and a decrease for ADS of
3.0 and higher.

PREDICTION OF THERAPY OUTCOMES
Next we compared the predictions by the different

drug resistance interpretation systems with the actual
therapy outcomes. In a first analysis, we evaluated the
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Table 4. Compatison of predictions of therapy outcomes by four different interpretation systems using their versions of June

2002 and August 2006.

Interpretation system

G2p? STDB ANRS REGA
Proportion of cortrect 2002 2006b 2002 2006P 2002 2006b 2002 2006b
predictions for ADS 22

Prediction of 81.8 % 83.3 % 84.8 % 69.7 % 90.9 % 93.9 % 81.8 % 89.4 %
therapy success

Prediction of 64.1 % 67.2% 68.8 % 73.4 % 60.9 % 62.5 % 68.8 % 59.4 %
therapy failure

Prediction of 73.1 % 75.4 % 76.9 % 71.5% 76.2 % 78.5 % 75.4 % 74.6 %

therapy outcome

 decision trees (version 2002), support vector machines (version 2000).
b as provided by the HIV GRADE algorithm homepage (http://www.hiv-grade.de/cms/grade/).

ADS active drug score.

proportion of correctly predicted therapy outcomes
expecting “success” if the antiretroviral regimen con-
tained two or more active drugs (“ADS = 2”) accord-
ing to the respective interpretation system. Under
these conditions, the overall rate of correct predic-
tions of therapy outcomes was comparable between
the different interpretation systems (73.1% - 80.0%,
Fig. 1b). However, when the predictions of therapy
success and therapy failure were analyzed separately,
three interpretation systems (CHL, MED, and ANRS)
showed a better prediction of therapy success than the
other interpretation systems, whereas the prediction of
therapy failure was performed more successfully by
the other interpretation systems (Fig. 1b). This trend
was not statistically significant, when median values of
both groups were compared for the prediction of
therapy success or failure (p = 0.12 and p = 0.406, re-
spectively; Chi square test). However, CHL, MED, and
ANRS always performed better than the other inter-
pretation systems in the prediction of therapy success
compared to therapy failure, irrespective of the num-
ber of active drugs (“ADS = 0.5” to “ADS = 3.0”) at
which “success” was expected (Fig. 1c). When the pro-
portion of correctly predicted therapy outcomes was
evaluated for increasing ADS according to the respec-
tive interpretation systems, CHL, MED, and ANRS
showed an optimum with = 2.5 active drugs, whereas
the other interpretation systems peaked at = 2 active
d r u g s
(Fig. 1d).

To evaluate if a more stringent definition of treat-
ment success would change the results, the data were
re-analyzed defining a viral load reduction of 2 log10
copies/ml or more as evidence of successful therapy.
Using this definition, the percentage of correctly pre-
dicted therapy outcomes was lower for all interpreta-
tion systems (53.2-64.6 %), with the greatest effect on
CHL, MED, and ANRS (data not shown). However,
these three systems still predicted therapy success bet-
ter than the other interpretation systems. All these
data indicate that a less stringent interpretation of
drug resistance was associated with an improved pre-
diction of therapy success, but a worsening in the pre-
diction of therapy failure.

Interpretation systems are continuously improved
and updated to reflect current therapeutic strategies.
Reanalysis of our data using up-to-date versions of
four different interpretation systems showed that
ANRS still predicted therapy response better than the
other algorithms (Table 4). The results of the other in-
terpretation systems (STDB, REGA, g2p) were com-
parable to the data obtained with the 2002 versions,
with an improved prediction of therapy success seen
in three of the four interpretation systems (Table 4).

ADHERENCE AND VARIABILITY OF DRUG LEVELS

A total of 128 drug levels were obtained from 64 pa-
tient samples. Excluding low-dose ritonavir, 20 of 103
determinations (19.4%) revealed no detectable drug
levels, indicating that about one fifth of the patients
had not sufficiently adhered to the prescribed medica-
tion (Fig. 2a). We next compared the inter-individual
variability of eight antiretroviral drugs (2 NNRTI, 6
PI). Among detectable drug levels, a variability of
more than 1 log was observed for indinavir,
saquinavir, ritonavir, nelfinavir, and amprenavir, and of
less than 1 log for nevirapine, efavirenz, ritonavir, and
lopinavir (Fig, 2a). Because of the limited number of
drug levels, no meaningful conclusions could be drawn
for the effect of ritonavir boosting on PI drug levels.

ErrECcT OF COMBINED DRUG LEVELS AND ADS oN
THE PREDICTION OF THERAPY OUTCOMES

The ADS determined by the different interpretation
systems was correlated with the viral load change at 3
months after drug resistance testing using linear re-
gression analysis. To compare correlations with and
without incorporating drug levels, only patients for
which drug levels were available (n = 64) were ana-
lyzed. Without drug levels, the best correlation was
found for ANRS (r = -0.60), followed by CHL (r = -
0.50) (Fig. 2b), MED and VGI (¢t = -0.49), RG (r = -
0.48), STDB (r = -0.47), REGA (r = -0.40), ¢2p (r = -
0.45), and DAP (r = -0.43). Drug levels were incorpo-
rated into the analysis by multiplying the ADS for a
certain drug with the respective normalized drug level.
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Fig. 2. Effect of drug levels (DL) combined with active drug scores (ADS) on therapy outcomes. (a) Distribution of plasma lev-
els for nevirapine (NVP), efavirenz (EFV), indinavir (IDV), saquinavir (SQV), full-dose (RTV) and low-dose ritonavir (r), nelfi-
navir (NFV), amprenavir (APV), and lopinavir (LPV) in 64 HIV-infected patients at 3 months after drug resistance testing. The
respective median drug levels were 3660, 2870, 989, 275, 2000, 150, 1939, 90, and 4220 ng/ml. (b) Linear regression analysis of
the ADS of the interpretation system CHL with respect to the viral load change at 3 months after drug resistance testing before
and after incorporation of drug levels (w/o and wt DL, respectively); r correlation coefficient. (c) Cortelation coefficients of all
nine interpretation systems (for abbreviation of interpretation systems see Table 1) before and after incotporation of drug levels
(w/o0 and wt DL, respectively) in 64 HIV-infected patients. (d) Multivariate logistic regression analysis of active drug scores
(ADS) and the number (no.) of recycled drugs in a total of 130 patients with respect to the prediction of therapy success, de-
fined as viral load increase of equal to or more than 1 logl0 copies/ml at 3 months after drug resistance testing. For abbrevia-
tion of interpretation systems see Table 1. OR odds ratio, CI confidence interval.

Although drug levels were obtained for eight antiretro-  tion of viral load per active drug in patients with good
viral drugs only, correlation coefficients significantly = adherence.

improved for all interpretation systems (p < 0.005, UNIVARIATE AND MULTIVARIATE REGRESSION
Wilcoxon signed rank test) (Fig. 2c), indicating that vi- ANALYSIS

ral load decreases were predicted more accurately. The

smallest improvement (r = -0.62) was observed for  For the prediction of virological therapy outcomes, a

ANRS, which already showed the best correlation be-  total of 117 patients were analyzed with complete data
fore drug levels were incorporated (r = -0.60), whereas ~ for age, gender, bascline viral load, and CD4+ cell
the correlation coefficients of the other interpretation  count as well as the number of drugs and NNRTI,
systems improved to a larger extent. The incorpora-  which were used previously, in the study regimen or
tion of drug levels also resulted in steeper slopes of  recycled. Linear regression analysis revealed a highly
the regression lines of all interpretation systems (Fig.  significant correlation between the ADS of all inter-
2b, and data not shown), suggesting a greater reduc-  pretation systems and the viral load decrease at 3
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Table 5. Association of baseline active drug scores (ADS) with the viral load change at 3 months after drug resistance testing (n
= 117), using univariate and multivariate linear regression models.

Change of viral load at 3 months after drug resistance testing
pet unit increase in ADS, log10 copies/ml

Univariate model

Multivariate model

Interpretation mean (95% confidence interval) p-value mean (95% confidence interval) p-value
System
G2p -0.389 (-0.521 to 0.257) < 0.0001 -0.378 (-0.524 to -0.232) < 0.0001
STDB -0.454 (-0.594 to -0.315) < 0.0001 -0.448 (-0.604 to 0.291) < 0.0001
VGI -0.423 (-0.554 to -0.291) < 0.0001 -0.382 (-0.527 to -0.238) < 0.0001
RG -0.448 (-0.594 to -0.302) < 0.0001 -0.420 (0.583 to -0.257) < 0.0001
CHL -0.462 (-0.601 to -0.324) < 0.0001 -0.440 (-0.599 to -0.280) < 0.0001
ANRS -0.478 (-0.598 to -0.358) < 0.0001 -0.456 (-0.594 to -0.318) < 0.0001
MED -0.499 (-0.651 to -0.347) < 0.0001 -0.481 (-0.650 to -0.312) < 0.0001
DAP -0.410 (-550 to -0.269) < 0.0001 -0.405 (-0.565 to -0.244) < 0.0001
REGA -0.432 (-0.576 to 0.288) < 0.0001 -0.397 (-0.555 to -0.239) < 0.0001

Table 6. Association of baseline active drug scores (ADS) with the CD4+ cell count change at 3 months after drug resistance
testing (n = 109), using univariate and multivariate linear regression models.

Change of CD4+ cell counts at 3 months after drug resistance testing
pert unit increase in ADS, cells/ul

Univariate model

Multivariate model

Interpretation mean (95% confidence interval) p-value mean (95% confidence interval) p-value
system
G2p +13 (-3 to +28) 0.11 (n.s.) +12 (-6 to +30) 0.20 (n.s.)
STDB +14 (-2 to +30) 0.10 (n.s.) +15 (-4 to +34) 0.11 (n.s.)
VGI +12 (-3 to +28) 0.12 (n.s.) +11 (-6 to +28) 0.22 (n.s.)
RG +14 (-3 to +31) 0.11 (n.s.) +13 (-6 to +33) 0.18 (n.s.)
CHL +18 (+2 to +35) 0.03 +18 (-1 to +37) 0.06 (n.s.)
ANRS +17 (+2 to +32) 0.03 +17 (0 to +306) 0.05
MED +16 (-2 to +34) 0.09 (n.s.) +15 (-5 to +35) 0.15 (n.s.)
DAP +16 (0 to +32) 0.05 +17 (-1 to +306) 0.07 (n.s.)
REGA +14 (-2 to +31) 0.09 (n.s.) +14 (-5 to +32) 0.15 (n.s.)

months after drug resistance testing (p < 0.0001, Table
5). The mean dectrease of viral load was -0.389 to -
0.499 logl0 copies/ml and -0.378 to -0.481 logl0
copies/ml per unit increase in ADS in univariate and
multivariate regression models, respectively.

The prediction of immunological therapy outcomes
was analyzed for all patients with CD4+ cell counts at
3 months after resistance testing (n = 109) (Table 06).
Univariate linear regression analysis revealed a signifi-
cant correlation for CHL, ANRS, and DAP with mean
increase of 16-18 CD4+ cells/ul per unit increase in
ADS (p < 0.05). Multivariate models were adjusted for
all parameters described in Material and Methods. In

this analysis, only the baseline ADS of ANRS was sig-
nificantly associated with an increase in the CD4+ cell
count (p = 0.05). The p values of the other interpreta-
tion systems ranged between 0.06 and 0.22.

LOGISTIC REGRESSION ANALYSIS FOR THE PREDICTION
OF THERAPY SUCCESS

Using multivariate models, ADS of all interpretation
systems were significantly associated with the predic-
tion of therapy success with odds ratios ranging be-

tween 2.46 and 3.41 (p < 0.0001, Fig. 2d). All other

parameters were not significantly correlated with the
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prediction of therapy success except for the number
of recycled drugs (p < 0.05 for all interpretation sys-
tems except for ANRS and MED, with odds ratios
ranging between 0.47 and 0.50).

DiscussioN

Our study shows that three interpretation systems
(CHL, MED, and ANRS), which were mainly devel-
oped in a clinical setting, performed better in predict-
ing therapy success, but worse in predicting therapy
failure than the other systems (Fig. 1b, 1c). This find-
ing was confirmed with up-to-date versions of four
frequently used interpretation systems (Table 4), al-
though the re-analyses were limited in several respects:
(i) most of the current algorithms do not provide an
interpretation for full-dose ritonavir, which was ad-
ministered to a number of patients in our study popu-
lation, (ii) some current algorithms predict responses
to boosted PI only, and (iii) prediction of response to
DDC is no longer available. CHL, MED, and ANRS
were less stringent in attributing resistance to a certain
drug than the other interpretation systems (Table 2).
This effect went hand in hand with a prediction opti-
mum at 2.5 active drugs for these three interpretation
systems, whereas for the other systems the optimum
was closer to 2.0 active drugs (Fig. 1d). Thus, an opti-
mum closer to the clinical experience of a working
triple drug regimen may improve the prediction of
therapy success, which should further be evaluated in
prospective analyses.

All predictions of therapy outcomes are dependent
on predefined variables, in particular the definition of
therapy success or failure as a certain degree of viral
load reduction after a certain time. We considered a vi-
ral load reduction of equal to or more than 1 log10
copies/ml as sufficient for therapy success, because
the patients in our study were pretreated with a mean
of 5.5 antiretroviral drugs. However, this criterion may
not be adequate for different patient populations,
since the ultimate goal should be suppression of viral
load below the limit of detection. When therapy suc-
cess was defined as viral load reduction of equal to or
more than 2 logl0 copies/ml for our study popula-
tion, the total number of patients experiencing thera-
py failures increased, which favored the interpretation
systems predicting therapy failure more reliably than
treatment success. As important it is to compare inter-
pretation systems with each other, it will be equally
pivotal to compare algorithms between the different
systems to find out which combination of mutations
drives the algorithm into which direction.

Multivariate linear and logistic regression analysis
showed that the ADS derived from all interpretation
systems correlated well with virological therapy suc-
cess (p < 0.0001, Table 5). Compared to data pub-
lished by de Luca et al. [29], our study revealed a high-
er viral load decrease per active drug with -0.38 to -
0.48 logl0 copies/ml vs. -0.01 to -0.23 logl0
copies/ml. One reason may be the more extensive
pretreatment of the Italian patients who were included
in the study after a mean of two failing antiretroviral
regimen. Besides the ADS, only the number of recy-
cled drugs proved to be an independent predictor of
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virological treatment outcome for most of the inter-
pretation systems (p < 0.05, Fig. 2d). Resistance muta-
tions that were induced after previous therapies may
no longer be detectable in the plasma at the time of
resistance testing, but nevertheless show up rapidly
again and contribute to treatment failure if the respec-
tive drugs are being recycled [30]. In contrast, the cor-
relation of the ADS with the immunological therapy
outcome was modest: only three (CHL, ANRS, DAP)
and one interpretation system (ANRS) showed a sig-
nificant correlation with the CD4 increase in univari-
ate and multivariate models, respectively (p < 0.05,
Table 6). Two of these systems (CHL, ANRS) per-
formed better in the prediction of therapy success,
suggesting that this discrimination is important for the
assessment of an interpretation system.

For our study, we faced the challenge to incorporate
retrospectively obtained drug levels into the analysis.
External reference values show considerable vatiation
[31]. Retrospective studies used trough levels with ref-
erence to the concentration required to reduce viral
replication by 95% [32], concentration ratios by divid-
ing the concentration of the samples by the time-ad-
justed population value in the standardized pharmaco-
kinetic curve [33], and the median in the study popula-
tion for untimed plasma levels [34]. Prospective studies
used protease inhibitor peak and trough levels to adjust
the drug dosage [35], average steady-state concentra-
tions for zidovudine/lamivudine and trough concen-
trations for indinavir in therapy-naive patients [36], and
drug concentration ratios for indinavir and nelfinavir
[37]. Furthermore, consensus values for trough levels
are available within published [38] or internet-based
guidelines  (http://www.hivpharmacology.com/). It
was unclear whether the drug levels in our study repre-
sented peak or trough values. However, these samples
mainly came from one treating physician who advised
his patients to take their pills after the blood draw.
Thus, the drug levels reported in our study most likely
represent trough levels, as most of them range within
published data. Indinavir levels were higher than in
other studies with 989 ng/ml vs. 50 ng/ml [39], 100
ng/ml (www.hivpharmacology.com), 150 ng/ml [40],
152 ng/ml [41], 130 ng/ml [42], and 335 ng/ml [43],
possibly caused by the additional use of low-dose ri-
tonavir or another protease inhibitor in 8 of 14 pa-
tients receiving indinavir. In contrast, amprenavir levels
in our study were lower than in other studies with 90
ng/ml vs. 280 ng/ml [44], 326 ng/ml [45], and
400/1200 ng/ml (www.hivpharmacology.com), which
may be due to the relatively small number of samples
with amprenavir drug levels (n = 9). In addition, am-
prenavir was frequently administered without boosting
at that time.

The importance of adequate drug levels for treat-
ment success becomes obvious from several results of
our study. Almost one in five patients did not have
measurable drug levels, which shows the frequency of
adherence problems, an important reason for therapy
failure [46]. In this respect, our retrospective study
may reflect the daily clinical practice more accurately
than prospective studies. In addition, the incorpora-
tion of drug levels into the ADS significantly im-
proved the prediction accuracy of all interpretation
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systems (p<0.005) (Fig. 2b, 2c). This concept was sim-
ilarly realized within the phenotypic or genotypic in-
hibitory quotient [47,48]. Notably, our results were ob-
tained although drug levels were only available for se-
lected drugs and not in a standardized time frame after
drug administration. It would be interesting to see
how much the correlations would have profited from
incorporating NRTT drug levels [49]. The data provid-
ed another reason why MED, CHL, and ANRS pre-
dicted therapy success better than the other interpreta-
tion systems: ANRS already showed the best correla-
tion before the drug levels were incorporated into the
prediction (Fig. 2c). Most other systems came close af-
ter drug levels had been incorporated, suggesting that
these systems were affected to a larger extent by ad-
herence issues. Our data encourage the determination
of drug levels in retrospective databases to minimize
the confounding effect of insufficient plasma levels
on the prediction accuracy of interpretation systems.

The challenge of the future will be to generate a
consensus interpretation system from all currently
available interpretation systems, combining the best al-
gorithms for the prediction of therapy success and fail-
ure. Notably, improved prediction of therapy success
and failure went at the expense of one another, indi-
cating that interpretation systems need to find the right
balance. Large retrospective databases with quality-
controlled virological, clinical, pharmacological, and
immunological data will be an important tool to
achieve this goal. Machine-learning techniques will be
of great value, if not only applied to geno-/ phenotyp-
ic databases [50], but to complex clinical databases as
well. These systems will allow to modify all parameters
for predictions systematically, facilitating comparisons
between existing interpretation systems. Furthermore,
they will allow the calculation of clinically relevant cut-
offs and then retrospectively extracting the rules be-
hind the algorims. Considerable efforts to establish,
maintain and update this consensus interpretation sys-
tem will be rewarded by improved and individualized
guidance to choose the optimal antiretroviral treatment
for each patient.
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