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Supplementary Materials

Inclusion/Exclusion Criteria of the Three Kenya Studies

The “Crisis” study participants were HIV-positive; 18 years or older; had been cared for continuously at AMPATH clinics on continuous WHO–recommended first-line ART (zidovudine/stavudine/tenofovir+lamivudine+nevirapine/efavirenz) from at least June 2007 (6 months before crisis) through enrollment, with possible exception of crisis-induced treatment interruption; and had > 50% self-reported ART adherence to all antiretrovirals in the month and week before enrollment.
The “2nd line’’ study participants were HIV-positive; 18 years or older; had been on >24 weeks of lopinavir/ritonavir-based second-line ART; had had >6 months prior first-line ART (zidovudine/stavudine+lamivudine+nevirapine/efavirenz); and had >50% self-reported ART adherence to all antiretrovirals in the month and week before enrollment.
The “TDF’’ study participants were HIV-positive; 18 years or older; had been on WHO-recommended 1st-line ART >6 months (TDF+3TC/FTC+EFV/NVP); and had >50% self-reported ART adherence to all antiretrovirals in the month and week before enrollment.

Laboratory Methods

All CD4 (FACSCaliber system; Becton Dickenson, San Jose, CA) and VL (Amplicor; Roche Molecular, Pleasanton, CA) testing of the three studies was done at the Good Clinical Laboratory Practice (GCLP) compliant AMPATH reference laboratory, which participates in the United Kingdom National External Quality Assessment Service and Rush University Viral Quality Assurance Programs, and is accredited for ISO 15189 by Kenya Accreditation Services. 

Comparison of VL Pooling Using mMPA with Other Testing Methods for the Three Studies  

Supplementary Table 1 compares the testing efficiency among various VL pooling deconvolution methods, when applied separately to each of the three AMPATH studies. A major difference among the three studies was that participants of the “2nd line" study had the highest prevalence of virological failure. In addition, the “Crisis” study had a smaller sample size than the other two studies. Higher testing efficiency in terms of ATR is achieved in the “TDF” study, which had the lowest prevalence of virological failure (10%). This is followed by the “Crisis” study which had a prevalence of 15%. 

Compared with MPA, the relative reduction of VL assays needed by mMPA when using different risk scores has a fairly consistent pattern across the three studies, except that in the “Crisis” study, mMPA using the risk score estimated by “GAM without CD4” is not significantly different than MPA (likely due to the limited sample size of the study). 
Impact of Measurement Error of VL Assays

Supplementary Figure 1 shows the diagnostic accuracy of individual testing, MP, MPA and mMPA, when VL assays contain a measurement error with a standard deviation of [image: image2.png]0.20



 on the log10 scale. This value of [image: image4.png]


 is a conservative value, and likely an upper limit of the measurement error of existing VL assays [33]. Overall, the patterns are very similar to Figure 3 (the case when [image: image6.png]0.12



). However, with a higher magnitude of measurement error, all metrics of diagnostic accuracy (sensitivity, specificity, PPV and NPV) are lower.  Although sensitivity of mMPA is reduced to 80-84%; and that of MPA to 71-73%, NPV and PPV remain well above 90% for both methods.  

Impact of Lower Limit of Detection (LLD) of VL Assays on VL Deconvolution Methods
We use numerical examples to illustrate a conservative approach to pooling deconvolution when VL assays have a LLD. For simplicity, consider a pool size [image: image8.png]


, a LLD of 100, and a virological failure cutoff [image: image10.png]


 of 1000. Suppose that three individual samples with VLs = {30, 1010, 10} are combined to form a pool, and the first individual with VL = 30 has the highest risk score among them, followed by the second and then the third individuals. The pool has a VL of (30 + 1010 + 10)/3 = 350, which is greater than [image: image12.png]C/K = 333



, so individual tests are needed. The test of the first individual has an undetectable VL of 30, and we propose to treat this individual as if having VL = 0 and continue individual testing. Refer to the deconvolution process in Figure 1; then the average VL of the remaining two samples is calculated to be (350x3 – 0)/2 = 525 which is greater than [image: image14.png]


. So the test of the second individual is needed, and reveals that the second individual is experiencing a virological failure. 
We cannot treat the first individual as if his/her VL is the value of the LLD and “subtract” 100, because then the average VL of the remaining two samples will be calculated as (350x3 – 100)/2 = 475 which is < 500. The sequential testing will in this scenario be erroneously stopped, and the failure of the second individual will be missed. 
Treating undetectable VL as VL = 0 is a conservative approach, in the sense that in some cases, subsequent individual tests may not be needed should we know the actual VL. This can be illustrated by another example of pooling three individuals with VL = {80, 570, 400}. This pool has the same pool VL of 525 as the above example, so individual testing is needed. If VL assays have no LLD, the VL test of the first individual would reveal the actual VL of 80, and the average VL of the remaining two samples would then be calculated as (350x3 – 80)/2 = 485, which is [image: image16.png]< 500



, indicating that no additional tests are needed. However, if the VL assays have a LLD of 100, using the conservative approach would require testing of the second individual. 

In summary, the existence of LLD tends to decrease the ATR by increasing the number of tests needed by MPA and mMPA. Supplementary Figure 2 shows the impact of the VL assay LLD on MP, MPA and mMPA. Overall, the impact is barely noticeable although theoretically a higher lower-detection limit is associated with a lower ATR of MPA and mMPA.
Example R code using the ‘mMPA’ package


We developed a R package called ‘mMPA’ which allows HIV care programs to evaluate the VL assays needed for VL monitoring for their HIV patients.  The stable version (Version 0.1.0) of the package is available at the Comprehensive R Archive Network (CRAN; https://cran.r-project.org) and can be installed in R using command: 

 > install.packages("mMPA")

The latest version of the package is available at https://taotliu.github.io/mMPA and can be installed using command: 
 > devtools::install_github("taotliu/mMPA")

 > library(mMPA)

The following R code example demonstrates the use of this package. Let us assume that plasma samples of n = 300 HIV+ individuals are collected for HIV viral load (VL) testing. We simulate their VL test results using a Gamma (shape = 2.8, scale = 150) distribution, and generate their corresponding risk scores by adding a uniform random noise to the percentile of VL. The resulting VL has a median of 392 and an interquartile range (IQR) from 224 to 565; the resulting risk score and VL have a Spearman’s correlation of 0.69.
> set.seed(100)

 > n = 300
 > pvl = rgamma(n, shape = 2.8, scale = 150)

 

 > summary(pvl)

   Min. 1st Qu.  Median    Mean 3rd Qu.    Max.

   53      224     392     424     565    1373
 > riskscore = (rank(pvl)/n) * 0.5 + runif(n) * 0.5
 > cor(pvl, riskscore, method = "spearman")

 [1] 0.69

> # Pool size K is set to 5

 > K = 5
 > # so, the number of pools = 60

 > n.pool  = n/K; n.pool

 [1] 60


The number of VL tests needed for a fixed sample in general depends on the order in which individuals are placed into pools.  Therefore, to obtain ATR for a single sample, we implement the pooling algorithm on 100 random permutations of the sample, and calculate the average number of VL tests needed over the 100 permutations. The ‘mMPA’ package includes a function called ‘pooling_mc(v, s, K, perm_num, vf_cut, method = “mmpa”, …)’, which takes the following arguments as inputs: VL data (v), corresponding risk score data (s), pool size (K), the number of permutations (perm_num), VL threshold for defining individual virological failure (vf_cut), and method for pooling (which by default uses ‘mMPA’).  The function outputs the total number of VL assays needed for each of the 60 pools from each permutation.
 > foo = pooling_mc(pvl, riskscore, K, perm_num = 100)
The output `foo` is a 60x100 matrix, of which each column stores the numbers of VL tests needed by the 60 pools that are formed from each permutation. More details about the function `pooling_mc(…)` can be found using the following command.

 > help(pooling_mc)
Thus the average number of VL tests needed per pool is then calculated to be 3.35,
 > mean(foo)

 [1] 3.35

and the estimated average number of VL tests required (ATR) per 100 individuals is 67. 
 > mean(foo)/K*100
 [1] 67

Supplementary Table 1: Efficiency comparison among pooling methods according to each studies a. 

	Method
	Risk Score
	Average # of VL assays required per 100 subjects
	Relative reduction (%) in VL assays required

	
	
	
	REF = IND
	REF = MP
	REF = MPA

	The “Crisis” Study (n = 191, prevalence = 15%)
	
	

	IND
	
	100
	REF
	
	

	MP
	
	76 (61, 88)
	-24 (-39, -12)
	REF
	

	MPA
	
	54 (43, 63)
	-46 (-57, -37)
	-29 (-35, -25)
	REF

	mMPA
	CD4
	46 (37, 53)
	-54 (-63, -47)
	-40 (-44, -35)
	-15 (-22, -6)

	
	GAM
	44 (35, 52)
	-56 (-65, -48)
	-42 (-46, -37)
	-18 (-26, -9)

	
	GAM w/o CD4
	53 (43, 63)
	-47 (-57, -37)
	-30 (-34, -25)
	-1 (-9, 10)

	
	RF
	45 (37, 54)
	-55 (-63, -46)
	-40 (-45, -34)
	-15 (-24, -5)

	
	ORS
	35 (30, 40)
	-65 (-70, -60)
	-54 (-55, -51)
	-35 (-39, -29)

	The “2nd line” Study (n = 394, prevalence = 21%)
	
	

	IND
	
	100
	REF
	
	

	MP
	
	93 (85, 99)
	-7 (-15, -1)
	REF
	

	MPA
	
	64 (58, 70)
	-36 (-42, -30)
	-31 (-34, -28)
	REF

	mMPA
	CD4
	58 (52, 64)
	-42 (-48, -36)
	-38 (-41, -35)
	-10 (-16, -4)

	
	GAM
	57 (51, 62)
	-43 (-49, -38)
	-39 (-42, -36)
	-12 (-17, -6)

	
	GAM w/o CD4
	59 (53, 65)
	-41 (-47, -35)
	-36 (-39, -34)
	-8 (-14, -3)

	
	RF
	58 (52, 64)
	-42 (-48, -36)
	-37 (-41, -34)
	-9 (-14, -3)

	
	ORS
	43 (39, 46)
	-57 (-61, -54)
	-54 (-55, -53)
	-34 (-36, -31)

	The “TDF” Study (n = 333, prevalence = 10%)
	
	

	IND
	
	100
	REF
	
	

	MP
	
	62 (52, 73)
	-38 (-48, -27)
	REF
	

	MPA
	
	43 (37, 51)
	-57 (-63, -49)
	-30 (-35, -25)
	REF

	mMPA
	CD4
	36 (31, 42)
	-64 (-69, -58)
	-42 (-46, -37)
	-16 (-24, -6)

	
	GAM
	34 (29, 38)
	-66 (-71, -62)
	-46 (-49, -42)
	-22 (-29, -15)

	
	GAM w/o CD4
	39 (33, 45)
	-61 (-67, -55)
	-38 (-42, -33)
	-11 (-18, -3)

	
	RF
	35 (30, 40)
	-65 (-70, -60)
	-44 (-48, -39)
	-19 (-27, -11)

	
	ORS
	30 (27, 34)
	-70 (-73, -66)
	-51 (-54, -47)
	-30 (-35, -24)

	a Pool size [image: image18.png]


; numbers in parentheses are 95% confidence intervals obtained using the bootstrap method (with 500 resamples) where the intervals are the 2.5 and 97.5 percentiles of bootstrap distributions; REF = reference method; GAM = generalized additive model; RF = random forest model; ORS = oracle rank score. 


Supplementary Figure 1. Impact of VL assay measurement error on diagnostic accuracy of pooling deconvolution methods. The figure shows the impact of VL assay measurement errors on individual testing (circles), MP (triangles), MPA (squares) and mMPA (plus signs). CD4 is used as a risk score for mMPA. The impact of measurement error on pooling deconvolution is quantified in terms of (a) sensitivity, (b) specificity, (c) PPV, and (d) NPV. The measurement error is assumed to have a log normal distribution with a zero mean and a standard deviation of 0.20 on the log10 scale. PPV = positive predictive value. NPV = negative predictive value. 
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Supplementary Figure 2. Impact of Lower Limit of Detection of VL assay on pooling deconvolution methods. The figure shows the ATRs of MP (circles), MPA (triangles) and mMPA (squares) when the VL assays being used have a LLD ranging from 20 to 100 copies/mL. The impact of LLD on ATR is evaluated under four prevalences of virological failure: (a) 18%, (b) 16%, (c) 14% and (d) 11%. A pool size of [image: image21.png]


 is considered for all pooling methods.
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