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SUPPLEMENTARY METHODS 

 

SAMPLE RECEIPT AND REGISTRATION 

FTA (Flinders Technology Associates) blood spot cards were received by the Broad Institute Genomics Platform 

(GP), tagged with GP sample specific barcodes, both GP and GSK barcodes were registered in the GP laboratory 

information management system (LIMS), and cards were stored in desiccator cabinets at room temperature until 

further processing. Samples were held in a room requiring a Broad Institute identification card for access. 

DNA EXTRACTION AND QUANTITATION 

Genomic DNA extraction was performed in batches of 96 Whatman FTA cards, including one blank control FTA 

card. For each FTA card 7 disks were punched out of the blood spot, using an automated laser guided hole puncher, 

into a distinct well of 96 well plates. Genomic DNA was extracted from the punches using QIAamp 96 DNA Blood 

Kit (Qiagen) using the Bravo (Agilent) for automated liquid handling. DNA samples were registered in LIMS and 

stored in barcoded tubes. DNA concentration of each sample was quantified using standard automated PicoGreen 

quantification. All steps of the process were tracked in the LIMS. 

Polymerase Chain Reaction (PCR) 

Two Plasmodium PCR amplicons, “cs C-terminus” and “sera2,” were amplified in 36,080 samples. The cs C-

terminus amplicon captures the polymorphic C-terminus T-cell epitope region of cs. The sera2 amplicon is not 

located within cs, but captures part of a comparably polymorphic antigen sequence from elsewhere in the P. 

falciparum genome. The sera2 locus was used as a control for sieve analysis and as means of more accurately 

determining complexity of infection and new infection status. We used the same sera2 amplicon in a previous RTS,S 

clinical trial.1 This study confirmed that both sera2’s amplification efficiency and its haplotypic diversity in these 

populations are comparable to those of cs, making it a highly appropriate locus for all three of these aims.  Final 

haplotype calls from the cs C-terminus and sera2 amplicons were all used to estimate complexity of infection (COI) 

for individual samples. Full amplicon sizes (including adapter sequence, flow cell attachment sequences and indices) 

were 400 and 371 for the cs C-terminus and sera2 amplicons, respectively. Plasmodium portions of these amplicons 

were 333 and 304 bp for cs C-terminus and sera2 amplicons, respectively. The formal P. falciparum 3D7 gene IDs 

and nucleotide coding sequence (CDS) coordinates for these amplicons are: 

cs C-terminus (PF3D7_0304600): CDS bp 858-1190 

sera2 (PF3D7_0207900): CDS bp 72 - 357 

 The cs C-terminus and sera2 amplicons were sequence-ready constructs and did not require further library 

construction after PCR. These PCRs were carried out in two reactions. Round 1 PCR primers contained Plasmodium 

sequence and Illumina adapter sequences while round 2 PCR primers were “tailing” primers, containing some 

overlap of the Illumina adapter sequence, flow cell attachment sequences, and an eight bp index on the reverse 

primer between the adapter sequence and flow cell attachment sequence (primer sequences below).  

 First-round PCRs for cs C-terminus and sera2 were carried out using the Hot Star Plus DNA Polymerase 

Kit (Qiagen). Reactions consisted of 5 µl DNA at ~1.5 ng/ml, 10 µl mixed F/R primer (1.0 mM for cs C-terminus, 

2.0 mM for SERA), 2 µl 10X buffer, 0.8 µl 25 mM MgCl2, 0.16 µl dNTPs (100 mM dNTP mix, Agilent 

Technologies), 0.08 µl HotStar Taq (5U/µl), 3.96 µl nuclease free water. Thermal cycling consisted of 95˚C for 5 

min, 30 cycles of [94˚C 30 sec, 60˚C 30 sec, 72˚C 1 min] and 3 min at 72˚C. Second-round PCRs for cs C-terminus 

and sera2 consisted of 2 µl of PCR1 product, 2.16 µl nuclease free water, 11.72 µl Pfu Buffer, 0.12 µl Pfu DNA 

polymerase and 10 µl mixed F/R indexed primer (1.6mM). Second-round PCR thermal cycling for cs C‑terminus 

consisted of 50˚C for 2 min, 70˚C for 20 min, 95˚C for 10 min, 5 cycles of [95˚C 15 sec, 60˚C 30 sec, 72˚C 1 min], 

1 cycle of [95˚C 15 sec, 80˚C 30 sec, 60˚C 30 sec, 72˚C 1 min], 4 cycles of [95˚C 15 sec, 60˚C 30 sec, 72˚C 1 min], 

1 cycle of [95˚C 15 sec, 80˚C 30 sec, 60˚C 30 sec, 72˚C 1 min], 4 cycles of [95˚C 15 sec, 60˚C 30 sec, 72˚C 1 min], 

5 cycles of [95˚C 15 sec, 80˚C 30 sec, 60˚C 30 sec, 72˚C 1 min]. Second-round PCR thermal cycling for sera2 

consisted of 95˚C for 5 min, 9 cycles of [94˚C 30 sec, 60˚C 30 sec, 72˚C 1 min] and 72˚C for 3 min. 

 Samples were grouped into batches that were processed sequentially as they were received at the Broad 

Institute. In total, 127 batches were processed and sequenced, each composed of up to 372 extracted blood spot 

samples loaded onto four 96-well plates. Each 96-well plate included two negative control samples (a water-only 

https://www.zotero.org/google-docs/?qV5VU5
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PCR control and a blank Whatman card punch extraction control) and 1-2 positive control samples. Batches 1-62 

contained a mixture of two custom plasmids (Invitrogen/Thermo Fisher Scientific) as the positive control. These 

plasmids contained cs and sera2 sequences with variants that have never been sampled in natural populations, 

making them easy to distinguish from true amplicons. One plasmid was previously used and described in Early et al. 

(2019).2 The second was constructed using the same protocol. Due to repeated PCR failures with the plasmids, 

batches 63-127 additionally included genomic P. falciparum 3D7 DNA purchased from ATCC. For each batch, a 

sampling of amplicon products was visually inspected using a Lab Chip GX II Caliper Instrument (Perkin Elmer). 

Indices for sample identification were assigned during PCR so that, within a batch, the same sample was 

assigned the same index for cs C‑terminus and sera2 amplicons. For each batch of 384 samples, indexed cs 

C‑terminus PCR2 products were pooled by volume, as were sera2 PCR2 products. These 2 amplicon pools were 

purified using a 0.7X solid-phase reversible immobilization (SPRI) cleanup with Agencourt Ampure XP beads 

(Beckman Coulter). For each batch, positive and negative control samples were then assessed and quantified on a 

BioAnalyzer (Agilent Technologies) and cs C-terminus and sera2 products were normalized and pooled together. 

For automated PCR set-up, pooling, LIMS tracking and messaging, a Bravo Automated Liquid Handling Platform 

(Agilent Technologies) was used. To avoid PCR contamination, automated setup of PCR2 included tip piercing of 

PCR1 plate and primer plate covers to avoid amplicon spray going into nested PCR. In addition, PCR workspaces 

were decontaminated with DNA ZAP (Ambion) and negative control wells were visually inspected on an Agilent 

BioAnalyzer. 

 

PRIMER SEQUENCES 

Round 1 PCR primers (cs C-terminus, sera2; Plasmodium sequence in bold; X indicates positions of sample-specific 

barcode sequences): 

  

cs_C-terminus_Round_1_Forward: 

ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTAAGGAACAAGAAGGATAATACCA 

cs C-terminus_Round_1_Reverse: 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAAATGACCCAAACCGAAATG 

  

sera2_Round_1_Forward:  

ACACTCTTTCCCTACACGACGCTCTTCCGATCTTACTTTCCCTTGCCCTTGTG 

SERA_Round_1_Reverse: 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCACTACAGATGAATCTGCTACAGGA 

  

Round 2 PCR Primers (cs C-terminus, sera2): 

 

Round2_Forward: 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

Round 2_Reverse: 

CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

 

 

SEQUENCING 

 

One MiSeq run (2x250 bp paired end with standard sequencing primers) was carried out for each sample batch using 

standard methods (V2 sequencing chemistry). PhiX library, derived from the well-characterized and small PhiX 

genome, was spiked in at 15% to add diversity for improved cluster imaging. Sequencing data were demultiplexed 

to create sample specific sequencing read BAM files. All steps were tracked in the LIMS. Raw Bam files are 

available on the NCBI Sequence Read Archive database (BioProject PRJNA983279). 

HAPLOTYPE CALLING 

To call haplotypes, we used the PASEC pipeline, following the best practices established in Early et al (2019).2 

Sequencing reads were demultiplexed and the overlapping 250-bp read pairs were merged using FLASH3 and 

aligned with BWA-MEM4 v0.7.12-r1039 to the P. falciparum 3D7 and plasmid sequences from the amplicon 

regions. We discarded reads if they contained uncalled bases, had a quality score <20, or if the merged read did not 

span the entire amplicon region. The remaining reads were clustered on a per-sample basis according to their 

https://www.zotero.org/google-docs/?Z8R1I2
https://www.zotero.org/google-docs/?KqMPFC
https://www.zotero.org/google-docs/?xmzVVl
https://www.zotero.org/google-docs/?f6hnHm


10 

haplotype sequence: haplotypes with a 1-bp difference were collapsed into a single majority consensus sequence if 

the intra-sample abundance ratio was >8:1. Following this clustering step, two poly-T runs in cs were masked in all 

sequences and disregarded in downstream analysis as they are unreliably sequenced with Illumina technology 

(amplicon positions 63-72 and 251-257). We clustered into a single haplotype any reads that were identical outside 

of these homopolymer regions. As discussed more fully below, we analyzed the data using two separate intrasample 

read-support thresholds (50 and 325). Haplotypes with intra-sample read support below these values were masked 

from further analysis. For each remaining haplotype, we called single nucleotide variants in relation to the 3D7 

sequence and calculated the total number of differences at the nucleotide and amino acid levels (Hamming 

distances). The translated peptide coordinates correspond to amino acid positions 294-388 (CS) and 34-118 

(SERA2). 

HAPLOTYPE FILTERING 

We implemented several layers of haplotype filtering to control for PCR/sequencing artifacts. At the sample level, 

we removed any haplotype sequence that was represented by fewer than 1% of reads, that contained an out-of-frame 

indel, or that started at an alternate position as these have a high probability of being PCR or sequencing errors. At 

the study level, we assessed patterns of population-level variation. We removed indels that were found in only a 

single haplotypic background, which left two in-frame indels in sera2 in the downstream analysis. We analyzed the 

distribution of Hamming distances and found a bimodal distribution; the majority of distinct haplotypes (96.9% of 

pre-filtered haplotypes represented by 99.4% of recovered sequences) had a nucleotide Hamming distance <13 for 

cs and <10 for sera2. A small set of haplotypes (0.16% of recovered cs sequences and 1.2% of recovered sera2 

sequences) greatly exceeded these values (median nucleotide Hamming distance = 191 for cs and 27 for sera2). We 

found that this latter group contained chimeric sequences joining a natural sequence and a positive control plasmid 

sequence. We therefore filtered out any haplotype with a nucleotide Hamming distance >=13 for cs and >=10 for 

sera2. 

Finally, we considered the co-occurence of haplotypes. Haplotypes were categorized as (1) those seen only 

in the presence of one or more other haplotypes, and (2) those that are seen at least once by themselves. Haplotypes 

in category (1) include those we wished to filter out, while those in category (2) are presumed to be the ones that we 

want to preserve. For each haplotype, we calculated the geometric mean sequencing depth for all instances in the 

dataset. We then calculated the number of haplotypes that were filtered from each category by a minimum coverage 

threshold. The number of additional haplotypes removed with each increment in the threshold is shown in the two 

figures separately for the two amplicons. Based on these distributions, the filtering step was chosen to be: any 

haplotype seen only in association with other haplotypes, and with a mean geometric coverage below the threshold, 

was eliminated, where the threshold was set to be 5,000 for each amplicon. 
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DETERMINATION OF INTRA-SAMPLE READ SUPPORT THRESHOLD 

We set an initial intra-sample read support threshold of ≥50 reads per haplotype 

based on data generated in Early et al (2019)2 and from 128 control samples sequenced in the initial 

stages of this study. After completing data generation, we had greater power to detect low levels of contamination 

and reassessed this threshold, ultimately raising it to 325 reads per haplotype. Contamination signals were expected 

to diverge from what was seen in previous amplicon studies (for example, Neafsey & Juraska, et al, 20151 and 

Early, et al, 20192) because both parasite-positive and parasite-negative samples were included in the PCR and 

sequencing performed in this study. This threshold is more stringent than that proposed in the study protocol. 

 Determining the optimal threshold was a two-step process, carried out in an analysis blinded to vaccine 

status. First, we generated a numerical estimate of the number of false positives being generated by contamination. 

We calculated an empirical probability of haplotypes co-occurring on a plate, based on haplotypes with mid-range 

coverage depth, assuming that these were neither “donors” nor “recipients” of contamination. This estimate is shown 

by the orange line in the figure below. We assumed that excess above this rate represents false positives, with 

everything else being true positives. We then increased the minimum coverage threshold and calculated the true and 

false positive/negative rate for each threshold.  

 

https://www.zotero.org/google-docs/?wyp8zh
https://www.zotero.org/google-docs/?l5FDKD
https://www.zotero.org/google-docs/?KaM5ID
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To actually set the new threshold, we used the F1 score, which is given by 

. 

 

F1 was maximized at a threshold of 325 reads. Accordingly, we set the threshold at that value. 
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NEW INFECTION DEFINITION  

A new infection is declared on a date for a subject who has at least one haplotype that has not been seen in that 

subject on an earlier date. Thus, a new infection can be identified even if a new haplotype is seen only in one 

amplicon. A new infection is also declared based on the reappearance of a haplotype, provided if at least three 

intervening visits occurred during which that haplotype was not seen in the subject. For this purpose, both scheduled 

and unscheduled visits are counted, but multiple visits on the same day are treated as a single visit. This definition is 

a change from that given in the original protocol for this study, which did not allow new infections after any prior 

appearance of the same haplotype. The change was made out of concern that the earlier definition would 

systematically undercount new infections with the most frequent haplotypes and among subjects with the highest 

exposure; it was made while still blinded to vaccine status.  

This definition was set based on preliminary data. With the full dataset in hand, we were able to evaluate 

the effect of the three-visit gap. To do so, we calculated the rate of seeing the same haplotype again in a subject as a 

function of the number of intervening visits for which the haplotype was not detected. We then compared that rate to 

the estimated probability of seeing the same haplotype again by chance due to re-infection with a new parasite strain 

carrying the same haplotype. The latter was calculated based on the haplotype’s frequency in the population (at that 

study site) and on the number of haplotypes seen in the later visit. Note that the expected re-infections are biased 

upward for small gap sizes. This is because it is based on the number of observed haplotypes, and that number is on 

average higher shortly after malaria has been observed in that subject; the asymptote of the expected curve gives a 

better sense of the true expected re-infection rate.  
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STATISTICAL METHODS FOR ASSESSING VARIATION IN VACCINE EFFICACY (VE) WITH 

SEQUENCE FEATURES OF INFECTING PARASITES (SIEVE ANALYSIS) 

It was of interest to assess whether and how VE against the first new infection 

depended on genotypic characteristics of infecting parasites. First, we pre-

specified in a treatment-blinded manner a set of candidate haplotype-level amino 

acid sequence features and sample-level parasite complexity measures (described 

in the Statistical Analysis Plan included in the Supplementary Appendix). Next, for 

each treatment comparison including that of pooled R012-20, R012-14, and Fx012-

14 groups vs. control, we screened out binary haplotype features lacking ≥ 25 

treatment-pooled first new infections representing each level of the binary 

feature to maximize statistical power. Screened-in amplicon-specific features 

exhibited missing values because haplotype detection at one but not the other 

amplicon was sufficient for calling a new genotypic infection. We assessed variation in VE 

by amplicon-specific features using augmented inverse probability weighting methods5,6 that accommodate missing 

sequences. Logistic regression models were employed for estimating the probability of a missing feature and 

constructing the augmentation term. Complete-case versions of these methods7 were applied for analyzing COI, 

which exhibited no missingness as an aggregate measure across both amplicons. Many first new infections were 

polyclonal (COI>1); to account for haplotype multiplicity per amplicon, analyses of haplotype-level features were 

performed on data sets comprising a single randomly selected haplotype from a sample, with multiple outputation8 

used to aggregate results as applied previously.1 

HYPOTHESIS TESTING MULTIPLICITY ADJUSTMENT FOR SIEVE ANALYSIS 

Multiple hypothesis testing correction for “sieve effect” tests of differential VE across levels of a haplotype feature 

was applied separately within the following sets of features: 3D7 haplotype match binary features, 3D7 Hamming 

distances, and within-host complexity measures other than COI.  

https://www.zotero.org/google-docs/?OxS1GU
https://www.zotero.org/google-docs/?AO3p0S
https://www.zotero.org/google-docs/?WMv1Go
https://www.zotero.org/google-docs/?KHbSRE
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SUPPLEMENTARY STATISTICAL DATA ANALYSIS 

 

SENSITIVITY ANALYSIS TO QUANTIFY THE ROBUSTNESS OF THE VACCINE EFFICACY 

MODIFICATION RESULTS TO UNMEASURED CONFOUNDING 

 

For each level a of baseline parasite positivity status (BPPS), let VE(a) be causal vaccine efficacy under a 

hypothetical assignment of every trial participant to BPPS value a, where a = 0 indicates negative and a = 1 

indicates positive. Following Mathur et al. (2022),9 we define a causal VE interaction parameter by CxR = (1 – 

VE(1))/(1 – VE(0)), where CxR departing from one indicates causal VE interaction. In the main article, Cox model 

analyses were conducted to estimate the statistical parameter StatR corresponding to CxR, StatR = (1 – VEph(1))/(1 

– VEph(0)), which is the ratio of vaccine vs. placebo hazard ratios controlling for all measured potential 

confounding variables. If all confounders were included and the Cox model was correctly specified, then these 

statistical analyses showing StatR < 1 indicate the causal inference CxR < 1. 

However, unmeasured confounding could make CxR = 1 (no causal VE interaction) even though StatR < 1. 

Therefore, we apply the Mathur et al. (2022)9 sensitivity analysis method to quantify how strong unmeasured 

confounding would have to be to explain away an observed causal association, that is, to determine the strength of 

unmeasured confounding for the observed VE interaction result to not be causal. This is quantified by two E-values: 

the E-value for an effect heterogeneity point estimate (E-value.pt.est), and the E-value for the upper confidence limit 

(E-value.ul). E-value.pt.est is the minimum magnitude that at least one of the four within-stratum confounding 

strengths (defined in Table S1) must have such that fully controlling for confounding would have shifted the 

estimate of StatR to the null (i.e. CxR = 1). E-value.ul is the same except such that fully controlling for confounding 

would have shifted the upper 95% confidence limit of CxR to include one. Large values of E-value.pt.est and E-

value.ul above one support robustness of causal interaction, with greater values implying greater robustness. 

Attaining E-value.ul > 1 is a requirement for credibility of the causal inference. 

The E-values were computed for each of the three interaction analyses for the new malaria infection endpoint 

considered in the main article: (1) For BPPS and VE in the Exposed Set (ES) of participants who received the first 

vaccine dose through 20 months; (2) for BPPS and VE in the Per Protocol (PP) cohort through 14 months; and (3) 

for Month 2 Force of Infection ( M2-FOI) and VE in the Per-Protocol (PP) cohort through 14 months.  

Table S2 shows the results. For the first two rows, the fact E-value.ul > 1 supports some robustness of the finding of 

a causal interaction, whereas for the third row E-value.ul = 1 does not. To understand whether the E-values (1.873, 

1.416) for row 1 and (1.897, 1.404) for row 2 provide high robustness, we follow recommended practice10 to 

estimate the confounding strengths of all of the observed baseline potential confounders that have been considered 

(age, sex, body mass index (BMI), hemoglobin, malaria treatment, study site), both individually and jointly. If these 

observed confounding strengths tend to be lower than the E-values, it helps support a robust result. Tables S3 and S4 

show the confounding strengths of all the observed baseline potential confounders that were included in the analyses 

(1) and (2), respectively. In those two analyses, the E-values for the effect heterogeneity point estimate are greater 

than 21 of the 24 (91.7%) observed confounding strengths and greater than 20 of the 24 (87.5%) of the observed 

confounding strengths of controlled potential confounders, respectively. We note that confounding strengths 1 and 2 

of the indicator of the antimalarial drug treatment between the first vaccination and the month-2 scheduled visit are 

larger than the rest of confounding strengths presented in Tables S3 and S4. This may be due to the fact that baseline 

parasite positive participants were more likely to receive drug treatment between the first vaccination and the M2 

visit. It may be considered implausible that unmeasured confounders could have such confounding strengths. In 

addition, given the control of six known confounders, it arguably is implausible that unmeasured confounders are 

strong enough to attain the confounding strengths that are larger than the E-values for point estimates. Based on this 

result, the inferences of a causal VE interaction in analyses (1) and (2) is robust to unmeasured confounding. 

Details on confounding strengths  

Let X, Y, and Z be the indicators for baseline parasite positivity, whether an individual had new malaria infection 

during the follow-up, and vaccination, respectively. Specifically, I(Y = 1) = I(T ≤ t), where T is the new-infection 

time of an individual and t is the ending time point of the follow-up, set at M20 (606 days) and M14 (431 days) for 

https://www.zotero.org/google-docs/?28FdzJ
https://www.zotero.org/google-docs/?8IxI4G
https://www.zotero.org/google-docs/?34OTfE
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the ES and PP analyses, respectively. Let U denote the uncontrolled confounder(s) within stratum Z = z. The 

sensitivity parameters RRUY|Z=z, X=x and RRUY|X=x are given by (Mathur et al., 2022)9 

 

In addition, sensitivity parameters RRZU|X=1 and RRZU|X=0 are defined as (Mathur et al., 2022)9 

  

To estimate the confounding strengths of all the observed baseline potential confounders that have been considered 

individually, we consider the median dichotomization of each controlled baseline confounder that is continuous. 

Then, we use Kaplan-Meier estimators and empirical frequency estimators to estimate E[Y | Z = z, X = x, Ux = u] = 

P(T ≤ t | Z = z, X = x, Ux = u) and P(Ux = u | X = x, Z = z), respectively, and all confounding strengths can hence be 

estimated.  

  

https://www.zotero.org/google-docs/?5A7Gkw
https://www.zotero.org/google-docs/?FtozFT
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Table S1. Definition of the four within-stratum confounding strengths for a binary unmeasured confounder.9 

For the vaccine arm, the relative risk that the unmeasured confounder takes value 1 for the BPPS = 1 subgroup 

vs. the BPPS = 0 subgroup, within levels of the measured confounders included in the analysis 

Same as 1. for the placebo arm 

For the vaccine arm, the relative risk of new malaria infection for the unmeasured confounder taking value 1 

vs. 0, within levels of the measured confounders included in the analysis 

Same as 3. for the placebo arm 

BPPS: Baseline parasite positivity status 

 

 

Table S2. E-values for the point estimate and for the upper 95% confidence limit for estimation of causal VE 

interaction. 

Analysis StatR point estimate 

(95% CI) 

E.value.pt.est E-value.ul 

BPPS modifier of VE over 0-20 

months in ES 

0.493 

(0.315, 0.771) 

1.873 1.416 

BPPS modifier of VE over 2.5-14 

months in PP 

0.481 

(0.297, 0.779) 

1.897 1.404 

M2-FOI modifier of VE over 2.5-

14 months in PP 

0.678 

(0.455, 1.011) 

1.550 1.000 

 BPPS: Baseline parasite positivity status; CI: confidence interval; VE: vaccine efficacy; E.value.pt.est: E-value for 

an effect heterogeneity point estimate; E-value.ul: E-value for the upper confidence limit; StatR: statistical 

parameter corresponding to the causal VE interaction parameter: CxR = (1 – VE(1))/(1 – VE(0)); ; ES: exposed Set 

of participants who received the first vaccine dose; PP: Per-Protocol  

 

  

https://www.zotero.org/google-docs/?broken=7xRWp2
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Table S3. Confounding strengths of all the observed baseline potential confounders that were included in the 

analysis with BPPS as the modifier of VE over 0 to 20 months in the ES. 

Observed 

confounder 

Confounding 

strength 1 

Confounding 

strength 2 

Confounding 

strength 3 

Confounding 

strength 4 

Age 1.207 1.051 1.168 1.125 

Sex 1.125 1.126 1.159 1.202 

BMI 1.024 1.006 1.169 1.125 

Hemoglobin 1.688 1.679 1.279 1.232 

Antimalarial drug 

treatment 

3.937 4.321 1.356 1.177 

         Site

 (Agogo, 

Siaya) 

1.363 1.398 1.642 1.244 

BMI: body mass index; BPPS: baseline parasite positivity status; ES: exposed set of participants who received the 

first vaccine dose; VE: vaccine efficacy 

 

 

Table S4. Confounding strengths of all the observed baseline potential confounders that were included in the 

analysis with BPPS as the modifier of VE over 2.5-14 months in the Per-Protocol cohort. 

Observed 

confounder 

Confounding 

strength 1 

Confounding 

strength 2 

Confounding 

strength 3 

Confounding 

strength 4 

Age 1.204 1.052 1.714 1.402 

Sex 1.104 1.142 1.173 1.302 

BMI 1.098 1.053 1.307 1.143 

Hemoglobin 1.718 1.647 1.667 1.445 

Antimalarial drug 

treatment 

4.279 4.026 1.510 1.430 

       Site          

 (Agogo, 

Siaya) 

1.425 1.452 1.976 1.875 

BMI: body mass index; BPPS: baseline parasite positivity status; VE: vaccine efficacy 
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Figure S1. Specimen collection and genotype data generation by study group in the Exposed Set through 

month 20. 

seq: sequencing  
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Figure S2. Frequency of cs and sera2 haplotypes retrieved from new infections observed between enrollment 

and study month 20 in the Exposed Set. 

Both the cs and sera2 amplicon regions are highly diverse with no single haplotype accounting for more 

than 17.4% of amplicons at a single site. In total, we observed 178 and 160 distinct haplotypes for cs and 

sera2, respectively. The counts for the 10 most frequent haplotypes are colored above, with a single color 

representing the same amplicon sequence across sites. No relationship exists between the cs and sera2 

coloring. The cs sequence matching the 3D7 reference is colored black; it ranked 2 in Agogo, 20 in Siaya, 

and 8 in the combined data set. The sera2 sequence matching the 3D7 reference was at a low frequency 

and is not notated in the figure; it appeared in 11 new infections from Agogo and was never sampled in a 

new infection from Siaya. 
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Figure S3. Concordance between parasite positivity calls made on 35,456 samples with microscopic 

detection11 versus molecular detection with amplicon sequencing of the cs and sera2 amplicon regions.  

Cohen's kappa statistic measuring concordance of results equals 0.74.  

https://www.zotero.org/google-docs/?x5Svjr
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Figure S4. Cumulative incidence (A) and vaccine efficacy (VE) (B) against the first new genotypic infection 

between enrollment and month 20 in the Exposed Set.  

VE: vaccine efficacy; PYR: person-years at risk; Unadj: unadjusted; FWER: family-wise error rate; FDR-

adj: false discovery rate adjusted; CI: confidence interval; No: number.  
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Figure S5. Hazard ratio (HR) of the first new genotypic infection comparing RTS,S regimens head-to-head in 

the Per-Protocol Set (A) for infections between 14 days post-dose 3 through 12 months post-dose 3 and the 

Exposed Set (B) for infections between enrollment and month 20. 

PYR: person-years at risk; Unadj: unadjusted; FWER: family-wise error rate; FDR-adj: false discovery 

rate adjusted; CI: confidence interval; No: number; **: Adjusted for contemporaneous follow-up in the 

control group.
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Figure S6. Instantaneous vaccine efficacy against the first new genotypic infection over time since 

enrollment/first vaccination in the Exposed Set. 

Shown are 95% pointwise confidence intervals (dashed) and the 95% simultaneous confidence band 

(dotted). Optimal bandwidth was calculated using a bootstrap procedure. A p-value is reported from the 

test of whether instantaneous vaccine efficacy (VE) varies over time. CI: Confidence interval; PH: 

Proportional hazards.
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Figure S7. Vaccine effects on the number of new genotypic infections between enrollment and month 20 in the 

Exposed Set. 

Reverse cumulative distribution of the number of new infections (A) and vaccine effects on the mean 

number of new infections vs. the control regimen (B) between the first dose and month 20. Unadj: 

unadjusted; FWER: family-wise error rate; FDR: false discovery rate; No: number; diff: difference; Adj: 

adjusted, M: month; CI: confidence interval.   
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Figure S8. Vaccine efficacy against the first new genotypic infection between 14 days post-dose 3 through 12 

months post dose 3 with a match vs. mismatch to the 3D7 amino acid sequence in screened-in CS C-terminus 

haplotypic regions in the Per-Protocol cohort. 

“RTS,S Pooled” designates the R012-14, R012-20, and Fx012-14 regimens combined. Unadj: unadjusted; 

FWER: family-wise error rate; FDR: false discovery rate; VE: vaccine efficacy; adj: adjusted; CI: 

confidence interval; No: number.
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Figure S9. Vaccine efficacy against the first new genotypic infection between 14 days post-dose 3 through 12 

months post-dose 3 by Hamming distance to the 3D7 vaccine strain in the CS C-terminus for the Per-Protocol 

Set. 

Shown are comparisons of pooled R012-14, R012-20, and Fx012-14 regimens (A), pooled R012-14 and 

R012-20 regimens (B), Fx012-14 (C), and Fx017-20 (D), each vs. the control regimen. VE: vaccine 

efficacy; FWER: family-wise error rate; FDR-adj: false discovery rate adjusted; No: number.  
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Figure S10. Vaccine efficacy (VE) of the pooled R012-14, R012-20, and Fx012-14 regimens vs. the control 

regimen against the first new genotypic infection between 14 days after month 2 through month 14 with a 

3D7 residue match vs. mismatch at screened-in CS C-terminus amino acid positions in the Per-Protocol Set.  

Unadj: unadjusted; FWER: family-wise error rate; FDR: false discovery rate; CI: confidence interval; No: 

number; adj: adjusted; PYR: person-years at risk.  
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Figure S11. Vaccine efficacy (VE) of the pooled R012-14 and R012-20 regimens vs. the control regimen 

against the first new genotypic infection between 14 days after month 2 through month 14 with a 3D7 residue 

match vs. mismatch at screened-in CS C-terminus amino acid positions in the Per-Protocol Set. 

PYR: person-years at risk; Unadj: unadjusted; FWER adj: family-wise error rate adjusted; FDR-adj: false 

discovery rate adjusted; CI: confidence interval; No: number.  
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Figure S12. Vaccine efficacy (VE) of the Fx012-14 regimen vs. the control regimen against the first new 

genotypic infection between 14 days after month 2 through month 14 with a 3D7 residue match vs. mismatch 

at screened-in CS C-terminus amino acid positions in the Per-Protocol Set.  

PYR: person-years at risk; Unadj: unadjusted; FWER-adj: family-wise error rate adjusted; FDR-adj: false 

discovery rate adjusted; CI: confidence interval; No: number.  
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Figure S13. Vaccine efficacy of the Fx017-20 regimen vs. the control regimen against the first new genotypic 

infection between 14 days after month 7 through month 19 with a 3D7 residue match vs. mismatch at 

screened-in CS C-terminus amino acid positions in the Per-Protocol Set. 

PYR: person-years at risk; Unadj: unadjusted; FWER-adj: family-wise error rate adjusted; FDR-adj: false 

discovery rate adjusted; CI: confidence interval; No: number.  
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Figure S14. Distribution of M2-FOI separately among PP baseline negative vs. baseline positive participants 

in the pooled control, R012-14, R012-20, and Fx012-14 groups. For percentages in parentheses, the 

denominator is all PP participants in the pooled control, R012-14, R012-20, and Fx012-14 groups. 

Spearman’s correlation between baseline positivity and M2-FOI was 0.28 (P<0.0001). 

M2-FOI: month 2 force of infection; PP: Per-Protocol.  
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Figure S15. Date of the first vaccination of PP participants in the pooled control, R012-14, R012-20, and 

Fx012-14 groups by M2-FOI and stratified by study site. 

M2-FOI: month 2 force of infection; PP: Per-Protocol.  
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Figure S16. Distribution of the onset of antimalarial drug treatment between the first vaccination and the 

month 2 scheduled visit (M2-mal-tx) separately among PP baseline negative vs. baseline positive participants 

in the pooled control, R012-14, R012-20, and Fx012-14 groups. For percentages in parentheses, the 

denominator is all PP participants in the pooled control, R012-14, R012-20, and Fx012-14 groups. 

Spearman’s correlation between baseline positivity and M2-mal-tx was 0.33 (P<0.0001).  

PP: Per-Protocol.  
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Figure S17. Distribution of M2-FOI among Per-Protocol participants separately in the control vs. pooled 

R012-14, R012-20, and Fx012-14 groups. 

M2-FOI: month 2 force of infection.  
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Figure S18. Distribution of the onset of antimalarial drug treatment between the first vaccination and the 

month 2 scheduled visit (M2-mal-tx) among Per-Protocol participants separately in the control vs. pooled 

R012-14, R012-20, and Fx012-14 groups. 
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Table S5. Summary of Cox model evidence for vaccine efficacy (VE) (pooled R012-14, R012-20, and Fx012-14 

vs. control) against the first new infection between 14 days and 12 months after the third dose, modified by 

baseline positivity (models M1-PP–M4-PP) and M2-FOI (models M5-PP–M8-PP), with model quality 

assessed using Akaike’s Information Criterion (AIC). 

Tx: indicator of randomized assignment to an RTS,S regimen; BP: indicator of baseline parasite 

positivity; M2-FOI: month 2 force of infection; M2-mal-tx: indicator of the onset of antimalarial drug 

treatment between the first vaccination and the month 2 scheduled visit; BMI: body mass index.  
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Figure S19. Vaccine efficacy (VE) against the first new genotypic infection in the restricted period between 14 

days and 4.5 months after the third dose for the pooled R012-14, R012-20, and Fx012-14 RTS,S regimens vs. 

the control regimen in subgroups of the Per-Protocol cohort defined by the baseline parasite positivity status 

while adjusting for the main effects of M2-FOI, M2-mal-tx, sex, age, and baseline levels of BMI and 

hemoglobin. 

PYR: person-years at risk; M2-FOI: month 2 force of infection; M2-mal-tx: indicator of the onset of 

antimalarial drug treatment between the first vaccination and the month 2 scheduled visit; No: number; 

CI: confidence interval; BMI: body mass index.  
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Figure S20. Study site-specific vaccine efficacy (VE) against the first new genotypic infection between 14 days 

and 12 months after the third dose for the pooled R012-14, R012-20, and Fx012-14 RTS,S regimens vs. the 

control regimen in subgroups of the Per-Protocol Set defined by the baseline parasite positivity status while 

adjusting for the main effects of M2-FOI, M2-mal-tx, sex, age, and baseline levels of BMI and hemoglobin. 

PYR: person-years at risk; M2-FOI: month 2 force of infection; M2-mal-tx: indicator of the onset of 

antimalarial drug treatment between the first vaccination and the month 2 scheduled visit. No: number; 

CI: confidence interval; BMI: body mass index.  
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Figure S21. Vaccine efficacy (VE) of each individual RTS,S regimen with dosing at months 0, 1, 2 vs. the 

control regimen against the first new genotypic infection between 14 days and 12 months after the third dose 

among PP baseline negative vs. baseline positive participants while adjusting for the main effects of M2-FOI, 

M2-mal-tx, sex, age, and baseline levels of BMI and hemoglobin. 

PYR: person-years at risk; M2-FOI: month 2 force of infection; M2-mal-tx: indicator of the onset of 

antimalarial drug treatment between the first vaccination and the month 2 scheduled visit. 

PP: Per-Protocol; No: number; BMI: body mass index.
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Figure S22. Vaccine efficacy (VE) against the first new genotypic infection between 14 days and 12 months 

after the third dose for the pooled R012-14, R012-20, and Fx012-14 regimens vs. the control regimen in the 

subcohort of the Per-Protocol Set restricted to baseline positive participants and three matched baseline 

negative participants from the same randomization group and study site for each baseline positive 

participant, with matching performed on the third vaccination date. Subgroups are defined by the baseline 

parasite positivity status. Model adjusted for the main effects of M2-FOI, M2-mal-tx, sex, age, and baseline 

levels of BMI and hemoglobin. 

The sampling of matched baseline negative participants was repeated 1000 times, and sample medians of 

the estimated VEs and 95% confidence limits are shown. 

M2-FOI: month 2 force of infection; M2-mal-tx: indicator of the onset of antimalarial drug treatment 

between the first vaccination and the month 2 scheduled visit. No: number; PYR: person-years at risk; CI: 

confidence interval; BMI: body mass index.  
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Table S6. First new clinical malaria episodes in Per-Protocol (PP) participants as potentially persistent 

asymptomatic infections acquired before the third vaccination. 

Percentages in parentheses use the number of PP participants with a clinical malaria episode between 

M2.5–14 as the denominator. No: number; N: number; M2-FOI: month 2 force of infection. 
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Figure S23. Specimen collection and genotype data generation by study group in the Exposed Set through 

Month 32. 

seq: sequencing.  



45 

 

 

Figure S24. Specimen collection and genotype data generation by study group in the Per-Protocol Set through 

Month 32 

seq: sequencing.  
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Figure S25. Cumulative incidence and vaccine efficacy against the first new genotypic infection in the Per-

Protocol Set. First new genotypic infection (A) between 14 days after month 2 through month 26 for R012-14, 

R012-20, and Fx012-14 vs. the control regimen and (B) between 14 days after month 7 through month 31 for 

Fx017-20 vs. the control regimen. (C) Forest plot of vaccine efficacies against the first new infection vs. the 

control regimen. 

PYR: person-year at risk; VE: vaccine efficacy; CI: confidence interval; No: number; FWER: family-wise 

error rate; FDR-adj: false discovery rate adjusted; CI: confidence interval.  
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Figure S26. Cumulative incidence (A) and vaccine efficacy (VE) (B) against the first new genotypic infection 

between enrollment and month 32 in the Exposed Set. 

VE: vaccine efficacy; PYR: person-years at risk; Unadj: unadjusted; FWER-adj: family-wise error rate adjusted; 

FDR-adj: false discovery rate adjusted; CI: confidence interval; No: number. 
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Figure S27. Hazard ratio (HR) of the first new genotypic infection comparing RTS,S regimens head-to-head 

in the Per-Protocol Set (A) for infections between 14 days post-dose 3 through 24 months post-dose 3 and the 

Exposed Set (B) for infections between enrollment and month 32. 

PYR: person-years at risk; Unadj: unadjusted; FWER-adj: family-wise error rate adjusted; FDR-adj: false 

discovery rate adjusted; CI: confidence interval; No: number; **: Adjusted for contemporaneous follow-

up in the control group. 
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Figure S28. Instantaneous vaccine efficacy against the first new genotypic infection over time since 

enrollment/first vaccination in the Exposed Set.  

Shown are 95% pointwise confidence intervals (dashed) and the 95% simultaneous confidence band 

(dotted). Optimal bandwidth was calculated using a bootstrap procedure. A p-value is reported from the 

test of whether instantaneous vaccine efficacy (VE) varies over time. CI: confidence interval; PH: 

Proportional hazards. 
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Figure S29. Reverse cumulative distribution functions of the number of new genotypic infections in the Per-

Protocol Set (PP) (A) between 14 days after month 2 through month 26 for R012-14, R012-20, Fx012-14, and 

the control regimen and (B) between 14 days after month 7 through month 31 for Fx017-20 and the control 

regimen. (C) Forest plot of vaccine effects in the PP on the mean number of new infections vs. the control 

regimen.  

FWER-adj: family-wise error rate adjusted; FDR-adj: false discovery rate adjusted; Unadj; unadjusted; 

CI: confidence interval; M: month; No: number; Diff: Difference. 
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Figure S30. (A) Reverse cumulative distribution functions of the number of new genotypic infections in the 

Exposed Set (ES) between enrollment and month 32. (B) Forest plot of vaccine effects in the ES on the mean 

number of new infections vs. the control regimen.  

M: month; Unadj: unadjusted; FWER-adj: family-wise error rate adjusted; FDR-adj: false discovery rate 

adjusted; No: number; Diff: difference. 
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Figure S31. Vaccine efficacy against the first new genotypic infection between 14 days and 24 months after 

dose 3 with a match vs. mismatch to the 3D7 amino acid sequence in screened-in CS C-terminus haplotypic 

regions in the Per-Protocol Set. 

“RTS,S Pooled” designates the R012-14, R012-20, and Fx012-14 regimens combined. Unadj: unadjusted; 

FWER-adj: family-wise error rate adjusted; FDR-adj: false discovery rate adjusted; VE: vaccine efficacy; 

adj: adjusted; CI: confidence interval; No: number; PYR: person-years at risk.  
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Figure S32. Vaccine efficacy against the first new genotypic infection between 14 days and 24 months after 

dose 3 by Hamming distance to the 3D7 vaccine strain in the CS C-terminus for the Per-Protocol Set.  
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Shown are comparisons of pooled R012-20, R012-14, and Fx012-14 regimens (A), R012-20 (B), R012-

14, (C) Fx012-14 (D), and Fx017-20 (E), each vs. the control regimen. VE: vaccine efficacy; FWER: 

family-wise error rate; FDR-adj: false discovery rate adjusted; No: number; M month; P: P value; Q: Q 

value.  
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Figure S33. Comparisons of Complexity of infection (COI) of first new genotypic infections between the 

pooled R012-20, R012-14, and Fx012-14 RTS,S regimens vs. the control regimen (for new infections between 

14 days after month 2 through month 26) and Fx017-20 vs. the control regimen (for new infections between 

14 days after month 7 through month 31) in the Per-Protocol Set: (A), (C) frequencies and (B), (D) risk 

reduction (1 – hazard ratio) against the first new genotypic infection with a given level of COI. 

VE: vaccine efficacy; No: number; M: month. 
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Figure S34. Vaccine efficacy (VE) of the pooled R012-14, R012-20, and Fx012-14 regimens vs. the control 

regimen against the first new genotypic infection between 14 days after month 2 through month 26 with a 

3D7 residue match vs. mismatch at screened-in CS C-terminus amino acid positions in the Per-Protocol Set.  

Unadj: unadjusted; FWER-adj: family-wise error rate adjusted; FDR-adj: false discovery rate adjusted; 

CI: confidence interval; No: number; PYR: person-years at risk. 
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Figure S35. Vaccine efficacy (VE) of the R012-20 regimen vs. the control regimen against the first new 

genotypic infection between 14 days after month 2 through month 26 with a 3D7 residue match vs. mismatch 

at screened-in CS C-terminus amino acid positions in the Per-Protocol Set.  

Unadj: unadjusted; FWER-adj: family-wise error rate adjusted; FDR-adj: false discovery rate adjusted; 

CI: confidence interval; No: number; PYR: person-years at risk. 
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Figure S36. Vaccine efficacy (VE) of the R012-14 regimen vs. the control regimen against the first new 

genotypic infection between 14 days after month 2 through month 26 with a 3D7 residue match vs. mismatch 

at screened-in CS C-terminus amino acid positions in the Per-Protocol Set.  

Unadj: unadjusted; FWER-adj: family-wise error rate adjusted; FDR-adj: false discovery rate adjusted; 

CI: confidence interval; No: number; PYR: person-years at risk. 
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Figure S37. Vaccine efficacy (VE) of the Fx012-14 regimen vs. the control regimen against the first new 

genotypic infection between 14 days after month 2 through month 26 with a 3D7 residue match vs. mismatch 

at screened-in CS C-terminus amino acid positions in the Per-Protocol Set.  

Unadj: unadjusted; FWER-adj: family-wise error rate adjusted; FDR-adj: false discovery rate adjusted; 

CI: confidence interval; No: number; PYR: person-years at risk. 
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Figure S38. Vaccine efficacy (VE) of the Fx017-20 regimen vs. the control regimen against the first new 

genotypic infection between 14 days after month 7 through month 31 with a 3D7 residue match vs. mismatch 

at screened-in CS C-terminus amino acid positions in the Per-Protocol Set.  

Unadj: unadjusted; FWER-adj: family-wise error rate adjusted; FDR-adj: false discovery rate adjusted; 

CI: confidence interval; No: number; PYR: person-years at risk. 
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