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More than 1,000 microorganisms are known to cause human 
disease, collectively causing approximately five million 
hospitalizations per year in the United States1. Early patho-

gen identification is key to targeting effective therapy2–4, but iden-
tification of the causative pathogen remains challenging in many 
clinical scenarios. Many common pathogens are difficult or impos-
sible to culture outside the body5,6, deep-seated infections often 
require invasive biopsy of infected tissue to make a diagnosis7,8 and 
the administration of broad-spectrum antibiotics before aetiological 
identification frequently confounds specific diagnoses that would 
enable more effective and less toxic antimicrobial therapy2,9,10.

Approaches based on PCR that identify microorganisms directly 
from the specimen can speed identification but these tests include 
only a small number of pathogens, requiring a presumptive diagno-
sis before a test is chosen6,11–13. A number of sequencing-based diag-
nostics that test for many pathogens at once are emerging, but these 
tests still require samples from infected tissue14–18 and are limited 
to infections of the collected tissue. The ability to comprehensively 
identify pathogens causing infection throughout the body from 
samples obtained non-invasively remains an unmet clinical need.

Sequencing of cell-free DNA (cfDNA) has recently been shown 
to enable non-invasive diagnosis of several indications that pre-
viously required invasive procedures, including the diagnosis of 
fetal abnormalities19–21, detection of transplanted organ rejec-
tion22–26 and characterization or monitoring of cancer27–30. We have  

previously shown that fragments of genomic DNA from patho-
gens causing infection at various locations in the body are found 
in purified plasma cfDNA31,32, thus raising the possibility of non-
invasive detection of a wide range of infections by sequencing the 
microbial cfDNA. Although next-generation sequencing (NGS)-
based approaches hold promise for clinical infectious disease test-
ing, the need for quality controls and validation strategies that  
address the specific challenges for clinical metagenomics must  
be addressed14,17,33–38.

Here we describe the analytical and clinical validation of a quanti-
tative microbial cfDNA sequencing test that identifies 1,250 human 
pathogens based on the fragments of genomic DNA these patho-
gens leave in blood (the Karius Test). Performance characterization 
was based on Clinical and Laboratory Standards Institute guidelines 
and informed by the US Food and Drug Administration draft guid-
ance for characterizing NGS-based infectious disease tests39.

Results
Analytical validation strategy. An overview of the workflow for 
microbial cfDNA sequencing is shown in Fig. 1, and a summary of 
the pathogens detected is presented in Supplementary Table 1. A 
reference panel of 13 microorganisms was designed to character-
ize test performance across several potential sources of bias (Fig. 2  
and Supplementary Table 2). This reference panel spanned all 
kingdoms, ranged from 20 to 70% GC-content and had genomes 
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that ranged from kilobases to megabases in length. It also included 
both exclusive pathogens and frequent colonizers, as well as 
microorganisms that are commonly found as high-level envi-
ronmental contaminants. Two pairs of closely related organ-
isms, Escherichia coli/Shigella flexneri and Staphylococcus aureus/ 
Staphylococcus epidermidis, were included to ensure fidelity of spe-
cies discrimination during coinfections (Supplementary Table 2). 
Genomic DNA (gDNA) from each reference microbe was sheared to 
a typical microbial cfDNA fragment length and spiked into human 
plasma obtained from asymptomatic donors. As the concentration 
of human cfDNA in plasma can range over 1,000-fold, potentially 
affecting the sensitivity of sequencing-based assays40,41, test perfor-
mance was characterized in three different human plasma matri-
ces representing ‘low human’, ‘medium human’ and ‘high human’ 
cfDNA samples (Fig. 2e).

In addition to the experiments with reference microorganisms 
in the laboratory, performance metrics were also assessed in silico 
across a broader range of microorganisms than is possible in the 
clinical laboratory. The design of these in silico experiments tested 
performance in the face of genetic divergence between clinical iso-
lates and reference genomes. This was accomplished primarily by 
blinding the analysis pipeline to the strain from which the simu-
lated reads were drawn, thereby forcing the analysis to proceed in 
the absence of the exact strain match in the database. The conclu-
sions drawn from the contrived and in silico samples were further 
verified using clinical samples where appropriate.

Analytical performance characterization. Limit of detection. 
The limit of detection (LoD) was determined for each of the thir-
teen reference microorganisms in each of the low-, medium- and 
high-human-DNA-plasma matrices (Fig. 3). At a typical sequenc-
ing depth, the LoD ranged from 33 to 74 molecules of microbe-
specific cfDNA per microlitre of plasma (MPM) for most reference 
organisms in the low human plasma (Supplementary Table 3). The 
LoD range increased slightly to 39–103 MPM in the high human 
plasma. The performance of Pseudomonas aeruginosa differed from 
the other reference microorganisms in two ways. First, the LoD 
in the low human plasma was approximately tenfold higher than 
most other reference microorganisms, at 415 MPM. Second, the  

calculated LoD improved as the human cfDNA increased, decreas-
ing to 132 MPM in the high-human-plasma matrix. Both of these 
aberrant properties of P. aeruginosa can be explained by the high 
levels of contaminating DNA from this species in the environment 
(Fig. 2d). The sensitivity of sequencing-based tests depends on the 
number of sequencing reads obtained, so we also sub-sampled every 
sample down to the minimum number of reads required to pass 
the quality controls (Supplementary Table 3). Sub-sampling to this 
level removed approximately 90% of the reads from each sample of 
typical depth and the LoD showed a corresponding approximately 
tenfold increase, ranging from 326 to 596 MPM for most organisms 
and from 4,159 to 1,341 MPM for P. aeruginosa, across all plasma 
backgrounds. The LoD at a variety of intermediate sequencing 
depths between full and minimum depth is shown in Fig. 3b. Of all 
of the samples run in the analytical validation, 95% had sequencing 
coverage of at least 181,000 unique whole-assay internal normal-
ization control (WINC) molecules, above which the median LoD  
of all reference microorganisms in all human plasmas varied from 
34 to 74 MPM.

Although it was feasible to measure the LoD directly for the 13 
reference microorganisms, our reportable range spans 1,250 taxa 
with a potentially broader range of sensitivities, due, for example, to 
variations in the level of background DNA or divergence between 
clinical strains and our reference database. We designed an in silico 
experiment to test that the LoDs estimated above were represen-
tative of the assay sensitivity across the broader clinical reportable 
range (CRR). Briefly, we selected 125 microorganisms from the 
CRR at random and simulated a number of reads that corresponded 
to the LoD. These reads were added to reads from a sequenced 
library of human cfDNA and run through our analytical pipeline 
while blinded to the assembly from which the simulated reads were 
generated. The simulated organism was correctly identified in 121 
of 125 simulations for a sensitivity of 97% and the positive predic-
tive value (PPV) was 99% (121 of 122), consistent with the expected 
95% sensitivity at the LoD (Fig. 3c).

Limit of quantitation and linearity. The limit of quantitation (LoQ) 
for this test was defined as the lowest nominal input concentra-
tion of microbial cfDNA that had a precision corresponding to a  
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Fig. 1 | The Karius test workflow. Blood plasma from a routine draw is isolated and shipped overnight at ambient temperature to the Karius CLIA/
CAP laboratory. Sample-specific controls are added on receipt and an automated liquid-handling platform performs cfDNA extraction and NGS-library 
preparation. The NGS libraries are multiplexed, inspected for quality and sequenced. A custom-built analysis pipeline uses a clinical-grade database to 
identify microbial DNA fragments found in plasma. Pathogens with plasma DNA levels that are significantly higher than real-time background thresholds 
are listed on the patient report, along with the concentration of the microbial cfDNA in plasma.
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Fig. 3 | Analytical sensitivity. The LoD and LoQ were determined using sheared microbial cfDNA reference materials for each of the 13 representative 
pathogens mixed together at nominally identical concentrations and spiked into low-, medium- and high-human-plasma matrices over seven 0.5-log serial 
dilutions ranging from 10,000 to 10 MPM. Twelve replicates of each concentration in each healthy plasma matrix were measured over 12 different days, 
by different operators, using different instruments. a, The LoD was determined for each of the 13 representative microorganisms in each plasma matrix by 
Probit analysis after down-sampling sequencing depth to levels representative of the depth in clinical batches from the CLIA laboratory (300,000 unique 
WINC molecules). b, The LoD was determined as a function of sequencing depth. Each box plot represents the LoD distribution of the 13 pathogens in 
high-, medium- and low-human-plasma matrices (n =​ 37 LoD calculations at each dilution). The boxes represent the interquartile range and whiskers 
extend to 1.5×​ of that range; 95% of the validation samples have sequencing coverage levels that lie to the right of the dotted line. c, The robustness of 
the LoD was verified in silico across 125 additional microorganisms (10% of CRR) by contriving datasets that represented cfDNA abundances at the 
lowest concentration above the LoD. Both the microorganisms that were accurately identified (n =​ 121) and those that were not identified by the assay 
(n =​ 4) are indicated. Histograms above and right of the scatter plot show the total number of CRR organisms at each GC-content and genome length. 
d, The correlation between the nominal input and observed concentrations is shown for Aspergillus fumigatus, based on a linear fit of log-transformed 
values in each of the three human background levels (n =​ 12 replicates at each concentration for each human background). e, Each data point represents 
the coefficient of variation of the 12 replicate concentrations for the indicated microbe at the indicated nominal concentration in the low-human-plasma 
matrix. The dotted line indicates the 50% coefficient of variation. f, The MPM correlated with quantitative CMV-PCR for patients with low, medium and 
high viral loads. All 15 samples that were within the quantifiable range of the CMV-PCR test were included. IU, International Units.
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coefficient of variation lower than 50% while maintaining linearity 
with higher concentrations. The LoQ was calculated for each of the 13 
reference microorganisms in each of the three human plasma back-
grounds. Strong linearity was observed for all microorganisms in all 
human plasma matrices across the entire measured concentration 
range of 10 to 316,000 MPM (Fig. 3d and Supplementary Figs. 1,2).  
Linearity was equally strong in three culture-positive clinical sam-
ples (one was coinfected with two microorganisms) that were seri-
ally diluted with healthy human plasma (Supplementary Fig. 3a). 
Note that the concentration of microbial cfDNA reported was not 
affected by the amount of human cfDNA.

The precision at various cfDNA concentrations was determined 
using the 12 replicates in the LoD experiment. For most micro-
organisms, the coefficient of variation did not exceed 50% at any 
concentration in any human plasma background (Fig. 3e and 
Supplementary Fig. 4). Only S. flexneri and P. aeruginosa exceeded 
the 50% threshold at any concentration and both were at cfDNA 
concentrations below the LoD. Note that the depth of sequencing 
coverage did not affect the reported concentration of microbial 
cfDNA (Supplementary Fig. 3b). As all of the microorganisms in 
all of the backgrounds had a coefficient of variation that was lower 
than 50% and strong linearity down to concentrations lower than 
the calculated LoD for that organism, the LoQ equalled the LoD for 
all 13 microorganisms in all three human backgrounds.

To verify the quantitative accuracy of this test, we compared our 
results with those of quantitative cytomegalovirus (CMV)-PCR 
testing on blood samples from 25 immunocompromised patients. 
All five samples that were negative by CMV-qPCR were also not 
reported by microbial cfDNA sequencing. Five samples were posi-
tive but below the LoQ for CMV-qPCR, all were detected by this test 
at relatively low levels. Finally, of the 15 samples that were detected 
and quantified by CMV-qPCR, all were detected by this test and the 
abundances that were reported by each test were correlated with an r2  
value of 0.88 on log-transformed data (Fig. 3f). Approximately 
1,000 cfDNA fragments were detected for every international unit 
of CMV, although this ratio is expected to vary with several factors 
including the location of infection, the specific pathogen and the 
clinical treatment history.

Precision. Within-run (repeatability) and within-laboratory (repro-
ducibility) quantitative precision were established using the low-
human-plasma matrix. Samples were spiked with different control 
mixtures each day to ensure the precision estimates included all pos-
sible sources of variation. The coefficient of variation for all micro-
organisms ranged from 16.7 to 18.9% within a run and 17.9 to 22.2% 
within the laboratory (Supplementary Fig. 5a). Precision showed no 
correlation to either GC-content or background. To confirm the 
precision estimates, a set of 20 samples from patients with blood-
culture-confirmed infections were run twice in separate batches on 
different days with different operators. Duplicate measurements of 
individual microorganisms showed an average coefficient of varia-
tion of 21.1% (with standard deviation of 13.6%), which is compa-
rable to the within-laboratory precision (Supplementary Fig. 5b).

Analytical specificity. The analytical specificity in clinical metage-
nomic testing can be influenced by a number of factors that are 
not accounted for in traditional validation guidance. These include 
the ubiquitous contamination of reagents and consumable surfaces 
with DNA fragments from a variety of microorganisms17,33, simi-
larity in the genome sequences of distinct microorganisms, errors 
in the reference genome sequences and the divergence of clinical 
isolates away from the reference strains. We addressed analytical 
specificity in light of each of these factors below.

Because the composition of endogenous microbial cfDNA spe-
cies in plasma varies considerably from person to person, it is dif-
ficult to accurately distinguish environmental contaminant DNA 

from plasma cfDNA at low levels when using a variety of different 
clinical samples. Therefore, we first assessed environmental con-
tamination-related analytical specificity using replicate measure-
ments of a single well-characterized asymptomatic human plasma 
pool. Fifty frozen aliquots were generated from the same plasma 
pool and subsequently tested in batches of seven or eight samples 
over nine days (Fig. 4a). Of the 50 replicates tested, unexpected 
microbial cfDNA was detected in only one replicate, from Gordonia 
bronchialis at 1,000 MPM, yielding an overall specificity of 98%  
(49 of 50 true negative samples; Helicobacter pylori cfDNA was pres-
ent near LoD). As the test reports on 1,250 microorganisms in each 
sample and 1,249 microorganisms were expected to be negative in 
each of the 50 samples, the specificity was 99.998% on a per analyte 
basis (62,449 of 62,450).

One of the highest risk factors for false positives in bioinformatic 
analyses is the cross-reactivity between genetically similar micro-
organisms when a high level of DNA from one of these organisms 
is present. Such cross-reactivity is likely to occur when genomic 
regions can be mapped to multiple organisms or when reference 
genomes in the database are not of clinical grade. We first examined 
the risk of false positive calls as a result of pathogen cross-reactivity 
using high levels of simulated reads (60,000 MPM) from each of the 
1,250 microorganisms in the reportable range spiked into read sets 
from asymptomatic plasma samples (Table 1). All of the spiked-in 
microbial cfDNAs were identified (1,250 of 1,250), with a 99.4% 
positive predictive value (seven samples had one additional false 
positive call each, each belonged to the same genus as the true call).

The risk of false positive calls may be higher when the clinical 
isolate differs from the available reference sequences due to natural 
biological diversity or change in microbial genomes. To address this, 
we generated infection read sets for 10% of the CRR (125 taxa) as 
above but blinded the analysis pipeline to the assembly from which 
the reads were drawn to simulate differences between clinical iso-
lates and reference genomes in the database (Table 1). Only one false 
positive call was made in 125 simulations of cfDNA near the LoD, 
in addition to 121 true positive calls, for a PPV of 99.2% per sample 
(n =​ 121 of 122) and 99.9994% per analyte (n =​ 156,124 of 156,125). 
To test the effects of clinical isolate diversity even more rigorously, 
high-level infections were simulated (60,000 MPM) in the absence 
of any restrictions on divergence between the simulated infecting 
strain and the database strains. Here, 93.6% (117 of 125) of simula-
tions identified the correct microbe at the species level, with a posi-
tive predictive value of 92.1% (117 true calls of 127 total calls). All 
ten incorrect calls were in the expected genus.

The final aspect of analytical specificity investigated was quan-
titative interference during coinfection with genetically similar 
organisms. Pre-analytical mixtures of healthy plasma spiked with 
DNA from E. coli and S. flexneri or S. aureus and S. epidermidis 
at ratios of 3:1, 1:1 and 1:3 demonstrated no significant differ-
ence in microbial DNA concentration during coinfection relative 
to the concentration expected from a mono-infection (Fig. 4b and 
Supplementary Fig. 6). In silico experiments with an additional 125 
simulated coinfections of related species at ratios of 3:1, 1:1 and 1:3 
showed that 99.3% of microorganisms (745 of 750) had an MPM 
that was higher than 50% of the expected value (Fig. 4c), confirming 
a very low level of interference from coinfection with closely related 
species for this test.

Clinical performance characterization. To assess the validity of 
plasma-derived microbial cfDNA as a biomarker for a broad range 
of infecting pathogens, we compared the results of this microbial 
cfDNA sequencing with pathogens identified by standard-of-care 
testing in a cohort of 350 patients presenting to the emergency 
department that met the sepsis alert criteria42 from July 2016 to 
August 2017 (SEP-SEQ Study, NCT02730468; Supplementary Fig. 7).  
Of these, 348 had both sequencing test and initial blood culture 
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results available and were included in the analysis. The demo-
graphic and clinical characteristics of the enrolled patients are sum-
marized in Supplementary Table 4. More than one-quarter (27.7%; 
97 of 350) of the patients received antimicrobial treatment within 
two weeks preceding presentation. The mean length of patient hos-
pital stay was 4.7 days, 6% required care in the intensive care unit 
during their stay and four patients died during hospitalization.

Compared with initial blood culture, cfDNA sequencing had a 
sensitivity of 93.7% (59 of 63; confidence interval (CI) of 84.5–98.2%; 
Table 2 and Fig. 5a). Discordant positive results included uncul-
turable bacteria, bacteria from patients that were pre-treated with 

antimicrobials, viruses and eukaryotic pathogens. Additional micro-
biological testing over the first seven days of admission, including 
tissue and fluid cultures, serology, nucleic acid testing and subse-
quent blood cultures, identified 69 additional microbiological causes 
of the sepsis alert, of which microbial cfDNA sequencing identified 
53, yielding an overall sensitivity of 84.9% (n =​ 112 of 132) compared 
with all microbiological testing. The discordant positive results from 
this comparison were adjudicated according to the criteria outlined 
in Methods and Supplementary Fig. 8 to generate a composite refer-
ence standard for the aetiology of the sepsis alert. In comparison to 
this composite reference standard, cfDNA sequencing demonstrated 
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a sensitivity of 92.9% (169 of 182; CI of 88.1–96.1%; Table 2 and 
Supplementary Table 5). Overall, the identification of sepsis alert 
aetiology was higher for cfDNA sequencing (169 of 348) than for 

both blood culture (63 of 348) and all microbiological testing com-
bined over seven days (132 of 348). Of the 96 subjects that received 
antimicrobial treatment within two weeks preceding presentation, 
cfDNA sequencing identified pathogens that are classified as defi-
nite or probable causes of the sepsis alert in 46 (47.9%), whereas 
blood culture identified pathogens in only 19 (19.6%).

Among the 166 samples for which no definite or probable 
microbiological cause of the sepsis alert was identified, no signifi-
cant microbial cfDNA was detected in 104 by cfDNA sequencing, 
resulting in a specificity for sepsis alert aetiology of 62.7% (104 of 
166; CI of 55.2–70.4%; Table 2). The organisms identified by cfDNA 
adjudicated as possible or unlikely causes of the sepsis alert included 
a number of reactivated herpesviruses, chronic infections such as  
H. pylori and human papillomavirus, microorganisms likely to be 
commensals and possible causes of non-sepsis-related acute infec-
tion (Supplementary Tables 6 and 7).

For samples with a composite reference positive result, the esti-
mated time to result for cfDNA sequencing was compared with con-
ventional testing (Fig. 5b). For cfDNA sequencing, the time to result 
was represented using the median shipping and testing times for 
the last 400 samples run in the Clinical Laboratory Improvement 
Amendments of 1988 (CLIA)-certified lab. This time to result 
(53.0 h) was significantly shorter than the median time to posi-
tive result for conventional testing, based on the electronic medi-
cal records (EMR) (92.4 h; P =​ 0.0004; Fig. 5b). Although cfDNA 
sequencing did not provide antimicrobial susceptibility testing, this 
analysis demonstrates that the sensitivity and speed with which spe-
cies-level identification is provided by cfDNA sequencing may offer 
significant benefit to patients.

As microbial cfDNA is a new biomarker, additional context 
was provided by assessing test performance on 167 asymptomatic 
donors. Of the asymptomatic samples, 77.2% (129 of 167) had no 
microorganisms reported (Fig. 5c). Among the 22.8% of samples in 
which microbial cfDNA was reported, a single species was detected 
in most cases. In general, the concentrations of microbial cfDNA 
detected from asymptomatic donors were lower than the concen-
trations of microbial cfDNA detected from patients with confirmed 
infecting pathogens and similar to the concentration of microor-
ganisms classified as unlikely causes of the sepsis alert (Fig. 5d). The 
most frequently detected microorganisms in these patients included 
H. pylori, Klebsiella pneumoniae and Haemophilus influenzae;  
the latter two are commonly present as human commensals 
(Supplementary Table 8).

Clinical laboratory experience with the first 2,000 samples. 
We characterized test performance across the first 2,000 patient 
plasma samples from across the United States submitted to our 
CLIA-certified, College of American Pathologists (CAP)-accredited 
laboratory for microbial cfDNA sequencing (Table 3). Due to col-
lection-site handling errors or excessive shipping delays, 46 sam-
ples were not tested. Of the samples tested, 98.1% were reported, 
with 87.6% of the reports delivered the operating day after on-time 
sample receipt. Microorganisms were reported in 53.7% of all of 
the tested samples, covering 318 different species of bacteria, fungi, 
parasites and viruses. Among the positive reports, 49.6% reported a 
single organism, with the remainder reporting two or more organ-
isms (Supplementary Fig. 9). Although no patient-specific informa-
tion was used in determining which microorganisms to report, the 
analysis of passively collected ICD-10 codes associated with approx-
imately half of the samples suggested that the most common use for 
the test was in immunocompromised patients, followed by sepsis, 
endocarditis and complicated pneumonia.

Discussion
The results presented here show that microbial cfDNA sequencing 
offers the potential to reliably identify a wide variety of infections 

Table 1 | Diversity robustness

Bioinformatic 
cross-reactivity

Diversity 
robustness 
near the 
LoD

Unconstrained 
diversity 
robustness

Simulations 1,250 125 125

Diversity robustness Exact match No exact 
match; ≥​
1 assembly; 
<​3% 
divergence

No exact match; 
≥​1 assembly; 
unconstrained 
divergence

Simulated infection 
level

High Near LoD High

PPV (%) 99.4 (n =​ 1,250 
of 1,257)

99.2 (n =​ 121 
of 122)

92.1 (n =​ 117 of 
127)

Specificity per 
analyte (%)

99.9995 
(1,561,243 true 
negative calls of 
1,561,250 total 
negative calls)

99.9994 
(156,124 true 
negative calls 
of 156,125 
total negative 
calls)

99.994 (156,115 
true negative 
calls of 156,125 
total negative 
calls)

Cross-reactivity was assessed using in silico simulations to measure the rate of false positive calls 
at a variety of simulated infection levels and with varying degrees of genetic distance between the 
infecting microbe and the genomes present in the database to simulate genetic diversity of clinical 
isolates. For bioinformatic cross-reactivity experiments, the infecting microbe exactly matched 
an assembly in the database. For diversity rubustness near the LoD, the infecting microbe did not 
have an exact assembly match in the database, but did have at least one assembly in the database 
less than 3% diverged from the infecting microbe. For unconstrained diversity robustness, the 
infecting microbe did not have an exact assembly match in the database, but did have at least one 
assembly in the database with the same species label (no limit on divergence).

Table 2 | Positive and negative agreement of microbial cfDNA 
sequencing versus initial blood culture, all microbiological 
testing and composite reference standard

Patient 
characteristics 
(n =​ 348)

NGS 
positive

NGS 
negative

Agreement 
(%)

95% CI (%)

Positive by initial 
blood culture

59 4 93.7 84.5–98.2

Negative by initial 
blood culture

171 114 40.0 34.3–45.9

Positive by all 
microbiological 
testing

112 20 84.8 77.6–90.5

Negative by all 
microbiological 
testing

112 104 48.2 44.3–55.0

Positive by 
composite 
reference standard

169 13 92.9 88.1–96.1

Negative by 
composite 
reference standard

62 104 62.7 54.8–70.0

The composite reference standard includes the results from all microbiological tests (including the 
initial blood culture) performed within seven days of presentation and clinical adjudication. The 
NGS false negatives compared to initial blood culture included Listeria monocytogenes, coagulase-
negative S. aureus, Streptococcus agalactiae and Stenotrophomonas maltophilia (this organism 
was not included in the NGS-test reportable range). NGS agreement with other methods was 
calculated as described in Supplementary Figures 7 and 8.
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throughout the body from a plasma sample in a clinically useful 
time frame. A number of challenges to the provision of high-quality 
diagnostic testing for clinical metagenomics applications have been 
previously identified17,33,34 and we present additional considerations. 
Here, we attempt to address all of these challenges through a com-
bination of traditional and metagenomic-specific validation strat-
egies, including the use of 13 representative microorganisms that 
were chosen to probe the boundaries of analytical performance in 
348 contrived samples, thousands of in silico simulations that tested 
the integrity of the bioinformatics pipeline in the face of clinical-
isolate divergence, 580 clinical samples that assessed performance 
in patient samples and 2,000 samples that were run through our 
CLIA-certified laboratory and reported in real-time.

Having developed the test for low bias, we did not observe  
significant differences in analytical performance as a result of  

differing GC-content, genome size, superkingdom, genetic simi-
larity among coinfecting organisms or differences of up to 3% 
between the detected strains and reference genome. Elevated levels 
of human cfDNA background in the sample had only minor effects 
on sensitivity and precision. The level of environmental contami-
nation did influence test sensitivity, but only for the 5–8 micro-
organisms with the highest environmental backgrounds among 
1,250 microorganisms probed. The sequencing depth also influ-
enced LoD, but the processing methods for this test are designed 
to provide similar sequencing depth for all samples, such that 95% 
of the samples tested fell into a range of sequencing depths where 
sensitivity was consistent.

The positive agreement between this test and blood culture 
(93.7%) of patients with a sepsis alert is equal to or better than other 
direct molecular diagnostic methods, including real-time PCR pan-
els and PCR combined with electrospray ionization25,26. Adjudication 
of results from the SEP-SEQ study also showed that this test identi-
fied a greater number of aetiological causes of the sepsis alert than 
standard-of-care testing. However, the sensitivity and breadth of 
microorganisms detected, combined with the diversity of the micro-
biome compositions across patients17,34, makes it challenging to 
achieve high diagnostic specificity. The analytical validation experi-
ments demonstrated very low levels of falsely reporting of microbial 
cfDNA that was not in the original plasma sample (Fig. 4), consistent 
with high reproducibility of cfDNA detection across independent 
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Fig. 5 | Clinical validity. a, The proportion of subjects with pathogens that were identified by the different methods. b, A comparison of the time to test 
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frequency of microbial and poly-microbial detection in 167 asymptomatic donors. d, The distribution of the microbial cfDNA abundances detected in 
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Table 3 | Test performance in production

Sample acceptance rate 97.7%

Total yield 98.1%

First-pass yield 91.0%

Results delivered next operational day 87.6%

Paediatric samples 45.3%

Table of relevant testing metrics for 2,000 clinical practice samples run through the CLIA lab.
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runs (Supplementary Fig. 5). Therefore, the microbial cfDNA identi-
fied in 22.8% of the asymptomatic samples is probably derived from 
the original donor specimen, representing cfDNA primarily from 
commensal organisms or subclinical colonization (Supplementary 
Table 8). Similarly, the cfDNA species reported in the possible or 
unlikely SEP-SEQ samples (37.3% of negative composite reference 
samples) is presumed to originate from these sources in addition to 
incidental findings unrelated to the sepsis alert.

Although it would be convenient if the cfDNA concentration 
alone were indicative of true infection, both the microbe identity 
and the location of infection are likely to influence the concentration 
of microbial cfDNA observed in plasma. The cfDNA concentrations 
associated with definite calls spanned four orders of magnitude 
(20–450,000 MPM). The cfDNA concentrations of microorgan-
isms that were detected in asymptomatic donors, however, did not 
exceed 300 MPM and investigation of the unlikely causes of sep-
sis alert with concentrations greater than 300 MPM showed that 
these were primarily reactivated herpesviruses, chronic infections 
with human papillomavirus and probable causes of acute infection. 
Therefore, high concentrations of microbial cfDNA were typically 
associated with true infections, whereas low concentrations were 
associated with both true infections and commensal/colonizer/
contaminant microorganisms of unknown clinical significance. 
Regardless of the cfDNA concentrations, the entire clinical picture 
must be considered when determining the clinical significance of a 
microbe detected by cfDNA sequencing.

The performance characteristics reported here point towards 
clinical applications in which the benefits of sensitivity, non-
invasive sampling and broad testing outweigh the limitations of 
sequencing cost, turn-around time and identification of microor-
ganisms beyond those related to a specific indication. In light of 
these trade-offs, use cases that could potentially benefit from this 
approach include rule-out testing for sepsis when the standard of 
care was not sensitive enough or too invasive, testing immuno-
compromised patients presenting with non-specific symptoms of 
infection or testing before invasive procedures with high cost or 
morbidity. Future studies that directly examine clinical utility will 
be important to establish the specific indications for which micro-
bial cfDNA sequencing should be used.

Methods
Clinical-grade microbial cfDNA sequencing for infectious disease. Sample 
preparation and sequencing. All samples were processed with locked and 
version-controlled protocols, analytical pipelines and reference databases in the 
Karius CLIA-certified and CAP-accredited laboratory. Following receipt, plasma 
samples were thawed, if frozen, spiked with a known concentration of synthetic 
normalization molecule controls (see Methods below) and centrifuged at 16,000g  
for 10 min to remove residual cells. Cell-free DNA was extracted from 0.25 ml 
plasma using a modified Mag-Bind cfDNA Kit (Omega Biotek) in Hamilton STAR 
liquid handling workstations. DNA libraries for sequencing were constructed 
using customized dual-indexed Ovation Ultralow System V2 library preparation 
kits (NuGEN) in Hamilton STAR liquid handling workstations. Sequencing 
libraries were pooled with environmental and assay control samples that were 
processed alongside the test samples in every batch. Pooled sample libraries 
were purified and up to 24 libraries per batch were multiplexed and sequenced 
on Illumina NextSeq500 sequencers using a 75-cycle single-end, dual index 
sequencing kit. On average, approximately 24 million reads were obtained for 
each sample.

Sequence data processing and alignment. The primary sequencing output was 
demultiplexed by bcl2fastq v2.17.1.14 (with default parameters), the reads were 
quality trimmed and subsequently filtered if shorter than 20 bases by Trimmomatic 
v0.32 (ref. 43). Reads that passed these filters were aligned against human and 
synthetic (including synthetic normalization molecule control and sequencing 
adapter) references using Bowtie v2.2.4 (ref. 44). Reads that aligned to either were 
set aside. Reads potentially representing human satellite DNA were also filtered via 
a k-mer-based method. The remaining reads were aligned with our microorganism 
reference database using BLAST v2.2.30 (ref. 45). Reads with alignments that 
exhibited both high per cent identity and high query coverage were retained, with 
the exception of reads that aligned with any mitochondrial or plasmid reference 
sequences. PCR duplicates were removed based on their alignments.

Microorganism abundance estimation. Relative abundances were assigned to each 
taxon in a sample on the basis of the sequencing reads and their alignments. For 
each combination of read and taxon, we defined a read sequence probability that 
accounted for the divergence between the microorganism present in the sample 
and the reference assemblies in our database. A mixture model was used to assign 
a likelihood to the complete collection of sequencing reads that included the read 
sequence probabilities and the (unknown) abundances of each taxon in the sample. 
An expectation-maximization algorithm was applied to compute the maximum 
likelihood estimate of each taxon abundance46. From these abundances, the 
number of reads arising from each taxon was aggregated up the taxonomic tree.

Pathogen detection. A set of environmental control samples were processed 
and sequenced within each batch. The estimated taxon abundances from the 
environmental control samples within the batch were combined to parameterize a 
model of read abundance arising from the environment with variations driven by 
counting noise. Statistical significance values were computed for each estimated 
taxon abundance in each non-environmental-control sample and those within 
the CRR at high significance levels comprised our candidate calls. Final calls were 
made after additional filtering was applied, which accounted for read location 
uniformity, read percent identity and cross-reactivity originating from higher 
abundance calls. The microorganism calls that passed these filters were reported 
along with abundances in MPM, as estimated using the ratio between the unique 
reads for the taxon and the number of observed unique reads of the WINCs 
(described below).

Quality control description. Test results were individually inspected for performance 
against a number of quality control criteria before being released. The assay was 
quality controlled using both internal controls spiked into every sample and 
external controls included in every batch. The internal sample controls included an 
ID Spike and the WINC molecules. We designed 137 different ID Spike variants, 
each composed of a unique synthetic DNA sequence not observed in nature. Each 
sample in a batch received a different ID Spike, which was then used to control 
for sample mix-ups throughout the entire workflow. In addition, each sample was 
monitored for the presence of any additional ID-Spike sequences as a marker of 
sample-to-sample contamination. Any samples showing signs of sample-to-sample 
contamination at a level that could lead to false positive calls were subject to a one-
time requeue.

WINC molecules were used to monitor the yield and quality of the entire 
workflow. These are synthetic DNA molecules that contain 16 degenerate bases and 
are spiked into plasma at a specific molar concentration. By counting the number 
of unique WINC molecules in the sequencing data obtained from each sample, the 
whole assay yield was monitored and the concentration of each microbial cfDNA 
species in the original plasma aliquot determined. Samples that failed to achieve a 
minimum number of unique WINC molecule reads for any reason (for example, 
poor yield in any workflow step, poor sequencing quality or failure to properly 
de-multiplex a sample) resulted in a one-time requeue.

Two types of batch controls were run alongside patient samples in every 
batch. Four replicates of environmental control samples containing buffer instead 
of plasma were processed in parallel with patient samples all the way from 
accessioning to report generation. Environmental controls were used as described 
above to monitor microbial DNA signals arising from the background at the time 
of batch processing. Two assay control samples, each containing S. epidermidis, E. 
coli and P. aeruginosa at 1,000 MPM and A. fumigatus at 10,000 MPM were also 
included in every batch. All four spiked microorganisms, and no others, had to be 
called within a specified MPM range in both assay controls to pass the final quality 
control inspection.

Reference database and quality control. Reference genomes for Homo sapiens and 
microorganisms (bacteria, viruses, fungi/moulds and other eukaryotic pathogens) 
were retrieved from the National Center for Biotechnology Information ftp site 
(NCBI, US National Library of Medicine; https://www.ncbi.nlm.nih.gov/genome/
guide/human/ and https://www.ncbi.nlm.nih.gov/genome/microbes/, respectively). 
Sequence similarities between microorganism references were inspected to identify 
taxonomic mislabelling and sequence contamination. From the reference genomes 
passing these quality controls, a subset was selected to maximize sequence 
diversity. As part of the selection process, NCBI BioSample data (https://www.ncbi.
nlm.nih.gov/biosample/) were used to ensure the inclusion of reference genomes 
from both clinical and non-clinical isolates. The final reference genome dataset 
included over 21,000 reference genomes, containing over 2.7 million sequences. 
Selected sequences were collected into a single FASTA file and used to generate our 
microorganism reference BLAST database.

CRR. The selection of organisms in our CRR was performed as follows. A 
candidate list was generated by two board-certified infectious disease physicians 
by including: (1) DNA viruses, culturable bacteria, additional fastidious and 
unculturable bacteria, mycobacteria, eukaryotic pathogens from the standard 
text47 and a number of infectious disease references, (2) organisms in the pathogen 
database referenced in published case reports and (3) reference genomes sequenced 
from human clinical isolates (as indicated by the BioSample resource of the 
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NCBI) with publications supporting pathogenicity. Organisms from the above list 
that were associated with high-quality reference genomes, as determined by our 
reference database quality control process (see above), were used to further narrow 
the range. Finally, organisms at risk of generating common false positive calls 
because of sporadic environmental contamination were removed. The final list was 
defined as the CRR of this test (Supplementary Table 1; complete list available at 
www.kariusdx.com/pathogen-list, v3.1.1).

Analytical validation. Reference materials. Genomic DNA from 14 
microorganisms was obtained from either the ATCC or NIST. Because the 
human mastadenovirus B genome was available only in small quantities, 
larger amounts were produced by seven non-overlapping PCR amplicons of 
approximately 5 kb each. Enzymatic shearing of each reference microbe genome 
was accomplished with DNaseI or Fragmentase (New England Biolabs) to create 
semi-randomly fragmented gDNA. Sheared gDNA was purified using Oligo 
Clean and Concentrator (Zymo Research) and quantified by fluorometery (Qubit, 
ThermoFisher Scientific). The fragment length distributions of the sheared gDNAs 
were evaluated by electrophoresis (TapeStation 2200, Agilent) and optimized 
to obtain consistent ranges across the 14 genomes (60–90 bp modal length), 
corresponding to the distribution of pathogen cfDNA found in clinical samples48. 
Quantified sheared gDNA was spiked into plasma pooled from 8–10 healthy 
donors (ZenBio) to create the low human contrived samples. Two additional 
healthy human plasma pools were generated by spiking the low-human-plasma 
pool with purified human mononucleosomes (EpiCypher) to simulate samples 
with different amounts of human cfDNA, for example, the medium- and high-
human-plasma matrices. As measured with QuantIT PicoGreen (ThermoFisher 
Scientific), the extracted cfDNA levels averaged 0.23 ng µ​l−1 for low- (no added 
mononucleosomes), 0.81 ng µ​l−1 for medium- and 1.86 ng µ​l−1 for high-human-
plasma matrices. The human cfDNA concentration was 100 to 1,000,000 times 
more abundant than sheared pathogen gDNA in the contrived samples used for 
this study. One of the microorganisms used for validation, Clostridium sporogenes, 
is not a member of our reportable range at present due to its confounded 
phylogenetic relationship with Clostridium botulinum49 and was therefore excluded 
from all analyses. The purified human mononucleosomal DNA (EpiCypher) was 
found to contain significant levels of contaminating E. coli DNA and therefore 
analyses of E. coli in the medium- and high-human plasma were excluded from  
all analyses.

LoD. An LoD value was estimated for each of the 13 representative pathogens in 
high-, medium- and low-human-background levels at a variety of sequencing 
depths. Sheared gDNA from each of the representative pathogens were mixed at 
nominally equivalent molar concentrations, spiked at 10,000 MPM into healthy 
human plasma and diluted with healthy human plasma over 7 0.5-log serial 
dilutions ranging from 10,000 to 10 MPM per microbe. Twelve replicates of each 
dilution in each of the high-, medium- and low-human-plasma matrices were 
analysed over 12 different days according to the standard workflow. Probit analysis 
of 12 replicates at each concentration in each healthy plasma matrix was used to 
establish the LoD for each reference microbe in each plasma matrix as follows. We 
assumed that sensitivity (the probability of detection of each replicate) varies with 
log concentration according to a cumulative normal distribution, that is, a Probit 
model. This model implied that the number of positives at each concentration 
followed a binomial distribution and the whole dilution series had a likelihood 
given by the products of the binomial distributions for each concentration. The 
parameters of the cumulative normal distribution associating concentration with 
sensitivity were fitted to maximize the likelihood of the dilution series and the LoD 
determined by inverting the fitted distribution to determine the log concentration 
corresponding to a sensitivity of 95%. Note that for this experiment, we did not 
apply our cross-reactivity call filters due to the special nature of these contrived 
samples (highly multiplexed with all organisms at nominally equal concentrations).

The variation in LoD as a function of sequencing coverage was determined by 
sub-sampling to a level where a single unique pathogen read would correspond 
to MPMs of 12, 6, 4, 3, 2, 1.5, 1.2, 1 and 0.6 (or unique WINC counts of 25,000, 
50,000, 75,000, 100,000, 150,000, 200,000, 250,000, 300,000 and 500,000 unique 
reads). We used the complete fastq in each replicate while performing microbial 
abundance estimation and then multiplied each taxon abundance by the ratio of 
the targeted WINC count to the observed WINC count before the determination 
of statistical significance over background.

LoD robustness. After computing the LoD for each combination of 
microorganism and human background level, we performed an in silico 
experiment to estimate the LoD across 125 additional microorganisms. We began 
by determining which taxa on the CRR corresponded to at least one pair of 
assemblies that were at most 3% diverged (as estimated from overlaps in k-mer 
content). Then, for each of a random selection of 125 of these taxa, we selected an 
assembly at random from those that have at least one similar assembly.  
To determine the number of reads of this assembly to simulate, we selected one 
of the 13 representative pathogens and a human background level at random 
to represent the wet-laboratory efficiency of capturing and sequencing reads 
of the simulated assembly. We found the lowest concentration at which the 

test had at least 95% sensitivity for this pathogen–background combination at 
the minimum sequencing depth. We then randomly selected one of the (sub-
sampled) technical replicates at this concentration and determined the number 
of reads of the pathogen. Next, we simulated the same number of reads from the 
assembly chosen for simulation, selecting for each read a random start location 
and orientation, and a length drawn from the distribution observed in the wet 
laboratory representative. These reads were then added to those of a sequenced 
library of the low human cfDNA matrix without any spiked pathogens and run 
through our analytical pipeline blinded to the simulated assembly by discarding 
any alignments to it before abundance estimation. Finally, we determined whether 
the CRR taxon of the simulated assembly was reported by the analytical pipeline.

Precision. Precision samples were contrived in the low-human-plasma matrix with 
sheared microbial DNA from all 13 reference microorganisms spiked at a nominal 
concentration of 1,000 MPM. One-hundred replicate samples were generated and 
stored frozen at −​80 °C until the day of testing. Two aliquots were thawed and 
processed according to the standard workflow on each day of testing, including 
independent addition of internal control mixtures on each day. Precision was 
calculated according to the Clinical and Laboratory Standards Institute EP05-A2, 
Appendix C guidelines for establishing within-run and within-laboratory precision 
using one batch a day50.

Linearity. The best fits for our analysis of linearity were determined as follows.  
We sought to fit the data on a log scale (appropriate to dilution series) and to 
ensure that, on a linear scale, the fit was linear and intersected the origin. To 
achieve both of these objectives, we log-log transformed these data (consisting of 
nominal and observed concentrations) and then performed a best linear fit with a 
fixed slope of unity.

Interference. The extent of cross-reactivity between closely related species during 
coinfection was assessed first using pre-analytical mixtures. Contrived coinfections 
in healthy human plasma were generated using two pairs of genetically similar and 
clinically relevant microorganisms, S. epidermidis with S. aureus or E. coli with 
S. flexneri. Each pair of microorganisms was tested at concentration ratios of 1:3, 
1:1 and 3:1. Triplicates of each contrived coinfection sample were tested and the 
MPM values averaged. The change in MPM of each organism, relative to the MPM 
observed when each organism was present alone in the sample, was calculated.

In silico experiments testing interference were divided into two sections, the 
first tested for inaccuracy of the observed concentration due to cross-reactivity 
of mono-infecting microorganisms with a similar taxon in the database and the 
second evaluated the accuracy of the observed concentration in the presence of 
closely related coinfecting microorganisms due to interference.

First, 125 pairs of assemblies from different CRR taxa that belonged to the 
same family were selected (250 assemblies total), where each assembly used for 
simulation was less than 3% divergent from another assembly in the same taxon (as 
estimated by k-mer distances). Then, we spiked 10,000 simulated reads from each 
of the 250 assemblies into different healthy human plasma samples down-sampled 
to the minimum sequencing coverage allowed by the quality control criteria. We 
then ran these simulated mono-infection samples through our analytical pipeline, 
blinded to the spiked assemblies to better simulate the diversity expected from 
clinical isolates.

Second, we assessed the fraction of reads that were lost to interference from 
a coinfection with a related organism. Reads were drawn randomly for each 
assembly in three ratios (1:3, 1:1 and 3:1) and then spiked into a healthy human 
plasma sample that was sub-sampled to the unique WINC count minimum. These 
read sets were run through the analytical pipeline blinded to both assemblies. 
Assemblies (125 pairs) were run, each with 1:1, 3:1 and 1:3 ratios. The fraction 
of reads lost due to interference during coinfection is the difference between the 
concentration observed during coinfection versus mono-infection, divided by the 
concentration observed during mono-infection.

Assessing MPM versus sequencing depth. To determine whether MPM is dependent 
on sequencing depth, we sub-sampled sequencing reads from a sample containing 
all 13 reference microorganisms in a medium human background and a unique 
WINC molecule count of 600,581. We then sampled (without replacement) the 
fraction of reads that resulted, on average, in unique WINC counts of 25,000, 
50,000, 100,000, 250,000 and 500,000. We performed this sub-sampling ten 
times for each of the unique WINC target counts and re-executed the analytical 
portion of the test on these 50 collections of sampled reads. The results are shown 
in Supplementary Fig. 3b where we average the MPMs of the representative 
pathogens across the ten replicates at each sampling level.

Clinical samples for CMV-PCR comparison. Samples that were utilized in the 
quantitative evaluation of the assay included plasma from 25 CMV positive 
individuals obtained from a biorepository of de-identified remnant blood samples 
(Discovery Life Sciences) annotated with quantitative PCR test results (Roche 
cobas CMV, Roche Molecular Systems). All samples were obtained through 
Institutional Review Board (IRB)-approved protocols with appropriate informed 
consent provided for sample use (Schulman IRB).
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Clinical validation. The SEP-SEQ study (NCT02730468) was a prospective 
observational study including patients presenting to the Emergency Department 
at the Stanford University Medical Center identified by a sepsis alert triage model 
designed for the early identification and intervention in patients with sepsis51. 
The study protocol and patient informed consent were reviewed and approved 
by the University’s IRB (Stanford) and the study was conducted in compliance 
with the International Conference on Harmonization and Good Clinical Practice 
Guidelines. After obtaining consent, patients 18 years or older with a sepsis alert, 
a temperature of >​38 °C or <​36 °C and at least one of the following systemic 
inflammatory response syndrome criteria: heart rate >​90 beats per minute; 
respiratory rate >​20 breaths per minute or a partial pressure of carbon dioxide  
<​32 mm Hg; white blood cell count of either >​ 12,000 cells μ​l−1or <​4,000 cells μ​l−1  
and >​10% bands were enrolled in the study. The clinical data collected included 
demographics, medical history, baseline characteristics and results from 
microbiological testing performed as standard care during the first seven days of 
the hospital stay.

SEP-SEQ sample size calculation and statistical analysis. Sample size was calculated 
to determine the sensitivity of the test compared with blood culture. A total 
of 59 culture-positive subjects were required to demonstrate a lower estimate 
of sensitivity of 75% (90% CI). The expected rate of positive blood cultures in 
this cohort was anticipated to be approximately 15% and we aimed to enrol 400 
subjects. However, the observed blood-culture-positive rate was 18%, thus enabling 
a final enrolment of 350 subjects, 63 of which had a positive initial blood culture. 
The primary analysis for the assessment of test performance included all  
subjects with an available result for both the initial blood culture and a cfDNA 
sequencing blood sample collected at enrolment. The comparison of quantitative 
pathogen values between adjudicated groups was performed using the Wilcoxon 
rank-sum test.

Patient specimens. At enrolment, blood samples were collected in 2–6 ml BD 
Vacutainer K2EDTA blood collection tubes (Becton Dickinson and Company) 
via peripheral blood draw or from an indwelling venous catheter in the 
Emergency Department. These samples were collected before in-hospital 
antibiotic administration, at the same time as routine blood cultures that were 
processed using the BD BACTEC FX blood culture system (Becton Dickinson 
and Company). Samples were assigned a de-identified code linked to the unique 
identifier number of the patient. Whole-blood samples were stored at 4 °C, 
processed to plasma by centrifugation (1,500 r.c.f. for 10 min) within 72 h of 
collection and stored at −​80 °C until shipment to the Karius, Inc. laboratory 
for processing. Study samples were processed in batches, in the Karius clinical 
laboratory, using the same protocol used for commercial samples run in the  
same laboratory.

Assessment of performance. Test performance was assessed by comparing the results 
of microbial cfDNA sequencing with initial blood cultures, all microbiological 
testing was performed within seven days of enrolment (including tissue/fluid 
cultures, serology and nucleic acid testing) and a composite reference standard 
consisting of all microbiological test results plus clinical adjudication. Patients 
with negative results for both cfDNA sequencing and microbiological testing 
were considered negative and patients with ≥​1 pathogen identified by cfDNA 
sequencing concordant with microbiological testing were considered to be definite 
infections. Single-bottle positive blood cultures with Gram-negative organisms 
(for example, E. coli) were considered positive and single-bottle positive blood 
cultures with common Gram-positive contaminants (for example, viridans group 
Streptococci and coagulase-negative Staphylococcus) were considered negative. 
The following microbiology tests were not considered when comparing results to 
microbial cfDNA sequencing: tests for RNA viruses (this assay detects only DNA 
organisms); stool Clostridium difficile toxin PCR test (C. difficile colitis is mediated 
by the C. difficile toxin and is non-invasive)52 and Torque teno virus detected by 
cfDNA sequencing (considered to be non-pathogenic)53. The time to positive 
result for cfDNA sequencing was calculated using empirical observations of >​400 
samples processed through the CLIA laboratory in June and July of 2018 (median 
of 24 h for shipping plus a median of 29 h for testing or an additional median 54 h 
testing for samples that required repeat testing with a second aliquot derived from 
the original sample).

Clinical adjudication. A committee composed of three independent board-certified 
infectious disease physicians performed clinical adjudication (Supplementary 
Fig. 8). Following a standardized algorithm with a review of all microbiological 
testing results, radiological testing results and a summary of the hospital stay of the 
patient, the committee classified discordant cases according to the likelihood that 
the pathogen identified by cfDNA sequencing was driving the symptoms leading 
to the sepsis alert. Cases were classified as definite, probable, possible or unlikely 
using the following standardized criteria: (1) definite: the cfDNA sequencing 
pathogen result was concordant with a microbiological test performed within 
seven days of sample collection for cfDNA sequencing; (2) probable: the cfDNA 
sequencing pathogen result was considered the probable cause of the sepsis alert 
based on clinical, radiological or laboratory findings; (3) possible: the cfDNA 

sequencing pathogen result had potential for pathogenicity consistent with clinical 
presentation but an alternative explanation for the symptoms was more likely and 
(4) unlikely: the cfDNA sequencing pathogen result had potential for pathogenicity 
but findings were inconsistent with clinical presentation. The committee chair had 
final discretion for case classification.

Clinical samples for reference interval. The samples utilized in the determination of 
the reference range were collected from 167 healthy asymptomatic donors in five 
geographically diverse areas of the United States who were 18 to 65 years of age 
and had been screened for common health conditions including infectious diseases 
through a questionnaire and standard blood donor screening assays (Serologix and 
StemExpress). All samples were obtained through IRB-approved protocols with 
the appropriate informed consent provided for sample use (WIRB and Chesapeake 
IRB). Samples were collected in plasma preparation tubes (Becton, Dickinson and 
Company) via a peripheral blood draw. All samples were spun to plasma, shipped 
frozen on dry ice to the Karius laboratory and stored at −​80 °C until analysis.

The 97.5th percentile of abundance (in MPM) was estimated for each taxon 
in the reportable range across the 167 asymptomatic donor samples. The MPMs 
for all taxa across all samples were used in the estimation of the reference intervals 
regardless of whether or not they would have been reported. The 97.5th percentile 
MPM value is provided with each call made in a clinical report.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Code availability
The core software used as part of the Karius test is described in the Clinical-grade 
microbial cfDNA sequencing for infectious disease section in Methods, under the 
sub-sections Sequence data processing and alignment, Microorganism abundance 
estimation and Pathogen detection. The open source software includes the 
following external tools: bcl2fastq v2.17.1.14, Trimmomatic v0.32, Bowtie v2.2.4 
and BLAST v2.2.30. A description of all open source code is included in Methods 
and further details are available on request. The proprietary portions of the code 
are not available.

Data availability
The data that support the findings of this study are available from the 
corresponding author on request. Sequencing data that support the finding of this 
study (with human reads removed) have been deposited in NCBI SRA and can be 
accessed with the BioProject identifier PRJNA507824.
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When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main 
text, or Methods section).

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND 
variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars 
State explicitly what error bars represent (e.g. SD, SE, CI)

Our web collection on statistics for biologists may be useful.

Software and code
Policy information about availability of computer code

Data collection No software was used.

Data analysis The core software used as part of the Karius test is described in the “Clinical-grade Microbial cfDNA Sequencing  for Infectious Disease” 
portion of the methods section, under sub-sections “Sequence data processing and alignment”, “Microorganism abundances 
estimation”, and “Pathogen detection”. The open source software includes the following external tools: bcl2fastq v2.17.1.14, 
Trimmomatic v 0.32, Bowtie v2.2.4, and BLAST v2.2.30.  A description of all open source code is included in the methods, and further 
details are available upon request. The proprietary portions of the code are not available.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers 
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The data that support the findings of this study are available from the corresponding author upon request.  Sequencing data that support the finding of this study 
(with human reads removed) have been deposited in NCBI SRA and can be accessed with [DOIs to be provided when complete].

Field-specific reporting
Please select the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size For all experiments, the sample size was informed by published CLSI guidelines for analytical validation experiments, peer-reviewed  
publications in related fields, and availability of clinical study samples.

Data exclusions Criteria for data exclusion were pre-established and based on several quality control indicators.  Any sample failing to meet quality control 
specifications for sequencing depth, sample-carryover limits, sample mix-ups  or any sample contained within a batch where the positive or 
negative batch controls failed to meet the requirements for quality and accuracy were repeated.  Any sample failing to meet quality control 
requirements upon repeat testing was excluded.  

Replication Indications of reproducibility are included with each experiment.  The only experiments in which results were measured only once are those 
involving clinical study specimens.  Even here, an indication of the reproducibility in testing of clinical samples was determined on twenty of 
these  samples, as described in the precision testing section.  The ability to replicate results obtained on other clinical samples is limited by the  
volume of sample available for repeated testing.

Randomization Collection of plasma from self-reported healthy volunteer for the reference interval study was performed by a third party based on the 
criteria outlined in the materials and methods.  Collection of clinical samples for comparison of testing to CMV-PCR was performed by a third-
party with instructions to collect samples containing a full range of CMV infection levels, from very low to very high, as determined by CMV-
PCR.   The inclusion criteria for the 350 prospectively enrolled patients with clinical suspicion of sepsis are described in the methods section.

Blinding The testing process is automated from sample preparation (performed on high throughput liquid handlers) through data analysis (performed 
by locked and version-controlled analysis pipelines), as are the criteria by which a test result is either accepted into the dataset or not.  There 
is no human judgment involved in generating or accepting a test result.  Nonetheless, all experimentation was performed while blinded to the 
results of blood culture and CMV-PCR testing for all clinical sample testing.  

Reporting for specific materials, systems and methods

Materials & experimental systems
n/a Involved in the study

Unique biological materials

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging
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Unique biological materials
Policy information about availability of materials

Obtaining unique materials All materials used in this study are available from the standard commercial sources indicated in the manuscript, except for the 
clinical study samples.  Due to extremely limited sample volumes for these clinical study samples, we are unable to make these 
available.

Human research participants
Policy information about studies involving human research participants

Population characteristics Samples utilized in the determination of the reference range were collected from 167 healthy asymptomatic donors in 
geographically diverse areas of the US, aged 18 to 65 years of age, who had been screened for common health conditions 
including infectious diseases via a questionnaire and standard blood donor screening assays. Samples utilized in the quantitative 
evaluation of the assay included plasma from 25 CMV positive individuals obtained from a biorepository of de-identified remnant 
blood samples for which age and sex of the donors was collected. Samples from patients within the SEP-SEQ cohort were aged 
18 years or older with suspected sepsis evidenced by a temperature of >38C̊ or <36C̊ and at least one additional Systemic 
Inflammatory Response Syndrome (SIRS) criteria. The first 1500 samples (~50% pediatric) tested sequentially by the Karius 
commercial laboratory were most commonly from immunocompromised patients, followed by patient suspected of sepsis, 
endocarditis, and complicated pneumonia.

Recruitment Samples utilized for the reference range were obtained from specimen procurement companies who recruited screened healthy 
asymptomatic adult volunteers presenting to geographically diverse regional U.S. blood centers for routine plasma donation.  
Patients for SEP-SEQ were recruited as part of a prospective, observational study including patients presenting to an academic 
Emergency Department (Stanford University Hospital, Stanford, CA) with a sepsis alert. The first 1500 clinical patient samples 
analyzed by Karius were received sequentially by the Karius commercial laboratory up to July 31, 2018.
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